ELECTRONIC AND OPTICAL PROPERTIES OF TWISTED
BILAYER GRAPHENE
by
Shengqiang Huang

Copyright c Shengqiang Huang 2018

A Dissertation Submitted to the Faculty of the
DEPARTMENT OF PHYSICS
In Partial Fulfillment of the Requirements
For the Degree of
DOCTOR OF PHILOSOPHY
In the Graduate College
THE UNIVERSITY OF ARIZONA

2018

3

STATEMENT BY AUTHOR

This dissertation has been submitted in partial fulfillment of requirements for an
advanced degree at the University of Arizona and is deposited in the University
Library to be made available to borrowers under rules of the Library.
Brief quotations from this dissertation are allowable without special permission,
provided that accurate acknowledgment of source is made. Requests for permission
for extended quotation from or reproduction of this manuscript in whole or in part
may be granted by the head of the major department or the Dean of the Graduate
College when in his or her judgment the proposed use of the material is in the
interests of scholarship. In all other instances, however, permission must be obtained
from the author.

SIGNED:

Shengqiang Huang

4
ACKNOWLEDGEMENTS

The six and a half years as a graduate student at the University of Arizona is an
important and precious part of my life. I am indebted to many people for the help
they gave me during this long journey, without them I could not have accomplished
my goals. First and foremost, I would like to thank my advisor, Dr. Brian LeRoy,
for his endless patience and support. I learned every aspect of experiment skills from
him and kept ‘bothering’ him all the time. He was always available and open minded
whenever I needed to discuss any problems encountered or ideas that popped into
my head. I can’t remember how many times he was helping me fix the messes that
I caused in my experiments, which made me reflect on myself, “Would you be so
willing to help your students if you were in the position of an advisor?” Moreover,
his critical thinking, problem solving skills and deep understanding of the physics
behind the experiments were always helpful and inspiring, from which I learned to
become a real scientist. I could not have had a better advisor than him.
Half of my graduate study time was spent in Dr. Arvinder Sandhu’s lab conducting Raman spectroscopy measurements. I am so grateful to him for the generous
support and encouragement. I still remember the time we solved the discrepancy of
the laser spot position on the sample when a beam splitter was inserted by rearranging the optical paths, which was one of moments I had a real sense of achievement
and appreciation of science. I am also very grateful to my other committee members, Dr. Sumit Mazumdar, Dr. Charles Stafford, Dr. Weigang Wang and Dr. John
Schaibley, for their continual advice and care during my whole adventure of graduate
study. I especially cherish the friendship with Weigang outside of academia.
Collaborations with groups outside UA taught me a lot. I must thank Dr.
Emanuel Tutuc and his group member Kyoung Kim at UT Austin for providing us
high quality samples to explore amazing physics on! I also would like to thank Dr.
Allan MacDonald and Dr. Dmitry Efimkin at UT Austin for performing theoretical
calculations for our experimental observations.
I was very fortunate to have the chance to study in a group with such an excellent academic environment. My colleagues around me were always pleased to help
and discuss things with me. Many thanks to the LeRoy group members: Dr. Jiamin Xue, Dr. Daniel Cormode, Dr. Matthew Yankowitz, Kanokporn Chattrakun,
Alexandra Brasington and Zhiming Zhang, and the Sandhu group members: Dr.
Adam Roberts, Dr. Niranjan Shivaram, Dr. Henry Timmers, Dr. Chen-Ting Liao
and Dheeraj Golla. I always enjoyed working with you all.
Finally, I want to thank my family members and friends. I am so blessed to have
a family full of love. It is their love and support that made me who I am now. I
lost my father two years ago, but I know he was and will be always with me.

5

DEDICATION

To my parents

6

TABLE OF CONTENTS

LIST OF FIGURES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

8

ABSTRACT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
CHAPTER 1 Introduction . . . . . . . . . . . . . . .
1.1 Background . . . . . . . . . . . . . . . . . . .
1.2 Outline of the thesis . . . . . . . . . . . . . .
1.3 Fundamental theory of graphene systems . . .
1.3.1 Band structure of monolayer graphene
1.3.2 Density of states in 2D system . . . . .
1.3.3 Band structure of tBLG . . . . . . . .

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

12
12
13
14
14
17
18

CHAPTER 2 Growth and Fabrication Methods . . . . . .
2.1 Graphene growth via chemical vapor deposition . .
2.2 CVD graphene wet transfer . . . . . . . . . . . . .
2.3 Metal contact fabrication . . . . . . . . . . . . . . .
2.4 Top gate using a polymer electrolyte . . . . . . . .
2.5 Bilayer graphene device fabricated by a dry transfer

. . . . .
. . . . .
. . . . .
. . . . .
. . . . .
method

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

22
22
25
26
28
30

CHAPTER 3 Overview of Raman spectroscopy . . . . .
3.1 Raman scattering process in mononlayer graphene
3.2 Raman features in tBLG graphene . . . . . . . .
3.3 Raman setup in our study . . . . . . . . . . . . .

.
.
.
.

.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

33
33
38
40

CHAPTER 4 Fundamentals of Scanning Tunneling Microscopy .
4.1 Basic tunneling theory . . . . . . . . . . . . . . . . . . .
4.2 Working modes: Topography and Spectroscopy . . . . .
4.3 Sample mounting . . . . . . . . . . . . . . . . . . . . . .
4.4 STM tip preparation . . . . . . . . . . . . . . . . . . . .
4.5 STM setup and operations . . . . . . . . . . . . . . . . .

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

43
43
46
48
49
51

CHAPTER 5 Evolution of the Electronic Band Structure of tBLG upon Doping
5.1 Twist angle determination by STM and Raman measurements . . . .
5.2 Charge doping induced by a polymer top gate . . . . . . . . . . . . .
5.3 Raman G peak area dependence on charge doping . . . . . . . . . . .
5.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
5.5 Summary of Chapter 5 . . . . . . . . . . . . . . . . . . . . . . . . . .

54
54
59
62
64
67

7
TABLE OF CONTENTS – Continued
CHAPTER 6 Many Body Interactions in tBLG with Small Twist Angles
6.1 Density of states versus twist angle . . . . . . . . . . . . . . . . .
6.2 Topography of tBLG with twist angle smaller than 1 degree . . .
6.3 Average DOS as a function of carrier density . . . . . . . . . . . .
6.4 Summary of Chapter 6 . . . . . . . . . . . . . . . . . . . . . . . .

.
.
.
.
.

.
.
.
.
.

69
69
70
71
72

CHAPTER 7 Topologically Protected Helical States in tBLG . . . . . .
7.1 Background of topological protected states in bilayer graphene .
7.2 Topography of tBLG with twist angles smaller than 0.4 degrees
7.3 Back gate dependence of STS in tBLG . . . . . . . . . . . . . .
7.4 LDOS mapping measurements . . . . . . . . . . . . . . . . . . .
7.5 Summary of Chapter 7 . . . . . . . . . . . . . . . . . . . . . . .

.
.
.
.
.
.

.
.
.
.
.
.

74
74
76
77
82
85

.
.
.
.
.
.

APPENDIX A Theoretical calculation of DOS on domain walls of tBLG . . . 87
APPENDIX B Energy momentum dispersion relation determined by electron
scattering waves . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

8

LIST OF FIGURES

1.1
1.2
1.3
1.4

Lattice structure of graphene and its first Brillouin zone .
Band structure of monolayer graphene from a tight binding
Illustration of electronic band structure of tBLG . . . . . .
Band structure of tBLG by a continuum model . . . . . .

. . . . . .
calculation
. . . . . .
. . . . . .

15
17
19
20

2.1
2.2
2.3

Growth procedure of graphene on Cu foil by chemical vapor depostion
CVD grown graphene on substrates of Cu foil and SiO2 /Si . . . . . .
Transfer procedure of CVD grown graphene onto a SiO2 /Si substrate
from Cu foil . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Metal electrodes written to connect graphene devices . . . . . . . . .
Schematic of distribution of ions in the top gate when a postive voltage is applied . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Fabrication procedure of tBLG by a dry transfer method . . . . . . .

23
24

2.4
2.5
2.6
3.1
3.2
3.3
3.4
3.5
3.6
4.1
4.2
4.3
4.4
4.5
4.6
4.7
5.1
5.2
5.3

Phonon dispersion of graphite along high symmetry lines . . . . . . .
Raman scattering processes in monolayer graphene corresponding to
G and 2D peaks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Raman spectra of graphene with various number of layers . . . . . . .
Raman scattering processes in tBLG corresponding to R0 and R peaks
Experimental layout for Raman spectroscopy in our study . . . . . .
Optical images of graphene flakes with laser spots in the Raman setup
Schematic diagram of tunneling between an STM tip and a sample
Schematic diagram of an STM topography measurement . . . . . .
Sample mounting on an STM plate . . . . . . . . . . . . . . . . . .
Procedure of an STM tip preparation . . . . . . . . . . . . . . . . .
Dark and bright field optical microscope images of a freshly etched
tungsten STM tip . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Schematic diagram of the STM experiment setup . . . . . . . . . .
Optical image of an STM sample with a tip landing on it inside the
cryostat . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

.
.
.
.

26
28
30
31
34
36
37
39
41
42
44
47
48
50

. 50
. 51
. 53

Variation of twist angle in the bilayer regions of CVD grown graphene 56
Determination of twist angle of tBLG by a combination of STM and
Raman measurements . . . . . . . . . . . . . . . . . . . . . . . . . . 57
Raman G peak changes differently upon charge doping depending on
the twist angle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

9
LIST OF FIGURES – Continued
5.4
5.5

Raman G peak area dependence on charge doping with various twist
angles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
Electronic band structure of tBLG evolves upon charge doping . . . . 67

6.1
6.2
6.3

DOS spectra for various twist angles around 1 degree . . . . . . . . . 70
STM topography images of tBLG with a 20.1 nm moiré wavelength. . 71
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ABSTRACT

The ability to isolate single atomic layers of van der Waals materials has led to renewed interest in the electronic and optical properties of these materials as they can
be fundamentally different at the monolayer limit. Moreover, these 2D crystals can
be assembled together layer by layer, with controllable sequence and orientation, to
form artificial materials that exhibit new features that are not found in monolayers
nor bulk. Twisted bilayer graphene is one such prototype system formed by two
monolayer graphene layers placed on top of each other with a twist angle between
their lattices, whose electronic band structure depends on the twist angle. This
thesis presents the efforts to explore the electronic and optical properties of twisted
bilayer graphene by Raman spectroscopy and scanning tunneling microscopy measurements.
We first synthesize twisted bilayer graphene with various twist angles via chemical vapor deposition. Using a combination of scanning tunneling microscopy and
Raman spectroscopy, the twist angles are determined. The strength of the Raman
G peak is sensitive to the electronic band structure of twisted bilayer graphene and
therefore we use this peak to monitor changes upon doping. Our results demonstrate the ability to modify the electronic and optical properties of twisted bilayer
graphene with doping.
We also fabricate twisted bilayer graphene by controllable stacking of two
graphene monolayers with a dry transfer technique. For twist angles smaller than
one degree, many body interactions play an important role. It requires eight electrons per moiré unit cell to fill up each band instead of four electrons in the case
of a larger twist angle. For twist angles smaller than 0.4 degree, a network of domain walls separating AB and BA stacking regions forms, which are predicted to
host topologically protected helical states. Using scanning tunneling microscopy
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and spectroscopy, these states are confirmed to appear on the domain walls when
inversion symmetry is broken with an external electric field. We observe a doubleline profile of these states on the domain walls, only occurring when the AB and BA
regions are gaped. These states give rise to channels that could transport charge in
a dissipationless manner making twisted bilayer graphene a promising platform to
realize controllable topological networks for future applications.
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CHAPTER 1
Introduction

1.1 Background
van der Waals materials have drawn a lot of research attention over the past decade
due to the ability to isolate single atomic layers from the bulk, which have fundamentally different electronic and optical properties. The first realization of an
isolated single monolayer was graphene, which is composed of carbon atoms in a
hexagonal lattice structure, through mechanical cleavage of graphite by researchers
from the University of Manchester[1]. Graphene is stable in air at room temperature
due to the strong carbon-carbon sp2 covalent bonds in the plane, while it is easy
to be peeled off the bulk due to the weak van der Waals interactions between the
layers. Graphene has been intensively studied due to its unique linear dispersion at
low-energy, where electrons are described by the Dirac equation[2–4]. Moreover, its
chemical and mechanical stability, scalability, high mobility and ballistic transport at
room temperature make it promising to be utilized in future applications[5]. Besides
graphene, there are many other materials that can be exfoliated down to monolayers
including hexagonal boron nitride, transition metal dichalcogenides, layered oxides,
etc[6, 7]. These materials have the layered structure with van der Waals couplings
between layers which can be easily broken and strong intralayer bonds that assure
the stability of monolayers.
More recently, these two dimensional (2D) crystals were assembled together
layer by layer, with controllable sequence and orientation, to form artificial materials that exhibit new features that are not found in monolayers nor bulk[7]. It
opens the door to design multilayer heterostructures for investigation of various
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physics phenomena. Twisted bilayer graphene (tBLG) is one such prototype system formed by two monolayer graphene layers placed on top of each other with a
twist angle between their lattices. The twist causes a static periodic potential from
the coupling between the two layers, giving rise to the angle dependent electronic
band structure of tBLG[8]. There has been tremendous experimental interest in
studies of twisted bilayer graphene, including electrical transport[9–13], scanning
tunneling spectroscopy[14–19], optical spectroscopy[20–26] and so on. Twisted bilayer graphene can occur naturally by chemical vapor deposition (CVD) growth on
metals[27–31] and precipitation from silicon carbide[32, 33]. It can also be obtained
artificially through, for example, mechanical folding of monolayer graphene[34] and
stacking two monolayers together[35].
This thesis presents the efforts to explore the electronic and optical properties of
twisted bilayer graphene by Raman spectroscopy and scanning tunneling microscopy
measurements. We synthesized tBLG with various twist angles via chemical vapor
deposition. Using Raman spectroscopy, we observed the angle dependent optical
features and monitored the evolution of the electronic band structure upon doping.
We also fabricated tBLG by controllable stacking of two graphene monolayers with
a dry transfer technique. Using scanning tunneling microscopy (STM) and spectroscopy (STS), we studied the distinct electronic properties of tBLG with small
twist angles, and explored new states emerging at very small twist angles.
1.2 Outline of the thesis
The remainder of this chapter will focus on the fundamental theory of graphene
systems including mononlayer graphene and tBLG, whose band structure and density of states (DOS) are calculated. Chapter 2 describes the experimental technique
details to fabricate devices for Raman and STM measurements, including graphene
growth and transfer, metal contact deposition, ion gel preparation, and dry transfer
of graphene. Chapter 3 illustrates the Raman scattering processes of the G and 2D
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peaks in monolayer graphene, D0 and D peaks due to defects, and R0 and R peaks in
tBLG. Chapter 4 narrates the fundamental principles of STM and experimental details in our experiments including sample mounting, tip preparation, and operations
of the STM.
In chapter 5, we present an experiment of monitoring the evolution of the electronic band structure of tBLG upon doping with various twist angles by Raman
spectroscopy. The twist angles are determined by a combination of STM and Raman measurements. Our results demonstrate the ability to modify the electronic
and optical properties of tBLG with doping.
In chapter 6, we study the distinct properties of tBLG with twist angle smaller
than 1 degree, where many body interactions play an important role. Using scanning
tunneling microscopy and spectroscopy, we find it requires eight electrons per moiré
unit cell to fill up each band for twist angles smaller than 1 degree while four electrons
per moiré unit cell for twist angles bigger than 1 degree.
In chapter 7, we present an experiment of exploring topologically protected helical states on domain walls of tBLG with very small twist angle. Using scanning
tunneling microscopy and spectroscopy on tBLG samples with moiré wavelengths
longer than 50 nm, we demonstrate the existence of these topologically protected
helical states on the domain walls by directly imaging them when the AB and BA
regions become gapped under an electric field.
1.3 Fundamental theory of graphene systems
1.3.1 Band structure of monolayer graphene
Graphene is a single monolayer made of carbon atoms arranged in hexagonal structure as shown in Fig. 1.1(a). The hexagonal lattice can be viewed as the combination
of two triangular sublattices denoted as A and B. The unit cell of graphene contains
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two carbon atoms (one from each sublattice) with Bravais lattice vectors
√
a
a1 = (1, − 3) ,
2

