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ABSTRACT
Atomic-scale Spectroscopic Structure of Tunable
Flat Bands, Magnetic Defects and
Heterointerfaces in Two-dimensional Systems
Alexander Kerelsky
Graphene, a single atom thick hexagonally bonded sheet of carbon atoms, was first isolated
in 2004 opening a whole new field in condensed matter research and material engineering.
Graphene has hosted a whole array of novel physics phenomena as its carriers move at near
the speed of light governed by the Dirac Hamiltonian, it has few scattering sites, it is easily
gate-tunable, and hosts exciting 2D physics amongst many other properties. Graphene was
only the tip of the iceberg in 2D research as researchers have since identified a whole family
of materials with similar layered atomic structures allowing isolation into several atom
thick monolayers. Monolayer material properties range from metals to semiconductors,
superconductors, magnets and most other properties found in 3D materials. Naturally,
this has led to making fully 2D heterostructures to study exciting physics and explore
applications such as 2D transistors. It has recently been found that not only can you
stack these materials at will but you can also tune their properties with an inter-layer twist
between layers which at precise twist angles yields on-demand electronic correlations that
can be easily tuned with experimental knobs leading to novel correlated phases.
The pioneering techniques towards understanding each 2D material and heterostructures thereof have usually been with transport and optics. These techniques are inherently
bulk macroscopic measurements which do not give insights into the nanoscale properties
such as atomic-scale features or the nanoscale heterostructure properties that govern the
systems. Atomic-scale structural and electronic insights are crucial towards understanding
each system and providing proper guidelines for comprehensive theoretical understandings.
In this thesis, we study the atomic-scale structural and electronic properties of various 2D

systems using ultra-high vacuum (UHV) scanning tunneling microscopy and spectroscopy
(STM/STS), a technique which utilizes electron tunneling with an atomically sharp tip to
visualize atomic structure and low-energy spectroscopic properties. We focus on three major
types of systems: twisted graphene heterostructures (magic angle twisted bilayer graphene
and small angle double bilayer graphene), bulk and monolayer semiconducting transition
metal dichalcogenides (TMDs), and 2D heterointerfaces (TMD - metal and graphene p-n
junctions). We establish a number of state of the art methods to study these 2D systems in their cleanest, transport-experiment-like forms using surface probes like STM/STS
including robust, clean, reliable contact methods and procedures towards studying micronscale exfoliated 2D samples atop hexagonal boron nitride (hBN) as well as photo-assisted
STM towards studying semiconducting TMDs and other poorly conducting materials at
low temperatures (13.3 Kelvin).
We begin with one of the most currently exciting topics of twisted bilayer graphene
(tBG) where, near the magic angle of 1.1◦ the first correlated insulating and superconducting states in graphene were observed. A lack of detailed understanding of the electronic
spectrum and the atomic-scale influence of the moiré pattern had precluded a coherent theoretical understanding of the correlated states up til our work. We establish novel, robust
methods to measure these micron-scale samples with a surface scanning probe technique.
We directly map the atomic-scale structural and electronic properties of tBG near the magic
angle using scanning tunneling microscopy and spectroscopy (STM/STS). Contrary to previous understandings (which predicted two flat bands with a several meV separation in the
system), we observe two distinct van Hove singularities (vHs) in the local density of states
(LDOS) around the magic angle, with a doping-dependent separation of 40-57 meV. We
find that the vHs separation decreases through the magic angle with a lowest measured
value of 7-13 meV at 0.79◦ . When doped near half moiré band filling where the correlated
insulating state emerges, a correlation-induced gap splits the conduction vHs with a maximum size of 6.5 meV at 1.15◦ , dropping to 4 meV at 0.79◦ . We find that more crucial to
the magic angle than the vHs separation is that the ratio of the Coulomb interaction (U)
to the bandwidth (t) of each individual vHs is maximized (as opposed to the proximity of
the individual vHs’s), indicating that indeed electronic correlations are very important and

suggesting a Cooper-like pairing mechanism based on electron-electron interactions. This
establishes that magic angle tBG is to be understood in a single vHs picture where the
band-width of the vHs is minimized. Spectroscopy maps show that three-fold (C3) rotational symmetry of the LDOS is broken in magic angle tBG, with an anisotropy that is
strongest near the Fermi level, and is highly enhanced when the doping is in the vicinity
of the correlated gap, indicating the presence of a strong electronic nematic susceptibility
or even nematic order in tBG in regions of the phase diagram where superconductivity is
observed.
We next turn to twisted double bilayer graphene (tDBG), a system that is similar to
tBG in phenomenology but turns out to be quite different. Correlated insulating and superconducting states were also found using transport in tDBG at a magic angle of 1.2-1.3◦
and ABC rhombohedral trilayer graphene aligned to hBN (ABC-tLG/hBN) with some
stark differences such as displacement field tunable correlated states. We perform the first
atomic-scale structural and electronic studies of small-angle tDBG as well as ABCA four
layer rhombohedral stacked graphene and compare the findings to tBG. We first find that
the moiré pattern formed by tDBG is fundamentally different from tBG in that instead
of hosting AB/BA Bernal stacking regions, it hosts BABA/ABCA (Bernal/rhombohedral)
stacking domains. While we find this for small angle tDBG, these structural arguments will
apply at all angles including the magic angle indicating that the flat bands and electron
densities in tDBG are likely dominated at the ABCA sites. We use small angle tDBG to
study large domains of four-layer ABCA graphene, revealing its displacement field dependent low energy spectroscopic structure and the flat band structure that comes with the
four layer rhombohedral stacking which hosts the flattest band measured in any system of
a 3-5 meV half-width. Furthermore, we measure the emergence of a 9.5 meV correlated
gap in ABCA four-layer graphene at neutrality indicating that even without a hBN moiré,
ABCA graphene will likely host correlated states purely due to a flat band. These correlated
states could be insulating or even superconducting in nature and the study thereof could
provide crucial insight into whether superconductivity is related to Mott insulator physics
as is suggested in the cuprates. When coupled to an hBN moiré, these correlated states
may be even stronger than that of magic angle tBG, magic angle tDBG and (most cer-

tainly) ABC-tLG/hBN. Finally, we show that at Bernal - four-layer rhombohedral domain
boundaries, there exists a topologically protected helical surface edge state.
We next turn to the semiconducting TMDs. We find that semiconducting MoTe2 and
MoSe2 have long range magnetic ordering as measured by muon spin resonance and SQUID
at critical temperatures of 40 K and 100 K respectively. Using atomic-resolution STM/STS,
we find that the semiconducting TMDs have a variety of intrinsic defects, one of which (a
molybdenum substitution for a chalcogen, M osub ) we postulate using DFT is the cause
of the long-range magnetism in the semiconducting TMDs which are not expected to host
magnetism in their pristine structures. This finding establishes these semiconducting TMDs
as magnetically ordered and adds them to the family of potential dilute magnetic semiconductor materials (the uniform robust fabrication of which has been sought-after for decades)
which could have applications in spintronics. We then perform 13.3 Kelvin measurements
(for the first time in these materials to our knowledge) on the same crystals using photoassisted STM, a technique that we establish to enable this low temperature measurement.
The photo-assisted STM measurements reveal that not only are these defects magnetic but
they host localized structural distortions which cover a large areas of the crystal surfaces.
We find that these structural distortions are localized charge density waves due to a very
high amount of localized doping that comes from the defects, putting the materials into
a locally metallic regime and causing a phonon instability (found by phonon DFT). This
finding of localized charge density waves in these high-quality semiconducting 2D materials
is highly atypical for a semiconductor system and could have implications towards all techniques. The charge density waves could also be related to the measured magnetism as they
have a much larger area of coverage in MoSe2 as opposed to MoTe2 which could be related
to the critical temperature difference.
We finally turn to two types of heterointerfaces, the first being metal-monolayer MoS2
junctions. We present measurements of the atomic-scale energy band diagram of junctions
between various metals and heavily doped monolayer MoS2 using STM/STS. Our measurements reveal that the electronic properties of these junctions, at the fundamental limit of a
minimized Schottky barrier, are dominated by 2D metal induced gap states (MIGS). These
MIGS are characterized by a spatially growing measured gap in the local density of states

(LDOS) of the MoS2 within 2 nm of the metal-semiconductor interface. Their decay lengths
extend from a minimum of about 0.55 nm near mid gap to as long as 2 nm near the band
edges and are nearly identical for Au, Pd and graphite contacts, indicating that this is a
universal property of the monolayer 2D semiconductor. Our findings indicate that even
in heavily doped semiconductors, the presence of MIGS sets the ultimate limit for electrical contact. These findings are generally applicable to any 2D semiconductor. We next
look at another type of heterointerface, this time purely electronic in nature, graphene p-n
junctions. Graphene p-n junctions should host interesting electron-optical properties such
as electron collimation and Veselago lensing. While vague signatures of these have been
observed, robust, definitive control of these properties are still lacking. We present the first
atomic-scale characterization of state-of-the-art graphene p-n junctions using STM/STS
revealing their current imperfections including significant electron-hole asymmetry, nonlinearity, roughness and intrinsic doping. We model the implications thereof and show that
these imperfections strongly hinder electron-optical applications. Finally we explore the
origin of these imperfections and potential avenues towards realizing better graphene p-n
junction devices that may host much improved electron-optical properties.
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4.1

116

Atomic Structure and Band Structure in a Typical Semiconducting Transition Metal Dichalcogenide (Mo or W Based) . . . . . . . . . . . . . . . . . .

121

4.2

µSR Revealing Magnetic Order in 2H MoTe2 . . . . . . . . . . . . . . . . .

123

4.3

µSR Revealing Magnetic Order in 2H MoSe2 . . . . . . . . . . . . . . . . .

124

4.4

Weak Transverse Field µSR on 2H MoTe2 . . . . . . . . . . . . . . . . . . .

125

4.5

SQUID Measurements on MoTe2 and MoSe2 Confirming Magnetic Order .

126

4.6

STM Topographies of MoSe2 and MoTe2 Crystal Surfaces . . . . . . . . . .

129

4.7

STS on MoTe2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

129

4.8

Atomic-resolution Zoom-in of Two Intrinsic Defects in MoTe2 . . . . . . . .

131

4.9

A Chalcogen Vacancy in MoTe2 . . . . . . . . . . . . . . . . . . . . . . . . .

131

4.10 Atomic Resolution of Movac and Mosub Defects . . . . . . . . . . . . . . . .

132

4.11 Spin-polarized DFT LDOS on Mosub Defect . . . . . . . . . . . . . . . . . .

133

4.12 STS on Bulk, Magnetic Defects and Non-magnetic Defects in MoTe2 . . . .

134

vi

5.1

Photo-assisted Scanning Tunneling Microscopy and Spectroscopy on MoTe2
at 13 Kelvin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

140

5.2

Atomic-resolution Photo-assisted STM Topography on MoTe2 . . . . . . . .

142

5.3

Large-Scale Atomic-resolution STM Topography on MoTe2 . . . . . . . . .

143

5.4

2D Fourier Transform of MoTe2 Atomic Lattice and Structural Distortion
Defects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

144

5.5

Fourier Filter Analysis of Intrinsic Defect with Structural Distortion . . . .

145

5.6

STS Map of MoTe2 Surface and Analysis of Structural Distortion Energy
Dependent Wave Function . . . . . . . . . . . . . . . . . . . . . . . . . . . .

5.7

146

LDOS Map in MoSe2 Revealing Same Structural Distortion Pattern as in
MoTe2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

148

5.8

Fourier Enhanced Flower-like Defect in MoTe2 and a Model for Atomic Sites 149

5.9

Intrinsic Defects Induce Localized Phonon Instability and Charge Density
Wave: LDOS and Phonon Structure . . . . . . . . . . . . . . . . . . . . . .

150

5.10 Spatial-lock in Extracted Spatial Amplitude of Charge Density Waves in
Semiconducting MoTe2 and MoSe2 . . . . . . . . . . . . . . . . . . . . . . .

153

5.11 Spatial-lock in Extracted Spatial Phase of Charge Density Waves in Semiconducting MoTe2 and MoSe2 . . . . . . . . . . . . . . . . . . . . . . . . . .
5.12 Quasiparticle Interference in MoTe2
6.1

. . . . . . . . . . . . . . . . . . . . . .

154
155

Experiment Schematics for Graphite and Au/Pd - Monolayer MoS2 Heterointerface Studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

162

6.2

STM Topography of Graphite - Monolayer MoS2 Interface . . . . . . . . . .

165

6.3

STM Topographies of Au - Monolayer MoS2 Heterointerface . . . . . . . . .

166

6.4

STM Topographies of Pd - Monolayer MoS2 Heterointerface . . . . . . . . .

166

6.5

Spatial LDOS Profile Across Graphite - Monolayer MoS2 Heterointerface .

168

6.6

Nanoscale Spatial LDOS Profiles Across Graphite/Au/Pd - Monolayer MoS2

6.7
6.7

Heterointerface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

169

Metal Induced Gap States in Metal - Monolayer MoS2 Heterointerfaces

. .

172

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

173

vii

6.8

Spatial LDOS Profiles in Metal - MoS2 Heterointerfaces with Two Different
STM Tips . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

176

STM Topographies Comparing SiO2 and hBN Substrates . . . . . . . . . .

179

6.10 STS LDOS Profiles on Monolayer MoS2 atop hBN versus SiO2 . . . . . . .

181

6.9

7.1

Schematics of Experimental Setups on Two State-of-the-art Graphene p-n
Junctions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

7.2

188

STM Topographies and LDOS Profiles on Graphene p-n Junction Heterointerfaces . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

191

7.3

STS LDOS Evolution from n to p Doped in Graphene p-n Junction . . . . .

192

7.4

LDOS Spatial Profiles in Graphene p-n Junction Devices in Various Gating
Conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

193

7.5

COMSOL Model for Graphene p-n Junction Device with Graphite Gate . .

196

7.6

COMSOL Model Zoom-in for Graphene p-n Junction Device with Graphite
Gate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

7.7

196

STS LDOS Spatial Dirac Point Profiles with Overlayed COMSOL Simulation
Spatial Dirac Point Profiles across Graphite Gate Graphene p-n Junction
Interface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

199

7.8

COMSOL Model of Buried Gate Graphene p-n Junction . . . . . . . . . . .

199

7.9

COMSOL Model Zoom-in of Buried Gate Graphene p-n Junction with Trapped
Charge . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

200

7.10 STS LDOS Spatial Dirac Point Profiles with Overlayed COMSOL Simulation
Spatial Dirac Point Profiles across Buried Gate Graphene p-n Junction Interface201
7.11 Graphene p-n Junction Transistor Geometry

viii

. . . . . . . . . . . . . . . . .

203

Acknowledgments
This journey towards a Ph.D. has turned out to be so much more than just learning a field
and finding something new. Little did I know six years ago when applying that what was
to come were some of the darkest and most hopeless moments as well as some of the most
enlightening and fun ones. The journey was truly priceless as it has shaped and improved
me as a person in an unbelievable number of ways. None of that, or the work in this
thesis would have been possible if I was not surrounded and supported by some of the most
wonderful, caring people.
I will forever appreciate everything I have learned from my advisor, Professor Abhay
Pasupathy, a brilliant yet humble person. In my first year, Abhay said that all I need to
know is V = IR. While this turned out very false, it reflected his openness to always
entertain my thoughts no matter how blatantly wrong my points were. This attitude has
allowed me to explore and discuss my ideas and develop as a thinker more than I could
imagine. From all of the hours that Abhay spent with me doing experiments, to the long
discussions about physics and everything else, every moment has improved me as a thinker,
scientist and person. Abhay you are a truly inspirational person.
It cannot be overstated how thankful I am to have such inspirational, supportive and
loving parents, Tzvetana Kerelska and Iltcho Kerelsky. From immigrating to the states and
fearlessly building careers while supporting and taking care of me and my brother, to being
open minded, clear headed determined people who can adapt to whatever life throws at
them, I owe most of my success to the lessons and values that I have learned from them.
They have been there for me every step of the way through the worst and best of times,
always providing love, advise, help and comfort from nearby or thousands of miles away. My
brother, Zdravko Kerelsky, has also been a clear-headed pivotal figure in my life. Despite
how rare we talk he is always able to provide me with genuinely open-minded perspective
through engaging and fun discussions which often provide me the clarity that no one else
can.
To my family back in Bulgaria who I have found way too little time to talk to, thank
you for the unconditional love and support Plamen Kerelsky, Aleksandrina Kirova, Vladimir

ix

Kirov, Kalina Kerelska, Ekaterina Kerelska, Zahari Kerelsky, Boyanka Toshkova and Rositza
Kirova. Also to my deceased grandma, Anastasia Chavdarova, who was always a great
inspiration for me to follow my scientific and mathematical dreams and a very insightful,
supportive person in my life. Finally my grandfather, Hristo Krustev, has also always been
a very inspirational figure as he has always provided seasoned, priceless life advice and
perspective from the broad knowledge and experience that he holds.
I will never forget all of the amazing friends that I have made during this program.
These years have been some of the best in my life thanks to all of the wonderful people that
have been there along the way. Although this chapter of my life ends here, I hope that this
is only the beginning for these lasting connections:
I owe a lot to those senior to me in the lab who were all great mentors and have continue
to be even better friends. Christopher Gutiérrez welcomed me and taught me STM when
I didn’t know a thing and has advised me since. Chris, your success and positive attitude
inspire me to this day. Drew Edelberg, I learned so much from you as we tag-teamed some
crazy and fun projects and ideas, connecting like partners in crime. Ali Dadgar, you are
brilliant, kind, humble and fun. I loved working with you and all of our long discussions
where you gave me excellent insight about science and life. Lior Embon, you were also a
great mentor and a laid back, amazing scientist and friend. Zurab Guguchia, I admire how
complete and curious of a scientist you are while being one of the kindest people I have
worked with, thank you for welcoming me onto your projects. Leo McGilly, you have been
an inspirational scientist and an unimaginably great friend since you joined the group, I
aspire to be as wise, fun and humble as you. I will always appreciate your support through
difficult and stressful times and I will never forget all of the fun times that we had. Those 44
citations didn’t drink themselves. Last but not least, Erick Andrade, you were and still are
a phenomenal friend and a mentor alike as you openly taught me anything and welcomed
me into the group with open arms. You made the group feel like family and NYC feel like
home as we had amazing times at work and outside of it, I could not have hoped for a
better coworker, let alone friend.
I am also thankful to all the other great people who have made my time in Pasupathy lab
and the Condensed Matter department fun, memorable and intellectually exciting. Augusto

x
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Chapter 1

Scanning Tunneling Microscopy on
2D Materials
1.1

Introduction
The scanning tunneling microscope (STM) was invented in the 1980s and quickly be-

came pivotal towards investigating the local electronic structure and point defects in what
are now very well-established materials for classical computing such as silicon and gallium
arsenide. This only scratched the surface of STMs capabilities as its capabilities and use
have only continued to grow ever since. The tool opened the doorway to understanding
material properties from a nanoscale perspective – atomic-scale material features and fundamental physics phenomena which are averaged out in macroscopic measurements such
as transport (connecting wires to a material and measuring voltage - current characteristics) and optics (shining photons at materials and measuring response) could now be
directly visualized and electronically probed. The STM provides a direct magnifying glass
into the quantum mechanical wavefunctions and properties of electrons in materials. This
was pivotal in the advance of nanotechnology and the understanding of fundamental material physics as we know it. Thanks to the STM, we now better understand and utilize
point defects[3, 4, 5], have direct measurements of local properties of heterostructures and
heterointerfaces[6, 7] and study atomic-scale physics towards a better understanding of condensed matter fundamentals [8, 9, 10, 11]. Atomic scale manipulation is also one of STM’s
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powerful applications which we will not use in this thesis but there are plenty of examples
out there [12, 13, 14, 15, 16]. More recently, the STM has shed insights into a whole plethora
of material properties such as superconductivity[17, 18, 19, 20] and novel states of matter
like weyl semimetals[21], even being used in attempt to detect majorana modes[22] (and
this list only scratches the surface of what STM has shed light on). In this thesis, we will
similarly use the STM as a tool to study novel systems (in this case 2D) and the fundamental physics therein, from point defects, heterointerfaces and their impact, to correlated
phases of matter in 2D systems with an interlayer twist. Albeit following similar trajectories as in the study of older systems, a number of novel STM methods are established in
this thesis which enable the use of STM towards studying these new systems. As STM is a
very customizable, finicky tool, there is a lot of experimental fun and reward to be had in
figuring out how to measure tough new systems with it.
The 2004 isolation of graphene[23] opened pandora’s box of the exciting properties[24]
of the often-termed “wonder material” of a monolayer of carbon atoms where electrons are
governed by the Dirac Hamiltonian, moving near the speed of light, and there are relatively
few scattering defects leading to extremely high mobility and interesting carrier regimes.
On top of this, graphene is tunable with electrostatic gating, transparent, flexible and very
strong, hence exciting for applications as well as 2D physics. This was only the tip of the
iceberg for 2D materials as researchers have since identified many materials like graphene
where the crystal structures are composed of one to several atom thick layers held together
by a weak van der Waals force allowing isolation into monolayers like graphene. Material
properties range from conductors[23, 24], ultra-flat insulators[25] and semiconductors[26, 27]
to Weyl semimetals[21, 28] and superconductors[29, 30, 31], magnets[32, 2] among many
others. The natural progression of the field has led to creating layered structures of these
materials[33], with the goal to, for instance, create 2D field effect transistors[34, 35] or
create hard to achieve physics systems such as exciton condensates[36] or easily-tuneable
strongly correlated systems[37, 30, 38]. The 2D materials, being exciting towards both
applications and fundamental physics studies, are a major topic of study in both engineering
and condensed matter physics today more than ever. Although broad scale applications are
still rare for 2D materials, this family of materials is one of the more likely subfields in
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condensed matter physics to eventually proliferate into daily applications.
Much like the early works towards understanding currently conventional and well understood materials such as silicon, the pioneering works on 2D materials have been mostly
with macroscopic tools such as transport and optics which do not provide atomic-scale insights. Although significant advances have been made in the understanding and application
of 2D materials via this route, as was realized in the 1980s for conventional 3D electronic
materials, a nanoscale understanding of the atomic-scale structural and electronic properties
could provide beneficial complementary information pivotal to understanding the fundamental material properties and how to improve and apply the materials and heterostructures
thereof. In this light, scanning tunneling microscopy is now becoming popular measurement
tool in the field of 2D materials.
There are a number of ways to study 2D materials with an STM. Due to the difficulty
of landing the STM tip on micron-scale samples, the simpler, more common methods are
to study bulk crystals[39, 2], extrapolating the surface findings to thin films (as done for
the defect/magnetism study for MoTe2 /MoSe2 in this thesis (chapters 4-5), or to study the
thin films[40, 41] on conductive substrates. Although these methods are sufficient to provide some insights, the bulk forms suffer from having different properties and physics than
the thin films/monolayers and the study on conductive substrates can also fundamentally
change the material properties and physics, for instance screening electronic interactions.
Furthermore, these two methods prevent electrostatic gating which is an excellent tuning
knob for these materials. A better way to study the thin forms of these materials in their
native systems is by growing large area monolayers on substrates such as SiO2 [42, 43, 44]
as is done for the MoS2 -metal heterojunction (chapter 6) project in this thesis. Yet still,
these grown thin films can be much lower quality than naturally exfoliated flakes as used
in many transport and optics studies in order to achieve richer fundamental physics with
ultraclean materials and less disordered substrates. The best, yet most difficult way to
study these materials and the fundamental physics therein in their cleanest monolayer/thin
forms is by using exfoliated flakes on hBN (like in transport) as is done for the magic angle
twisted bilayer graphene[45] (chapter 2) and double bilayer graphene (chapter 3) works as
well as the graphene p-n junction work[46] (chapter 7) in this thesis. The exfoliated na-
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ture of samples in those works make it possible for the findings presented – for instance
the properties of magic angle twisted bilayer graphene depend on the high-quality material
properties of each graphene monolayer, the insulating hBN charge-homogenous substrate
and the ability to gate the samples. Yet even though this is the best method for fundamental
studies of these materials and heterostructures, the challenges involved (as will be outlined
in the later) have caused most groups to opt for bulk/conductive substrate measurements
and only few to venture towards naturally exfoliated samples, providing pioneering works
in the field[47, 48, 49, 50] (now quickly changing with the finding of superconductivity in
twisted bilayer graphene[30, 38] where the exfoliated nature is essential). The latter part of
this introduction is dedicated to various challenges and the experimental solutions I took
to measure monolayer/thin 2D samples with STM. While the findings of each work in the
later chapters are insightful and exciting, the most exciting and fun part is usually the
experimental design and modification, especially when it finally works and you see a new
atomic or electronic structure such as tunable flat electronic bands.
In this thesis, we utilize scanning tunneling microscopy to provide novel atomic-scale
insights on various 2D systems. As I have explored the surface (in two senses) of a number
of topics during my Ph.D., the thesis can be split into three themes. With each theme and
subject, a lot of future experiments remain which I wanted to do but never had enough
arms and time as projects quickly evolved and curiosity was overwhelming. With each
theme/technique/finding, I discuss a few ideas in corresponding chapters or technical sections which I hope someone one day executes. The themes are:
• Twisted van der Waals Heterostructures: We begin with the most currently
”hot” topic of this thesis, twisted graphene systems – these systems are very exciting
thanks to the findings of superconducting[30, 38] and correlated insulating states[37]
in twisted bilayer graphene with a “magic” twist angle of 1.1◦ . The phase diagram
resembles the cuprates, unconventional superconductors with long debated theoretical descriptions, yet in a system with simple chemistry and that is easily tunable
with simple experimental knobs (gate voltages). We present the first atomic-scale
structural and spectroscopic measurement of magic angle twisted bilayer graphene,
revealing a number of signatures of the importance of electronic interactions within
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the system[45]. Next we take a look at another exciting system, twisted double bilayer graphene where, again, correlated insulating and superconducting states were
detected that could be tuned with not only electron density, but now also displacement
field. We show the first measurement of the local structure and electronics of a double
bilayer graphene moiré patterns, revealing the bilayer-bilayer moiré properties and reconstruction nature which are fundamentally different from the monolayer-monolayer
case. We use small angle twisted bilayer-bilayer graphene moirés to study doping and
field dependent spectroscopy on ABCA (rhombohedral) and BABA (Bernal) graphene
domains and find signatures of a correlated state in ABCA four-layer graphene (which
hosts the flattest band measured of 3-5 meV and a larger correlated gap than magic
angle tBG) as well as switchable topological edge states at ABCA-BABA domain
boundaries. While perhaps these are the most appealing works to read about for a
reader due to their current novelty/excitement and the flashy journals like Nature and
Science, these works were no more or less meticulously done and comprehensive from
a physics and science perspective – I am just as happy with the other two themes
although they do not get nearly as much attention.
• Implications of Intrinsic Defects in Semiconducting Transition Metal Dichalcogenides: Next, we switch gears to the semiconducting transition metal dichalcogenides which are popular 2D semiconductors owing to their strong spin-orbit coupling, tunable bandgap, exciting optical properties and simply their 2D semiconductor
nature among other properties. We show the crucial role of defects in the semiconducting transition metal dichalcogenides (building on work of a previous student, Drew
Edelberg, and extending it further), causing, for instance, magnetism in MoSe2 and
MoTe2 which we detect with SQUID and muSR and explain using density functional
theory and STM on local defects[2, 51]. We measure MoTe2 and MoSe2 at 13.3 Kelvin
for the first time with the assistance of photo-excited carriers and find that one type
of defect produces periodic atomic distortions for tens of atoms, thus inducing a local
charge density wave which may be linked to the measured magnetism. The localized
charge density waves originate from a heavy doping due to a certain type of defect
which locally makes the semiconductors metals susceptible to a charge density wave
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distortion.
• 2D Material Heterointerfaces: Finally, we look at the atomic scale properties of
two different heterointerfaces, monolayer MoS2 – metal[42] and graphene p-n junctions[46].
In MoS2 – metal junctions, we find that metal induced gap states lead to a minimum
channel length to achieve the full bandgap of MoS2 of about 2 nm due to leakage of
metallic states into the semiconductor in proximity to the interface. While this has
been studied before in 1D and 3D systems, this is the first measurement of this effect
in a 2D heterointerface. Regarding graphene p-n junctions, we investigate two stateof-the-art methods to fabricate graphene p-n junctions and characterize their atomicscale spatial p-n interface doping profiles. We benchmark the fabrication strategies for
their electron-optics applications such as Veselago lensing and collimation and model
the origin of the imperfections, providing guidelines for future improved graphene p-n
junctions.
All of these topics have an overarching theme: What are the atomic-scale structural and
electronic properties of various van der Waals systems (specifically based on graphene and
semiconducting transition metal dichalcogenides), and what can these nanoscale properties
tell us about the fundamental physics therein and their macroscopic properties?
Throughout this thesis I will share my opinions and personal methods in many of the
sections – I have only been doing STM for 5 years and am by no means a world expert, this
is just what has worked for me and future researchers should take statements with a grain
of salt and merely use my ideas with those of others to Figure out what works for them and
their individual cases.

1.2

Scanning Tunneling Microscopy Basics
Scanning tunneling microscopy (STM) is a scanning probe microscopy technique which

utilizes controllable quantum tunneling of electrons between an atomically-sharp metallic
tip and a conducting/semiconducting surface. Unlike an optical microscope which is a farfield probe, STM and other probe microscopies (like atomic force microscopy) require the
scanning probe to be very close to the material surface and to raster back and forth to form
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an image. In the case of STM, the probe is the metallic tip (merely a needle) which is used
to controllably tunnel electrons into the material. By using a feedback loop to adjust height
to keep the tunneling current constant while scanning a small area (1 to 500 nm2 ), the STM
can resolve the local atomic structure of materials with far greater resolution than a far
field probe. By sweeping the potential (voltage) on the STM tip while keeping the STM
tip position constant, the STM can resolve the local density of states (the local electronic
structure). The combination of these two functionalities allows atomic-scale mapping of the
local electronic structure of materials. This is very powerful towards the understanding of
atomic-scale properties of materials and has thus placed the STM as an extremely useful
tool in material science and condensed matter research and engineering.

Figure 1.1: STMs used in this thesis: Omicron VT STM, home-built low temperature STM,
SEM 4-probe STM, Omicron LT STM, home-built low temperature STM.
Thanks to this functionality on a simple tabletop instrument, scanning tunneling microscopy is now a well-established technique with most research institutes collaborating
with an STM group or having one or more within the university. Because the STM has a
lot of details and tricks towards a good measurement requiring years of work, many entire
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groups specialize mostly in STM. I cannot count how many times people have asked for
”time on an STM” thinking its like an atomic force microscope – in actuality STM has much
longer throughput times and a much steeper learning curve requiring experienced users in
order to get meaningful measurements. The fastest I have seen anyone get meaningful data
under guidance of experienced users is about 1-2 months. Within the groups that do STM,
some choose to purchase commercial STMs, some design and make home-built machines
and others do a combination of the two. While commercial STMs are usually reliable and
can begin taking data faster, they suffer from being expensive, requiring service contracts
for maintenance, and being far less customizable/harder to repair yourself. Using homebuilt machines or modifying/repairing commercial machines without technicians gives users
a better understanding of how the STM functions which not only leads to a better mastery of STM hardware but also can help users get higher quality data by understanding
the possible origins of noise and other problems. Once home-built machines become stable
(which may take years), they can work similar or superior to commercial STMs for years
while having custom functionality for your experiment. Although building an instrument
from scratch is very insightful, I opted to work on whatever half-working instruments were
out there, repairing and upgrading them as needed to get the experiment done (probably
a total of 1-2 years of cumulative time spend on this). If you are looking for a thesis with
instructions to build a home-built STM from scratch, this thesis is likely not for you. I
will only discuss the very basics of how an STM operates, commenting on functionalities
that were essential (and why) to the works to follow in this thesis. I will also outline some
of my procedures as motivated by a combination of advice from people before me and my
own experience. Hopefully this will be useful if anyone is ever stuck. For the work of this
thesis, five different STMs were used – 3 commercial STMs and 2 home-built STMs, shown
in Figure /refintro1 – all of which were slightly different and optimal for different types
of experiments. Being of varying ages and with no service contracts, I spent considerable
time fixing, upgrading or modifying various components of the chambers and STMs. STMs
are much like cars in that they have a number of core components required to work, beyond which there are many customizations and optional features. After summarizing the
basics of STM operation, some insight will be given into what features of each STM was
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useful/detrimental for the given experiment.
In principle, the STM instrumentation sounds simple – a voltage is applied between a
tip and sample and then a PID feedback loop adjusts the tip sample distance to achieve the
desired tunneling current. In practice, however, the subatomic-scale mechanical precision
and femtoampere-scale electronic precision necessary to achieve stable, long measurements
with atomic resolution makes STM quite difficult. The STM relies on quantum mechanical
tunneling of electrons through a angstrum-scale vacuum barrier which is detailed further
in the next section on tunneling current and modeling. A typical STM tunneling current is
picoamperes (sometimes up to nanoamperes) in magnitude, hence tunneling on the order
of a couple tens of millions of electrons per second.
A low noise tunneling current measurement is key all STM functionalities as the tunneling current both drives the feedback loop and gives you information about the system.
Two of the most noise-prone components of the STM are the wire used to measure the
tunneling current and the preamplifier used to amplify the tunneling current to an easily
measureable value. This current wire is usually fed from the STM tip or to the sample to the
preamplifier. It is essential that this is a very precisely placed, shielded, coaxial wire with a
minimized length to minimize pickup of noise before amplification. The smallest sources of
noise, for instance from loops which can pick up 60 Hz signal (the standard electrical AC
frequency in the United States of America), are amplified and quickly become larger than
the signals an STM is designed to measure. A high-quality preamplifier is also essential for
amplyfiying sub-picoampere currents without introducing much noise. Most groups opt to
purchase these as designing a high quality-preamplifier is nontrivial.
In order to keep this tunneling process controllable, subatomic scale motion is necessary. This subatomic motion is done using piezoelectric materials which expand and
contract based on the voltage applied to them. The voltage creates an electric field which
causes a distortion in piezoelectric materials due to their polar molecule composition. This
allows vibration free motion as a mechanical motor like in daily-use technology with moving
components is avoided. The STMs used in this work have the tip mounted on a piezoelectric tube. This tube consists of a cylinder with four quadrants of electrodes. Independently
applying voltage/electric field to each of these quadrants allows the tube to bend in different
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directions – applying the same voltage to all quadrants causes pure extension of the tube
(which we will refer to as Z motion) while applying disproportionate amounts of voltage
allows X/Y motion. This allows these tubes to achieve atomic scale controllable motion in
all 3 directions.
The tunneling current is used as the input to a feedback loop which adjusts the extension of this piezoelectric tube to achieve the desired tunneling current (and hence tip to
sample distance which is usually a few angstrums). The height is continually adjusted by
this feedback loop, compensating for thermal drifts and height variations. This allows users
to establish the tunneling current (“land” the STM tip on the sample) without actually
crashing the STM tip into the surface. Careful calibration of the feedback loop parameters
is essential to not smash the tip into the surface which destroys 2D thin samples. From
there, one can scan a 1-1000 nm2 region of the material while this feedback loop ensures
that the tip hovers several angstrums from the surface, maintaining its tunneling current.
Logging the height (Z extension of the scan tube) of the tip as a function of position leads
to the typical topographic images presented in STM works. For spectroscopy, the feedback
loop achieves the desired tunneling current after which it is turned off while the tip-sample
voltage difference is swept and current/differential current is measured, finally turning the
feedback loop back on. Most groups purchase scanning probe controllers (even many groups
that make home-built STMs) which have built in feedback loops with adjustable parameters and various routines/functionalities. These are usually purchased because it is very
difficult to achieve a low noise, high precision feedback loop that controls high voltages
(piezoelectrics require 0-400 volts). Additionally, having functional user interfaces (that are
not home-built LabView codes) to control the STMs greatly helps with efficient and successful experiments. Many of these controllers allow users to program custom functionality
as well.
A voltage is also required between the STM tip and sample for the tunneling mechanism. STMs usually have a wire to bias the tip or the sample, keeping the other grounded.
This wire is also very sensitive to noise, especially when µV – mV-scale electronic features
near 0 V need to be resolved. Older STMs often just feed one voltage to the sample (as
do the cheaper forms of commercial STMs). In the case of the experiments in this thesis,
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Figure 1.2: A multi-contact STM sample holder designed to deliver several voltages to the
sample via the electrically isolated nuts at the top of the sample holder (three of four are
connected in this example). This is essential for works with multiple contacts and/or gating
such as in the twisted graphene works.
multiple voltage wires go to the samples as necessary. For instance, in the twisted bilayer
graphene works, usually three voltage wires are necessary – one or two for contacts to the
samples and a third for the gate potential. A mounted device of magic angle twisted bilayer
graphene on an STM sample holder is shown in Figure 1.2. The sample holders are designed
such that the nuts at the top of the sample holders connect to voltage wires within the STM.
Connecting the contacts and gate to separate nuts allows delivery of voltages to the magic
angle twisted bilayer graphene sample within the STM. Some other examples of STM experiments requiring multiple voltages include strain[52] and potentiometry[53] where voltage
delivery can be used to stress/strain materials or run a current through them.
The scan tube motion is enough to scan small regions of the sample but has a finite
range of a few hundred nanometers to a few microns. To get the scan tube/tip close enough
to the sample and on a specific area of a sample, several methods exist. For the STMs
used in this work, piezoelectric motors using a stick-and-slip motion are utilized to move
the sample position in X/Y/Z and/or the tip in X/Y/Z. These movers can usually move a
few mm each. The reliable motion of these movers is essential for STM, especially on 2D
samples. This could not be said with more emphasis – STM on non-2D materials requires
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much less precise and less reliable motion as samples are much bigger. For 2D exfoliated
samples which are several tens of microns in size at most, precise X/Y/Z motion helps
position the STM tip on samples and move around, essential in the magic angle twisted
bilayer graphene work in this thesis. Any hysteresis or unreliability can cause the tip to
collide with the sample or totally miss which destroys the tip and sometimes the sample
too leading to several days to weeks of time until the next experiment (days if its just the
tip, weeks if a good sample is destroyed).
With those basics, a very simple STM can be made and tunneling current can be
established. To make things more stable, a few extra components are usually included. Extensive measures are taken to minimize vibrations which can completely destroy subatomic
scale motion and precision – in fact it was originally believed that such a measurement
was impossible. The STM is firstly hung on springs with some dampening mechanism,
for instance magnets for eddy current damping. This significantly reduces vibrations that
reach the tip/sample system. From there, STMs are usually housed on floating air tables
and sometimes extra measures are taken such as acoustic isolation of their rooms or even
floating the entire room. Having STMs on the lowest floors of buildings, ideally bedrock, is
most optimal. Nearby construction, trains, elevators, closing doors, a labmate laughing and
the likes can often be seen in STM current signal when there is poor vibration isolation.
For stable tunneling, STMs are typically housed in ultra-high vacuum (UHV) chambers,
typically achieving 10−10 or 10−11 torr. This makes the tunneling process much more stable
than in ambient conditions (as quantum tunneling through vacuum as opposed to air with
variable humidity is much better for measuring unobscured fundamental properties) and
further preserves the cleanliness of samples, additionally allowing for measurements of air
sensitive samples. Specifically in this thesis, a number of the projects on transition metal
dichalcogenides greatly benefited from sample storage and measurement in UHV. Keeping
transition metal dichalcogenide samples in air for even a few days leads to significant surface
contamination as can be measured by STM/AFM. Many STMs operate at low temperature
which further stabilizes the tunneling process and allows much lower energy resolution
(which is limited by kT, k being the Boltzmann constant and T being the temperature).
This is done with liquid helium and/or nitrogen cryostats which can be variable or constant
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temperature. The STMs are strongly coupled to these cryostats and housed in radiation
shields, thus cooling the STMs to a desired temperature as the cryogenic liquids slowly
boil and release into the air. This not only improves the measurement but also allows the
study of low temperature phases of materials such as superconductors, correlated insulators,
magnetic systems, etc. As an alternative, some STMs are attached to transfer arms that
are inserted into fridges, like a transport measurement. These can achieve much lower
temperatures for instance using a dill fridge. For the additional cooling, they suffer a few
downsides. One example is a lack of view ports to aim the tip at the sample or, for instance,
shine light on the sample as will be done in this thesis. Another is that the cool-down times
are often much longer as the whole STM must be re-cooled each time, taking sample/tip
change times from one day to several days. This style of STM was not used in this thesis –
the view port functionalities and high sample/tip turnover were essential for the works in
this thesis. I will not discuss fridge style STM experimental design although some of the
insights into the experimental modifications taken to execute the projects in this thesis are
also applicable to this type of STM.
The design of the UHV chambers and low temperature radiation shields for an STM
can be optimized with 2D material experiments in mind. Typically, UHV chamber STMs
have viewports on the shields and chamber in order to view the samples with a camera.
Typical working distances from outside world to sample/tip ranges from over half a foot to
several feet, limiting the diffraction-limited resolution. Exfoliated 2D samples which can be
as small as several microns could be impossible to see. Careful design of view port positions
both on the chamber and shields can greatly help. This will be discussed further in the
section on challenges of 2D STM and Landing an STM tip on a 2D sample. Additionally,
the placement of viewports is essential for optics-coupled STM such as is done for the MoTe2
liquid helium temperature work in this thesis.
Another essential aspect to the STM is obtaining a reliable, atomically sharp tip. If
the tip is not atomically sharp, features are distorted and atomic resolution may not be
achieved. If the tip is not fully metallic, in the most severe case, it will dig a hole in
the sample. In less severe cases, the measured spectroscopy is not purely the LDOS of
the material but actually whatever is on the tip as well as the material. For this work,
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mostly tungsten tips were used with the exception of the graphene p-n junction work where
platinum iridium tips were used. These are two common materials for STM tips. Tungsten
tips are less malleable which helps avoid tip bending from crashing, however they suffer
from oxidation (which is not a problem once they are prepared in UHV). Platinum irridium
tips are more malleable and do not oxidize. I personally prefer tungsten tips as tips often
crash and having a robust tip is more important than the initial time to get the oxide
layer off. Further, tungsten tips can be prepared with a simple electrochemical NaOH etch
of a tungsten wire while platinum iridium tips can similarly be etched but in more nasty
chemicals. Due to oxidization, tungsten tips require UHV and also must be annealed or
field emission must be performed to remove oxide before experiments.
While many groups forgo this step, using a calibration crystal with any tip is essential
before each experiment to ensure atomic sharpness and a purely metallic tip that does not
affect the measured spectroscopy. The method of choice in this work to prepare and ensure
atomically sharp tips is by scanning freshly prepared Au (111) (as described below) and
tailoring them on the Au (111) surface by means of nanoindentations as in the discussion
to follow. It was observed that annealing freshly etched tungsten tips (that are optically as
sharp as can be resolved on a 50x optical microscope) at 600 C for 30 minutes produced
nearly atomically sharp, metallic, reliable tips that required little further preparation (still
I measured Au (111) and tailored the final shape).
A prepared, atomically flat, Au (111) crystal is a very fast and highly reliable way
to prepare and calibrate atomically sharp tips. The process of preparing an atomically
flat Au (111) crystal requires sputtering and annealing of the crystal. The sputtering
removes the top layers of junk on the Au (111) while annealing causes impurities to rise
to the surface. A good deal of time was spent during this thesis work optimizing Au (111)
preparation recipes on four different STM setups. The most reliable and easy recipe is
as follows: calibrate sputtering by designing a sample holder with wires to measure the
sputtering current. Place this holder in the chamber in front of the sputtering gun and
set some argon pressure in the 10−5 s (this varies based on where your sputter source is
and where your pressure gauge is so it is really system specific). From there, turn on
the sputter gun with recommended settings by the manufacturer (specifically carefully set
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it up as in the instructions manual, including focusing the beam) and adjust sputtering
filament voltages and argon pressure to measure several microamperes of sputtering current
on the sample holder in the chamber on about a square centimeter of area. The position
of the sputtering should also be optimized here by maximizing the current measured with
adjustment of position. 3-6 microamperes was optimal for me. As an alternative, many
people aim by directly seeing the sputter beam. One can do this by using a higher pressure
and sputter voltage. The sputter beam can be seen as a faint blue aura (ionized argon)
if all lights are turned off. This can be used to help aim the sputtering but measuring
the actual current will ensure success and likely save a lot time. There is a lot of guess
work in trying to see this blue aura in many systems. The gold should then be placed in
this position and sputtering should be cycled, on for 10-15 minutes, off for 15-20 minutes.
During all of this, the gold should be annealed at around 600-700 C continuously. A reliable
temperature calibration that takes into account the gold thickness and any unreliability in
your annealer or temperature gun (through windows) is to make sure the surface of the gold
turns dark red – look up the black body temperature colors and shoot for the 600 C color.
A diode or pyrometer are useful to ensure you don’t melt the gold and if you want an exact
temperature but some trial and error is always necessary. It is not necessary to turn off the
argon or annealing between sputtering cycles. This process can thus be automated if you
can simply automate your sputter controller. If the Au (111) has recently been prepared
and has not seen ambient conditions, only a few cycles are needed to obtain atomically
flat surfaces and steps (provided your recipe is optimized). If the Au (111) crystal was in
air for a while, you may need to do this overnight or even a few days. Try an iterative
process of trial and error of your recipe by preparing overnight, scanning, modifying recipe
(sputter current, temperature, times of cycles) and repeating as needed. All of this must
be optimized system specific. Make sure to also know the origin of the Au (111) crystal,
if no recipe is working, the crystal may have been compromised by someone who didn’t
know what they were doing and the crystal may never recover wasting months of your time.
Overtime, even in a UHV chamber, junk will accumulate on the surface requiring routine
preparation.
With an atomically flat Au (111) surface, one can firstly do reliable field emission if
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Figure 1.3: Freshly prepared (as outlined in text) atomically flat Au (111) surface as imaged
by STM in topography mode. (a) A derivative image featuring a number of atomic 240
pm tall steps as well as the well studied surface reconstruction (the zig/zag herring bone
pattern) which is several 10s of pm tall. (b) Surface reconstruction at dislocations in the
Au (111). This is the same reconstruction as in (a) but the dislocations cause the star-like
shapes. One indicator of a sharp tip is the ability to image this reconstruction.
the tip is in very poor condition (oxidized/serious junk on it). This is done by applying
150 – 200 V between the tip and sample and establishing several microamperes of current.
This process cleans the tip by forcefully emitting junk off of it due to high electric fields.
Doing this until the tunneling current is stable is a method to roughly prepare the tip if it
is coated in insulator such as oxide or hBN (from a crash into a 2D flake). This can take a
long time just waiting, so the tip can be indented into the surface until stable field emission
current is possible for various microamperes of current within the range of the STM scan
tube. Next, the tip should be moved to a new region, having destroyed the region one field
emitted on, and the Au (111) surface should be scanned with normal STM bias to further
tailor the shape of the tip and ensure that it is metallic and sharp. Two STM topographies
of a freshly prepared Au (111) surface are shown in Figure 1.3. The topography shows
atomic steps on the Au (111) surface, as well as zig-zag stripes which are an atomic scale