√
a
a2 = (−1, − 3) ,
2

(1.1)

where a ≈ 2.46 Å is the graphene lattice constant. The corresponding first Brillouin
zone (BZ) is plotted in Fig. 1.1(b). The reciprocal lattice vectors are
2π √
b1 = √ ( 3, 1) ,
3a

2π √
b2 = √ ( 3, −1) .
3a

(1.2)

The points K and K0 at the corners of the BZ, known as Dirac points, locate at
K=

(a)

4π
(1, 0) ,
3a

K0 =

4π
(−1, 0) .
3a

(b)

A

ky

B

y

b1

δ1

x
δ3
a2

(1.3)

δ2

K’

K

a1

kx

b2

Figure 1.1: (a) Lattice structure of graphene. The black and red dots are carbon
atoms in A and B sublattices. a1 and a2 are Bravais lattice vectors. δ1 , δ2 and δ3
are the nearest-neighbor vectors. (b) The first Brillouin zone of graphene. b1 and
b2 are reciprocal lattice vectors. The Dirac points K and K0 are at the corners.

There are three B atoms as the nearest neighbors of any A atom with the nearestneighbor vectors given by
a
δ1 = √ (0, 1),
3

a √
δ2 = √ ( 3, −1),
2 3

√
a
δ3 = √ (− 3, −1).
2 3

(1.4)
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The in-plane carbon-carbon bond, named σ bond, is very strong due to the hybridized sp2 orbital in graphene, accounting for the rigidity and stability of graphene.
There are six electrons in the carbon atom with two electrons occupying the 1s orbital, which are inert, and four electrons occupying the 2s and 2p orbitals. In
graphene, the 2s, 2px and 2py orbitals hybridize to form three sp2 orbitals in the
plane, separated by 120 between them. These three orbitals are occupied by three
electrons. The remaining electron, which is in the 2pz orbital perpendicular to the
graphene plane, forms π bond with the neighboring atom. Compared to the σ
bond, the π bond is much weaker and responsible for the major electronic structure of graphene. Electrons in the π bonds can hop to neighbor sites which can be
treated with the tight binding approximation. The Hamiltonian, considering only
nearest-neighbor hopping, has the form[4]

X  †
†
H= − t
aσ,i bσ,j + aσ,i bσ,j ,
hi,ji,σ

where ai,σ (a†i,σ ) annihilates (creates) an electron with spin σ (σ =↑, ↓) on site Ri
on sublattice A, and similar definitions for b operators on sublattice B. t (≈ 3.1 eV)
is the nearest-neighbor hopping energy.
The Hamiltonian can be represented in a 2 by 2 matrix format as


P3 ik·δ
i
0
i=1 e
.
H = t P3
−ik·δi
0
i=1 e
By diagonalizing the matrix, we obtain the energy bands of graphene
p
E± (k) = ±t 3 + f (k) ,
!
√


kx a
3
f (k) = 4 cos
cos
ky a + 2 cos (kx a) ,
2
2

(1.5)

(1.6)

which are plotted in Fig. 1.2(a). The conduction (blue) and valence (black) bands
meet at the corner of the Brillouin zone, namely K and K0 points, so the spectrum
is gapless. Expanding the Hamiltonian close to the K and K0 points, we can obtain
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a conic structure as shown in Fig. 1.2(b), which can be described by E = ~vF k.
√
vF = 3at/2 ≈ 1.1 × 106 m/s is the Fermi velocity[4] analogous to the speed of light
c in the energy momentum relation E = ~kc for photons. This linear dispersion
reveals that the electron transport in graphene is governed by the Dirac equation
which is usually applied in relativistic physics. The K and K0 points are named Dirac
points and electrons in graphene are Dirac fermions with zero rest mass. When the
graphene is charge neutral, the Fermi energy is aligned with these Dirac points as
seen in Fig. 1.2(b). The bands are half filled since each carbon atom contributes
one free electron.
(a)

(b)

EF
K
E

ky
kx

Figure 1.2: (a) Band structure of monolayer graphene from a tight binding calculation. The conduction and valence bands meet at the corners of the Brillouin zone,
namely K and K0 points, without a band gap. (b) The Dirac cone near the K point.
Fermi level is aligned with the Dirac point when the system is charge neutral.

1.3.2 Density of states in 2D system
Density of states is an important quantity of materials, which describes the number
of electronic states per interval of energy available to be occupied. It can be written
as ρ(E) = dΩ(E)/dE, where Ω(E) is the number of states in k-space at E. In
2D case, Ω(E) = gs gv πk 2 /(2π/L)2 considering the periodic boundary condition of
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a length L, where gs and gv are spin and valley degenerate factors. In graphene,
the energy dispersion relation is E = ~vF k and gs = gv = 2. We obtain ρ(E) =
2EL2 /π(~vF )2 . So the density of states over unit area in graphene is
ρ(E)/L2 =

2E
.
π(~vF )2

(1.7)

1.3.3 Band structure of tBLG
Twisted bilayer graphene is formed when two monolayer graphene layers are placed
on top of each other with a twist angle between their lattices. The twist angle
between the two layers leads to a triangular moiré pattern, whose wavelength λ
depends inversely on the twist angle θ as λ = a/[2 sin(θ/2)], where a is the graphene
lattice constant. Fig. 1.3(a) shows a moiré pattern with a twist angle of 12 degrees.
The twist angle between the layers causes the Dirac cones of the individual layers
to be displaced in momentum space as seen in Fig. 1.3(b). When the linear bands
(Fig. 1.3(c)) from the two monolayer graphene sheets cross, saddle points appear in
the band structure of tBLG, giving rise to logarithmic van Hove singularities (vHs)
in the density of states[36] as shown in Fig. 1.3(d). The energy separation of the
vHs, as shown by the yellow arrow on the left of Fig. 1.3(c), depends on the twist
angle. According to a continuum model[8, 37, 38], it is described by
∆EvHs =

8π~vF
θ
sin( ) − 2tθ ,
3a
2

where tθ ≈ 0.1 eV is the interlayer coupling strength.
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(a)

(b)

K2

K1

θ

(c)

(d)

K2

K1

EF

Density of states (a.u.)

8

E

6
4
2
0
-2

-1

0

1

2

Energy (eV)

k

Figure 1.3: (a) Schematic of the moiré pattern in tBLG with a twist angle of 12
degrees. Black and blue sheets are graphene monolayers. (b) Two sets of Dirac
cones are rotated from each other by the twist angle θ. K1 and K2 are Dirac points
from the two layers. (c) Crossing of bands from two monolayers. vHs are marked
by red color. The yellow arrow on the left is the energy separation between the two
vHs. (d) DOS in tBLG. The black dashed line is the DOS of two uncoupled layers
and the blue solid line is for a 12 degree twist angle.

Following reference [8], we calculate the band structure of tBLG with a continuum model. Fig. 1.4(a) shows the moiré Brillouin zone of tBLG in red hexagon.
The BZ center is at the midpoint between K1 and K2 , which are Dirac points from
the two layers. The side length LBZ of the BZ equals the separation between K1 and
K2 . Namely, LBZ = |K1 − K2 | = |∆K| =

8π
3a

sin( 2θ ). The length of the reciprocal
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√

lattice vector |G| equals

3|∆K|.

(a)

(b)
G2
θ

K1

G1+G2

K2

K1

K2
G1
kx

E

ky

ky

kx

Figure 1.4: (a) The moiré Brillouin zone of tBLG (red hexagon). (b) Band structure
of tBLG by a continuum model. K1 and K2 are Dirac points from the two layers.

The Hamiltonian for bilayer graphene with a twist has the form H = H1 +
H2 + H⊥ [8], where H1 , H2 are the intralayer Hamiltonians and H⊥ is the interlayer
Hamiltonian. We are interested in the low-energy electronic structure near the K1
and K2 points, so we go to the continuum limit with some assumptions to simplify
the calculation. First, the modulation of interlayer hopping has a long wavelength
and the coupling between different valleys can be ignored. Second, we retain only
hopping from each site in layer 1 to the closest site of layer 2 for the interlayer
coupling. The Hamiltonian can be expressed as[8]


X †
∆K
H = vF
φ1,k,α ταβ · k +
φ1,k,β
2
k,αβ


X †
∆K
θ
+ vF
φ2,k,α ταβ · k −
φ2,k,β
2
k,α,β
!
+

XX
α,β k,G

†
t̃βα
⊥ (G)φ1,k+G,α φ2,k,β

+ h.c. ,

(1.8)
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where φi,k,α is the destruction operator for layer i, sublattice α. τ = (τx , τy ) are
Pauli matrices and τ θ = e+iθτz /2 (τx , τy )e−iθτz /2 .
t̃αβ
⊥ (G)

1
=
Vc

Z

iK
d2 r tαβ
⊥ (r)e

θ ·δ αβ (r)

e−iG·r ,

(1.9)

vc

here tαβ
⊥ (r) is the hopping between pz orbitals with a relative displacement c0 + δ
and c0 is the vertical displacement between the layers (≈ 3.35 Å). The integral is
over the unit cell vc of the superlattice. The most important Fourier amplitudes are
shown in Table 1.1 which are taken from reference [8], all others are small and can
be ignored.
G

0

−G1

−G1 − G2

t̃BA
⊥ (G)
AB
t̃⊥ (G)
t̃AA
⊥ (G)
BB
t̃⊥ (G)

t̃⊥

t̃⊥
−i2π/3

t̃⊥
i2π/3

t̃⊥
t̃⊥

e
t̃⊥
i2π/3
e
t̃⊥

e
t̃⊥
−i2π/3
e
t̃⊥

t̃⊥

ei2π/3 t̃⊥

e−i2π/3 t̃⊥

Table 1.1: The most important Fourier amplitudes are shown. Reprinted with
permission from J. L. Dos Santos, N. Peres, and A. C. Neto. Physical Review
Letters 99, 256802 (2007). Copyrighted by the American Physics Society.
We can construct a 12 × 12 matrix including only these three momentum values for each layer. By diagonalizing the matrix, we obtain the low energy bands
around K1 and K2 points. The bands with a twist angle of 12 degrees are plotted
in Fig. 1.4(b). The linear dispersion around the K1 and K2 points is retained as in
the monolayer case. The vHS are located between the K1 and K2 points. When
a perpendicular electric field is applied, the K1 and K2 points are shifted apart in
energy but the linear dispersion remains.
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CHAPTER 2
Growth and Fabrication Methods

This chapter describes the experimental technique details to fabricate devices for
Raman and STM measurements. Specifically, the samples for Raman measurements, as will be discussed in Chapter 5, are grown by CVD, while the samples are
exfoliated from bulk graphite for STM measurements in Chapter 6 and 7. These experimental details include graphene growth and transfer, metal contact deposition,
ion gel preparation, and dry transfer of graphene.
2.1 Graphene growth via chemical vapor deposition
The graphene for the Raman study was grown via a low pressure chemical vapor
deposition (CVD) method on 25 µm thick Cu foil placed within a sealed copper
pouch[39]. To prepare the pouch, a rectangular sheet (11 by 8 cm) was cut from the
Cu foil shown in Fig. 2.1(a). It was cleaned in acetone (Fig. 2.1(b)) and methanol
before being rolled up to form a cylindrical pouch to enclose a small piece of Cu foil
(4 by 6 cm) inside. The pouch was sealed at each end (Fig. 2.1(c)) to maintain a
low concentration of CH4 during the growth. It was then placed into a quartz tube
at the center of the furnace as seen in Fig. 2.1(d). The pouch was heated to 1040
◦

C and annealed for 1 hour under a H2 gas flow rate of 4 sccm at a pressure of 60

mTorr. Then a CH4 flow rate of 1.3 sccm was added to the system for 30 minutes to
grow the graphene. The system was quickly cooled down to 350 ◦ C with the same
gas flows as during growth, and then the gas was stopped. Fig. 2.1(e) shows the
opened pouch with the inner piece of Cu foil after growth.
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(a)

(d)

(b)

(c)

(e)

Figure 2.1: (a) 25 µm thick Cu foil used for the growth. (b) Sheets of Cu foil cleaned
in acetone. (c) Sealed pouch made from sheets of Cu foil. (d) The pouch is placed
inside a quartz tube at the center of the furnace. (e) Pouch opened after growth
showing the inner piece of Cu foil where graphene has grown.