CHAPTER 1. SCANNING TUNNELING MICROSCOPY ON 2D MATERIALS
600 pm

b

1

dI/dV (a.u.)

a

17

40 nm

0
-1000
0 pm

-500
0
500
Energy (meV)

1000

Figure 1.4: (a) An example of nano-indentations on Au (111) used to tailor the tip to atomic
sharpness. The surface reconstruction of the Au (111) can be seen in the background along
with a series of lumps created from individual indentations of the tip into the gold 0.6 nm
deep. As the tip pulls back out, it creates a mound in the Au surface. The shape of the
mound can be used to determine the shape of the tip (note the different shapes and sizes
of the mounds). (b) An example STS spectra of the Au (111) LDOS used to verify the tip
is metallic[1].
reconstruction of the gold surface. If the tip is not sharp, these features will be distorted
or will not show at all. In that case, one can controllably nanoindent the Au (111) surface.
Figure 1.4a shows a series of such nanoindentations on the Au (111) surface. They allow
changing of the STM tip apex shape as well as measurement of the tip shape. The round
nature and size of the nanoindentations in Figure 1.4a (as well as reliability to do so many)
ensure that the tip is sharp – usually the marks for a blunt tip are larger/asymmetric.
Finally, one can also measure the STS on the surface as shown in Figure 1.4b which has
previously been shown to be the reliable LDOS of Au (111)[1]. Ensuring that this spectra
(or similar as it can mildly vary based on local features) can be measured before moving
the STM tip to a sample for an experiment is crucial to reliable measurements as a poor
STM tip can measure anything as shown in Figure 1.5. The spectra shows a series of flat
bands that emerged after the tip picked up large debris. Spurious tips can literally show
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Figure 1.5: STS spectra on graphene with a severely compromised tip. Signatures of two
flat bands at -550 and -750 meV are measured, likely brought about by debris on the tip.
An example of why ensuring the tip is metallic on Au (111) is essential.
peaks or gaps everywhere. One should always freshly prepare tips and be skeptical of STM
works where STM tips were not explicitly calibrated.

1.3

Tunneling Current and Modeling
The principle behind STM is quantum mechanical tunneling of electrons through a

potential barrier. This is achieved by applying a potential difference between the tip and
the sample as shown in Figure 1.6. This creates an offset in the chemical potential of the
tip compared to the sample and in turn, electrons can probabilistically tunnel through this
barrier by the principles of quantum mechanics – electron wavefunctions decay within the
potential barrier, but when the potential barrier is small enough as depicted in Figure 1.6,
a finite amount of the wavefunction can leak into the other side of the potential barrier thus
allowing electrons to tunnel through. The STM tunneling current can be modeled with the
formula [54]:

I(V ) = −

4πe
h̄

Z

∞

ρt ()ρS (ε)|M |2 (f (ε − eV ) − f (ε))dε

(1.1)

−∞

Where ρt () is the tip density of states, ρs () is the sample density of states, |M | is
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Figure 1.6: Cartoon of the energy band diagram in tip-sample tunneling conditions through
vacuum.
the matrix tunneling element representing the tunneling probability and f () is the FermiDirac distribution accounting for finite temperatures. At very low temperatures such as
at 4 Kelvin, the Fermi-Dirac broadening merely cuts off the integral to the differences in
potential (V in volts) between the tip and sample:

I(V ) = −

4πe
h̄

Z

eV

ρt ()ρs (ε)|M |2 dε

(1.2)

0

This formula is insightful to interpret – the tip and sample density of states are integrated with the tunneling probability between the Fermi level and the voltage difference.
When there is overlap of filled/unfilled states in the tip with unfilled/filled states in the sample as set by the potential offset, the tunneling probability between the states is summed.
Thus the total tunneling current is obtained by the integral which sums the densities of
states weighted by the tunneling probability between the offset chemical potentials. The
constants in front convert this number to a conventional unit of current.
One approximation for the tunneling matrix element is the WKB approximation[54]
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for tunneling through a potential barrier. With this, the formula becomes:

I(V ) = −

4πe
h̄

Z

∞

2d

ρt (ε)ρs (ε) · e− h̄

√

2m(Φ−ε)

(f (ε − eV ) − f (ε))dε

(1.3)

−∞

Where now d is the tip sample separation and Φ can be approximated as the average
work function of the tip and sample. The STM topographic resolution becomes clear from
this equation as the tunneling element exponentially decays with tip, sample separation.
This is how an STM achieves superb topographic signal as the feedback loop must constantly
adjust the tip-sample separation to maintain a tunneling current. From this formula, it also
becomes evident that the tip quality is essential. If there is any insulating/semiconducting
debris on the tip, the tip density of states will also significantly affect the measured current.
When a tip is freshly prepared to be atomically sharp and metallic, this is not an issue and
the tip density of states is approximated as constant with energy, thus taken out of the inte√
R
2m(Φ) eV
− 2d
h̄
gral. The formula is also often simplified further to I(V ) = − 4πe
ρ
e
t
h̄
0 ρs (ε)dε
for low temperature measurements where now it is clear that

dI/dV ∝ ρs (ε)

(1.4)

Meaning that taking the derivative as a function of voltage, the LDOS multiplied
by a constant is obtained. This what enables scanning tunneling spectroscopy as a lockin amplifier is usually used to measure the differential tunneling conductance and obtain
curves proportional to LDOS. It is very difficult, however, to get real numbers for the LDOS
and thus usually only the proportional shape is considered.
In room temperature measurements, the direct measurement of dI/dV is not enough
due to the Fermi-Dirac thermal broadening. To extract semiconductor bandgaps, as we will
do for instance in the MoS2 -metal heterointerface section, one can directly model the I(V )
curves with finite temperature effects[55]. This can be done computationally by solving
√
R∞
− 2d
2m(Φ−ε)
h̄
ρ
ρ
(ε)
·
e
(f (ε − eV ) − f (ε))dε as a function of
the formula I(V ) = − 4πe
h̄ t −∞ s
voltage and fitting parameters such as the tip sample distance and the sample density of
states. For a metal, the sample density of states can be modeled as a constant leading to a
computed I(V) curve and dI/dV curve shown in Figure 1.7a and b. On the other hand, we
can model a semiconductor by approximating the sample density of states as
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Figure 1.7: Modeled tunneling I(V) and dI/dV(V) curves for (a)-(b) a metal and (c)-(d) a
semiconductor with a bandgap from -1 eV to 1 eV at room temperature.




ρ

 0
ρS (E) =
0



 αρ

0

E < −Ev
−Ev < E < Ec

(1.5)

E > Ec

This simple approximation includes a conduction and valence band edge with a proportionality constant α. Of course this is only accurate in the band gap and around the band
edges as at higher energies, different bands come into play and a more complicated model is
necessary. An example modeled semiconductor tunneling current and differential tunneling
current spectra at 300 Kelvin is shown in Figure 1.7c and d. The band edges are at -1
eV and 1 eV in the model parameters, clearly broadened by the Fermi-Dirac components.
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Using this model, one can then fit experimental data such as in the MoS2 -metal heterojunction interface chapter to obtain the band edges factoring thermal effects into account.
To do this, a least squares difference (or other optimization metric) algorithm can be run
on the data with fitting parameters of Ev , Ec , α and d.

1.4

Challenges of STM on 2D Materials
A number of challenges exist for performing STM on 2D materials. The rest of this

chapter will be devoted to some of the challenges faced during the work of this thesis
and what solutions were adopted and/or considered. Developing new methods to get an
experiment done can be both very satisfying and very rewarding as you can do experiments
that many others cannot (of course other groups develop their own methods and there is
competition but doing experiments with extra experimental hoops to jump through provides
additional novelty and helps decrease your competition). Many of these approaches are
broadly applicable to STM on non-2D materials and even other techniques. Some main
challenges that will be addressed extensively:
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0
Figure 1.8: AFM images of an MoS2 (left-side of each image) graphene (right-side of each
image) interface after several days of air exposure. The MoS2 accumulates significant contaminants over time, especially at edges and grain boundaries.
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• Sample cleanliness: A crucial aspect to STM – more care is needed than in many other
techniques. As the STM is a surface probe relying on an atomically sharp tip, surface
contaminants are a big problem. If samples are not clean, not only will images and
spectroscopy be modified by the contaminant, but the tip may pick up the contaminants and change, becoming no longer reliable. Tip preparation is then necessary. 2D
sample surfaces are highly prone to contamination. Firstly, conventional fabrication
methods broadly used for transport and other techniques involve lithography which
leaves significant residues from the polymers and solvents that touch the surface of
the materials. Additionally, the stacking procedure of 2D exfoliated flakes can even
involve a step in the procedure where the surface of interest touches polymer for transfer. Another source of contamination is air exposure (less drastic for graphene, more
drastic for semiconducting transition metal dichalcogenides and fully destructive for
air sensitive samples such as NbSe2 ). An AFM image of monolayer MoS2 that has
been in air for several days is shown in Figure 1.8. Such a sample is nearly impossible
to study with STM. A number of potential avenues to improve sample quality are
discussed in the next sections.
• Clean Contact to Samples: Clean (not just electrically but physically too) contact to
the samples, especially for low temperature measurement is difficult. This goes hand
in hand with the previous point on contamination. Although STM merely requires
a good contact to deliver bias/measure current, conventional transport high quality
contacts involve lithography which both uses heating (avoided for twisted graphene
samples) and leads to contamination from photoresists and solvents. A method to
make good contact without lithography is very helpful. For low temperature measurements such as at helium temperature, additional challenges exist in contacting
the semiconducting transition metal dichalcogenides as reliable low temperature contacts require specialized techniques. Fortunately, a number of methods work pretty
well. The approaches taken in this thesis will be outlined in the next few sections. I
will establish several great contact methods for STM on 2D materials, one of which
has never been used for STM or mostly anything else before – indium µsoldering.
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• Landing the STM tip on Micron Scale Samples: Landing on such tiny samples such as
2D exfoliated flakes and navigating to a target region is nontrivial. If the STM tip falls
off of the 2D flake onto an insulator such as boron nitride or SiO2 , the experiment is
over as the tip smashes into the surface due to lack of tunneling current. Most STMs
have viewports towards the tip/sample apparatus with a typical working distance
between a quarter meter to as large as almost a meter. This sets severe limitation
on the optical contrast that is possible to view these samples and position the STM
tip. A number of strategies exist to overcome these challenges as will be discussed in
a later section on landing on 2D exfoliated samples.
• Poorly Conducting Samples: Even if you increase your bias above the band edge,
some systems do not conduct enough to collect the tunneling current. If you cannot
measure the tunneling current, you cannot do STM even if you are tunneling electrons
into the material (think of an insulator, you can put higher voltage than the bandgap
but still you will never measure anything until you breakdown the material). In this
work, an example is the semiconducting transition metal dichalcogenides at liquid
helium temperatures. The transition metal dichalcogenides are notoriously difficult
at low temperature as their carriers freeze out, leading to low conductivity and high
contact resistances. In this thesis, I establish a robust way to measure the transition
metal dichalcogenides (and other nearly conducting samples) at 13.3 Kelvin by photoexciting carriers as will be discussed in the STM on poorly conducting materials
section.

1.5

Scanning 2D Samples: Optimizing Sample Preparation
for STM
As mentioned earlier, one can study 2D materials in a number of ways. The simplest

way is to study the bulk form of the material where you are no longer in the 2D limit
and material properties are likely different. This can still be insightful into both the bulk
and several layer properties of materials although it is certainly not the ideal way to study
the few layer regimes. Bulk measurements are far easier as samples are much bigger and
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one can study moderately air sensitive materials by cleaving a fresh layer within the UHV
chamber. This is done in this thesis for the bulk studies of the semiconducting transition
metal dichalcogenides[2, 51] in chapters 4-5. A metal stick is glued to the top few layers
of the bulk crystal which is glued down with conductive paste to a sample holder. The
metal stick is then knocked over in the UHV chamber exposing a fresh layer of the material
ensuring cleanliness and overcoming air sensitivity.
Studying monolayer and few layer materials and heterostructures is less trivial. One
option which is utilized in the monolayer MoS2 – metal heterojunction interface work[42] in
this thesis (chapter 6) is to grow large area films of the desired material by means such as
metal organic chemical vapor deposition growth (or just chemical vapor deposition growth).
Due to the large scale coverage of the sample area, approaching the STM tip onto the sample
is much easier. Making clean contact is still a challenge, however, but any of the methods
in the following sections can be utilized in this case. Samples should be stored in UHV or
at least a nitrogen glove box as soon as possible after sample preparation. Air exposure
should be limited as much as possible as contaminants will readily stick to material surfaces
especially for materials like the transition metal dichalcogenides.
Although studying bulk or thin films is easier, studying natural exfoliated layers is
much more insightful scientifically as exfoliated materials are still superior in quality to
grown thin films and are thus used for cutting-edge research such as in the case of magic
angle twisted bilayer graphene in this thesis. Samples are generally much cleaner and more
pure/higher mobility and utilizing boron nitride as a substrate leads to much more intrinsic
and less disordered samples. There are a number of ways to optimize sample cleanliness,
relying on variations of transport 2D stacking methods. One option is to make stacks
top-down, picking up for instance graphene followed by boron nitride using PMMA. The
structure can be placed down on a clean SiO2 chip and the PMMA can be annealed off or
dissolved in acetone and isopropanol. This method suffers from the fact that the PMMA
comes in contact with the exposed graphene layer which will be scanned with the STM.
This is not ideal but surface contamination can be minimized although not fully eliminated
by overnight soaks in acetone and isopropynol. An optional soak in chloroform may also
help in removing contamination (this was rumored by a trusted colleague, I did not try it).
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Annealing may also help although many 2D materials degrade at temperatures above 300
C (this was found specifically for the transition metal dichalcogenides during this work). If
this approach is taken, one might as well also use lithography for the contacts.
A far superior way to obtain a clean surface is to make the stack top-down. One
can use a polymer of choice (PPC and PC are favorites) to pick up the bottom layer
first, for example boron nitride. Next the target structure should be picked up with that
polymer/boron nitride stack, for instance picking up graphene or two layers of graphene for
a twisted bilayer sample. Finally, the polymer can be flipped over and placed down onto
an SiO2 chip. In this way, the structure is SiO2 – polymer – boron nitride – graphene and
the top surface of the structure has never seen any polymer or solvents, providing a clean
surface for measurement. The polymer can then be left on the chip (as was done in the
magic angle twisted bilayer work to prevent twist back from heating) or annealed away.
The sample, now being fully atop an insulating substrate, needs to be contacted either by
lithography or one of the methods in the following sections. Note that lithography is not
possible if it is desired for the polymer to be left intact as photoresist/solvent processing is
necessary with lithography which will destroy your polymer.
As another alternative, some works transfer the thin films onto conducting substrates
such as gold or HOPG (although then you cannot use a boron nitride substrate). This is
easier, overcoming contact issues and the need to directly land on the sample with the STM
tip, however it prevents gating and modifies the material properties due to an increased
screening from the substrate. This method is thus not utilized in this thesis.
If a sample fabrication procedure was taken with the goal to minimize surface contamination on a 2D surface, a contact method not involving lithographic processing can preserve
the surface cleanliness. A number of these methods were utilized in this thesis as we will
now discuss.

1.6

Contacts for 2D STM: Indium µSoldering
An excellent method to make contact to 2D materials and heterostructures is by di-

rectly soldering to flakes with indium or an indium alloy[56, 45]. This method has seemingly
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not been used before for almost anything but has made possible the study of magic angle
twisted bilayer graphene in this thesis (where we wanted no lithography and minimized heat
exposure to prevent rotation back to Bernal stacking of the twisted graphene layers as well
as to directly contact atop PPC and PC polymers) and has potential for any surface technique, allowing quick, clean, process free contacts that are removeable. A word of warning,
however, advantages and disadvantages should be weighed – this is method also has disadvantages: the contacts have finite height, sometimes getting in the way of AFM tips if not
carefully placed. The contacts WILL remelt on further heating although mostly retaining
shape but sometimes changing. The contacts can come off if whacked. Occasionally it has
been observed that some indium nanoparticles can migrate on the sample although why
and when this happens is not understood (and was rare in my work). If you are okay with
these factors and cannot afford lithography either due to contamination or a need to stay
on a polymer/not heat, this method is great. One should also certainly explore shadow
masks as in the later sections as well and see what works best for the experiment.
The origin of the idea comes from the low melting temperature of indium, 157 C, and
its various alloys, one melting as low as 62 C. Being not too far above room temperature,
one can directly melt indium or indium alloys onto 2D flakes without having to heat the
sample much. This can be done on a tabletop microscope requiring no processing or fancy
setups, just a heating stage and a micromanipulator. There are a number of indium alloys
with various melting temperatures and properties, so one could optimize the process to
their liking for their experiment. My alloy of choice, used in the magic angle twisted bilayer
graphene work, is known as “Field metal” – 32.5% Bi, 51% In and 16.5% Sn, with a melting
temperature of just 62 C. This alloy is a personal favorite as it forms very nice contacts,
melts only slightly above room temperature and is easy to manipulate. It can be found
on Ebay or Amazon as people use it to mold Figures and unfortunately, parts of guns.
Hopefully your purchasing department can work with Ebay, but if it is like Columbia’s
physics department, you or your boss may have to pay out of pocket. Some other alloys you
will find also contain cadmium and lead. The mixture of indium, bismuth, tin, cadmium
and lead leads to all sorts of alloys melting between 60 and 160 C. Fields metal is nice in
that it also does not contain the more toxic metals.
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I will detail the process for using Fields metal (also with the approximate recipe for pure
indium) which I have extensively used. The process can likely be improved in a number of
areas, as this was simply what worked for me and significant optimization was not done. To
begin, a microscope with long working distance (at least 1 cm) 10x and 50x objectives works
nicely. A heating stage such as those in typical 2D material transfer stations with control
over sample temperature is required. On the fly, one can construct a simple one (as Drew
Edelberg and I did) by machining a ceramic microscope stage that fits in your microscope
and fastening a heating tape under a metal plate to the top of it, with a thermocouple.
By applying a voltage to the heating tape and measuring the thermocouple temperature,
a very cheap, yet functional home-made heating microscope stage can be made. Make sure
to thermally isolate things if you go this route as you may damage your microscope if not.
The other component necessary is a micromanipulator with a sharp needle attached to it. I
use tungsten which works well – the material of this needle can be explored as metals stick
to each other differently.
To begin, heat the sample stage to 70 C (170 C for indium) and melt a tiny drop of
Field’s metal (indium) onto an SiO2 chip (I have not explored other surfaces – perhaps just
a hot plate surface can be used, but this is easier to clean) that is taped onto the hot plate.
This drop should be very small, certainly less than a mm in diameter. You will notice that
the solder (indium or field metal) will ball up/form a “skin” or oxide layer when melted.
One can explore doing this in various glove boxes with inert gasses but I do it in air, in New
York’s climate with an AC at about 70 F. Next, insert the tungsten needle into the puddle
of solder using the micromanipulator, making sure to puncture the skin of the solder and
get the needle deep into the solder. The needle, being at room temperature, will solidify
some solder around itself but the main solder should remain melted. Then begin pulling
the needle out sideways while it is slightly above the SiO2 surface. It may take several tries
and practice, but it is possible for the needle to exit the solder blob while pulling an icicle
of solder out with itself due to the needle being at room temperature. This is shown in
Figure 1.9. Pulling out very slowly in this fashion, you should be able to see the front of the
solid/liquid phase in the solder icicle. Making sure that the solder connected to the needle
is not touching the SiO2 chip as you pull out, you can form a very long icicle of solidified,
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Figure 1.9: Images of the procedure to make µsolder as described in text. A cold tungsten
needle is inserted into a melted indium alloy drop. The needle is pulled out carefully creating
an icicle of indium alloy that can be used as solder/contacts to µ-scale samples.
micron scale thick, wire. The strategy I approach is to controllably slowly pull the needle
out and up (repeated out and up in the same direction consecutively until the solder icicle
is formed to one’s liking). Pulling it up and not just out makes the part of the icicle closer
to the tungsten needle to be higher which will later allow us to place the contact down more
precisely (as the end of the icicle will be at the lowest point). Pulling faster will thin the
diameter of the icicle at the solid/liquid interface while pulling slowly will keep the diameter
of similar size. In such a way, one can form very short or long needles. It is possible to
make a really long icicle which can even be seen by eye as shown in Figure 1.10.
I typically like the icicles to be 1-2 mm in length at most with the end thinning gradually
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Figure 1.10: Image of a visible indium alloy icicle on the cold tungsten needle as shown by
the arrow.
as shown in Figure 1.9. The icicle should naturally sever from the main solder blob that
is melted when it gets thin enough. Temperature is extremely critical for how these form,
optimize yours to your liking. 70 C (170 C) was the optimal temperature for my setup –
at 80 C icicles generally ended up much shorter and at lower temperature than 70 C, it
was very difficult to create ones that were not unreasonably long. The icicle should then
just sit on the tungsten tip without falling or changing its position. If it is not securely on
the tungsten needle, you need to remake it as precise placement will not be possible. Note
that it is also possible to make this needle/icicle vertical by pulling straight up, although I
prefer the sideways icicles as they are much easier to place down as contacts. Play around
with it and Figure out the shape that is optimal for you.
The next step is to secure the sample also onto the hot plate and to position the end
of the Field’s metal/indium solder over the target region for contact. This can be done
by positioning the solder over the sample by eye and then playing with the focus of the
microscope, switching between solder in focus and 2D flake in focus as you position the
solder with the micromanipulator. It is much like stacking flakes. This can be done at
10x but optimally you want to position it carefully at something like 50x. Next, lower the
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µsolder icicle several tens of microns from the sample surface (just a few turns of the fine
focus knob on a typical microscope) making sure to not touch the flake yet and that position
of the edge of the solder is where you want your contact to end. A camera can help with the
alignment by marking on the screen the position of the solder and desired contact position
for adjustment which are each in a different focal plane. Finally, ramp the hot plate to
80-85 C (180 C for indium) and lower the solder onto the target flake or sample. The higher
temperature ensures that the solder instantly melts when it touches the sample. It is a
good idea to use this higher temperature, as you can crack 2D flakes with applied force if
you place down the solder and it does not instantly melt. It is important to make lateral
adjustments of the micromanipulator as you lower the solder onto the sample to make sure
it lands on the desired location. You should begin to see the shadow of the solder as it
gets really close to the flake and can make final adjustments, but this should be done fast
if the hot plate is already at an elevated temperature as the solder may melt prematurely
in proximity to the sample and fall in an unexpected location. If you observe the solder
icicle changing prematurely, retract fast and redo, this will likely not be successful with this
icicle. Similarly, keep the solder icicle never fully over your sample, just the contact region,
so you minimize the chance of covering your whole sample in indium/fields metal.
The last step is to sever the contact between the tungsten needle and the contact once
the contact is down and melted. Your tungsten needle will still be connected. This is a
step that is quite difficult although it sounds easy. As you pull the tungsten needle away, it
attempts to pull the solder, sucking it out of the contact (a term I coined the ”toothpaste
effect” as the solder pulls out of the oxide layer). I find it best to place the contact edge
down on the flake and then guide the contact straight back a little (placing more and more
down and melted), then trying to turn a little very gently, melting the turned solder on
the substrate. Then slowly pull the needle out going for instance in steps of two out (100
microns or so), one back in to let the solder settle back and repeating until the needle is
freed from the solder. You will see the entire contact reacting as you try to pull the needle
out. Gently doing this back and forth while watching the contact react works well. An
alternative is trying to heat the tip at this point which I did not setup on my setup as I was
able to surmount this obstacle, and when the obstacle did occur, it is pretty easy to repair
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the contact.

Figure 1.11: Examples of several contacted twisted graphene samples by indium alloy
µsoldering. Note that a number of contacts are used purely as markers for landing on
the samples in the STM as outlined in the later section on landing an STM tip on an
exfoliated sample.
Some images of example completed contacts for STM (note that some pieces are intentionally not on the flake – used as markers for STM aiming, as will be discussed later) are
shown in Figure 1.11. It takes quite a bit of trial and error and sometimes contacts land
in the wrong position but with persistence, one can eventually reliably make these contacts
within 10-30 minutes each. With practice, precision of about 1 x 1 µm can be achieved
allowing multiple contacts to be placed on small flakes. This method is not exclusive for
STM, it can be used for any uncapped measurement and have several contacts all made of
indium alloys. An example of a sample with a graphite gate and two contacts to graphene
is shown in 1.12. These contacts can also intentionally be placed off the flakes as markers
(as some of the ones in 1.11) which will be discussed later regarding landing an STM tip
on a 2D sample. These contacts are also removable with a strong push with a needle or
vacuum annealing, a nice feature that evaporated contacts lack. You can get a fresh slate
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by vacuum annealing around 200C (250 C for pure indium) after which samples are still
very clean and contacts are gone. Everything in this description is also compatible with
almost any substrate including polymers like PC, PPC and PMMA (use Field’s metal for
polymers that melt above 100 C like PPC).

Figure 1.12: An example of a 3 contact µSoldered device – two contacts for source - drain
and one for a graphite gate.
Finally, to make contact to the µsolder, one should avoid any physical force on the
µsolder as it can pop right off. My preferred method is to fix a malleable gold wire to
whatever you are connecting it to on the other end (sample holder contact or otherwise)
and then position the wire right next to the µsolder gently such that it relaxes in contact
with the µsolder or right next to it/on top of it. Next I use a silver epoxy such as EJ2189LV which can dry overnight at a low temperature. Other silver pastes and epoxies are fine
(there are faster drying ones) as long as they do not react with your sample and are UHV
safe if a UHV experiment is being done. This method is fully compatible on top of polymer
(PC, PPC, PMMA), SiO2 , sapphire and mostly anything else.
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a

b

c

d

34

40 μm

Figure 1.13: (a) Schematic of the razor blade shadow mask technique described in the
text. (b) Optical image of the razor blade shadow mask mounted on a sample with Kapton
tape. (c) Optical image of contact made with the razor blade shadow mask technique. The
rectangle defined by the contact is formed due to the razor blade shadow. The straight long
edge is the sharp contact edge where the blade was closest to the sample. (d) Zoom in of a
contacted multilayer graphene flake.
Another option for contacts that preserves sample surface cleanliness is by means of
shadow masks[42]. Two shadow masks methods have been utilized in this work. The first
utilizes ultra-thin razor blades to define very sharp contact edges (invented by Ali Dadgar
which I then further optimized). The razor blade can be broken into small pieces of several
mm in size and by pivoting the razor blade with some tape as shown in Figure 1.13, the
razor blade edge can be placed several microns above the sample (partially covering the
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sample laterally, for instance a graphene flake) without touching the target region. The
adjustment of position can be done with a micromanipulator or simply tweezers. Kapton
tape can then be used to secure the blade in this position and cover side regions to prevent
covering the whole chip with metal. Metal is then deposited on the structure, after which
removal of the tape and blade leaves a contact with a very sharp edge partially over an
exposed, clean sample such as an exfoliated flake, as shown in Figure 1.11(b-d). STM of
these contact edges is done in the monolayer MoS2 -metal heterojunction work – this is the
primary contact method used for that project. It was essential to produce contacts that
end in abrupt sharp final grains, optimal for studying sharp contact edges as shown by
the STM images in the chapter 6. Of course this method like any other requires a bit of
fiddling to master. The most essential component to getting the sharp contact edge is that
the razor blade is secured as close to the sample as possible (the minimum achieved in this
work was 5 µm) which can be measured using the focus of an optical microscope. This
distance is determined by your pivot position and the way you secure the shadow mask
once it is positioned. As will be seen in the section on landing an STM tip on 2D samples,
this method suffers from a lack of clear optical markers that can greatly assist in positioning
the STM tip. An advantage to this method over the indium soldering method is that the
contacts are much flatter and can thus also be scanned with the STM.

1.8

Contacts for 2D STM: Silicon Nitride Shadow Masks
Another method for making shadow mask contacts to samples is using silicon ni-

tride transparent membranes (as used in transmission electron microscopy) with patterned
trenches through which the contacts are evaporated. This method was only explored briefly
in this work but is very promising as it can provide multiple flat contacts and markers
and keep the sample clean. An optical image of an example silicon nitride shadow mask
is shown in Figure 1.14. Securing the mask over a 2D flake was typically done using a
small amount of vacuum grease or Kapton tape. Great care and exploration of a reliable
method is necessary as sometimes the membrane is too far from the sample and causes large
shadows while other times the membrane may touch the flake or even break onto the flake
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creating a mess.
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Figure 1.14: (a-b) Silicon nitride membranes surrounded by silicon/SiO2 with etched shadow
mask holes. Shadow masks were fabricated by Frank Zhao of Philip Kim’s group at Harvard
University.

1.9

The Right STM for the Experiment
As previously mentioned, my trajectory of STM research involved using any instrument

available for each experiment, repairing, troubleshooting or modifying each as necessary for
each work. I will briefly discuss the STMs used in this work, highlighting their individual
benefits towards the experiments they were used in. Of the five STMs used in this thesis,
shown in Figure 1.1, three were usually operated at liquid helium or nitrogen temperature:
an Omicron LT and two home-built STMs with variable temperature cryostats. As they
were made for cryogenic measurements, they were very stable for long periods of time, one
of the home-built STMs having cryogen hold times of over three days. These three STMs
were used for the semiconducting transition metal dichalcogenide defect and local charge
density wave studies in this thesis, being perfect for low temperature bulk measurements.
For their low temperature stability, they suffer from small ports in their radiation shields
and long working distances for view of the tip/sample outside of the chamber as will be
discussed in the challenges of 2D STM and landing on a 2D sample sections. This inhibits
the ability to see the sample as the long working distance and limited lighting limits the
optical resolution. Despite this, the two home-built STMs were made with significantly
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shorter working distances than the Omicron LT and one of these was used for the magic
angle twisted bilayer graphene and double twisted bilayer graphene works, combating the
optical limitations as explained in the later sections of this chapter. A dilution fridge STM
measurement would suffer even more in this aspect as there are no view ports into the
dilution fridge which can achieve mK temperatures (a tradeoff between temperature and
optical view). Such an STM is not used in this work but would be very insightful towards
systems like twisted graphene as the lower temperature allows access to the superconducting
states. Future works should focus on measuring these systems at mK temperatures, a fun yet
daunting experimental challenge. A few groups have already made headway into scanning
exfoliated samples in dilution fridges[49].
An Omicron VT operating at room temperature was used for the monolayer MoS2 metal heterojunction work. This STM is very robust and can scan huge areas nicely. The
room temperature measurement allows much better optical view as the sample can be
flooded with light and more view ports can be implemented. When low temperature is not
required, this compromise can be made for more efficient experiments (and to combat time
limitations on low temperature instruments), although the STM measurements could still
benefit from the stability and enhanced energy resolution of a low temperature tunneling.
The final STM used in this thesis is a liquid nitrogen/room temperature system with a built
in scanning electron microscope (SEM) viewing the tip-sample area and four independently
controlled tips, used for the p-n graphene junction work at room temperature. The use of
this STM was thanks to a collaboration with Frances Ross formerly at IBM and now at MIT the STM/SEM system belongs to her group. The added SEM makes approaching exfoliated
samples trivial as will be discussed later. Although the SEM is very useful for this reason,
the SEM and SEM detectors require large openings in the radiation shields making low
temperature measurements more difficult although still doable (making the shields close well
and not allow room temperature radiation is always a challenge the larger the viewports).
Additionally, the SEM electronics can cause electronic noise in the STM measurement so one
must carefully setup everything and decouple the SEM electronics from the STM. The SEM
is also tough to manually service, often requiring an electron microscopy expert (Frances
Ross is a world expert in electron microscopy – maintenance without her team would have
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been very difficult for an STM group). The four-probe capability adds additional benefits
– it can be used to forgo contacts and for instance contact flakes/electrodes directly with
the STM probes. The probes take extra space and electronics, however, which is again
something to be careful with due to temperature and noise considerations. This STM was
still able to perform excellent measurements although I did not have the chance to work
with it at liquid nitrogen or lower temperatures.
Generally, there is a trade off between added features for better optics/alternate functionality and low temperature stability in these examples. Room temperature measurements
are sufficient for many experiments and often even the only option for samples that conduct
poorly at cryogenic temperatures – in those cases, the added capabilities can be very beneficial and experiments need-not be made unnecessarily difficult at low temperatures. In
other cases such as magic angle twisted bilayer graphene, the low temperature ultra-stable
measurement is essential to achieving the correlated physics regime and measure features
with sub-mV energy resolution. One can always attempt to combat any of these challenges
with any type of system and will likely succeed with hard work.