Graphene layers were grown on both the inside and outside of the pouch and the
inner piece of Cu foil. Continuous multilayer graphene was observed on the outside
of the pouch due to its direct exposure to the gas flow. However, isolated multilayer
graphene flakes were found on the inside of the pouch and the inner piece of Cu
foil because of the low concentration of CH4 during the growth. Fig. 2.2(a) shows
a dark field optical microscope image of the inner piece, where isolated graphene
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flakes were observed on the copper substrate. The graphene in this study was from
the inner piece of Cu foil due to its ease of being transferred. The graphene on the
inside of the pouch was difficult to transfer since the thick graphene layers on the
outside of the pouch prevent the copper from dissolving during the transfer process,
as will be discussed in the next section.
(a)

(b)

(c)

(d)

Figure 2.2: (a) Dark field optical microscope image of Cu foil with isolated graphene
flakes. The scale bar is 200 µm. (b)-(d) Optical microscope images of CVD grown
graphene flakes. Bright dots are gold coordinate markers on the SiO2 /Si substrate.
The inset of (d) is a zoomed in image of a multilayer graphene flake. Scale bar is
400 µm in (b), 200 µm in (c), 50 µm in (d) and 10 µm in the inset of (d).
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Our growth conditions yield large monolayer graphene flakes with smaller multilayer regions originating from the nucleation sites. Fig. 2.2(b)-(d) show optical
microscope images of the graphene flakes after they have been transferred from the
Cu foil onto an oxidized Si substrate. The number of layers is clearly distinguishable based on the optical contrast. The size of the monolayer region is over 200 µm,
while the bilayer is on the order of tens of microns. The contrast varies on different
regions of the bilayer, which indicates the angle between the first and second layer
varies due to different domains in the CVD grown graphene. The size of multilayer
regions becomes smaller as the number of layers increases.
2.2 CVD graphene wet transfer
It is necessary to transfer graphene from the Cu foil to an insulating substrate in
order to perform physical measurements. Fig. 2.3 shows the procedure to transfer
CVD grown graphene onto a SiO2 /Si substrate using a wet transfer method[40]. The
sheet of Cu foil with graphene on the top (Fig. 2.3(a)) was cut into small pieces that
fit the size of SiO2 /Si substrates. A drop of PMMA (poly-methyl methacrylate) was
deposited onto the top of graphene/Cu which was placed on a spinner, and spun at a
rate of 2000 rotations/minute for one minute to form a uniform PMMA layer about
200 nm thick (Fig. 2.3(b)). It was baked at 150 ◦ C for about 5 minutes before being
transferred to the surface of an acid solution to etch away the Cu (Fig. 2.3(c)). The
solution was a mixture of HCl + H2 O2 + deionized (DI) water (volume ratio was
10:1:100), where H2 O2 was added to help accelerate the chemical reaction. When
the Cu was etched away completely (Fig. 2.3(d)), the stack was moved to the surface
of DI water to rinse off possible residual Cu or acids (Fig. 2.3(e)). Then the stack
was scooped by a clean SiO2 /Si substrate from underneath (Fig. 2.3(f)). The stack
was baked at 135 ◦ C for about 15 minutes before being placed in acetone to remove
the PMMA layer (Fig. 2.3(g)). After rinsing the stack with methanol, the stack
was dried with compressed nitrogen air. Finally, the graphene was on the SiO2 /Si
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substrate (Fig. 2.3(h)) and the process was finished. The sample was annealed in a
H2 (500 sccm) and Ar (500 sccm) gas mixture at 350 ◦ C for 3 hours to remove any
PMMA residue and other possible impurities on the sample before further study.
Graphene
Cu

PMMA
Cu

PMMA
Cu
HCI + H2O2 + H2O

(a)

(b)

(c)

SiO2/Si
(h)

Acetone
PMMA
SiO2/Si
(g)

PMMA
SiO2/Si
(f)

PMMA
HCI + H2O2 + H2O
(d)

PMMA
H2O
(e)

Figure 2.3: Transfer procedure of CVD grown graphene onto a SiO2 /Si substrate
from Cu foil. (a) A piece of Cu foil with graphene on the top. (b) PMMA layer
spun onto the surface of graphene. (c) Stack on the surface of acid solution to etch
away Cu. (d) Cu is etched away completely. (e) Stack on the surface of DI water.
(f) Stack scooped by a clean SiO2 /Si substrate from underneath. (g) Stack placed
in acetone to remove the PMMA layer. (h) Graphene on the SiO2 /Si substrate.

2.3 Metal contact fabrication
For selected graphene flakes, source and drain electrodes were fabricated to conduct
transport measurements or, simply, ground the sample. In the study of tBLG by
Raman measurements where a polymer electrolyte top gate was employed on the
device, we also fabricated a gate to supply voltage to the polymer electrolyte (see
Chapter 5). The fabrication process consists of writing patterns by electron beam
lithography followed by metal deposition to form the contacts. The fabrication steps
are as follows: (1) The sample was first covered with a layer of PMMA 496 which
was spun with a rate of 2000 rotations/minute for one minute, and baked at 150
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◦

C for about 5 minutes. Then a second layer of PMMA 950 was spun and baked

with the same parameters as the first layer. (2) The patterns were written by the
scanning electron microscopy (SEM) with a high energy (30 KeV) electron beam.
The PMMA is a long chain polymer which is broken into smaller fragments when
exposed to the electron beam. The fragments can be dissolved in a developer which
is composed of isopropyl alcohol (IPA), methyl isobutyl ketone (MIBK) and methyl
ethyl ketone (MEK) with a volume ratio 750:250:13. Fig. 2.4(a) shows the image
after the chip was placed into developer and the part of PMMA exposed to the
electron beam was dissolved (dark red areas). The two triangle patterns are source
and drain contacts touching the graphene flake, with extended square pads that
can bond wires. The large rectangle on the bottom left of the image is the side
gate. Where PMMA has been removed, the patterned locations, metal film will be
deposited onto the substrate and graphene flakes, while the film will be on PMMA
in the remaining areas (orange color areas). (3) Metal films were deposited onto
the chip via thermal evaporation. This was accomplished by heating a boat holding
the metal such that the vapor pressure was high enough to evaporate the metal. Cr
(5nm thickness) and Au (20nm thickness) were deposited consecutively and covered
the whole chip. The Cr layer helps Au particles stick to the substrate. When the
chip was placed into acetone, only metal on the patterned areas survived, while the
metal on PMMA was peeled off as the PMMA dissolved in acetone. Fig. 2.4(b)
shows the metal deposited on the patterned locations after evaporation. To ensure
good quality of the contact, the evaporation was performed under high vacuum
below 10−6 Torr. Fig. 2.4(c) is a zoomed in optical image showing the connection
between metal contacts and the graphene flake. The high resolution of SEM ensures
the accurate writing.
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(a)

(b)

(c)

(d)

Figure 2.4: (a) Patterns on the chip after being placed into developer where the
PMMA exposed to the electron beam was dissolved (dark red areas). The orange
area is covered with PMMA. (b) Metal contacts (bright yellow) after removal of
PMMA in acetone. (c) Zoomed in optical image showing the contacts connect to
the graphene flake. (d) Device with ion gel. The black lines are wires from outside
bonded to the pads. The scale bars are 300 µm in (a) (b) (d), and 25 µm in (c).

2.4 Top gate using a polymer electrolyte
The SiO2 /Si substrate can serve as a back gate to induce charge carriers in the
sample by applying voltage to Si. The capacitance of the back gate depends on the
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thickness of insulating SiO2 . For a t = 300 nm thickness SiO2 , the capacitance is
Cb = ε0 εSiO2 /t ≈ 11.5 nF/cm2 , where ε0 = 8.85 × 10−12 F/m and εSiO2 = 3.9 are the
permittivities of free space and SiO2 respectively. The maximum charge densities
induced by the back gate is limited to the order of 1012 cm−2 due to the break down
electric field of SiO2 .
To induce higher charge densities, a polymer electrolyte top gate was employed
which could reach charge densities on the order of 1013 cm−2 [41]. The polymer electrolyte was composed of lithium perchlorate and polyethylene oxide (PEO) with a
weight ratio of 1 to 8 dispersed in methanol and stirred for several hours at 50 ◦ C
until thoroughly dissolved. A drop of the ion gel was put onto the graphene device
and baked for 5 mins at 100 ◦ C to evaporate the methanol. Fig. 2.4(d) shows the
image after the ion gel was put on the device where the whole chip was covered by
the ion gel (yellow). Debye layers are formed near the graphene and the side gate
electrode where ions accumulate as shown in Fig. 2.5 where a positive voltage is
applied. The larger the side gate, the more ions would accumulate. So we made
the side gate bigger than the graphene flake in our experiment. The thickness of
these Debye layers are typically a few nanometers[41, 42] so that the capacitance
is significantly larger than that of the Si back gate. Gate voltages applied to the
device were kept to between -1.5 V and 3.0 V to avoid any electrochemical reactions
in the polymer electrolyte. The gate voltage was constant during the acquisition
of the Raman spectra and then was changed slowly at a rate of 1 mV/s between
measurements to ensure the polymer electrolyte remained stable. The leakage current was monitored during the measurements. Raman peaks of the ion gel are at
different wavenumbers from that of graphene, so the signals from graphene are not
affected.
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Figure 2.5: Charge carrier distribution diagram in the polymer electrolyte top gate
with a positive voltage on the side gate. Debye layers are formed near the graphene
(blue line) and the side gate electrode where ions accumulate.

2.5 Bilayer graphene device fabricated by a dry transfer method
The quality of CVD grown graphene is usually lower than that of exfoliated graphene
due to impurities and vacancies occurring during the growth process. The bilayer
graphene devices we used in the studies to explore many body interactions and
topologically protected helical states with small twist angles (see Chapter 6 and
7) were made from exfoliated graphene. Fig. 2.6 shows the fabrication procedure
developed by our collaborators at the University of Texas at Austin (please see
reference [35] for more details).
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(a)

(b)

(c)

(d)

PVA
Glass

hBN

Graphene

Figure 2.6: Fabrication procedure of tBLG by a dry transfer method. (a) Optical
microscope image of exfoliated graphene flakes. The piece with yellow and black
polygons is monolayer graphene. The scale bar is 20 nm. (b) Procedure of picking
up two pieces graphene by hBN flake attached to a hemispherical handle substrate
covered with PVA. (c) tBLG on top of hBN/SiO2 /Si after transfer. The yellow and
black polygons are outlines of monolayers picked up from (a). (d) Device with metal
contacts. The scale bar is 400 nm in the main figure and 30 nm in the inset.

Monolayer graphene and thin (10-20 nm) hBN flakes were obtained by exfoliation
of bulk flakes onto a SiO2 /Si substrate and identified by Raman spectroscopy and
atomic force microscopy. Fig. 2.6(a) shows the exfoliated graphene flakes on a
SiO2 /Si substrate. Two parts of the monolayer outlined by polygons were picked
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up consecutively by a hemispherical handle substrate. As shown in Fig. 2.6(b), the
hemispherical handle substrate covered with polyvinyl alcohol (PVA) was used to
first pick up the hBN flake, and then detach consecutively two pieces of monolayer
graphene from the same flake. The handle was rotated by a controlled angle before
picking up the second graphene piece to create twisted bilayer graphene. The twist
angle between the layers is determined by the rotation angle during the pick-up
process because the two pieces of monolayer graphene are from the same flake and
hence have the same lattice orientation. The whole stacking structure was then
placed on a SiO2 /Si substrate with the tBLG on top of hBN (Fig. 2.6(c)). Metal
electrodes contacting the sample were written by electron beam lithography followed
by deposition of Cr(5 nm)/Au(35 nm). Fig. 2.6(d) shows the device with metal
contacts after being annealed at 350 ◦ C for 6 hours in high vacuum (< 10−5 mbar).
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CHAPTER 3
Overview of Raman spectroscopy

Raman spectroscopy is an important optical characterization tool of materials because it is fast and non-destructive to the sample[43]. Moreover, it can capture
both the electronic and phononic features of the material since the Raman process
involves photon-electron and electron-phonon interactions. There are many factors that affect the electronic or phononic structure of the material that could be
detected by Raman spectroscopy. These factors include number, orientation and
stacking order of layers, defects and disorder, charge doping, electric and magnetic
fields, strain, etc. Raman spectroscopy is widely utilized for graphene due to its
clear signals that can be easily monitored.
This chapter illustrates the Raman scattering processes of the G and 2D peaks in
monolayer graphene, D0 and D peaks due to defects, and R0 and R peaks in twisted
bilayer graphene. The fundamental rule is that these processes must fulfill both momentum and energy conservation. The experimental setup of Raman spectroscopy
in our study is discussed at the end of the chapter.
3.1 Raman scattering process in mononlayer graphene
When photons are scattered from a material, most of them are scattered elastically
referred to as Rayleigh scattering. However, a small portion of them are scattered
inelastically by excitations in the material. It is called Stokes scattering when the
photon loses energy to phonons in the material while Anti-Stokes scattering when the
photon gains energy from them. Phonons are collective excitations of the crystal
lattice with specific energy and momenta. Fig. 3.1 plots the phonon dispersion
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of graphite along high symmetry lines. This calculation is taken from reference
[44]. There are six branches with four in plane (LO, TO, LA, TA) and two out
of plane (ZA, ZO). Here ‘L’ represents ‘Longitudinal’, ‘T’ represents ‘Transverse’,
‘O’ represents ‘Optical’, ‘A’ represents ‘Acoustic’ and ‘Z’ represents ‘Out of plane’.
The Raman process involves inelastic scatterings between photons, electrons and
phonons. The energy shift of the scattered photons gives rise to a specific peak in a
Raman spectrum which is usually plotted as a shift in wavenumber.
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Figure 3.1: Phonon dispersion of graphite along high symmetry lines. The X’s
are markers of specific phonons corresponding to D0 and D peaks. Adapted with
permission from P. Venezuela, M. Lazzeri, and F. Mauri. Physical Review B 84,
035433 (2011). Copyrighted by the American Physics Society.