1.10

Landing an STM Tip on a 2D Sample

Landing the STM tip on a 2D sample is one of the bigger challenges of STM on
exfoliated flakes. For bulk or monolayer films, it is easy (provided sufficient conductivity
and good contact) as large area coverage allows for certainty that there is a sample beneath
the STM tip. For exfoliated flakes, however, it is very difficult – approaching the STM
tip into a nonconducting surface destroys the tip and sometimes also the sample. Another
attempt at landing (if the sample is not destroyed) can take several hours to days as the tip
needs to be freshly prepared and temperatures need to stabilize again (if a low temperature
measurement is being conducted).
The main difficulty arises from poor optical view of the tip-sample positioning which
lies in the UHV chamber. An example of one of the setups used to optically view the tip and
sample is shown in Figure 1.15. The main limitations arise from the large working distance
which limits optical resolution and poor lighting as low temperature STMs are shielded in
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STM
Camera
Figure 1.15: Image of the optical setup used to view samples in the twisted bilayer graphene
work. The camera and lens (outside of the UHV chamber) are pointed through a viewport
into the UHV chamber towards the STM which is inside of thermal radiation shields within
the UHV chamber.
radiation shields with minimized open ports used to get light in. With the rising interest
of STM on very small samples, current and future STM designs can minimize the working
distance and create closeable radiation shield openings that maximize the amount of light
that can get in (although this is a tradeoff as being able to close these ports with no light
leakage is essential for low temperature and efficient coolant use).
Even with things as they stand, it is possible to successfully measure an exfoliated
sample without crashing the STM tip by missing the flake (too many times). Larger optical
markers can be used to provide geometric lines that are visible in the STM optics by which
one can aim the STM tip. This was the main approach taken in the work in this thesis.
Two example sample optical microscope and STM camera images are shown in Figure
1.16. The first set is with a shadow mask contact created using the razor blade method
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Figure 1.16: Two example optical images of the tip/exfoliated sample within the UHV
chamber as well as optical microscope images of the samples outside of the UHV chamber.
(a) A sample with razor-blade shadow mask contact, much more difficult navigate with the
poor STM optics. (b) A sample with carefully placed indium contacts and markers making
it much easier to navigate the STM tip onto the sample. Optical images were taken with a
cheap $1000 lens with 20-50 µm resolution at the working distance of the STM
previously discussed. It is clear from the STM camera images that locating the 2D flake
is nearly impossible (although we did actually manage to measure this sample with some
careful geometric aiming and luck). The second set of images using indium contacts is much
more promising as there are clear pointers towards the sample, even though the sample is
not visible. With careful placement of the indium markers and contacts, a success rate of
greater than 90% was achieved for successfully approaching these samples. Additionally,
the camera and lens used can be optimized, for instance using the K2 Infinity Optics lens
which with proper lighting can see flakes bigger than 10µm although faintly as shown in
Figure 1.17. It should be noted also that images in Figure 1.17 and 1.16 are on top of
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Figure 1.17: Example of the STM/sample optics using an Infinity Optics K2 lens featuring
5-10 µm resolution at the working distance of the STM. (right) Optical images of the device
shown in the STM optics image on the (left). A nice lens can make sample navigation easier
(as compared to 1.16) but may require significant time to aim, focus and optimize.
polymer which decreases contrast with exfoliated flakes as compared to SiO2 . Even when
the tip successfully is landed on the sample, however, it can be rather random where on a 10
x 10 µm area one lands, as the atomic scale tip apex is rarely optically visible and may be
bent to a side. As a remedy for this, once the STM tip is on the surface of the target flake,
if the sample is mounted flat, the course piezo walkers of the STM can be used to explore
different regions of the flake and attempt to find target regions. It is crucial to trigger an
oscilloscope measuring your tunneling current when moving close to a sample to ensure the
tip is not crashing on moving the tip which can obliterate the 2D flake, ramming straight
through it. This is why it was mentioned earlier that reliable course piezoelectric motors
are crucial.
Another trick that can be used to successfully locate 2D flakes is capacitive mapping
of the contacts and sample region with the STM tip [57]. By getting the tip several microns
from the sample surface and measuring the tip sample capacitance as a function of position,
conductive areas of the sample can be mapped without touching the sample. Some opti-
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Figure 1.18: SEM images of two graphene p-n junction samples within the UHV 4-probe
STM used for that work (chapter 7). The SEM allows sub µm scale resolution allowing
easy positioning of the STM tip onto exfoliated heterostructures. The 4 probes allow direct
electrical contact to the flakes removing the necessity for contacts. As outlined in the text
though, the SEM capability has some drawbacks. This image was taken by Xiaodong Zhou,
now a Professor at Fudan University. The STM/SEM system belongs to Frances Ross, a
Professor at MIT.
mizations can be taken, for instance applying out of phase oscillations between the contacts
and back gate to get enhanced contrast of the sample and contacts. This method is rather
tricky, however, as the STM internal wires provide a great deal of capacitance themselves
and the desired signal is small. The tip-sample distance needs to be several microns or
smaller which risks colliding with the sample or the contacts. For this reason, the indium
contact method is non-ideal as the indium contacts are much taller than evaporated contacts such as by shadow mask which could be as thin as several nanometers. For capacitive
mapping, shadow mask contacts are much more promising. Although some preliminary
promising results were obtained by this method during the course of this thesis, I did not
manage to reliably optimize it, partially due to the choice of using the taller indium contacts.
An STM equipped with an SEM like the one mentioned at the end of the STM basics
section can make approaching on a 2D flake trivial although one will have to battle for
stable liquid helium temperatures without drift. An SEM image of one of the graphene
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p-n junction samples (discussed later in this thesis) within the STM is shown in Figure
1.18. With very sharp electrochemically etched tips as can be seen in the Figure, one can
directly land the STM tip on the 2D flake without problem, even positioning the tip on
a specific area. As mentioned earlier, some extra challenges come with this (temperature,
noise), which can likely be solved with some effort.

Figure 1.19: (a) Optical images of the STM tip over a MoTe2 crystal (black shiny object),
glued down with silver epoxy. (b-c) Different wavelength lasers used to enable low temperature measurement. No difference was seen between wavelengths used as both are far above
the band gap energy of MoTe2 .

1.11

STM on Poorly Conducting Materials: Lasers

STM suffers from the inherent limitation that it needs samples to be conducting enough
to get the electrons out of the sample for the current measurement that is essential to all
STM functionality. Even if one can tunnel electrons above the gap of the material, they
need to get out. If a sample has a resistance in the tens of megaohms (the tunneling
junction resistance is in the gigaohms), it is unlikely that an STM measurement can be
performed as the tip will end up pressing into the surface to achieve the desired current
(when even a slightly higher resistance region occurs). Some samples are on the border
of being conductive enough to measure with STM. An example is semiconducting MoTe2
and MoSe2 at 13.3 Kelvin which is measured in this thesis[45]. For that work, initially
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the measurement was attempted a number of times leading to the tip digging several holes
into the bulk crystals. When optically viewing the tip and sample in the crashed position,
however, light was let into the STM and we observed a current. Hence, we tried performing
the STM measurement with light on the sample and were able to establish a stable tunneling
current and measure the samples. We further optimized this method by shining a laser at
the sample continuously for the STM measurement as shown in Figure 1.19. Although the
precise mechanisms by which this works are not fully understood yet, it is likely that the
shining light at energies above the band gap of the material constantly excites a number
of carriers in the previously frozen out semiconductor system. The tunneled electrons can
then be measured using the photo-excited electrons as a path out of the sample. Based
on comparisons to 77 Kelvin measurements with no laser light, we do not think that this
method significantly modifies the system although some photodoping will likely be present
at larger laser intensities. Back-of-the-envelope calculations show that for small incident
power (about 1 mW per mm2 ), the photo-doping is several orders of magnitude lower than
the intrinsic carrier density of the MoTe2 measured in this work via this means: a 1 mW
laser focused on 1 mm is about 103 J/(s · m2 ). Taking an upper estimate of a carrier lifetime
being in a nanosecond leads to ≈ 10−6 J/m2 which in turn would excite on the order of
108 carriers/cm2 (an upper estimate as the spot size we will use is actually larger, about 2
mm2 , and a nanosecond lifetime is the highest reported for the most clean crystals). This
is a very low doping, especially in a bulk 2D material but even for a monolayer, showing
the capability for this method to study monolayer poorly conducting 2D materials without
significant photodoping. This so-called method of photo-assisted STM could be very useful
in scanning other materials that are on the verge of conduction at low temperature, or
even samples such as perovskites or synthesized superatoms which are often not conducting
enough even at room temperature. Additionally, this opens a platform for novel experiments
by for instance varying the frequency and polarization of light or by using ultrafast pulses
as will be briefly discussed in the following section.
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Optics Coupled STM

There is potential beyond photo-assisted STM in coupling light to the STM measurement. Firstly, it would be insightful to study the dependence on the frequency of light
used for the photo-assisted STM, especially in semiconductors such as MoTe2 where one
could imagine exciting the smaller indirect bandgap (with defect assisted excitations) or
the larger direct bandgap selectively. How the STS and STM measurement is affected by
exciting different bands remains an open question to be investigated. Alternatively, for
example in materials with spin split valleys such as MoTe2 , one can imagine exciting different valleys with polarized light. Another idea is to create a pattern of light, for instance
with a diffraction grating, which would create periodic potentials within the sample being
measured.
From the back of the envelope calculation in the previous section, it is clear that one
can also excite a whole lot more carriers with a more powerful and more focused laser. By
focusing down two orders of magnitude and increasing the laser intensity by two orders of
magnitude, one could have higher than 1014 carriers /cm2 , a very large doping that could
lead to exciton condensates and other states of matter.
Beyond constant excitation measurements, pulse probe ultrafast measurements also
have great potential with a number of groups already exploring this avenue. One could
study all sorts of itinerant phases of matter spectroscopically if the laser pulse can be timed
with the spectroscopic measurement. These measurements could be very exciting in systems
such as transient superconductors[58, 59] which are to date not well understood and the
superconductivity thereof is debated[60] as only optical signatures have been observed.
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Chapter 2

Magic Angle Twisted Bilayer
Graphene
2.1

Introduction: Twisted van der Waals Systems
The electronic properties of heterostructures of atomically-thin van der Waals (vdW)

crystals can be modified substantially by creating moiré superlattice potentials which induce
totally different structural and electronic properties than the base materials. moiré-tuning of
the band structure by means of twist has led to the recent discovery of superconductivity[37,
38] and correlated insulating[30] phases in twisted bilayer graphene (tBG) near the so-called
“magic angle” of about 1.1◦ , with a phase diagram reminiscent of high Tc superconductors.
Twisted double bilayer graphene (tDBG) has also emerged with rich correlated physics including correlated insulating and superconducting states[61, 62] which can further be modified with electric field providing an additional tuning knob, and beyond this, the insulator
is spin polarized and the superconductivity may be in proximity to ferromagnetism, key differences from tBG. ABC-trilayer graphene aligned to hBN (ABC-tLG/hBN) has emerged
as yet another system with correlated insulating and superconducting states[63, 64], and
it is rumored that twisted WSe2 may have correlated insulating and potentially superconducting states as well. All of these measurements have been with transport, a macroscopic
probe. STM is the perfect tool to investigate the local structural and low-energy electronic
properties of each of these systems, and from this perspective, investigate the similarities
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and differences which lead to correlated physics via moiré potentials and/or ultra-flat bands.
Indeed many critics to this field point out that transition temperatures are extremely low
(at most a few Kelvin in each) questioning the novelty and hype of the field. The emergence
of all of these flavors of correlated physics in 2D moiré systems is exciting as it provides
a new platform for the study of correlated physics from a totally different realization with
simple atomic structures, mostly purely carbon based. A comprehensive understanding
of moiré physics and the origin of these correlated states could provide insights into the
long-standing problem of superconductivity. Beyond the similarity to unconventional superconductors (correlated insulators at integer fillings and superconductivity in proximity),
these are totally new platforms with easily tunable band structure and correlations by means
of a power supply supplying a gate voltage. As an experimentalist, such systems where you
can tune flat band physics with a knob are rare and truly a treat to measure and study (I
was extremely lucky to have this fall into my lap, having done 2D STM since 2015). From
all of these points of view, it is certainly worth-while investigating these systems until we
have a more complete picture of the underlying physics.
In this chapter and the next, we will use gate-dependent scanning tunneling microscopy
and spectroscopy (STM/STS) towards providing a better understanding of twisted van der
Waals heterostructures via direct measurements of atomic-scale structural and spectroscopic
properties. We will primarily look angle- and gate-dependent results in tBG around the
magic angle followed by twisted double bilayer graphene (tDBG) at small angles. As we
will see, the two systems are similar in a number of ways but also remarkably different
– tBG and tDBG host fundamentally different moiré’s which STM can directly visualize.
In tBG, electrons localize on the so-called AA sites where the carbon atoms of the two
layers are perfectly aligned. At the magic angle, we show that the electronic correlations
are maximized thanks to an optimal moiré wavelength and band width at the AA sites.
On the other hand, in a tDBG moiré, stable rhombohedral (ABCA) graphene domains are
formed which are absent in tBG. The band structure, as seen also in transport, is highly
susceptible to electric field which is not the case in tBG[38]. These ABCA domains host
even flatter bands than those of MAtBG and ABC-tLG where when coupled with hBN,
correlated insulating and superconducting states emerge[63, 64]. These ABCA domains
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additionally exhibit an unreported correlated ordered state (in the absence of any hBN
moiré) at neutrality with a phase transition above 5.7 Kelvin in temperature. Further
measurements of four layer rhombohedral stacked graphene via transport will reveal the
nature of this correlated state. Coupling this four layer system to a boron nitride moiré
may lead to higher critical temperatures than MAtBG and ABC-tLG/hBN thanks to this
additional flatness of the band.
For this chapter, we focus on the pioneering system of MAtBG where a lack of detailed understanding of the electronic spectrum and the atomic-scale influence of the moiré
pattern had (up to our work[45]) precluded a coherent theoretical understanding of the correlated states. We directly map the atomic-scale structural and electronic properties of tBG
near the magic angle using scanning tunneling microscopy and spectroscopy (STM/STS).
Contrary to previous understandings (which predicted two flat bands with a several meV
separation in the system), we observe two distinct van Hove singularities (vHs) in the local
density of states (LDOS) around the magic angle, with a doping-dependent separation of
40-57 meV. These vHs’s are the flat bands of the system, significantly more separated than
expected. We find that the vHs separation decreases through the magic angle with a lowest
measured value of 7-13 meV at 0.79◦ . When doped near half moiré band filling where the
correlated insulating state emerges, a correlation-induced gap splits the conduction vHs
with a maximum size of 6.5 meV at 1.15◦ , dropping to 4 meV at 0.79◦ . We find that
more crucial to the magic angle than the vHs separation is that the ratio of the Coulomb
interaction (U) to the bandwidth (t) of each individual vHs is maximized (as opposed to
the proximity of the individual vHs’s), suggesting a Cooper-like pairing mechanism based
on electron-electron interactions. This also establishes that MAtBG is to be understood
in a single vHs picture. The doping and angle dependent spectroscopy are captured by
a Hartree-Fock model allowing us to extract values for on-site (U) and nearest neighbor
(V1 ) Coulomb interactions, yielding a U/t of order unity, alluding to moderate correlations.
Spectroscopy maps show that three-fold (C3) rotational symmetry of the LDOS is broken in
MAtBG, with an anisotropy that is strongest near the Fermi level, and is highly enhanced
when the doping is in the vicinity of the correlated gap. These facts indicate the presence
of a strong electronic nematic susceptibility or even nematic order in tBG in regions of the

CHAPTER 2. MAGIC ANGLE TWISTED BILAYER GRAPHENE

49

phase diagram where superconductivity is observed.
I greatly thank Leo McGilly for sample fabrication that led to these results. This
was a fast moving, high pressure project with a lot of stress so samples were cycled fast.
I also thank Lede Xian, Dante Kennes and Angel Rubio who have been pivotal towards
understanding these results with theoretical modeling.

2.2

Magic Angle Bilayer Graphene
Van der Waals heterostructures comprising of two monolayers with a slight rotation

yield a structural moiré superlattice which often induces entirely new electronic properties[65,
66, 67]. The superlattice has a period determined geometrically by the difference in lattice
vectors and has structural distortions in each layer to minimize the overall free energy of
the system. The hopping between layers further modifies the band structure of the bilayer.
In recent years, twisted bilayers have been produced by growth[47], mechanical stacking of
monolayers[68] and even by controllable rotation[69]. In the case of graphene, the twisted
bilayer yields two copies of the Dirac band structure which cross above and below the Dirac
point[65]. Hybridization between the layers creates two additional vHs’s at these crossing
points[47, 70, 71, 48, 40, 72, 73]. A continuum model analysis[74] of the band structure
of tBG predicted that at a magic angle near 1.1◦ the hybridization between the layers
would push the energy of the vHs’s to the Dirac point while flattening their bandwidth,
thus creating an entire two-dimensional region in momentum space where the states have
virtually no dispersion. The low energy physics of the electrons would then be largely determined by the Coulomb interaction and lead to the possibility of new emergent many-body
ground states[66]. Indeed, recent transport measurements have shown the presence of both
superconducting[37, 38] and insulating states[30] at these conditions. The phase diagram
is reminiscent of unconventional superconductors, but in a two-dimensional, gate-tunable
material with simple chemistry. For cuprates, to traverse the phase diagram, one has to
grow samples with different dopings – in the case of magic angle tBG, the phase diagram is
traversed within a single sample with electrostatic gating, allowing much more controlled,
continuous experiments. These exciting new developments indicate that small angle twisted
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bilayers are new model systems in condensed matter physics where control over bandwidth
and interactions can be achieved using simple experimental knobs, paving a new avenue
that could hold insights into unconventional superconductivity.
Despite rapid developments, the precise experimental atomic and electronic structure
of tBG had yet to be elucidated up to this work. This has posed a great challenge for
theoretical modeling of tBG – in particular, theory is not yet able to identify the origin
of the correlated insulating phases, or whether the superconducting pairing is mediated
by electronic interactions. Recent experiments have shown the importance of atomic rearrangements at small twist angles, but their effect on electronic structure is yet to be
determined[72, 75, 76]. While the presence of insulating behavior in the phase diagram is
possibly a many-body effect in tBG[77, 78, 79, 80, 81, 82, 83, 84], direct doping dependent
spectroscopic measurements showing, for instance, the excitation spectrum near the correlated states or the spatially-resolved properties of the electronic spectrum have not been
reported. Thus, it is important to have direct simultaneous measurements of the atomic
structure and the low-energy electronic structure in tBG for which STM/STS is an ideal
spectroscopic tool. In this chapter, we present such direct measurements of the local angleand doping-dependent atomic scale-structure and LDOS of near-magic angle tBG on hBN
directly measured using STM/STS at 5.7K in a home built UHV-STM. To fully explore this
problem, it is necessary to study tBG samples near the magic angle on homogeneous, insulating substrates with control over electrostatic doping. While previous STM works have
explored tBG, measurements were either performed on angles that are far from the magic
angle[47, 72, 76], or on conducting substrates where electrostatic doping is not possible and
the Coulomb interaction is screened[70, 40, 73]. This is the first work directly measuring
gate and angle dependent spectroscopy around the magic angle.

2.3

Sample Fabrication and Measurement Details
Our fabrication of tBG samples follows the established “tearing” method[30, 37], using

PPC as a polymer to sequentially pick up hBN, half of a piece of graphene followed by the
second half with a twist angle. This structure is flipped over and placed on an Si/SiO2
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Figure 2.1: (a) Optical images of one of eight samples measured. Dashed lines highlight
the layers of hBN and the two twisted monolayers of graphene. The top is mid fabrication
immediately after stacking while the bottom is the final structure contacted with Field’s
metal. (b) Schematic of sample structure being measured. (c) Schematics of a real space
moiré pattern interchanging between AA, AB/BA and SP stacking.
chip. Directly contact is made to the tBG via µsoldering with Field’s metal[56], keeping
temperatures below 80 C during the entire process to minimize the chance of layers rotating
back to Bernal stacking which happens on annealing the structures. This is the method
of choice for fabrication in this chapter based on the various considerations and options
reviewed in chapter 1. An optical image of a typical sample is shown in figure 2.1a and a
schematic in figure 2.1b.
Due to the PPC in the structure, the gate is naturally different than a pure SiO2 BN
gate. To correctly calibrate the gate doping effect, we fabricated a parallel plate capacitor
of a gold electrode atop PPC sitting on an SiO2 , Si chip and measure the capacitance at
5.7 Kelvin. This gives reliable estimates for the doping density as a function of the gate
voltage.
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Figure 2.2: (a) The stacking structure of a tBG moiré exhibiting AA, AB/BA and SP
stacking sites. (b-c) How to derive the stacking structure with simple pictorial arguments.
An interlayer twist leads to spatial evolution of the two layer lattice alignment. Starting
with an AA stacking arrangement, one can translate the top layer in each principle direction
to obtain alternating AB/BA domains (equivalent but asymmetric, unlike what will be seen
in tDBG. Translating further in the principle directions will lead through an SP wall, into
an alternate BA/AB domain and return to an AA stacking. Translating 30 degrees from
the principle directions leads to the unnatural SP stacking sites.

2.4

Structural Properties
Figure 2.2 shows the structure of a tBG moiré and how it can be obtained by considering

the atomic stacking arrangements. Within a moiré unit cell, for tBG, the stacking arrangement between the two layers displays regions of AA, AB/BA (Bernal) and SP (saddle-point)
stacking[72, 75, 76]. One can derive this pictorially easily by starting with perfectly stacked
AA graphene and displacing the top layer (which is what happens spatially when a twist
is introduced), in each of the principle directions. A side view and top view is shown in
the figure showing the alternating AB/BA domains originating from the AA stacking with
displacement in each direction. If you continue translating the mismatch, you will cross an
SP wall, alternate BA/AB domain and return to AA stacking. It is easy to also see that
the directions 30 degrees to the principle directions will produce unnatural stacking, the SP
stackings. Understanding these arguments will be important in the next chapter regarding
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tDBG as the same arguments lead to a fundamentally different moiré structure. Figure
2.1c shows the structure of a tBG moiré at tiny versus intermediate angles – as the angle
shrinks, the AB/BA domains enlarge, known as the atomic reconstruction effect.
300pm
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Figure 2.3: (a-c) Atomic resolution STM topographies on 2.02◦ , 1.10◦ and 0.79◦ tBG samples. Topographies were taken at 1V, 50pA, 0.5V, 30pA and 0.5V, 50pA respectively.
Figure 2.3a-c show typical atomic resolution topographic images of tBG at various
small angles as indicated. The bright regions in the STM topographies have been shown
in previous STM measurements to be the AA stacking sites of the tBG, while the dark
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Figure 2.4: (a-c) Normalized spatial height profiles of the AA to second nearest AA, as
delineated in the cartoon, for the three twist angles shown in figure 2.3a-c
regions are the AB/BA regions with the atomic alignment evolving accordingly. There is
no signature of a tBG-hBN moiré pattern in these images. This is because we intentionally
made the angle between the hBN and the tBG large to minimize the interaction between
the two (shown to change the electronic properties of graphene[85]). The angle between the
graphene layers can be identified by a direct measurement of the moiré periods. When the
two graphene lattices have no strain present, a single moiré period exists in the material.
In all of our samples as well as in previous samples studied by STM, a small amount of
strain is present in one of the layers which arises at some point of the fabrication process
causing the moiré period along the two principal directions of the moiré lattice to be slightly
different. We use a more comprehensive model, as described in the next section, that
accurately extracts the twist angle and the strain and find that the uniaxial heterostrain in
our samples varies between 0.1% and 0.7%. Variability in strain and twist angle are likely
culprits of variable insulating and superconducting Tc in transport samples even within one
device between different pairs of contacts[38]. More information can be found regarding
this sample disorder in the later section on samples and disorder.
One important structural consideration in tBG is the nature of the SP region that forms
the interface between the AB and BA regions (see figure 2.1). At large twist angles (>4◦ ),
the structure evolves smoothly from a AB to BA region as seen in previous experiments[47].
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Figure 2.5: (a) Height profiles of 1.10◦ tBG moirés at two STM biases and one different
location. (b) Normalized height profiles of figure 2.5a.
At very small angles (<0.5◦ ) on the other hand, the material prefers to maximize the regions
of AB and BA stacking, producing domain walls at the SP regions[76]. Angles near the
magic angle are an interesting intermediate regime between these two extremes. Indeed,
it is seen by eye that domain-wall like lines are to some degree visible in all three small
angles presented in figure 2.3(a-c). To compare the SP atomic structure as a function
of angle, figure 2.4 shows normalized height profiles along the next nearest neighbor AA
direction (dotted line in the schematic in figure 2.4) for each of the three angles in figures
2.3(a-c). The height profiles allow us to compare the extents of AA, AB and SP regions
directly. We find that atomic rearrangements in the SP region are important at all of these
small angles including 1.10◦ , though they become especially prominent below 1◦ , where
the line profile shows an extended flat region of AB and BA stacking. This is critical to
theoretical descriptions of tBG, for example as recent works suggest that below 1.10◦ , this
reconstruction suppresses other magic angles[86].
In making these direct comparisons of normalized measured STM height profiles, it
is important to consider the tip/sample bias effects. STM topographic height receives
contributions both from actual height variations in the sample as well as the integrated local
density of states variations. We find that at bias setpoints at 0.5 V or larger (above the main
features of the LDOS), the normalized height profiles across the sample are independent
of bias. Figure 2.5a shows the unnormalized height profiles at two different setpoints and
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one different area of our 1.10◦ sample. There is a clear difference in absolute heights, but
when normalized to the maximum height contrast between the AA and AB regions, the
data collapse onto a single curve as shown in Figure 2.5b.

2.5

A Comprehensive Model for Moiré Wavelengths with
Twist and Heterostrain
In general, one or both of the graphene lattices that make up the twisted bilayer

can be under strain that is produced during the fabrication process. To determine our
twist angles and strain in this thesis, we model this effect. Strain that is common to
both lattices is termed homostrain, while a differential strain between the two lattices
is called heterostrain. The presence of homostrain of a certain percentage results in a
change of the moiré wavelength by the same percentage along the homostrain direction
(they cannot produce very large differences in moiré wavelength). Given the typical subpercent strains observed in experiment, the effect of homostrain on moiré wavelengths are
therefore neglected. Heterostrain on the other hand has a significant impact on the moiré
wavelengths. In what follows, we consider the effect of uniaxial heterostrain on the moiré
lattice, which we find fits all of the experimental data obtained so far. We first formulate
the moiré pattern for the unstrained case. Let k1 , k2 , and k3 be the reciprocal wavevectors
of one lattice with k1 aligned along the kx axis such that:


k1 = 

k
0





 , k2 = 

cos(60)k
sin(60)k





 , k3 = 

cos(120)k



 and k = √4π
3a0
sin(120)k

(2.1)

This lattice is shown on the left side of Figure S1a. Next we create a second lattice at
a small twist angle θ as shown in the center of Figure S1a.


k01 = R (θ T ) k1 , k02 = R (θ T ) k2 , k03 = R (θ T ) k3 and R (θ T ) = 

cos (θT ) − sin (θT )
sin (θT )

cos (θT )




(2.2)
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The moiré wavevectors are the differences between the rotated wavevectors and the
nonrotated wavevectors as can be seen on the right side of Figure 2.6a. Thus

K 1 = k01 − k1 = 

k2

k’3

k1

k’2

θ

θ

θ

θ

k3

−k sin (θT )

1/(1-δ
ε)

k3S

1/(1

+ε)

K
k’2 M2
k2

KM3 k
3
k’3
θ

θ

θ

KM3S k
3S
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Figure 2.6: (a) Typical unstrained reciprocal space moiré picture – one layer is rotated
with respect to the other producing a new periodicity characterized by the wavevectors
connecting the individual layers’ reciprocal lattice vectors. (b) Uniaxial strain is applied to
one layer slightly modifying the moiré wavelengths.
With some algebra one can find that:

2

2

2

2

2

|K1 | = 2k − 2k (cos (θT )) = 4k sin



θT
2




or |K1 | = 2k sin

θT
2


(2.4)

Which can be Fourier transformed back to recover the well-known real space moiré
vector formula of:
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a0
 
2 sin θ2T

(2.5)

Next, we consider uniaxial heterostrain on one layer in reciprocal space. To apply
strain to one layer in the kx direction, we simply apply a strain matrix to one of the two
lattice vectors (we choose the unrotated lattice for simplicity)

E() = 

1
1+

0

0

1
1−δ


(2.6)



Where  is the strain percentage and δ is the Poisson ratio of the material (estimated
around 0.16 for graphene). If instead of the kx direction, the strain is applied at an arbitrary
angle θs to the x axis, this can be achieved by the matrix


S (θ s , ) = R (−θs ) E()R (θ s ) = 

cos (θs )

sin (θs )

− sin (θs ) cos (θs )




1
1+

0

0

1
1−δ




cos (θs ) − sin (θs )
sin (θs )

cos (θs )
(2.7)

This is represented in Figure 2.6b.
We now consider the moiré wavelengths for two lattices – one of which is oriented along
the kx direction and strained by percentage  at an angle θs to the kx axis, and the other
is rotated at angle θT relative to the first but is unstrained.

ks1 = S(θs , )k1 , ks2 = S(θs , )k2 , ks3 = S(θs , )k3

(2.8)

k01 = R(θT )k1 , k02 = R(θT )k2 , k03 = R(θT )k3

(2.9)

In this case, the moiré reciprocal wavelengths are different but can be found as in the
strainless case, just treating each set individually as represented in Figure 2.6b

K 1s = k01 − k1s ,

K 2s = k02 − k2s ,

K 3s = k03 − k3s

(2.10)

Finally, Fourier transforming back recovers the real space moiré wavelengths in each of
the 3 directions
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(2.11)

In the experiment, we start with the moiré wavelengths which are measured in real
space. We numerically solve for the three unknown parameters θT , θs and  that best fit to
the three measured moiré wavelengths.
As an example, of the two samples near magic angle presented in this work, one had
wavelengths of 13.72 nm, 12.7 nm and 10.18 nm. Running a numerical fit which generates
|M1 |,|M2 |and|M3 | and with optimization parameters of θT , θs and  using the derived relations, we can find the precise combination of parameters which produces the experimental
conditions. For this case, the numerical fit gives θT =1.152◦ , θs =25.5◦ , and =0.68% with
|M1p |=13.72,|M2p |=12.70 and |M3p |=10.18.
For the second magic angle sample, the wavelengths were 14.50, 13.20, and 10.84 nm
and the numerical fit gives θT =1.095◦ , θs =27◦ , =0.61% with |M1p |=14.50 nm, |M2p |=13.20
nm and |M3p |=10.84 nm.
We can also derive the area of the unit cells formed by these moiré wavelengths to
compare to angles derived in transport which do not know of the degree of local strain.
The first example above would geometrically yield a triangle of area 61.7 nm2 . Without
knowledge of strain, one would then assume this is an equilateral triangle and deduce a
mean moiré wavelength of 11.93 nm which would lead to an assumed twist angle of 1.18◦ .
For the second case, a similar treatment leads to a wavelength of 12.34 nm and an angle
of 1.12◦ , both very similar to the numbers obtained by our numerical model, however less
accurate due to the lack of strain corrections. Variability in strain in transport samples can
cause deceiving twist angles (measured by moiré cell filling) and thus variable results for a
single interpreted “angle”. Indeed, it was recently found that superconducting samples at
the ”magic angle” could have as high as 0.1◦ variability[87] and still superconduct.
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Figure 2.7: (a) STS LDOS at zero external doping on moiré AA sites of 3.48◦ , 2.02◦ , 1.59◦ ,
1.10◦ and 0.79◦ , normalized to the maximum value for each curve and vertically offset for
clarity. Arrows show several prominent features consistent at all angles – the van Hove
singularities (black arrows), the first dips (purple arrows) and a second smaller peak (green
arrows) previously observed. With decreasing twist angle all features shift towards the
Fermi level. (b) Tight-binding calculations of the LDOS at the measured angles down to
1.10◦ . (c) STS LDOS on AA versus AB sites in 1.10◦ tBG.

2.6

Minimized Bandwidth and Maximized Correlations at
the Magic Angle
Figure 2.7a shows STS measurements of the LDOS on the AA stacked regions for

a series of twist angles, starting from 3.49◦ to 0.79◦ . Each of these measurements have
been obtained at zero external doping of the tBG and shows a filled and an unfilled vHs
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Figure 2.8: (a) Experimental versus tight-binding vHs separation as a function of twist
angle. (b) Experimental conduction and valence vHs half-widths versus tight-binding halfwidths as a function of twist angle. (b) STS LDOS on AA versus AB sites in 1.10◦ tBG. (c)
High energy resolution zoom-in of STS LDOS on 1.15◦ and 0.79◦ AA sites. Measurements
are taken in closed loop at 100 meV and 50 pA setpoint with a 0.5 meV and 1 meV
oscillation. Uncertainty in (a) and (b) is derived by the sum of squares of the lock-in
oscillation used to identify features (0.5 meV for near magic angle, 1 meV for 0.79◦ and 10
meV for 1.5◦ and above)
that we term the valence and conduction vHs. The black arrows denote the vHs’s as they
shift in energy towards the Dirac point with decreasing twist angle (with other features
similarly shifting) as predicted and previously shown[47] (figure 2.8a shows vHs separation
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as a function of angle). At the angle where superconductivity has previously been observed
(1.10◦ ), we still clearly see two distinct peaks in the LDOS with a separation of about 57±2
meV. At the smallest angle of 0.79◦ studied here, we see that the vHs’s have nearly merged
into one peak with a separation of 13±2 meV. Consistent with previous findings, figure 2.7c
shows the localization of the flat bands on AA sites vs Bernal AB/BA sites.
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Figure 2.9: (a-b) Tight-binding calculations for tBG LDOS using DFT-LDA (a) and experimental (b) monolayer graphene Vf for various twist angles in this study. (c) A comparison
of the vHs separations obtained with the two methods vs the STS measurement.
We can compare our experimental spectra to tight-binding calculations. Calculations
were performed by Lede Xian and Angel Rubio at the Max Planck Institute in Hamburg.
The basics of the calculation are as follows: We begin with a tight-binding Hamiltonian[88]
P
H = i,j tij |iihj| where tij is the hopping parameter between pz orbitals at the two lattice
sites ri and rj of the following form:

 

 

|r i − r j |
|r i − r j |
+ n2 γ1 exp λ2 1 −
tij = 1 − n2 γ0 exp λ1 1 −
a
c

(2.12)

where a=1.412 Å is the in plane C-C bond length, c=3.36 Å is the interlayer separation,
n is the direction cosine of ri -rj along the out of plane axis (z-axis), γ0 (γ1 ) is the intralayer
(interlayer) hopping parameter, and λ1 (λ2 ) is the intralayer (interlayer) decay constant.
This tight-binding model has been shown to reproduce the low-energy structure of TBG
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calculated by local density functional theory (DFT) calculations with the following value
for the parameters: γ0 = −2.7eV , γ1 = 0.48eV , λ1 = 3.15 and λ2 = 7.50.
The results of these calculations are plotted in figure 2.7b for angles 1.10◦ and larger and
show a good match to experiment for the vHs energies as seen in figure 2.8a. We note that
our tight-binding calculations differ from previous ones[73, 88], that use monolayer band
structures calculated by DFT within the local density approximation (LDA) or generalized
gradient approximation (GGA). It is known that these functionals tend to strongly underestimate the Fermi velocity by about 20% compared with experimental values, which has been
shown to be a many-body correlation effect that can be corrected by means of many-body
self-energy GW calculations[89]. In our calculations, we use an intralayer hopping that is
fitted to the experimental Fermi velocity for monolayer graphene[90]. To incorporate the ef0

fects, we consider a larger intralayer hopping γ0 = 1.2×γ0 [89] (the experimental parameter)
as previously done [47],[73]. For comparison, we also show the results with all tight binding
parameters fitted to DFT band structures in Figure 2.9a compared to with the correction,
Figure 2.9b. The results with DFT-fitted parameters are consistent with previous published
results with DFT and with tight-binding calculations using DFT fitted parameters. It is
clear, however, that the vHs peak separations for the system with twist angle at 1.10◦ is
extremely small and inconsistent with experiment when using DFT parameters for the tight
binding, with a value around 6 meV. In contrast, the agreement with experimental results is
significantly improved when we use an enlarged intralayer hopping that corresponds to the
experimental Fermi velocity in monolayer graphene as shown in figure 2.9c. At 1.10◦ , the
separation of the two vHs’s calculated by our tight-binding (with fermi velocity corrections)
model is about 41 meV, comparable with the 57 meV value which we measured with STS,
but significantly larger than those reported in other tight-binding models with DFT parameters for tBG near 1.10◦ , which are typically less than 5 meV[37, 91]. The larger intralayer
hopping in our tight-binding model implies that the angle where the Fermi velocity vanishes
is smaller than that reported in literature[91] which could indicate a lower magic angle than
what is accepted. This should be taken with a caveat, however, as reconstruction effects can
significantly modify the system at smaller angles, suppressing this effect. 1.10◦ is likely the
sweet spot between vanishing Fermi velocity and reconstruction suppression of the effect.
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It is also extremely important to out rule any experimental effects that can contribute
to the measured spectroscopy, for instance the vHs separation observed in experiment. STM
is not fully non-invasive as some would hope, so it is very important to consider what the tip
is doing to the system, if anything. In the next section, we go through various possibilities
including tip induced band bending, tip gating and the presence of heterostrain. We do not
believe that they significantly contribute to the measured separation or spectral properties.
It is important to note also that the heterostrain present in our devices is universal among
other works and certainly also present in transport measurements as attested by the measured variance in results from nominally similar samples. Furthermore, since the publishing
of our work, another work[92] also confirmed this unexpected large vHs/flatband separation
around the magic angle in tBG.
Thus, the natural question arises given this unexpected flat band separation at the
magic angle as opposed to 0.79◦ – what makes the magic angle special? Taking a closer look
at the difference between experimental LDOS at 0.79◦ and near magic angle gives insights
into this question. Figure 2.8c shows spectroscopic measurements of the LDOS peaks with
higher resolution on 0.79◦ vs 1.15◦ . These spectra clearly show that while the peaks at
0.79◦ are substantially closer together than at 1.15◦ , their individual energy width is not
smaller (doping dependence makes this effect even more pronounced as will be discussed
later). Plotted in figure 2.8b are the extracted half widths of the valence and conduction
vHs peaks as a function of angle at zero external doping. The average peak widths show a
gradual decrease (at a rate of approximately 30 meV per degree) with decreasing angle at
large angles (>1.5◦ ). The width then shows a sharp decrease down to about 10 meV at the
magic angle. The importance of electron correlations at a given angle is determined by the
ratio of the on-site Coulomb interaction U to the bandwidth t of an electron in a single vHs
band (which is isolated from other bands). On simple geometric principles, we expect that
U decreases proportional to 1/λ where λ is the moiré wavelength (the coulomb repulsion
formula distance dependence). Our angle-dependent measurements of t discussed above
therefore imply that the ratio U/t is maximum at the magic angle, and superconductivity
arises in a single isolated vHs band[82, 84] with maximized electron correlations. It is also
interesting to note the consistent asymmetry in the conduction vs valence half width at
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all angles. The conduction vHs at neutrality is wider at all angles indicating electronhole asymmetry at neutrality in the band structure, consistent with recent first-principles
calculations[93].