The Raman spectrum of carbon based materials contains two main peaks, namely
the G peak around 1580 cm−1 and the 2D peak around 2700 cm−1 [20, 21, 45,
46]. Fig. 3.2(a) and (b) show the Stokes Raman scattering processes in monolayer
graphene corresponding to the G and 2D peak in Fig. 3.2 (d). The G peak involves
intra-valley (Dirac cone at K or K0 ) scatterings as seen in Fig. 3.2(a). One electron is
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excited by the incident photon from the valence band to the conduction band leaving
a hole in the valence band. The photoexcited electron interacts with and gives
energy to a phonon and occupies a virtual state with a lower energy. Finally, the
electron recombines with the initial hole emitting a photon. The energy difference
between the incident and emitted photons is the energy of the phonon involved in
the scattering process, and it determines the position of the G peak. Since the
photoexcited electron combines with the initial hole, they are required to have the
same momentum. Taking into account the momentum of photons is basically zero,
the momentum of the phonon should be zero. This phonon is the in-plane E2g
mode with high frequency and belongs to the longitudinal optical (LO) branch at
the Brillouin zone center (BZ) Γ point (see Fig. 3.1). The upper part of Fig. 3.2(c)
is the schematic of the E2g phonon. In contrast, the 2D peak involves inter-valley
scatterings between two different valleys as shown in Fig. 3.2(b). The photoexcited
electron interacts with a phonon with a non-zero momentum to occupy a state in the
other valley, and then it interacts with another phonon with the opposite momentum
to scatter back to its initial valley. It recombines with the initial hole and a photon
is emitted as in the G peak case. The momentum of the phonon involved should be
close to the K point in order to scatter electrons between two valleys. The phonons
are breathing modes of six-atom rings as shown in the lower part of Fig. 3.2(c) which
belong to the transverse optical (TO) branch around the K point at the corner of the
BZ. The energy difference between the incident and emitted photons is the sum of
the two phonons which is larger than that of the single phonon in G peak scattering.
Therefore the position of the 2D peak is higher in wavenumber than that of the G
peak as seen in Fig. 3.2(d).
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Figure 3.2: (a)-(b) Raman processes in monolayer graphene with intra-valley (a) and
inter-valley (b) scatterings, corresponding to G and 2D peaks respectively. The green
arrows represent the creation of an electron-hole pair by absorption of an incident
photon. The red arrows represent the recombination of electron-hole with an emitted
photon. The purple arrows are electron-phonon scatterings. (c) Phonons involved
in intra-valley (upper part) and inter-valley (lower part) scattering processes. (d)
A typical Raman spectrum of monolayer graphene. Only wavenumber ranges near
the G and 2D peaks are shown.

As mentioned above, Raman spectroscopy contains information on the number
of layers as shown in Fig. 3.3. As the number of layers increases, the G peak
becomes stronger due to more photons are absorbed, and the 2D peak becomes
wider due to the splitting of the electronic bands which allows a broader range of
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phonons to participate in scatterings. The monolayer, bilayer and trilayer are clearly
distinguishable by characteristics of the G and 2D peaks including G peak area, 2D
peak width, ratio between the G and 2D peak areas. However, it is hard to give
the exact number of layers when over three layers. The black curve in Fig. 3.3 is
a typical spectrum where the number of layers exceeds three, with a large G peak
and wide asymmetric 2D peak. This 2D peak contains several components due to
the splitting of the electronic bands with increased number of layers[20].
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Figure 3.3: Raman spectra of graphene with various number of layers.
wavenumber ranges near the G and 2D peaks are shown.

Only

Another important feature Raman spectroscopy can detect is the quality of the
sample[47–49]. Defects in the sample can transfer momentum to electrons without
changing their energy. So one electron-phonon scattering process (purple arrows)
as shown in Fig. 3.2(b) could be caused by the defect, resulting in only one phonon
involved in the double resonance scattering process. These are the D0 and D peaks
corresponding to intra-valley and inter-valley scattering respectively, which are characteristic peaks of defects in the sample (see Fig. 3.1 for the corresponding phonons).
The more defects in the sample, the stronger the D0 and D peaks are.
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3.2 Raman features in tBLG graphene
The twist angle between the two layers of tBLG generates a superlattice whose wavelength λ depends inversely on the twist angle θ as λ = a/[2 sin(θ/2)], where a is the
graphene lattice constant. The corresponding length of the rotational wavevectors
√
in reciprocal space is Q = 8π sin(θ/2)/( 3a). This periodic potential enables electrons to be elastically scattered to intra-valley or inter-valley states with a change
of momentum Q. So more Raman scattering pathways are possible compared to
the monolayer graphene case[34, 50–54]. There are two new peaks, R0 and R, corresponding to intra-valley and inter-valley scatterings respectively due to the doubleresonance processes as shown in Fig. 3.4(a) and (b). The photoexcited electron is
scattered to another state on the same equienergy circle (purple dashed arrows in
Fig. 3.4) and then interacts with a phonon with the opposite momentum to be scattered back. For the intra-valley process, Q is close to the Γ point for small angles,
the phonon belongs to the LO phonon branch since the electron-phonon coupling is
especially strong around the Γ point. So the frequency of the R0 peak is assigned
to the LO phonon branch. R0 is unlikely to show up for large angles due to the
drastically reduced electron-phonon coupling strength of the LO phonon as the momentum becomes larger. The R peak is assigned to the TO phonon branch due to
its strong electron-phonon coupling near the K point. Similarly, the R peak is hard
to observe for small twist angles due to small electron-phonon coupling strength of
the TO phonon branch close to the Γ point.
The peak position of R0 and R is twist angle dependent since the rotational
wavevector changes with the twist angle. For a certain twist angle, there is one
resonant excitation photon energy fulfilling momentum conservation of real states.
√
intra
The resonant excitation photon energy
E
=
8π~v
sin(θ/2)/(
3a) for intraF
L
q
√
F
valley scattering and ELinter = 4π~v
12 sin2 (θ/2) − 2 3 sin(θ) + 1 for inter-valley
3a
scattering[51]. So the R0 and R peaks are not dispersive, namely the peak position
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is independent of the excitation photon energy. In contrast, the momentum change
of an electron scattered by a defect is arbitrary, so the D0 and D peaks are dispersive
since the momentum of phonon participated in scattering depends on the excitation
photon energy.
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Figure 3.4: (a)-(b) Raman processes in tBLG graphene with intra-valley (a) and
inter-valley (b) scatterings, corresponding to R0 and R peaks respectively. The green
arrows represent the creation of an electron-hole pair by absorption of an incident
photon. The red arrows represent the recombination of electron-hole with an emitted
photon. The purple solid arrows are electron-phonon scatterings. The purple dashed
arrows are superlattice enabled scatterings. (c) Typical Raman spectra with R0 and
R peaks. Only wavenumber ranges near the G and 2D peaks are shown.

Fig. 3.4(c) shows typical Raman spectra with R0 and R peaks. The excitation
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photon energy in our experiment is 2.33 eV (532 nm in wavelength). We observe
the R0 peak (green) around 1630 cm−1 with a twist angle of 6.5 degrees. The R peak
shows up (blue curve) when the G peak is enhanced for twist angle from 10 to 15
degrees due to the enhanced density of states of the van Hove singularities. The R
peak can be utilized to determine the twist angle as will be discussed in Chapter 5.
In tBLG, both the Raman G and 2D peaks have been found to vary with the
twist angle[22–26, 55]. Theoretical calculations show that variations in the Raman
peaks with twist angle are due to the angle dependent electronic and phononic band
structures[56–58]. Please refer to references [25, 26] for angle dependence of position,
intensity and width of G and 2D peaks of tBLG. As will be discussed in Chapter
5, we can determine the twist angle by the combination of G peak area and R peak
position.
3.3 Raman setup in our study
Raman spectroscopy is performed on a home built Raman system using a 532 nm
Nd:Vanadate laser under ambient environment and room temperature. Fig. 3.5 is
the schematic of Raman setup in our study. The laser beam is reflected by a dichroic
mirror (reflection rate more than 99% for the 532 nm wavelength) and then focused
onto the sample by an objective. The size of laser spot on the sample is determined
by the numerical aperture (NA) of the specific objective. A 50× objective with
NA = 0.5 yields a spot size smaller than 1.5 µm. The higher the NA value, the
smaller the laser spot size. The power of the laser is attenuated below 1 mW by
neutral density filters in order to avoid damaging the sample. The reflected light
from the sample passes through the dichroic mirror and a 532 nm high-pass filter
before being dispersed by a 600 lines/mm grating. The spectrum is imaged on a
thermoelectrically cooled CCD giving a spectral resolution of about 1 cm−1 . In the
schematic, the graphene flake is on a Si/SiO2 substrate and the spectrum is collected
in a reflected manner. Source, drain and side gate contacts are fabricated to control
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charge density in the flake with an ion gel serving as a top gate.

Spectrometer

Laser

Dichroic mirror

Graphene
Objective

Source

Ion gel
VDS
Drain

SiO2
Si

Side Gate

VG

Figure 3.5: Experimental layout for Raman spectroscopy. The laser wavelength is
532 nm and the dichroic mirror is highly reflective at this wavelength. The laser
is focused onto the sample by an objective. The reflected light is collected by the
spectrometer. The graphene sample is on a SiO2 /Si substrate with an ion gel top
gate. The spectrum is collected in a reflected manner.

The sample is attached to the surface of a metal plate mounted on a piezoelectric
stage. The stage can move in all three directions enabling measurements at various
locations on the substrate. The sample is positioned perpendicular to the incident
laser beam so that the reflected light goes back through the objective and is collected
by the spectrometer. The sample is imaged by a camera through another optical
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(a)

(b)

Figure 3.6: Optical microscope image of a CVD grown graphene flake with laser
spot on it to acquire Raman spectra without (a) and with (b) ion gel. Bright dots
are gold coordinate markers on the SiO2 /Si substrate. The yellow pads in (b) are
source and drain contacts. Scale bar is 25 µm in both images.

path with white light illumination. Fig. 3.6 show optical images of the sample with
the laser spot on it. Using the computer controlled piezoelectric stage, we can locate
the laser spot onto interesting flakes to acquire Raman spectra.
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CHAPTER 4
Fundamentals of Scanning Tunneling Microscopy

Since its invention by Gerd Binning and Heinrich Rohrer in 1982[59], the scanning
tunneling microscope has become a cutting-edge tool to characterize a broad range
of conductive materials on the atomic scale, revealing information about surface
morphology and electronic structure. The mechanism of the STM is based on the
quantum tunneling of electrons between a metal tip and a sample surface, where
the tip is placed several angstroms away from the surface. The tunneling current
is exponentially sensitive to the tip-sample separation, resulting in atomic scale
resolution of the measurements.
This chapter narrates the fundamental principles of STM and experimental details in our studies including sample mounting, tip preparation, and operations of
the STM.
4.1 Basic tunneling theory
In this section, we will derive the equations of the tunneling current and its derivative
with respect to the tip voltage in a simplified manner. The details of the calculation
can be found in the book “Introduction to scanning tunneling microscopy” written by C. Julian Chen[60], which follows the time-dependent perturbation theory
approach developed by John Bardeen[61].
Fig. 4.1 is a general schematic diagram of tunneling between an STM tip and
a sample. The green and blue curves are the density of states of the tip and the
sample respectively. The tip is biased −V with respect to the sample, so the Fermi
level of the tip is eV higher than that of the sample. Here −e is the charge of the
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electron. The separation between the tip and the sample z can be viewed as the
width of the vacuum barrier.
Vacuum level

Φ
Vacuum barrier

EF

eV
0

Tip DOS

0

z

Sample DOS

Figure 4.1: Schematic diagram of tunneling between an STM tip and a sample. The
green and blue curves are the DOS of the tip and the sample respectively. The tip
is biased −V with respect to the sample, so the Fermi level (dashed red line) of the
tip is eV higher than that of the sample. Z is the separation between the tip and
the sample, which represents the width of the vacuum barrier.

The electrons follow the Fermi distribution in both the tip and the sample at
a finite temperature. The tunneling current is from the difference of electrons tunneling from the tip to the sample and from the sample to the tip. By integrating
over all the states in the tip and the sample, the tunneling current can be expressed
as[60]
4πe
I=
~

Z

+∞

−∞

|M |2 ρs (EF − eV + ε)ρt (EF + ε)[f (EF − eV + ε) − f (EF + ε)]dε, (4.1)
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where M is the tunneling matrix element, ρs(t) is the density of states of the sample(tip), f (ε) = {1 + exp[(ε − EF )/kB T ]}−1 is the Fermi distribution function. The
full width at half maximum of the derivative of the Fermi distribution function with
respect to energy is about 3.5kB T , which sets the energy resolution of the measurements. The energy resolution is about 1.3 meV at the liquid helium temperature
(4.2 K).
We can simplify the expression using some assumptions that are reasonable in
our experiments. Firstly, the Fermi distribution function could be approximated by
a step function since measurements are usually performed at low temperature where
kB T is small, so [f (EF − eV + ε) − f (EF + ε)] is 0 outside energy range [EF − eV, EF ]
while it is 1 within this energy range. Then we have
4πe
I≈
~

Z

eV

|M |2 ρs (ε)ρt (ε + eV )dε.

(4.2)

0

Secondly, the tip and sample wave functions can be treated individually since
they originate from different Hamiltonians. The metal tip has a flat density of states
over the integral range, so it can be moved out of the integral, leaving
4πe
I≈
ρt
~

Z

eV

|M |2 ρs (ε)dε.

(4.3)

0

Thirdly, the tunneling matrix element M represents the amplitude of electrons
tunneling between the tip and the sample. From quantum mechanics, the tunneling
z√

amplitude of an electron across a barrier is e− ~

2mφ

, where z is the width of the

barrier, m is the mass of the electron and φ is the barrier potential which is large
compared to eV in this case. We assume M does not vary appreciably in the interval
of the integral, so the term |M |2 can be moved out of the integral. We then obtain
a final simplified expression of the tunneling current as
4πe − 2z √2mφ
I≈
ρt e ~
~

Z

eV

ρs (ε)dε.
0

(4.4)
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The current depends on the tip-sample separation exponentially which accounts
for the atomic scale resolution. Considering the vacuum barrier potential is several
eV (e.g. 4 eV), the current will decrease about one order of magnitude when the
tip-sample separation increases by one angstrom.
By differentiating equation 4.4 with respect to energy, we have
dI
∝ ρs (r, eV ) ≡ LDOS(r, eV ),
(4.5)
dV
P
where LDOS(r, eV ) = n δ(eV − eVn )|ψn (r)|2 is the local density of states of the
sample at position r and energy eV , which contains local spatial information due
to the encoding of electron wave functions. It is different from the quantity DOS
that is spatially averaged over the whole system. We can measure LDOS directly in
STM revealing the local electronic structure of the sample at specific energy levels.
4.2 Working modes: Topography and Spectroscopy
Topography measurements are used to image the sample’s surface structure on the
atomic scale. In this working mode, the tip voltage V and tunneling current I are
kept constant while the tip is rastering across the sample in the x and y directions as
shown in Fig. 4.2. The current is maintained constant through a feedback loop which
controls the tip moving closer to or further from the surface by applying a voltage to
the piezo in the z direction. The hight of the tip Z(x,y) is recorded as the topography
map. Since the current depends exponentially on the tip-sample separation, the
topography has high resolution down to atomic scale. It is important to keep in
mind that the topography is actually measuring the contour of constant electron
density, integrated from the Fermi level to the tip voltage as seen in Equation 4.4.
It is not the measurement of real physical height of the sample. In some cases,
changing the back gate voltage of the sample results in different topography images
since the Fermi level is varied.

47

I
z

Tip

y

V

x

Figure 4.2: Schematic diagram of an STM topography measurement. The green
dash line is the measured topography of the sample surface. The tip voltage and
tunneling current are maintained constant.

The other working mode is for spectroscopy measurements, which contain information on the local density of states of the sample. A dI/dV spectrum is acquired
by fixing the location (x, y) of the tip and then turning off the feedback circuit so
that the tip height remains constant with the preset tip voltage and current. Then
a series of tip voltages are applied to the tip and the current values are recorded. In
principle, dI/dV can be obtained by taking the derivative of I with respect to V ,
but it turns out to be very noisy. In practice, a small ac voltage (e.g. 3 mV, 572 Hz)
is added to the tip voltage and the resulting current modulation is measured by a
lock-in with lower noise. The dI/dV spectrum can be taken over different locations
on the sample by moving the tip around, giving spatial information regarding LDOS
of the sample. Another spectroscopy measurement is to acquire dI/dV mapping at
a specific tip voltage while the tip is rastering over the sample. This measurement
reveals the spatial variation of LDOS at a fixed energy.
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4.3 Sample mounting
After the sample for the STM is fabricated, as discussed in Chapter 2, it needs to be
mounted on a special metal plate as shown in Fig. 4.3(a) before being placed into
the STM. The five rectangular metal pads on the left are separated from the base
plate. Conducting (e.g. aluminum) wires can be bonded to them from the electrodes
on the sample. These pads on the plate will connect to the STM when the plate
is inserted into the cryostat of the STM. So the voltages on the sample electrodes
can be controlled independently during measurements. A piece of Kapton covers
the surface of the metal plate to electrically isolate the sample chip from the plate
as seen in Fig. 4.3(b). Both the Kapton and chip are attached to the plate with a
silver conductive epoxy which is cured at a temperature of 150 ◦ C for 5 minutes. It
is important to make sure that the actual device (flake) is at the center of the plate,
otherwise the tip can not reach it during measurements due to the limited moving
range of the scanner in the STM.
(a)

(b)

Figure 4.3: (a) STM sample plate with a piece of Kapton adhered with silver paint.
The five rectangles on the left are pads for wire bonding. (b) Image of sample
attached to the STM plate with silver paint. The wires connect the sample to the
pads on the left.
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4.4 STM tip preparation
Tips for STM measurements are made from tungsten wire (0.25 mm diameter)
using an electrochemical etching procedure as shown in Fig. 4.4. One piece of
tungsten wire, about 1 cm length, is cut and welded onto the carrier base as seen
in Fig. 4.4 which is held by tweezers. It is important to weld the wire straight and
centered with respect to the base so that it is easy to land the tip onto the sample
which is mounted at the center of the sample plate as discussed in the last section.
Otherwise, the tip may not be able to reach the sample. The tungsten wire is rinsed
in DI water thoroughly before being placed straight into a dilute solution of NaOH
and DI water (2g NaOH in 40 ml DI water) to be etched as seen in Fig. 4.4(b).
The connections are shown in Fig. 4.4(a). The tip base is held by a pair of metal
tweezers which are connected to one electrode of the variable transformer. The
other electrode of the variable transformer is connected to a copper ring in the
solution. When the variable transformer is on (we use 7% of its maximum voltage)
and a current passes through the solution, the part of the tip in the solution starts
to etch away due to an electrochemical reaction. Bubbles appear around the tip
due to the release of hydrogen gas during the reaction. When the bubbling stops,
the etching process is done. Then the tip is removed from the solution and dried
with compressed nitrogen gas. The length of the tip is controlled by the amount
of tungsten left above the solution. It should be long enough to reach the sample,
but not so long as to exceed the ceiling of the tip carrier, in which case the tip
end will be ruined during the transfer into the STM. The etching process yields a
sharp conic shape at the end of the tip due to the surface tension and hydrophilicity
of tungsten as shown in Fig. 4.5(a) and (b) with dark and bright field microscopy
images respectively. The tip is occasionally found to have double-ends, which leads
to inaccurate measurements, so it should not be utilized. The tip needs to be
transferred into the STM chamber with the tip carrier as soon as possible to avoid
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oxidization and contamination in air.
(a)

(b)

Figure 4.4: Procedure of the STM tip etching. The tip is held by tweezers and
placed in a solution of diluted NaOH. A voltage bias between the tip and a copper
ring within the solution makes the tungsten wire react with the solution, resulting
in a sharp apex.

(a)

(b)

Figure 4.5: Dark (a) and bright (b) field optical microscope images of a freshly
etched tungsten STM tip. The tip is sharp and clean. Scale bar is 200 µm in both
images.
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4.5 STM setup and operations
The experimental layout for the STM measurements on twisted bilayer graphene
with small twist angles, as will be discussed in Chapter 6 and 7, is sketched in
Fig. 4.6(a) with the STM tip and electrical connections indicated. Electrical constacts are made to the tBLG sample and silicon back gate for control of the charge
density and interlayer voltage bias. The sample experiences a controllable electric
field due to the voltage differences between the back gate, STM tip and tBLG.

I
V

Tip

Au
SiO2

Si

Vg

Figure 4.6: Schematic diagram of the STM experiment setup. The tBLG and hBN
flake (green) are placed on a SiO2 /Si substrate. Electrical contacts are made to the
tBLG sample and silicon back gate for control of the charge density and interlayer
voltage bias. The sample experiences a controllable electric field due to the voltage
differences between the back gate, STM tip and tBLG.

The STM system in our lab is a commercial Omicron ultra high vacuum (UHV)
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low temperature STM. It normally performs under ultrahigh vacuum less than 3 ×
10−11 mbar and at a temperature of 4.5 K. This temperature is slightly higher than
the base liquid helium (LHe) temperature 4.2 K since the cryostat is floated away
from the chamber wall during measurements. There are two cryogen chambers in
the STM system that can be filled with liquid nitrogen (LN2) to cool down the
cryostat. The low temperature, 4.5 K, is achieved by filling the outer and inner
chamber with LN2 and LHe respectively. The outer chamber with LN2 helps LHe
in the inner chamber dissipate slowly. Both the chambers are first filled with LN2
to reach a temperature of about 77 K from room temperature, then the LN2 in the
inner chamber is driven out before filling the inner chamber with LHe to cool down
to 4.5 K. It will last about 50 hours after refilling the chambers, so it is advised
to acquire necessary data during this period. It is possible that the tip position
on the sample changes after refilling due to unexpected bumping or vibration when
inserting the LHe transfer line into the cryogen chamber. In this situation, one has
to start over to search for features on the sample and perform measurements. This
is the most time consuming part based on my experience. In some experiments, the
measurements can be performed at 77 K with a lower energy resolution. It depends
on what requirements are for the specific experiment.
The high vacuum in the STM system is achieved by a turbo pump and an ion
getter pump. There is also a titanium sublimation pump that can be used to reach
a higher vacuum but it is not generally used since it evaporates titanium ions into
the cryostat and will dope the sample under investigation. The vacuum in the
fast entry load-lock chamber must reach below 2×10−6 mbar by the turbo pump
before the sample or tip are transferred into the main UHV chamber. When the
vacuum degrades over time, it is more difficult to land the tip onto the sample due
to impurities stuck on the piezo. At this point, the STM system needs to be baked
at 150 ◦ C for 50 hours to recover high vacuum.
When the temperature is stabilized at LHe temperature, the STM cryostat is
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floated from the chamber wall and the sample within it is ready to be measured.
Fig. 4.7 is an optical image showing the sample with a tip landing on it. The white
patterns are the Cr/Au electrodes connected to the sample, which can be used to
position the tip above the sample. The black lines are wires bonded to the contacts
from the STM sample plate pads. These electrodes can be electronically controlled
independently during measurements.

Figure 4.7: Optical image of an STM sample with a tip landing on it inside the
cryostat. The white patterns are the Cr/Au electrodes. The lower and upper black
triangles are the tip and its shadow respectively. The black lines are wires bonded
to the sample from the STM sample plate pads.
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CHAPTER 5
Evolution of the Electronic Band Structure of tBLG upon Doping

This chapter presents an experiment of monitoring the evolution of the electronic
band structure of tBLG upon doping with various twist angles by Raman spectroscopy. First, we identified the twist angle by a combination of STM and Raman
measurements. We focused on the twist angle range from 10 to 15 degrees where the
G peak was enhanced. Theoretical calculations of the G peak were performed which
were in agreement with experimental data. We employed a polymer top gate to
induce charge density in the tBLG sample. The charge distribution in the top and
bottom layers was calculated knowing the geometric capacitance of the top gate via
Raman measurements on monolayer graphene. Then, we performed Raman measurements on tBLG with controllable charge densities. We observed the Raman G
peak intensity depends on the charge density, revealing the change of band structure
with doping. The results were well explained and simulated by considering a reduction of Fermi velocity upon doping. These results in this section were previously
published[62].
5.1 Twist angle determination by STM and Raman measurements
Fig. 5.1(a) shows an optical microscope image of the graphene flakes after they
have been transferred from the Cu foil onto an oxidized Si substrate (285 nm SiO2
thickness). The number of layers is clearly distinguishable based on the optical
contrast. The size of the monolayer region is over 200 µm on a side, while the
bilayer is on the order of 25 µm and the multilayer region in the center is smaller
than 10 µm. The contrast varies on different regions of the bilayer, which indicates
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the angle between the first and second layer varies due to different domains in the
CVD grown graphene. Specifically, the slightly darker areas (e.g. blue circle in
the inset of Fig. 5.1(a)) correspond to approximately a 12 degree twist angle which
absorbs more visible light owing to the enhanced DOS in this energy range[63, 64].
While previous studies have employed contrast measurements to identify the
twist angle[65, 66], we find Raman spectroscopy to be a more precise and convenient
method. Raman spectra taken at the locations marked in the inset of Fig. 5.1(a)
are plotted in Fig. 5.1(b). There is no D peak visible in the spectra either before or
after the polymer electrolyte measurements which indicates that the measured area
is free of defects[20]. In tBLG, both the Raman G and 2D peaks have been found to
vary with the twist angle as measured with transmission electron microscopy[25, 26].
Remarkably, on the slightly darker region (blue curve), which has a twist angle of
12 degrees, the G peak intensity is 25 times larger than on the lighter region that
has a twist angle less than 3 degrees (green curve). Both bilayer spectra are reliably
distinguishable from that of monolayer graphene marked by the black diamond
(black curve). For the 532 nm laser in our study, the G peak is enhanced for twist
angles from 10 to 15 degrees.
The twist angle between the two layers of tBLG leads to a moiré pattern, whose
wavelength depends inversely on the twist angle θ. Therefore, measuring the wavelength of the moiré pattern using STM gives a direct measurement of the twist angle.
All topography measurements were performed in a low-temperature ultrahigh vacuum STM at a temperature of 4.5 K. These measurements were performed before
applying the polymer electrolyte to the device. Fig. 5.1(c) shows a typical topography image of tBLG where a 1.19 ± 0.03 nm moiré pattern is visible. The inset of
Fig. 5.1(c) is a zoomed in topography image showing the graphene atomic lattice.
A Fourier transform of the topography image gives the wavevectors of the atomic
lattice and moiré pattern. Fig. 5.1(d) is a FFT of the topography with the atomic
lattice and moiré pattern wavevectors marked by red and blue circles respectively.
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The ratio between the atomic lattice length a and the moiré pattern wavelength D
gives the twist angle θ between the two lattices using a/D = 2 sin(θ/2).
(a)

(b)
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Figure 5.1: (a) Optical microscope image of CVD grown graphene flakes. Bright
dots are gold coordinate markers on the SiO2 /Si substrate. The inset is a zoomed in
image of a multilayer graphene flake. Blue circle, green square and black diamond
are locations where the Raman spectra in (b) are acquired. Scale bars in the main
image and the inset are 50 µm and 10 µm respectively.(b) Raman spectra at the
marked locations in (a). The black diamond is on monolayer graphene while the
other two locations are from tBLG. Only wavenumber ranges near the G and 2D
peaks are shown. (c) STM topography image of tBLG showing a 1.19 ± 0.03 nm
moiré pattern. Sample voltage is 0.3 V and tunnel current is 100 pA. Scale bar in
the figure is 4 nm. The inset is a zoom-in image showing the atomic lattice. Scale
bar is 1 nm. (d) The FFT of the topography in (c) showing the atomic lattice and
moiré pattern features, red and blue circles respectively. Scale bar is 10 nm−1 .
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Using the above procedure, more than 15 different tBLG flakes were imaged
using STM to determine their twist angles. Fig. 5.2(a) plots the measured Raman
G peak area of these tBLG flakes normalized to monolayer graphene. There is a clear
enhancement of the G peak area near a twist angle of 12 degrees. Our data agrees
with previous results[25, 26], where the twist angle was determined by transmission
electron microscopy. The enhancement at a specific angle range arises due to the
enhanced joint density of states at the photon energy of the laser excitation.
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Figure 5.2: (a) Measured Raman G peak area (normalized to that of monolayer)
as a function of twist angle. The twist angle for the black points was measured
using STM topography. The uncertainty in angle of the black points represents the
variation in the atomic lattice length a and moiré pattern wavelength D measured
by STM. The blue curve is the theoretical calculation within the angle range where
the G peak is enhanced showing that the maximum enhancement occurs at 12.6◦ .
The additional red points were only measured by Raman spectroscopy and their
twist angles were determined as discussed in the text. The error bars in G peak
area represent the standard deviation of the area of a Lorentzian fit to the G peak.
Inset shows Raman pathways that contribute to the enhanced G peak. (b) Raman
R peak position as a function of twist angle. The error bars in R peak position
represent the uncertainty of the peak position when fit with a Lorentzian.