2.7

Consideration of STM Influence on Measured LDOS
At the angle of 1.10◦ , we measure an experimental vHs splitting of 57 ± 2 meV at zero

external doping. It is important to consider experimental artifacts from the STM measurement at the single particle level that contribute to the measured splitting. One possibility
is tip induced band bending (TIBB). Indeed, previous STM measurements showed that the
splitting between the vHs was dependent on doping in a manner consistent with tip induced
band bending [47]. However, these effects were primarily seen at large twist angles where
the density of states is small, and the TIBB effects shown in the previous work were decreasing as a function of twist angle. A direct extrapolation of these previous results to angles
near the magic angle would indicate that TIBB is not relevant at the magic angle. From a
qualitative perspective, usually systems with large LDOS near the chemical potential suffer
less from TIBB.
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Figure 2.10: (a-b) STS at various tunneling resistances (50 pA and 500 meV, 400 meV, 300
meV and 200 meV) at 1.10◦ (a) and (50 pA and 400 meV vs 300 meV) 0.79◦ (b).
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To confirm that TIBB does not have a significant effect, we have studied the effect of
the junction setup condition on the measured spectrum. Figure 2.10a shows the spectrum
on a 1.15◦ moiré AA site at different tunneling conditions, thus different tip heights. We
note that we prefer to change the bias set point as opposed to the current set point because
in these thin films, unlike bulk samples, tunneling currents over 100 pA often lead to tip
and/or sample failure. In this system, unlike semiconductors with wide band gaps, changing the bias set point is an equally effective way to change tip height as justified in the
following paragraph. In Figure 2.10a, the vHs separation is consistent and independent of
the tunneling conditions used. Further, Figure 2.10b shows the spectrum on a 0.79◦ moiré
at 2 different tunneling resistances that are comparable to the 1.15◦ data, again showing
consistent vHs separation. At the magic angle, indeed the vHs separation is vastly enhanced
as opposed to at 0.79◦ , regardless of the tunneling resistance used. This stark difference
between the magic angle and 0.79◦ spectrum are further confirmation of the magic angle
vHs separation. With nominally similar tips, we expect similar TIBB effects in both systems. The fact that we consistently see the 13 meV separation at 0.79◦ would imply that
the STM tip conditions are not limiting us from seeing separations as small as 13 meV,
but in fact the magic angle tBG vHs’s have a larger than expected separation. In general,
all spectra shown in this work have been measured at several tunneling conditions with
junction resistance varying by about an order of magnitude, and no significant difference
to the spectral shapes has been detected.
Although changing the current is the more conventional way to test for TIBB in STM,
changing the bias setpoint is an equally effective method in this system as we will show.
Figure 2.11a shows the current vs bias characteristics on the magic angle AA site. Beyond
30 meV bias, the current dependence is superlinear with respect to bias – for example,
changing bias from 100 meV to 500 meV as shown in Figure 2.10a yields a larger current
change than the same factor of 5. Changing bias by a given factor is therefore a more
effective way of changing the tip height than changing the current by the same factor in
this regime. This is in contrast to the situation in large gap semiconductors (where tip
induced band bending has been extensively studied) where indeed changes in bias lead to
small changes in current and tip height due to the lack of states in the bandgap, hence
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Figure 2.11: (a) Current versus voltage for magic angle spectrum shown in main text Figure
R eV
2.7, showing superlinear behavior above 30 meV. (b) Integrated LDOS, 0 ρ(eV )dv, as a
function of energy for magic angle tBG shown in main text Figure 2.7a.
requiring current setpoint changes for significant height changes. In our case, the sub-linear
regime is limited to a small window ±30 meV around the Fermi level. This allows effective
change of tip height and TIBB testing at setpoints above 30 meV. We can quantitatively
estimate the change in the tip height based upon the WKB model for tunneling in the low
bias regime, similar to what we did in the introduction. The tunneling can be approximated
− Z R eV
with a simplified formula of I(V ) ≈ C10 Z0 0 ρ(eV )dv where C is a constant, Z0 is the
spatial decay constant (2-3 Å in our case, based on I-Z spectra at constant bias) and ρ(eV)
is the sample LDOS. In our measurement, we keep current constant and integrate the
R eV
LDOS to a higher setpoint. Figure 2.11b shows numerically integrated 0 ρ(eV )dv for the
magic angle spectra in main text Figure 2.7a as a function of V. It is clear that the term
R eV
0 ρ(eV )dv changes by about an order of magnitude from a 100mV to a 500mV setpoint.
R eV
Plugging a proportional change of a decade for 0 ρ(eV )dv with current constant, one can
find that the change in the tip height is approximately 2-3 Å between a 100 mV and 500
mV setpoint. Over this range of setpoints, no change in the vHs separation is observed.
A second possibility for the unexpected experimental vHs separation is the presence of
displacement field in our experiment due to the presence of asymmetric gating conditions –
the STM tip is held several Å away from the sample which is at ground potential, while the
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gate electrode is the silicon wafer that is approximately 1 µm away from the surface. For the
spectra shown in main text Figure 2.7a, the back gate is held at ground potential while the
bias of the sample is swept through the vHs. The displacement field under this condition
at the bias of the vHs is 0.1 V/Å. Tight-binding calculations performed for asymmetricallydoped layers indicate that this small value of the displacement field is negligible[94] in this
system. We will see in the next chapter that for tDBG, electric field effects on the band
structure are more significant and cannot be ignored – in fact, they are utilized to access

L-DOS (a.u.)

the interesting regimes of the system (such as the superconducting state in transport[61]).
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Figure 2.12: High resolution STS for 1.10◦ (taken at 50 pA, 200 meV with a 1 meV oscillation) and 1.15◦ (taken at 50 pA, 100 meV with a 0.5 meV oscillation).
A third possibility is the effect of the measured heterostrain in our samples. All of our
samples and those of previous works show the presence of a small degree of heterostrain
between the two graphene layers, with strain values varying between 0.1% and 0.7% for our
measurements. This strain comes about from the current fabrication techniques and is also
present in transport devices – as mentioned earlier, it was recently found that superconducting samples at the ”magic angle” could have as high as 0.1◦ variability[87] (which inherently
must come with strain as well) and still superconduct. For the 1.10◦ spectrum shown in
main text Figure 2.7a, the heterostrain is about 0.7%. The effect of heterostrain on tBG has
been investigated using an ad-hoc tight binding model recently[95] where it was predicted
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that uniform heterostrain between the layers leads to a third peak in the LDOS at the
Dirac point between the two vHs. We have never observed such a third peak in any of our
samples, and prior STM works of tBG on hBN substrates have also not seen any evidence
for this while they also had small amounts of heterostrain[72, 76, 47]. While a full theory
for heterostrained tBG that accurately predicts LDOS spectra is yet to be established, we
have several reasons to believe that the effect of strain on the vHs splitting is small: (a)
our spectroscopy at all angles with variable degrees of small heterostrain show consistent
features and trends between each other and previous works[72, 76, 47] when strain was not
considered but was also present. (b) Our tight-binding calculations accurately reproduce
our experimental separations. (c) Measurements on 1.15◦ tBG at a different heterostrain
of 0.6% shows similar splitting between the vHs as shown in Figure 2.12.

2.8

Flat Band Doping Dependent Spectroscopy
Having described the spectroscopic properties of magic angle tBG at zero doping, we

now turn to the doping dependence of the spectra on the AA site. We will be directly
measuring local spectroscopy of flat bands as a function of doping, sensitively tuning correlations, within a single sample – the first time this has been done. Shown in figures 2.13a
and 2.13b are sequences of spectra taken as a function of back gate voltage on two tBG
samples at 1.10◦ and 1.15◦ respectively, limited in gate voltage to where no gate leakage is
observed. Due to the PPC in the structure, we estimate carrier concentration by fabricating
a parallel plate capacitor and measuring the capacitance per unit area at 5.7 K. From the
plots, we see that the positions, shapes and separation of the vHs’s are a sensitive function
of the doping level. In the 1.15◦ sweep (figure 2.13b) we were able to dope past half electron
filling of the moiré superlattice, 0.5 ns, (ns being four carriers per moiré unit cell) which
was not possible in the 1.10◦ sample due to gate leakage. A finer set of doping dependent
spectra around half electron filling when the conduction vHs is crossing the Fermi level is
shown in figure 2.13c. The vHs splits and a gap emerges that is maximized at a doping
level of about -1.5 x 1012 cm−2 , shown in magenta in figure 2.14a. This gap persists for a
doping range of 2 x 1011 cm−2 with a peak-to-peak value when the gap is most pronounced
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Figure 2.13: STS LDOS on a (a) 1.10◦ AA site and (b) 1.15◦ AA site as a function of
doping. Curves are offset for clarity. Doping is given in cm−2 and fractional filling of the
moiré superlattice with four electrons/holes (ns). Spectra were taken in closed loop at 100
meV (200 meV) and 50 pA setpoints with an oscillation of 0.5 meV (1 meV) for 1.15◦
(1.10◦ ). (c) Zoom-in to Figure 3b around half-filling of the moiré superlattice (-0.5 ns)
revealing a gap as the vHs crosses Ef. (d) Hartree-Fock mean field DOS, offset as a function
of chemical potential shift from neutrality, Ed.
of 6.5 ± 0.5 meV. In transport measurements, the largest gap is observed at half-filling of
the moiré conduction band. Based on the area of the moiré unit cell in our sample, this
half-filling point corresponds to a doping of -1.55 x 1012 cm−2 , within experimental error of
the doping where we observe the gap in spectroscopy. Further, the persistence of the gap
for about ±1 x 1011 cm−2 is consistent with the range of doping over which the half-filling
insulator state persists in transport, thus indicating that this is the gap associated with
the correlated insulator state measured in transport. The magnitude of the gap observed
here is however significantly bigger than the activation energy of the resistance in transport
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Figure 2.14: (a) Zoom in of the conduction vHs at -1.5 x 1012 cm−2 (-0.5 ns) (magenta)
and -1.87 x 1012 cm−2 (-0.6 ns) (red) when the gap is most prominent and when the vHs
peak is at the Fermi level respectively. (b) Integrated LDOS 1.5 meV below versus above
the Fermi level showing the crossings when the gap is maximized and when the vHs peak
is at the Fermi level as highlighted in (d). (c) Experimental (Mean-Field) vHs separation
versus doping (chemical potential offset). Uncertainty is derived by the sum of squares of
the lock-in oscillation used to identify features.
measurements. This is likely due to disorder averaging, which always produces smaller activation gaps in transport than those measured in spectroscopy[96] motivating future lower
temperature measurements.
One question that the spectroscopy can address is whether the gap is of the Mott type,
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or whether it is a density wave order of some type that breaks translational symmetry.
Density wave orders typically open at a peak of the density of states (i.e., the peak of the
vHs), while Mott insulators exist at commensurate fillings of the lattice. Thus, we can ask
the question in spectroscopy: does the gap open exactly at the peak of the vHs (which is
not in general associated with a commensurate filling)? In order to address this question,
we integrate the LDOS over a small range of 1.5 meV on either side of the Fermi level at
each doping value. We plot these integrated LDOS (iLDOS) profiles in figure 2.14b. At
zero doping (charge neutrality), the iLDOS is small for both the electron (blue) and hole
(red) states. As the doping is increased, the iLDOS begins to increase as the Fermi level
enters the vHs band. On increasing the doping further, the hole and electron iLDOS is seen
to dip for about 2.5 x 1011 cm−2 corresponding to the opening of the correlated gap, which
removes spectral weight from the Fermi level. The hole versus electron iLDOS cross at the
most pronounced gap, a doping of -1.5 x 1012 cm−2 (-0.5 ns). On increasing the doping
even further, the iLDOS begins to increase again as the gap is suppressed. Importantly,
the iLDOS for electron and hole states cross for good only at a doping of -1.87 x 1012 cm−2
(-0.6 ns). This crossing point corresponds to the peak of the vHs doped precisely to the
Fermi level. In simple terms, this analysis of the iLDOS shows that the correlated gap
opens not at the peak of the vHs, but rather at a doping level that is smaller. This is also
seen directly by plotting spectra (figure 2.14a) corresponding to the two crossing points.
One implication of our results is that our gap is more consistent with a Mott insulator
scenario than a density wave order. Equally importantly, this analysis provides a natural
explanation for the extreme anisotropies seen in transport[97] on either side of half-filling of
the moiré band, where it is seen that the temperature-dependent resistance, effective mass
and Hall coefficient are strongly asymmetric. Our spectroscopy shows that half-filling of
the moiré band occurs when we are traversing the shoulder of the vHs, thus pointing to
simple band structure reasons for the anisotropy. It is also interesting to note that these two
doping points (maximization of the correlated gap and vHs peak at the Fermi level) differ
in carrier density similar to the carrier density difference between the half-filling insulator
state and the center of the most robust and highest Tc superconducting dome in transport,
indicating that the highest Tc superconducting state emerges near to when the flat band is
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centered at the Fermi level. Remember this fact when reading about the correlated gap in
ABCA four-layer graphene in the next chapter. In that case, the correlated gap emerges
when the peak of the flat band is at the Fermi level (of course there should be no integer
fillings in pure ABCA four-layer graphene, so it cannot be a Mott type gap). It will be
very interesting to see what transport measures in ABCA four-layer graphene because of
this. If it is like MAtBG such that superconductivity emerges at a peak of a flat band, this
state could be superconducting in nature. Regarding MAtBG, in transport, additional gaps
are seen at quarter filling and three-quarter filling of the moiré bands[38, 30]. We have not
seen these in spectroscopy, possibly because they are too weak at the temperature of our
measurement.
Next, we discuss the separation between the two vHs’s, which is maximum at charge
neutrality and reduced with doping in either direction. This behavior is reminiscent of
correlation effects on the quasiparticle gap in 2D semiconductors with doping. We model
this with a simple one-band model on a nearest neighbor hopping honeycomb lattice with
nearest-neighbor hopping t0 =16.3meV. We include correlations via the on-site and nearest
neighbor repulsive interactions U and V1 , respectively, and study the spectrum of the system
in the Hartree-Fock approximation. Calculations were performed by Dante Kennes and
Angel Rubio. The calculation is as follows: We perform a Hatree Fock treatment of the
Hamiltonian
H=

i X
X X h †
tci,σ cj,σ + H.c. + V1 ni nj +
U ni,↑ ni,↓

(2.13)

i

hi,ji σ=↑,↓

where hi, ji are nearest neighbors on the Honeycomb lattice. We determine the HatreeFock contribution of the interaction self-consistently. Around van Hove filling we decouple
the Hatree term ∼ U using the nesting vector and V1 simply renormalizes the hopping
t → t + Σ(µ) (and with it the bandwidth) self consistently:
Σ(µ) = V1 lim

η→0

XZ
s=±

Z
dωf (ω, µ)
~k

d~k

s hi| ~ki hk| ~ji
,
ω − s (k, t, Σ(µ)) + iη

(2.14)

where the integral over ~k runs over the Brillouin zone, f (ω, µ) is the Fermi-Dirac distribuE
E
tion, ~j and ~k are the single particle wavefunctions in real and momentum space and
s (~k, t, Σ(µ)) is the dispersion relation of the bipartite lattice (the non-interacting part of
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R
†
~
s=±,σ↑,↓ ~k s (k, t, 0)ck,σ ck,σ ).