To quantify the enhancement, the Raman G peak area as a function of twist
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angle is calculated using[67]
2

A∝

X
k

|Mop |2 Mel−ph
,
(∆E(k) − iγ)(∆E(k) − Eph − iγ)

(5.1)

where ∆E(k) = Eex − Eab (k), Eex = 2.33 eV is the photon energy of the laser
excitation, Eab (k) is the energy separation of electronic states a and b at wavevector
k, Eph = 0.196 eV is the G peak phonon energy, γ is the inelastic scattering rate for
which we use 0.15 eV, Mel−ph is the electron-phonon coupling matrix element, and
Mop is the optical transition matrix element. We follow Section 1.3.3 to calculate the
electronic band structure of tBLG, which retains the linear dispersion near the Dirac
points and exhibits vHs and splitting where the bands from the two layers meet. We
include only the four lowest energy bands to perform the calculation as depicted in
the inset of Fig. 5.2(a). The largest enhancement occurs when the photon energy of
the laser is on resonance with the energy separation of a large number of electronic
states as denoted by the green arrows in the inset of Fig. 5.2(a). Mel−ph is taken as a
constant in the calculation as we are only interested in changes in the band structure
due to twist angle variations. Furthermore, the twist angle corresponding to the
maximum enhancement depends on laser photon energy and therefore Mel−ph can
not be responsible for the observed enhancement[25, 26]. Mop along the line passing
through the two Dirac points is modeled by a phenomenological Lorentzian as in
reference[26] with no k-space dependence in the orthogonal direction. The blue curve
in Fig. 5.2(a) plots the result of the calculation which matches the experimentally
measured data.
The center position of the peak in the calculated curve is at 12.6 degrees, which is
defined as the critical angle. Using a different photon energy shifts the critical angle.
The calculation allows a Raman spectroscopy measurement of the G peak area to
determine two possible twist angles for the tBLG flake. To distinguish between the
two possible twist angles, we use the Raman R peak associated with the transverse
optical (TO) phonon, which emerges from a double-resonance intervalley process
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mediated by the periodic potential[51]. In the angle range where the G peak is
enhanced, the R peak is clearly visible, as shown in Fig. 5.1(b). The R peak position
decreases linearly with increasing twist angle, -11.7±0.8 cm−1 /degree, as shown in
Fig. 5.2(b) which allows the twist angle to be uniquely identified. Again, the black
circles correspond to tBLG flakes whose twist angles were measured by STM. The
red circles correspond to tBLG flakes whose twist angles were inferred from Raman
spectroscopy measurements of the G peak area. Using a combination of the R peak
position and the G peak area, the twist angle can be determined solely from Raman
measurements.
5.2 Charge doping induced by a polymer top gate
To study the charge density dependence of the Raman G peak, we use a voltage on
the polymer gate, Vg to induce charge carriers in the tBLG. As the charge density
changes, the G peak behaves very differently depending on the twist angle as shown
in Fig. 5.3(a) and 5.3(b). These data are from two different tBLG flakes which both
have approximately 12 times enhancement at zero gate voltage but two different
twist angles. In both cases, the position of the G peak shifts to higher wavenumbers
as seen in monolayer graphene[68, 69] and previous Raman studies of tBLG[22, 70].
Similarly, the 2D peak position for all tBLG flakes shows the same behavior as
monolayer graphene where it is initially constant then shifts to higher wavenumbers
for hole doping and lower wavenumbers for electron doping[22, 70]. While these
aspects of the measurements are the same for all twist angles, the intensity of the
G peak shows a strong twist angle dependence. As the gate voltage increases the
G peak intensity initially increases but then quickly decreases in Fig. 5.3(a) while
it continually increases in Fig. 5.3(b). To understand why these two different flakes
behave so differently with gate voltage, we must examine the effect of the voltage
on the band structure of the tBLG.
In monolayer graphene, the voltage on the polymer gate acts to both shift the
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Figure 5.3: (a)-(b) Raman intensity near the G peak as a function of wavenumber
and gate voltage for 11.1◦ (a) and 14.1◦ (b) respectively.

Fermi level and produce a potential between the graphene and electrode. The
√
Fermi level is related to the charge density n by EF = ~vF πn, where ~ is the
reduced Planck constant and vF = 1.05 × 106 m/s is the Fermi velocity of monolayer
graphene[42]. The potential between the gate electrode and graphene is given by
U = εP E E/Cg = ne/Cg , where εP E is the dielectric constant of the polymer electrolyte, E is the electric field and Cg is the geometric capacitance per unit area of
the Debye layer in the polymer electrolyte. Combining these two effects gives,
√
e2
eVg = EF + eU = ~vF πn +
n.
Cg

(5.2)

Here Vg is measured relative to the voltage when the Fermi level is at the Dirac point
by finding at which gate voltage the G peak position is a minimum. To determine the
geometric capacitance, we measured the G peak position for monolayer graphene as
a function of the applied gate voltage. The shift of the G peak ∆ΩG is proportional
to the Fermi energy, namely, ∆ΩG = αEF , where α is 42 cm−1 eV−1 taken from
ref. [71]. For each device, ∆ΩG versus gate voltage was measured to determine Cg .
For the different devices measured, the capacitance per unit area varied within the
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range 0.7 − 2.2 µF cm−2 , which is about two orders of magnitude larger than that of
the Si back gate. The geometric capacitance per unit area for bilayer graphene areas
was taken to be the same as that of nearby monolayers since the polymer electrolyte
was uniformly distributed over these length scales. The doping at the position of
the laser spot was directly measured and therefore global spatial variations do not
affect the results.
In tBLG, there is an additional effect because the top layer is more heavily doped
than the bottom layer due to its proximity to the polymer electrolyte[70]. This
asymmetric doping causes an interlayer potential ∆φ to develop. A simple model
is adopted from ref. [70] to calculate the charge densities nT and nB in the top and
bottom layers respectively. The tBLG is modeled as a parallel plate capacitor with
two weakly coupled monolayers separated by an interlayer distance d0 = 0.34 nm.
This model is valid as long as the doping level is small compared to the separation
of the vHs as is the case in our experiment. The top and bottom layers experience
different electric fields, given as ET = e(nT + nB )/εP E and EB = enB /εtBLG , where
εtBLG is the dielectric constant of the tBLG. Similar to equation 5.2 in the monolayer
case, for bilayer we use the charge density and electric field of the top layer to obtain,
√
e2
(nT + nB ).
eVg = ~vF πnT +
Cg

(5.3)

The interlayer potential energy e∆φ is equal to the energy difference between
√
√
the Dirac points of the top and bottom layers e∆φ = ~vF πnT − ~vF πnB . In
the parallel plate capacitor model, the interlayer potential is simply the electric field
between the layers EB times their separation d0 . Namely, ∆φ = enB /CtBLG , where
CtBLG = εtBLG /d0 is the effective interlayer capacitance per unit area. Combining
the above two equations we obtain,
√
√
~vF πnT − ~vF πnB =

e2
CtBLG

nB .

(5.4)

nT and nB can be solved for any value of Vg using equations 5.3 and 5.4 and the
measured Cg . We take CtBLG = 8 × 10−6 F cm−2 in our calculation[72]. In the
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inset of Fig. 5.4(a), we use these equations to convert the applied gate voltage,
Vg to the charge density nT (black) in the top layer, nB (red) in the bottom layer
and nT otal (blue) for the tBLG corresponding to Fig. 5.4(c). Once the conversion
from gate voltage to charge density is known, the area of the G peak is fit for each
gate voltage with a single Lorentzian to obtain the blue curve in Fig. 5.4(a). A
similar procedure is used for all other tBLG flakes to obtain the remaining curves
in Fig. 5.4(a) and (b).
5.3 Raman G peak area dependence on charge doping
The Raman G peak area of tBLG with twist angles smaller than 3 degrees or bigger
than 16 degrees does not depend on the charge density as shown by the orange
markers in Fig. 5.4(a) and Fig. 5.4(b) respectively. So, we focus on the angle range
from 10 to 15 degrees where the G peak area depends on charge density. The G peak
area of tBLG with a twist angle equal to the critical angle decreases monotonically
for both the electron and hole doped regions as shown by the purple markers in
Fig. 5.4(a). For all angles smaller than the critical angle, similar behavior is observed
as shown by the other markers in Fig. 5.4(a). In contrast, for angles larger than the
critical angle, the area initially increases with doping before decreasing at higher
doping levels as shown in Fig. 5.4(b). The black curve in Fig. 5.4(b) corresponds
to a twist angle of 13.4 ± 0.1 degrees. Its maximum G peak area occurs at a total
charge density of 5.3 ± 0.9 × 1012 cm−2 . This behavior is observed for either electron
or hole doping. The total charge density required to maximize the G peak area for
a slightly larger twist angle is much larger. The maximum G peak area occurs at
13 ± 2 × 1012 cm−2 for the green curve which corresponds to a twist angle of 13.7 ±
0.1 degrees. The maxima for the blue and red curves are not yet reached within the
charge density range plotted. The charge density when the maximum G peak area
occurs as a function of twist angle is shown by the black markers in Fig. 5.5(a).
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Figure 5.4: (a) Raman G peak area variation with total charge density for the critical
and smaller twist angles. Purple: 12.6◦ , black: 12.1◦ , green: 11.6◦ , blue: 11.1◦ , red:
10.4◦ , orange: smaller than 3◦ . Inset is the calculation of bottom (red), top (black)
and total (blue) charge densities for the tBLG corresponding to the blue curve in
the main figure. (b) Raman G peak area variation with total charge density for
twist angles larger than the critical angle. Black: 13.4◦ , green: 13.7◦ , blue: 14.1◦ ,
red: 15.1◦ , orange: bigger than 16◦ . The uncertainty in the angles is 0.1◦ due to
the uncertainty of the G peak area. The error bars in electron density are from
the uncertainty of the geometric capacitance. (c) and (d) Numerical calculation of
Raman G peak area variation upon doping for the same twist angles as shown in
(a) and (b) respectively.
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5.4 Discussion
To understand this asymmetric angle dependence, we examine the modification of
the tBLG band structure upon doping. In undoped tBLG as shown in the inset
of Fig. 5.1(c), the Dirac points of the two layers are at the Fermi level since there
is no charge doping or interlayer potential. The two vHs are therefore aligned
in momentum exactly between the two Dirac points. However, when the sample is
doped, the two Dirac points shift away from the Fermi level asymmetrically[8, 70, 73–
76]. When this occurs, the two vHs are displaced horizontally in momentum as
seen in Fig. 5.5(b) and 5.5(c) for electron and hole doping respectively. Therefore,
as the tBLG is doped the energy separation of the bands splits into two different
R
contributions. The joint density of states can be defined as JDOS(E) ∝ δ(Eab (k)−
E) dk. Fig. 5.5(d) shows the JDOS as a function of energy and charge density
considering only the interlayer potential imposed by the asymmetric doping in the
two layers.
Half of the JDOS becomes lower in energy with increasing doping (Ered branch
denoted by red arrows in Fig. 5.5(b) and 5.5(c)) while the other half becomes higher
in energy (Eblue branch denoted by blue arrows in Fig. 5.5(b) and 5.5(c)). Variation
of twist angle shifts the Ered and Eblue branches uniformly up or down in energy but
does not change their separation. So, for all angles there should be a charge density
when the laser photon energy is resonant with a peak in the JDOS and an enhanced
Raman G peak will occur. We use equation 5.1 to calculate the G peak area where
the part ∆E(k) depends on charge density since the band structure is changing. The
red curve in Fig. 5.5(a) is the theoretical calculation for the charge density when the
Raman G peak area is a maximum considering only the interlayer potential imposed
by the asymmetric doping in the two layers as in Fig. 5.5(d). Indeed, we find the
maximum of the G peak area occurs at finite charge densities for both smaller and
larger twist angles due to the resonant scattering pathways discussed above. Near
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the critical angle, the maximum G peak area occurs at zero charge density because
of the large initial drop in the JDOS with doping which overwhelms the resonant
effect. The charge densities calculated are symmetric about the critical angle and
are much bigger than experimentally observed. Therefore, the interlayer potential
alone can not explain the asymmetric angle dependence that is observed in the
experiment. To explain the results, there must be some mechanism that breaks the
symmetry between the smaller and larger twist angles.
To explain the data shown in Fig. 5.4(a) and (b) for different twist angles, we
must have a change in the band structure that depends on charge doping. In monolayer graphene, the Fermi velocity reduces upon charge doping due to electronelectron interactions[72, 77–79]. Theoretical work for tBLG has also predicted a
reduction[73] but it has not been experimentally explored. A reducing Fermi velocity causes the slope of the bands in Fig. 5.5(b) and 5.5(c) to decrease with doping,
which results in a shortening of all scattering pathways. This causes both peaks in
the JDOS to move toward lower energy as shown in Fig. 5.5(e). It prevents the Eblue
branch for smaller twist angles from increasing to match Eex . Likewise, it causes the
Ered branch for bigger twist angles to decrease faster and match Eex at lower charge
densities. Therefore, the Raman G peak area for twist angles smaller than the critical angle drops monotonically within the charge density range in our experiment
since no scattering pathway will be resonant with the excitation photon energy or
the effect will be overwhelmed by the large initial drop in the JDOS with doping.
On the other hand, the Raman G peak area for bigger twist angles increases to a
maximum when Ered matches Eex , overcoming the effect of the large initial drop in
the JDOS with doping, then it drops at higher doping levels as Ered becomes smaller
than Eex . Here we employ changes in the Fermi velocity as a fitting parameter to
explain the qualitative difference between the Raman results as a function of charge
density for different twist angles. The blue curve in Fig. 5.5(a) is the theoretical
calculation for the charge density when the maximum G peak area occurs consider-
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ing both the interlayer potential and a reduction of Fermi velocity. We use a simple
linear reduction of the Fermi velocity with total charge doping in the calculation
as vF = vF 0 − αnT , where vF 0 = 0.91 × 106 m/s is the Fermi velocity of tBLG at
zero charge density which matches the critical twist angle observed experimentally.
The slope of the reduction, α, is adjusted to match the turning charge densities for
the larger twist angles. A reduction of around 2 percent of the Fermi velocity at
the largest charge density obtained in the experiment is needed to match our data.
While the exact functional dependence of the Fermi velocity could be something
other than a linear decrease with increasing charge density, we have chosen to use
this as it is the simplest form and qualitatively explains our data. In particular, as
shown by the red line in Fig. 5.5(a) a non-changing band structure gives qualitatively
different results from our experiments and is symmetric about the critical angle. A
change in the band structure which reduces the energy of the scattering pathways
is necessary to explain our experimental results which are asymmetric about the
critical angle.
To confirm our model for the reduction in Fermi velocity with increasing doping,
we calculate the variation of the G peak area with charge density. This is done
using equation 5.1 with a changing separation of the energy levels due to the charge
density and a reduction of the Fermi velocity. Figure 5.4(c) and (d) plot numerical
calculations of the Raman G peak area variation with doping for the smaller and
larger twist angles corresponding to Fig. 5.4(a) and 5.4(b). The calculations agree
very well with the experimentally measured curves. They exhibit the distinct difference in density dependence of the smaller and larger twist angles. Furthermore,
they demonstrate that the reduction of Fermi velocity plays an important role in
the Raman signal of tBLG with doping. Without the decrease of Fermi velocity
with doping, the curves for smaller and larger twist angles would be identical.
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Figure 5.5: (a) Charge density for the maximum G peak area versus twist angle. The
red line is the calculation considering only the interlayer potential imposed by the
asymmetric doping in the two layers. The blue line is the calculation including the
reduction of Fermi velocity as discussed in the text. (b)-(c) Electronic band structure
evolution upon doping of tBLG with electrons and holes respectively. Orange and
black Dirac cones are from the top and bottom layers respectively. (d)-(e) JDOS as
a function of energy and charge density for (d) only an interlayer potential and (e)
an interlayer potential and a reduction of the Fermi velocity.

5.5 Summary of Chapter 5
In summary, modification of the electronic band structure of tBLG upon doping
is realized using a polymer electrolyte top gate. Dirac points from the two layers
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are shifted apart by an interlayer potential ∆φ because of the asymmetric doping
causing the two vHs to be misaligned horizontally in momentum. Distinct behavior
with charge density is observed for twist angles smaller and larger than the critical
angle due to changes in the electronic band structure. From our modeling, a small
reduction in the Fermi velocity with doping causes significant changes in the Raman
G peak area. Our results demonstrate the rich physical properties of tBLG and how
they can be modified with doping paving the way for tailoring the electronic band
structure of tBLG by external potentials.
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CHAPTER 6
Many Body Interactions in tBLG with Small Twist Angles

This chapter presents an experiment to study the distinct electronic properties of
twisted bilayer graphene with small twist angles, where many body interactions play
an important role. Using scanning tunneling microscopy and spectroscopy, we found
it requires eight electrons per moiré unit cell to fill up each band for twist angles
smaller than 1 degree while four electrons per moiré unit cell for twist angles bigger
than 1 degree. These results in this section were previously published[13].
6.1 Density of states versus twist angle
Fig. 6.1(a) shows the density of states spectra for various twist angles around 1
degree. The energy separations between the first peaks, the first dips and the second
peaks are plotted in Fig. 6.1(b) as a function of the twist angle. They all decrease as
the twist angle becomes smaller. The energy separation between the two van Hove
singularities (first low-energy peaks) is described by ∆EvHs =

8π~vF
3a

sin( 2θ ) − 2tθ for

twist angles where the linear dispersion remains around the Dirac points as discussed
in Chapter 1, where vF is the Fermi velocity and tθ is the interlayer coupling strength.
The black curve is the fit of the data in paper [19] using the above equation with
tθ = (0.113 ± 0.002) eV and vF = (1.07 ± 0.01) × 106 m/s. The energy separation
between the two van Hove singularities for twist angle smaller than 1 degree does
not follow the trend anymore indicating distinct electronic structure in the small
angle regime[80].
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Figure 6.1: (a) DOS spectra for various twist angles around 1 degree. 2.48◦ (red),
1.51◦ (dark blue), 1.35◦ (light blue), 1.04◦ (orange), 0.78◦ (purple), 0.7◦ (green).
(b) Energy separation between peaks in the DOS spectra as a function of the twist
angle.

6.2 Topography of tBLG with twist angle smaller than 1 degree
Fig. 6.2(a) shows an STM topography image of a moiré pattern with λ = 20.1 ± 0.6
nm, corresponding to a twist angle of θ = 0.70◦ ± 0.03◦ . The AA stacked regions
appear as bright spots which is consistent with theoretical studies[81]. It is because
the low-energy DOS is enhanced at AA sites as seen in Fig. 6.2(d), while outside
them the low-energy DOS is small such as on AB or BA sites. Fig. 6.2(b) is a
zoomed in image on the AA site showing hexagonal arrangements of the lattice
structure, while the lattice structure is triangular on the AB or BA sites as shown
in Fig. 6.2(c). The A and B sublattices are symmetric in the AA configuration
giving rise to hexagonal lattice structure, while they are asymmetric in the AB or
BA configuration leading to a triangular contrast.
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Figure 6.2: (a) STM topography images of tBLG with a 20.1 ± 0.6 nm moiré
wavelength. The scale bar is 30 nm. (b)-(c) Zoomed in images showing the lattice
arrangement on the AA site (b) and the AB site (c) respectively. The scale bars are
0.5 nm. The sample voltage is 0.3 V and the tunnel current is 100 pA for all the
topography images. (d) DOS spectra on AA, AB and BA sites.

6.3 Average DOS as a function of carrier density
To understand the electronic properties more deeply, we perform DOS spectroscopy
measurements as a function of position. Specifically, the DOS spectra are acquired
over one unit moiré cell. The spatially averaged results measured at voltage VBG
= -31 V applied on the doped Si substrate, such that the sample is undoped, are
shown in Fig. 6.3(a) (black trace). We observe two low-energy DOS peaks flanking
the charge neutrality point (red solid line at the Fermi level), followed by two dips
in the DOS marked by red dashed lines. Two additional DOS peaks occur at higher
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energies. Using the back gate voltage, we tune the carrier density and find that at
VBG = 2 V the first conduction band DOS dip aligns with the Fermi level, while
the dip associated with the charge neutrality point weakens (Fig. 6.3(a), blue trace).
√
Using the measured moiré unit cell area A = ( 3/2)λ2 and the back gate capacitance
of 10.5 nF/cm2 , we find that the conduction band DOS dip corresponds to a bilayer
density of 7.8 ± 0.6 electrons per moiré unit cell, corresponding to 2 electrons for
each spin and valley degree of freedom. The complete evolution of the DOS with
gate voltage is plotted in Fig. 6.3(b). The data show a central peak, which remains
near the Fermi level for all gate voltages, splits when the sample is charge neutral
(VBG = -31 V), and moves upward in energy relative to a more rigid background
as the central peak states are occupied. The movement of the two dips associated
with filling 8 electrons per moiré period are shown by the dashed lines for both the
conduction and valence bands. In contrast, the DOS as a function of back gate with
a twist angle of θ = 1.35◦ , plotted in Fig. 6.3(c), shows dips near 4 electrons per
moiré unit cell. The number of electrons per moiré unit cell required to fill up to
the first dip for various angles is plotted in Fig. 6.3(d). We observe eight electrons
per moiré unit cell for twist angles smaller than 1 degree while four electrons per
moiré unit cell for twist angles larger than 1 degree. The qualitative changes in DOS
shape with carrier density in Fig. 6.3(b) do not occur in isolated graphene sheets
or at larger twist angles, and can be explained only by electron-electron interaction
effects.
6.4 Summary of Chapter 6
In summary, we fabricated tBLG samples with twist angles smaller than 1 degree,
which show distinct doping features compared to larger twist angles. The observation of 8 electrons per moiré unit cell to fill up one band for twist angles smaller
than 1 degree is ascribed to many body interactions.
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Figure 6.3: (a) DOS at two different back gate voltages, -31 V (black) and +2 V
(blue). The features corresponding to the charge neutrality point and the secondary
dips in the DOS curves are marked by solid and dashed lines, respectively. The
traces are offset for clarity. (b)-(c) DOS as a function of sample voltage and back
gate voltage with a twist angle of 0.7 degree (b) and 1.35 degrees (c). The solid and
dashed lines trace the movement of the charge neutrality point and the secondary
dip in the DOS. (d) The number of electrons per moiré unit cell required to fill up
to the first dip for various twist angles. The error bars represent the uncertainty
arising from determination of the moiré wavelength and change in gate voltage.
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CHAPTER 7
Topologically Protected Helical States in tBLG

This chapter presents an experiment to explore topologically protected helical (TPH)
states on domain walls of twisted bilayer graphene with very small twist angle.
Using scanning tunneling microscopy and spectroscopy on tBLG samples with moiré
wavelengths longer than 50 nm, we demonstrate the existence of TPH states on the
domain walls by directly imaging them when the AB and BA regions become gapped
under an electric field.
7.1 Background of topological protected states in bilayer graphene
Topologically protected states are immune to backscattering and have the ability to
carry charge, spin and other degrees of freedom in a dissipationless manner[82, 83].
In Bernal stacked bilayer graphene, there are two equivalent stacking configurations
AB and BA where one atom in the unit cell from the top layer lies directly above a
different atom in the bottom layer. This stacking configuration gives rise to a pair
of degenerate bands at the K and K’ valleys[84]. These states have non-trivial Berry
curvatures that can be exploited to realize topologically protected states by breaking
the inversion symmetry with an electric field[85–89]. When this occurs counterpropagating chiral edge states emerge as long as there is no valley mixing. The Chern
number C for each valley can be defined as the integrated Berry curvature which
depends on both the sign of the electric field and the stacking configuration[90–93].
Therefore, in uniformly stacked bilayer graphene, regions with opposite signs of the
electric field will have opposite Chern numbers. Similarly, AB and BA stacked regions of bilayer graphene will also have opposite Chern numbers under a uniform

75

electric field. The regions separating inverted electric fields or between different
stacking configurations could therefore support TPH states[85, 92–96]. Recently,
there have been several efforts to realize TPH states in bilayer graphene devices.
Using split-gates to spatially modulate the electric field, ballistic transport due to
TPH states in uniformly stacked bilayer devices has been observed[97]. Topologically protected transport along naturally occurring domain walls in Bernal stacked
bilayer graphene has also been studied[98, 99].

AB BA
BA
AB
AB BA

Figure 7.1: Local stacking configuration of tBLG. The red spots denote the AA
regions. The blue lines denote the domain walls that separate the alternating AB
and BA regions.

Twisted bilayer graphene is formed when two monolayer graphene layers are
placed on top of each other with a twist angle between their lattices. The twist
angle between the two layers leads to a triangular moiré pattern, whose wavelength λ
depends inversely on the twist angle θ as λ = a/[2 sin(θ/2)], where a is the graphene
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lattice constant. The moiré pattern causes the local stacking configuration of tBLG
to vary in space as depicted in Fig. 7.1. The AA regions, marked by red spots,
correspond to positions where the hexagons from the two layers lie directly on top
of each other. The blue lines connecting AA sites represent domain walls which
separate two neighboring triangles denoted as AB and BA regions. The AB and BA
regions both exhibit Bernal stacking with the A atom in one layer directly above
or below the B atom in the other layer. However, the two regions have inverted
stacking order. tBLG is a unique platform to explore topologically protected states
because of the network of AB and BA stacked regions that forms[100]. Theoretical
studies have predicted that for moiré wavelengths longer than 35 nm under a strong
enough electric field TPH states will occur on a triangular lattice arranged on the
boundaries between the AB and BA stacked regions[93].
7.2 Topography of tBLG with twist angles smaller than 0.4 degrees
Fig. 7.2(a) shows a STM topography image of a tBLG sample with a 57.6 ± 0.7
nm moiré wavelength, which corresponds to a twist angle of 0.245 ± 0.003 degrees.
The AA sites appear as bright spots which agrees with previous observations[13–
15, 18, 19]. The network of lines connecting AA sites are domain walls of several
nanometer width that can host topologically protected modes as we will show below.
The topography varies with sample voltage as shown in Fig. 7.2(a)-(d). The domain
walls appear as bright lines in Fig. 7.2(a) with sample voltage +0.5 V and become
weaker as the sample voltage decreases. They are darker than the surrounding
regions at a sample voltage of +0.2 V as shown in Fig. 7.2(d). This variation is due
to differences in the density of states for different stacking configurations since the
tunnel current is proportional to the integral of the DOS from the Fermi level to
the sample voltage. At low energy, the DOS on the domain walls is smaller than
the Bernal stacked regions. Therefore, the STM tip moves closer to the surface
on the domain walls to maintain the fixed tunnel current. This causes them to
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appear darker in the topography images. As the energy is increased past the peak
in the DOS of the domain wall (Fig. 7.3(a)), the STM tip moves away from the
surface and the domain walls appear bright. The AA sites are always bright due to
the enhanced DOS at low energies[81] causing the STM tip to be farther from the
surface to maintain the same fixed tunnel current.
(a)

(b)

Z (nm)
0.2

(c)

(d)
0.1

0.0

Figure 7.2: (a)-(d) STM topography images of tBLG with a 57.6 ± 0.7 nm moiré
wavelength with varying sample voltages (a) +0.5 V, (b) +0.4 V, (c) +0.3 V, (d)
and +0.2 V. In all figures, the tunnel current is 200 pA and the back gate voltage
is 0 V. The scale bars are 80 nm.

7.3 Back gate dependence of STS in tBLG
To elucidate the variation of the density of states with position in tBLG, we have
performed spectroscopy measurements at various locations within the moiré unit
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cell. This is done by fixing the location of the tip and then turning off the feedback
circuit so that the tip height remains constant. A small ac voltage (3 mV, 572 Hz)
is added to the sample voltage and the differential conductance, dI/dV , is measured as a function of sample voltage. Fig. 7.3(a) shows the normalized differential
conductance, dI/dV /(I/V ), spectra at the center of an AB region (black) and on
a domain wall (blue) with a back gate voltage of 60 V. The STS spectrum in the
AB region shows a nearly constant density of states with a dip around -0.1 V which
corresponds to the band gap which is opened from the electric field. There is also an
increase around 0.3 V which corresponds to the energy of the second subband in the
conduction band. The STS spectrum on the domain wall is qualitatively different
without the pronounced dip around -0.1 V corresponding to the band gap. There
are also two peaks symmetrically found around ± 0.25 V from the charge neutrality
point.
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Figure 7.3: (a) dI/dV /(I/V ) spectra at the center of the AB region (black) and
domain wall (blue) respectively. The tip height is stabilized with a current of I
= 200 pA at V = +0.5 V. The back gate voltage is +60 V. (b) Width fitting of
dI/dV /(I/V ) spectrum in the AB region. The red curve is the fit function for the
portion of the band gap. The black dashed line is where the width is taken.

The portion of the dI/dV /(I/V ) spectrum in the AB region exhibiting a band
gap is fit by the 2nd order polynomial function y = a(x − x0 )2 + b where x0 is the
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center of the band gap, b is the minimum value in the gap and a is associated with
the width of the gap. Fig. 7.3(b) shows the fit of the black curve in Fig. 7.3(a),
where the red line is the fit. The extracted band gap shown in Fig. 7.5(c) is taken
as the width of the fit function at b + 0.16 (black dashed line). The value of 0.16
was chosen so that the extracted band gap matched the FWHM in the contrast at
a back gate voltage of +70 V shown in Fig. 7.7(c). Choosing a larger value leads to
an overall increase in the band gap for all back gate voltages.
We perform STS measurements as a function of back gate voltage to investigate
the electric field dependence of the density of states as shown in Fig. 7.4. The low
energy DOS of the AA region is enhanced as shown in Fig. 7.4(a). The data show
a central peak that remains near the Fermi level for all back gate voltages. This
implies a very large DOS as even a change of over 100 V on the back gate is not able
to completely fill the state. There are several additional peaks that move with back
gate voltage in a similar manner to the features of Bernal stacked bilayer graphene.
Fig. 7.4(b) shows dI/dV /(I/V ) spectra on the domain wall as a function of sample
voltage and back gate voltage. All of the features move parallel and linearly with
back gate voltage as expected for charge doping without changing the band structure
(for example opening a band gap). In particular there is an approximately 80 meV
dip at the charge neutrality point that does not depend on density or the electric
field. There are two additional bright peaks in the conduction and valence band
which are symmetric about the charge neutrality point. The dI/dV /(I/V ) spectra
at the center of AB and BA regions as a function of sample voltage and back gate
voltage are shown in Fig. 7.4(c) and (d) respectively. They are qualitatively the same
indicating that the DOS is the same for the two different stacking configurations.
A band gap develops in both AB and BA regions, and becomes larger as the back
gate voltage and hence the electric field increases. Around 0.4 V above and below
the charge neutrality point, there is an additional increase in the DOS indicating
the onset of the second subband in the Bernal stacked regions. The energy of the
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onset of the second subband corresponds to the interlayer coupling, γ1 , in bilayer
graphene.
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Figure 7.4: (a)-(d) dI/dV /(I/V ) spectrum as a function of sample voltage and back
gate voltage on an AA site (a), domain wall (b), AB (c) and BA region (d). The
tip height is stabilized with a sample voltage of +0.5 V and a tunnel current of 200
pA.
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Figure 7.5: (a)-(b) dI/dV /(I/V ) spectra as a function of sample voltage and back
gate voltage at the center of the AB region (a) and the domain wall (b) respectively.
The tip height is stabilized with a current of I = 200 pA at V = +0.5 V. The ac
voltage is 3 mV. (c) Band gap width in the AB region as a function of back gate
voltage. The error bars represent the uncertainty of the gap width when fitting the
dI/dV /(I/V ) spectra. (d) Minimum value of the dI/dV /(I/V ) spectra in the AB
region (black) and the domain wall (blue).

We replot the gate dependent spectra for the domain walls and Bernal stacked
regions with a smaller sample voltage range in order to show the features within
low energy range. A sizable band gap is opened in the AB region as the back gate
voltage and hence the electric field is increased as shown in Fig. 7.5(a). Fig. 7.5(c)
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shows the measured band gap in the AB region as a function of back gate voltage.
The band gap is largest at large positive back gate voltages, while it diminishes as
the back gate voltage decreases. In contrast, the dI/dV /(I/V ) spectra on the domain wall is basically unchanged under varying electric field as shown in Fig. 7.5(b).
Fig. 7.5(d) shows the minimum value of the dI/dV /(I/V ) spectra as a function of
the back gate voltage in the AB region (black) and the domain wall (blue) respectively. The minimum in the AB region remains constant for negative back gate
voltages but decreases as the back gate voltage becomes positive and the band gap
opens. While the minimum on the domain wall increases with the back gate voltage,
demonstrating that the DOS is enhanced due to the appearance of TPH states on
the domain wall as the band gap is opened.
7.4 LDOS mapping measurements
To further confirm the presence of TPH states on the domain walls, we perform local
density of states mapping measurements at specific energies to image and compare
the states on the domain walls and Bernal stacked regions. Fig. 7.6(a) is an LDOS
map acquired at the energy of the center of the band gap with a back gate voltage of
+60 V. A double line network of enhanced density of states connecting AA regions
is clearly visible, while the AB and BA regions are much darker due to the band gap
in these regions. This enhanced DOS along domain walls separating AB and BA
stacked regions demonstrates the presence of TPH states. The inset of Fig. 7.6(a) is
a schematic showing the band structure in one valley. The green and black curves
denote the conduction and valence bands of the Bernal stacked bilayer graphene
while the red curves are due to the TPH states on the domain wall. The sample
voltage is in the middle of the band gap as indicated by the dashed blue line. When
the energy is changed to be outside the band gap of the Bernal stacked region as
shown in the inset of Fig. 7.6(b), the contrast between the domain wall and the
AB or BA region is very small. This indicates that the TPH states only appear
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at energies when the AB and BA regions are gapped. Furthermore, at a back gate
voltage of -50 V where the electric field is negligibly small, there is also no contrast
between the domain wall and the AB and BA regions as shown in Fig. 7.6(c). Once
again, this demonstrates that TPH states do not occur when there is not a band gap
in the AB and BA regions as seen in the inset of Fig. 7.6(c). From Fig. 7.5(b), there
is also an enhanced DOS at ± 250 meV from the charge neutrality point. However,
it is not due to a TPH state because it occurs far outside the band gap. Fig. 7.6(d)
shows the LDOS at the energy of this enhanced DOS, which is qualitatively different
from the case in the center of the band gap. There are single lines connecting the
AA states and they are due to the band structure of the domain wall (see appendix
A for DOS of isolated domain wall configuration)
In order to quantify the strength of the TPH states, we define the contrast as
C =

I(DW )−I(AB)
,
I(AB)

where I(DW ) and I(AB) are the intensity of the DOS on the

domain wall and AB region respectively. Fig. 7.7(a) shows the contrast as a function
of sample voltage at a back gate voltage of +60 V. The central peak corresponds to
the band gap in the AB region where the contrast is enhanced due to the presence
of the TPH states. The contrast is the strongest in the center of the gap and drops
to zero at the conduction and valence band edges in the AB region (see appendix B
for the determination of the conduction band edge using Fourier transform scanning
tunneling spectroscopy). There are two additional peaks at higher and lower voltages
that are due to the enhanced DOS of the domain wall as mentioned above. The
central peak disappears at a back gate voltage of -50 V as seen in Fig. 7.7(b) since
there is no electric field and no TPH states occur. The two additional peaks are still
visible. Fig. 7.7(c) shows the full width at half maximum of the central peak in the
contrast which decreases with the decreasing back gate voltage. Over this energy
range, the averaged contrast value as plotted in Fig. 7.7(d) was taken to represent
the strength of the TPH states. The value drops as the back gate voltage decreases
and becomes very small at negative back gate voltages where the band gap is not
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well developed. These results demonstrate that the TPH states only occur when a
band gap is opened in the Bernal stacked regions and their strength is correlated
with the size of this gap as shown in Fig. 7.5(c).
(a)

(b)

3

(d)

2

(dI/dV)/(I/V)

(c)

1

Figure 7.6: (a)-(d) Density of states mapping with (a) sample voltage -0.11 V and
back gate voltage +60 V, (b) sample voltage -0.245V and back gate voltage +60 V,
(c) sample voltage 0.1 V and back gate voltage -50 V, and (d) sample voltage 0.165
V and back gate voltage +60 V (d). The insets of (a)-(c) are schematics of the band
structure with the sample voltage being probed marked by the blue dashed line.
The green and black curves denote the conduction and valence bands of the Bernal
stacked bilayer regions respectively while the red lines are due to the TPH states
on the domain wall. In all figures, the tunnel current is 200 pA, the ac voltage is 8
mV and the scale bar is 50 nm.

85

(b)

0.8

0.6

0.4

0.4

0.2

0.2

0.0

0.0

-0.2

-0.2
-0.6

-0.4

-0.2

0.0

0.2

Sample voltage (V)

(c)

0.4

-0.4

0.0

0.2

0.4

0.6

0.8

50

0.6
Contrast

40
30
20

0.4
0.2
0.0

10
0

-0.2

Sample voltage (V)

(d)

60

Width (meV)

0.8

0.6

Contrast

Contrast

(a)

-0.2
-80

-40

0

40

Back gate voltage (V)

-80

-40

0

40

Back gate voltage (V)

Figure 7.7: (a)-(b) Contrast between the domain wall and the AB region as a
function of sample voltage with back gate voltage (a) +60 V and (b) -50 V. (c) Full
width at half maximum of the contrast within the band gap of the AB region as
a function of the back gate voltage. (d) Averaged contrast over the FWHM as a
function of the back gate voltage. The error bars represent the standard deviation
of averaged values.

7.5 Summary of Chapter 7
In summary, we realized tBLG with moiré wavelengths longer than 50 nm, which
ensures the well defined AB and BA regions. We observed TPH states as a double
line profile on the domain walls when the AB and BA regions are gapped. The
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strength of the TPH states and the energy range over which they appear correlate
with the electric field and band gap in the AB and BA regions. The network of
domain walls in tBLG can be used as topological channels to transfer charge in a
dissipationless manner. The length of the domain walls depends on the twist angle
between the two graphene layers which can be controlled during fabrication, so it is
promising to realize controllable topological networks for future applications.
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APPENDIX A
Theoretical calculation of DOS on domain walls of tBLG

This Appendix describes the calculation of DOS on domain walls of tBLG.
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Figure A.1: (a) dI/dV /(I/V ) spectrum as a function of sample voltage and back
gate voltage on a domain wall. The tip height is stabilized with a sample voltage of
+0.5 V and a tunnel current of 200 pA. (b) A single dI/dV /(I/V ) spectrum from
(a) at a back gate voltage of +60 V is shown in blue. The red curve is the theoretical
calculation.

To understand the density of states on the domain wall, we have calculated the
band structure for the saddle point (SP) stacking configuration of bilayer graphene.
This corresponds to the top layer shifted from the bottom layer by 1.5a0 along the
armchair direction compared to AA stacking, where a0 is the carbon-carbon bond
length. The effective Hamiltonian for states near the Dirac point K in SP stacked
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bilayer graphene is given by[101],
Heff



†
H0 U
,
=
U H0

(A.1)

where H0 is the usual low-energy Hamiltonian for monolayer graphene


0
k̂x + ik̂y
,
H0 = ~vF 
k̂x − ik̂y
0

(A.2)

Here ~ the reduced Planck constant and vF the Fermi velocity. The matrix U
represents the coupling between the two layers. The domain walls connecting AA
sites in tBLG consist of SP stacking with armchair edges. Therefore the coupling
matrix is given by


−1
U = γ1  3
2
3

2
3

− 13




(A.3)

The value of the interlayer coupling γ1 is taken from our measurements of the density
of states in the AB stacked regions and therefore γ1 = 0.4 eV. We use vF = 1 ×
106 m/s for the Fermi velocity which is in agreement with previous measurements
of bilayer graphene. This 4 × 4 matrix is diagonalized to find the energy versus
momentum dispersion relation for the SP stacked regions. By creating a mesh in
k space, we calculate the DOS spectrum as a function of energy as shown by the
red curve in Fig. A.1(b). The ky values are quantized due to the finite width of the
domain wall which we take to be 8 nm, giving rise to the low energy dip (about 70
meV wide) in the DOS spectrum as well as the peaks at higher energies (± 250 meV
from the low energy dip). These features do not change with back gate voltage since
they are not affected by the interlayer bias but rather only depend on the width of
the domain wall. The calculated spectrum is in good qualitative agreement with
our experimental data which is shown in blue in Fig. A.1(b). In particular, we are
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able to reproduce the dip near the charge neutrality point as well as the increase at
± 250 meV from this point.
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APPENDIX B
Energy momentum dispersion relation determined by electron scattering waves

This Appendix presents the determination of the energy versus momentum dispersion relation by electron scattering waves using STM.
To further confirm the energy of the edge of the conduction band as a function
of gate voltage, we can use quasiparticle scattering as a function of energy. This
allows the energy versus momentum dispersion relation to be determined[102]. In
the local density of states, we observe standing waves whose wavelength depends
on energy. Figure B.1(a) shows the LDOS at a sample voltage of -45 mV while
Fig. B.1(b) is at a sample voltage of -15 mV. In both images, the back gate voltage
is 40 V. The wavelength of the standing waves becomes smaller as the sample voltage
increases indicating that the minimum of the conduction band is at negative sample
voltage as expected for a positive gate voltage. From the real-space LDOS images,
we can perform a Fourier transform to obtain the wavevectors present at the given
sample voltage. The momentum space images show a central disk whose radius is
twice the Fermi wavevector as this is the longest possible scattering wavevector. By
measuring the radius of this disk as a function of sample voltage, we obtain a plot
of the energy versus momentum dispersion relation as shown in Fig. B.1(c). This
graph clearly has a k 2 dependence as expected since the majority of the area in this
long wavelength moiré pattern is Bernal stacked bilayer graphene. We fit the data
with the function E = Ec +

~2 k2
2m∗

where Ec is the minimum of the conduction band

and m∗ is the effective mass of the electrons. From the fit we find Ec = −73±4 meV
and m∗ = (0.048 ± 0.004)me where me is the mass of the electron. The value of the
effective mass is in agreement with previous measurements in Bernal stacked bilayer
graphene using tunneling spectroscopy[102], magnetoresistance measurements[103]
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and optical spectroscopy[104–106]. We also performed a similar set of measurements
at a gate voltage of 60 V and found the same value for the effective mass and
Ec = −107 ± 2 meV. This shift of the minimum of the conduction band with gate
voltage is in agreement with the gate dependent spectroscopy shown in Fig. 7.5
and a simple parallel plate capacitor model taking into account the thickness of the
silicon oxide and hBN.
The topologically protected states on the domain walls should only appear at
energies when the Bernal stacked regions have a band gap. Knowing the energy
of the edge of the conduction band allows a direct comparison between the band
structure in the bilayer region and the enhanced contrast on the domain walls.
Fig. B.1(d) shows the contrast between the domain wall and AB region as a function
of sample voltage with a back gate voltage of 40 V. The red line at a sample voltage of
-73 mV marks the edge of the conduction as found from the energy versus momentum
dispersion relation. This shows that the maximum contrast occurs at an sample
voltage below the edge of the conduction band when the AB region is gapped as
expected.
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Figure B.1: Local density of states image for a moiré wavelength of about 120 nm at
a sample voltage of (a) -45 mV and (b) -15 mV with a back gate voltage 40 V. The
wavelength of the standing waves is longer in (a) compared to (b). The scale bars
are 40 nm. (c) The energy versus momentum dispersion relation extracted from the
LDOS images. The blue curve is a quadratic fit of the data used to determine the
effective mass and conduction band edge. (d) Contrast between the domain wall
and the AB region as a function of sample voltage with back gate voltage 40V. The
red line is at -73 meV which is the edge of the conduction band.
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