P

The

density of states reads
"
#
XZ
1
1
d~k Im
DOS = − lim
.
π η→0 s=± ~k
ω − s (~k, t, Σ(µ)) + iη

(2.15)

~i
At van-Hove filling µ = t the Fermi surface is perfectly nested by three nesting vectors Q
(being rotated by 120◦ ). We break the C3 symmetry of the underlying lattice by picking
~ =Q
~ 1 . Due to the strong enhancement around the van Hove filling this
one of the three Q
will open a gap by the self-consistent Hatree-Fock equation of
1 !
=
U

Z

h
i
1
f (E − (~k), µ) − f (E + (~k), µ)
d~k q
~k
2 ∆2 + ((+ (~k, t, Σ(µ)) − + (~k − Q, t, Σ(µ)))/2)2
(2.16)

q
~ t, Σ(µ)))/2)2 .
~ t, Σ(µ)))/2 ± ∆2 + ((+ (~k, t, Σ(µ)) − + (~k − Q,
E ± (~k) = (+ (~k, t, Σ(µ))−+ (~k−Q,
The results of the calculations are shown in figures 2.13d. The nearest neighbor interaction V1 renormalizes the hopping via its Fock contribution, leading to a doping-dependent
vHs splitting. We find that a value of V1 = 6.26 meV best reproduces the experimental
dependence of splitting with doping. In figure 2.14c we plot the theoretical vHs separation as a function of chemical potential on top of the experimental vHs separation as a
function of doping. Theory accurately captures the experimental fact that the splitting is
relatively doping independent near charge neutrality but decreases strongly at high doping.
The on-site interaction U opens a gap at half filling. Within the level of theory used here,
this mean-field gap is due to Fermi surface nesting. While this level of theory is very likely
inadequate to determine the true nature of the gap in experiment, we use it as a simple way
to quantify the size of the on-site U. We find that a value of U=4.03 meV approximately
reproduces the gap seen in the measured STS spectra in figure 2.13c, showing that magic
angle tBG is a moderately correlated material with a ratio U/t of order unity.
The shape of the valence LDOS peak in figures 2.13a-b also displays interesting doping dependence reminiscent of other strongly-correlated materials. Figure 2.15 shows the
trailing and leading edge valence vHs half widths (hence presenting the asymmetry) as a
function of doping from the data presented in Figure 2.13b. These values were calculated

Edge Half Width (meV)
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Figure 2.15: Half widths of the trailing and leading edge of the valence vHs as a function
of doping in the 1.15◦ sample. Uncertainty bars are estimated by the sum of squares of the
lock-in oscillation (0.5 meV) used which determines the peak half-width position.
by identifying the vHs peak energy and intensity followed by the higher (leading) and lower
(trailing) energy point at which the peak is at half maximum. When doped away from the
Fermi level, the peaks develop a large asymmetry with their trailing edge half width larger
than the leading edge half width. When doped towards the Fermi level, the vHs becomes
sharper and more symmetric. This is reminiscent of other strongly-correlated materials.
This is a many-body effect that arises from the intrinsic lifetime broadening of the states
with doping. Indeed, in other strongly correlated materials (including the cuprates[98],
vanadium oxide[99] and cobaltates[100] among many others) such asymmetric line-shapes
in photoemission spectroscopy are commonly observed. In the case of tBG, the lifetime
broadening of the states in each of the vHs LDOS peaks is related to the number of lowenergy electron-hole channels that are available for decay. Unlike a simple metal where
there is a large fixed number of such decay channels present, here the density of states at
the Fermi level is low until it starts entering one of the vHs’s. We thus expect the lifetime
of the valence band to be relatively long until the conduction band hits the Fermi level, at
which point we expect a strong decrease in the lifetime. As in other correlated materials,
we expect this mechanism to produce incoherent excitations at energies higher than the
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quasiparticle itself, leading to the asymmetric line-shapes seen in experiment.
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Figure 2.16: (a) STS LDOS as a function of doping at a 0.79◦ tBG AA site. Spectra
were taken in closed loop at 100 meV and 50 pA setpoints with a 0.5 meV oscillation. (b)
Experimental vHs separation versus doping (bottom axis) and theoretical mean field vHs
separation as a function of chemical potential relative to charge neutrality (top axis) for the
0.79◦ doping dependent LDOS. (c) LDOS comparison of the correlated gap at half-filling
(-0.5 ns) in 1.15◦ tBG and 0.79◦ tBG.
A natural question is how the correlated gap evolves with angle. In order to address
this, we turn to the LDOS doping dependence of the smaller observed angle of 0.79◦ . In
figure 2.16a, we plot the LDOS as a function of doping through both conduction and valence
moiré band half-filling (±0.5 ns or ±7 x 1011 cm−2 , less than at magic angle due to the larger
moiré unit cells). Some of the observed phenomenology is the same as in the magic angle.
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Figure 2.17: (a) Peak to peak gap size as a function of doping, offset to half-filling (0.5 ns)
for 1.15◦ and 0.79◦ . (b) Comparison of 0.79◦ , 1.15◦ and 1.10◦ LDOS when doped near the
Fermi level (as indicated on plot).
The vHs peaks sharpen as they approach the Fermi level which is especially prominent in
the conduction vHs. The vHs separation also changes as a function of doping, decreasing to
about 7.5 meV past half filling as shown in figure 2.16b. A similar Hartree-Fock mean field
treatment captures the vHs separation trend, overlaid on figure 2.16b, with an extracted
next-nearest neighbor Coulomb interaction of V1 =1.42 meV. Around half electron filling
a correlated gap again emerges in the conduction vHs. Interestingly, such a gap is not
observed in the hole side valence vHs half filling. We directly compare the gap observed in
0.79◦ to that of 1.15◦ in figure 2.16c. The gap is more pronounced at 1.15◦ and, the peak
to peak gap value at 0.79◦ when the gap is most prominent is 4 ± 1 meV as opposed to
the 6.5 ± 1 meV gap observed at 1.15◦ (figure 2.17a as a function of doping). This would
corroborate that correlation effects are reduced at this smaller angle. To this end, we revisit
the individual vHs bandwidth angle dependence discussed earlier, now at doping near the
Fermi level for 0.79◦ , 1.10◦ and 1.15◦ in figure 2.17b. Clearly, the peaks doped near the
Fermi level are much sharper than at zero external doping. The bandwidths around the
magic angle are 9 ± 1 meV at 1.10◦ , 9.5 ± 1 meV at 1.15◦ and 10 ± 1 meV at 0.79◦ .
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Spatial Dependence of Electronic Properties and Possible Nematicitic Susceptibility
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Figure 2.18: (a) STS LDOS spatial map at 50 meV above Ef of a moiré cell (centered at
AA) in zero externally doped 1.15◦ tBG. (b) Probability density distribution of a single
K-point wavefunction calculated using tight-binding (c) Spatial line-cuts comparing the
experimental/tight-binding LDOS in the nearest and second-nearest AA directions.
We next focus on the spatial dependence of the LDOS in tBG near the magic angle.
Figure 2.18a shows an STS LDOS map at the conduction vHs peak near neutrality in
doping of one moiré cell at 1.15◦ . When undoped, LDOS maps at energies around the
vHs peaks show the same contrast as the topographic image itself, with higher density of
states observed on the AA sites relative to the AB/BA sites. For comparison, we have also
plotted the probability density of a single wave function at this energy from tight-binding
in figure 2.18b. For a more accurate comparison between experiments and tight binding
calculations, we plot line profiles of the experimental and tight-binding LDOS at the same
energy in figure 2.18c. The local density of states is calculated by employing the Lanczos
recursive method[101] to calculate the LDOS in two twisted graphene sheet in real space
with a system size larger than 200 nm × 200 nm with an effective smearing of 1 meV. We

CHAPTER 2. MAGIC ANGLE TWISTED BILAYER GRAPHENE

79

find that the tight binding results systematically underestimate the LDOS intensity at the
SP region and is instead more tightly confined around the AA site than experiment. We
find similar behavior at other energies within the vHs peak.
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Figure 2.19: (a) Procedure for quantifying anisotropy as outlined in the text: the three
rotations of an isolated AA site Wigner Seitz cell, and the three combinations of the magnitude of the difference between the cells. (b) Averaged STS map AA site LDOS profiles
and their anisotropy as a function of energy for three dopings below half electron or hole
filling (±0.5 ns). Dashed lines correspond to the Fermi level, the conduction vHs peak and
± 5 meV around the conduction vHs peak for each doping in the first three rows of (d). (c)
Averaged STS map AA site LDOS at half electron filling (-0.5 ns), around the correlated
gap, and the associated enhanced anisotropy. Dashed lines correspond to the newly split
peaks and the correlated gap (-3 meV, Fermi level, 4 meV) which are spatially plotted in
the last row of (d). (d) STS spatial images corresponding to the dopings and dashed lines
in (b-c). (caption continues next page)
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Figure 2.19: The first three rows are at dopings below half-filling as indicated and at energies
5 meV below the conduction vHs peak, at the conduction vHs peak and 5 meV above the
conduction vHs peak. The final row is at half electron filling, at energies 3 meV below the
correlated gap (lower split peak), in the correlated gap (Fermi level) and 4 meV above the
correlated gap (higher split peak) as shown by the dashed lines in (c).
We now consider the evolution of the symmetry of the STS LDOS spatial maps as a
function of energy and doping. At the single particle level and in a perfect moiré lattice,
we expect the LDOS to have three-fold (C3) rotational symmetry. In general, all samples
with current established fabrication techniques show small amounts of strain as explained
earlier. The existence of this strain necessarily introduces some breaking of C3 rotation.
We now explore whether this symmetry breaking is observed at all energies for a given
doping (which could be trivially due to the strain), or is enhanced at certain energies[102]
or dopings. To answer this question quantitatively, we employ a symmetry quantification
technique as shown in figure 2.19a. We begin by cropping to a single Wigner Seitz (WS)
cell of the triangular lattice formed by the LDOS in tBG. We affine transform this cell to
a perfect hexagonal shape to remove any effect of strain. Any breaking of C3 symmetry in
the LDOS would imply that this cell is not symmetric under 120 and 240 degree rotations,
as illustrated in the figure 2.19a. We hence calculate the energy dependent anisotropy:

1
A(E) =
3



|I0◦ (E) − I120◦ (E)| |I0◦ (E) − I240◦ (E)| |I120◦ (E) − I240◦ (E)|
+
+
# Pixels
# Pixels
# Pixels


(2.17)

where I120◦ (E) and I240◦ (E) refer to the 120 and 240 degree rotated WS cells respectively. Shown in figure 2.19b are the averaged AA site LDOS as well as the anisotropy as
a function of energy for three doping regimes below half filling in electron or holes. From
the plot, it is clear that the asymmetry is not uniform as a function of energy. Despite
large asymmetries at other energies, around the conduction vHs itself the LDOS is quite
symmetric in these doping regimes. This is directly visualized in the LDOS maps at the
vHs peak and at ± 5 mV on either side, as shown in the top three rows of figure 2.19d. We
contrast this with the situation where the Fermi level is brought to half filling, as shown
in figure 2.19c and the last row of figure 2.19d. In this situation, the anisotropy is highly
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Figure 2.20: Full range of energy slices for the three STS maps at different dopings below
half filling in main text Figure 2.19b.
enhanced at energies around the correlated gap. This is visualized in the bottom row of
figure 2.19d showing the spatial LDOS at and near the correlated gap. It is clearly seen
that the LDOS strongly breaks C3 symmetry in the vicinity of the correlated gap where
the wavefunction was previously very symmetric at lower dopings. This set of data at four
dopings shows that the C3 symmetry breaking is strongest in a narrow region of energy
in the vicinity of the Fermi level, as evidenced by the peaks in the anisotropy in figures
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Figure 2.21: Full range of energy slices for the STS map analyzed at half filling (0.5 ns ) in
main text Figure 2.19c.
2.19b-d that shift with doping (Figures 2.20 and 2.21 show the full range of energy spatial
slices from these maps which further evidence these findings). Further, the anisotropy in
the conduction moiré band becomes visibly strongest when the Fermi level is brought near
half filling as evidenced by the LDOS maps in figure 2.19d.
These facts taken together indicate that the electronic structure is nematic, with the
nematicity strongest near half filling. Two possibilities exist for the observed nematicity
- first, it is possible that the electronic structure has a strong nematic susceptibility and
the presence of strain breaks the C3 symmetry and allows us to visualize the nematic
susceptibility. Such a scenario has been visualized recently by STM in the iron pnictides
in the high temperature tetragonal phase[102, 52]. Alternatively, it is possible that a true
nematic order exists in the sample, independent of the strain present. In this scenario,
one expects to see domains of nematic order with different orientation, which we have
not observed so far. Future measurements on larger area uniform samples should focus
on this question. The question of whether a translational symmetry breaking also occurs
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simultaneously (for example by Fermi surface nesting[103]) is still open, since samples are
not uniform over large enough areas to obtain accurate Fourier space information over tens
of moiré unit cells.

2.10

Conventional Fabrication Method and Sample Disorder
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Figure 2.22: (a) STM topography where a wrinkle causes a change in the tBG twist angle.
(b) STM topography of an area where the twist angle spatially evolves with no structural
fault. (c) STM topography of an area of extreme strain where the moiré lattice is completely
distorted. Images were taken at setpoint values of 500 meV and 50 pA.
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It has become clear how extremely hard it is to come up with a pristine sample at a
target twist angle. Reports from every research group have shown that with the conventional
PPC or PC tear and stack methods, only one in a few samples ends up near the target angle
and this usually only even applies to certain pairs of contacts, pointing to large area sample
inhomogeneity. Even when a target angle is achieved, sometimes there is too much disorder
for correlated behavior to emerge. It was recently found that superconducting samples at
the ”magic angle” could have as high as 0.1◦ variability[87] and still superconduct which is
promising – what would a uniform magic angle sample exhibit?
This STM work further corroborates the problems with these conventional fabrication
strategies. As outlined in the heterostrain twist model, it is possible to achieve the same
moiré unit cell area with a range of twist angles in conjunction with heterostrain. Thus
in transport, the moiré filling peaks may arise at the same charge density for a range of
twists. It is crucial for the progression of the field to work towards an understanding of
heterostrain’s effect in these systems (given that it is always there).

Figure 2.23: STM Topography of 0.13◦ tBG
For the results presented here, 18 samples with a target angle of 1.10◦ were measured. 2
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of them had regions of magic angle that were found. Most had relaxed back to Bernal stacking at some point before the measurement. The open face nature of STM samples probably
adds additional chance for the twisted layers to relax to Bernal stacking. While exploring
these samples, a broad range of twist angles were observed, as well as other extremeties
which can give insight into other experiments. Figure 2.22 shows 2 such extremeties – a
wrinkle which has two different moiré’s on either side, and a heterostrained extreme completely distorting the moiré, likely due to pinning by debris somewhere on the graphene
which attempted to relax to Bernal stacking. It seems that debris or other structural faults
can help stabilize various twist angles, as for instance the moiré shown in figure 2.23 which
is at a very small twist angle, although the fabrication target was still magic angle. The
graphene attempted to relax to bernal stacking but likely due to nearby pinning, a tiny
angle was actually achieved. Thus it is clear that for efficient progression of the field, a
more reliable and homogeneous fabrication method is imperative. Not only will experimental measurements be more consistent, but if less disordered, more controlled samples can be
fabricated, Tc may be higher and more robust insulating and superconducting domes may
appear in the phase diagram. A promising avenue based on the results here is to pin the
layers, either with fabricated nano-pillars, debris or rips using an AFM tip or lithography.

2.11

Conclusions and Outlook

This is the first example in this thesis where STM provides invaluable information into
this system that cannot be learned from macroscopic measurements. The local spectroscopy
of magic angle tBG gives unique new insights into the nature of the superconducting and
insulating states seen in transport. Firstly, the vHs separation is larger than previously
thought around 1.1◦ , implying that the physics of superconducting and insulating states
is to be understood in the context of doping through a single vHs. Secondly, regarding
superconducting order, electronic pairing mechanisms such as spin fluctuations are expected
to be important when the ratio of the on-site Coulomb interaction U to the bandwidth t
is large. On the other hand, in phonon-mediated pairing scenarios, superconducting Tc is
improved by lowering the Coulomb pseudopotential (proportional to U) and increasing the
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density of states at the Fermi level. Our spectroscopic results show that the bandwidth of an
individual vHs, t, is minimized while U is still large (as compared to smaller angles) leading
to a U/t that is maximized near 1.1◦ . Superconductivity in tBG is thus observed where
J = U 2 /t is maximized, hence conditions that maximize electronic rather than phononbased pairing. The insulating gap that emerges at half filling of magic angle tBG is not at
the peak of the vHs and is more consistent with a Mott rather than density wave insulator
picture. Superconductivity on the other hand occurs near a regime where we see the flat
band perfectly centered at the Fermi level which could be important in the understanding.
This is similar to what we will see for the new emergent ordered state that we measure in
ABCA graphene in the next chapter which has yet to be measured in transport (and could
be very promising, especially when coupled with an hBN moiré). Finally, our observation of
energy and doping dependent C3 symmetry breaking which is maximized near the correlated
gap at half filling is indicative of a strong nematic electronic susceptibility or order in
magic angle tBG. The interaction of such ordered states with superconductivity in tBG
remains an open problem for investigations in future works. There is still much more to
be investigated and measured in MAtBG – the story is certainly not complete. Future
local spectroscopic experiments on magic angle twisted bilayer graphene have a lot of room
to explore, for instance below the superconducting critical temperature or towards further
studies of charge ordering and/or nematicity, which could provide more invaluable insights
towards understanding the system. Future STM works should also explore other twisted
systems as we will do in the next chapter for tDBG revealing fundamental differences from
the atomic scale perspective that could make tDBG even more exciting.
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Chapter 3

Twisted Double Bilayer and
Four-layer Rhombohedral
Graphene
3.1

Introduction
As we saw in the previous chapter, two dimensional (2D) van der waals (vdW) het-

erostructures with an interlayer twist have provided a new avenue for creating tunable correlated electronic states induced by moiré superlattice potentials. Twisted bilayer graphene
(tBG) at the so-called “magic angle” of 1.1◦ was predicted[74] and shown to have two very
flat bands[45] owing to the moiré potential and interlayer hybridization which yield gate
tunable correlated insulator and superconducting states[37, 30, 38]. Since the discovery of
the correlated states in tBG, twisted double bilayer graphene (tDBG) and ABC trilayer
graphene on near-perfectly aligned hexagonal boron nitride (hBN) (ABC-TLG/hBN) have
also emerged as twisted vDw systems with superconducting and correlated insulating phases
where displacement field is an additional tuning knob of the band structure and correlated
states[97, 62, 63, 64, 61]. In tDBG, the moiré superlattice potential of the twisted Bernalstacked graphene bilayers yields spatially localized flat bands in the band structure which
can be isolated using a perpendicular displacement field (owing to multilayer graphene’s

CHAPTER 3. TWISTED DOUBLE BILAYER AND FOUR-LAYER
RHOMBOHEDRAL GRAPHENE

88

sensitive band structure to displacement field)[61]. What is common to tBG and tDBG
is that the graphene moiré superlattice potential is what leads to both the flat bands and
the moiré periodicity which provides the integer fillings critical for Mott physics (related
to the insulating state and debated regarding the superconducting state) as well as maximized electronic correlations[45]. On the other hand in ABC-tLG/hBN, a flat band arises
from the rhombohedral stacked trilayer graphene band structure that is not localized in
space[63, 64] (it doesn’t need a moiré potential). The moiré superlattice periodicity from
the nearly aligned hBN induces integer fillings of the flat band and further flattens the
bandwidth, again leading to doping and displacement field tunable correlated insulating
and superconducting states but from an alternative realization of the flat band and moiré
periodicity. Whether simply a minimized band width of a flat band is enough for the correlated insulating and/or superconducting states to emerge or the additional periodicity and
fillings (towards Mott physics) are a necessity for either is not yet understood – certainly
the insulating states occur at integer fillings but we showed in the previous chapter that the
superconducting state in MA-tBG seems to occur at the peak of a 9.5 meV half width flat
band[45]. The commonality of correlated states in these systems from alternate realizations
of moiré potentials and flat bands points to the fact that a better understanding of each
of these systems could provide key insights into these questions and what is fundamentally
leading to each type correlated states. Here we will show that ABCA four layer rhombohedral stacked graphene features the flattest band measured in any of these systems of 3-5
meV in half width which splits with a huge correlated gap of 9.5 meV with no relevant
moiré potential, making it a crucial system to study towards this end.
While tBG moirés have now been studied by a variety of techniques[92, 45, 87, 75]
(including our work in the previous chapter) providing guidelines for theory, studies of
tDBG moirés, and in particular, their atomic-scale structural and spectroscopic properties
are lacking. As tDBG exhibits a number of differences from tBG (a spin polarized insulator
and ferromagnetism in proximity to superconductivity[61]), atomic-scale studies of tDBG
moirés will be insightful towards this heavily debated nature of the variety of correlated
states in these systems. Additionally, doping and field dependent spectroscopic studies
of rhombohedral stacked graphene have also not been realized but are certainly necessary
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as rhombohedral stacked graphene hosts very flat bands with no moiré potential. Here
we present direct atomically-resolved gate-dependent spectroscopic measurements of smallangle tDBG and ABCA four layer rhombohedral graphene using ultra-high vacuum (UHV)
scanning tunneling microscopy and spectroscopy (STM/STS) at 5.7K. We find that tDBG
moirés are fundamentally different from tBG moirés from a structural perspective – they
exhibit domains of rhombohedral ABCA and Bernal ABAB four-layer graphene domains
(which we will refer to as ABCA and ABAB) where the tBG equivalent exhibit BA versus
AB Bernal domains. This finding will likely prove very important in magic angle tDBG as
the rhombohedral domains will likely be the localized flat band and electron density sites.
At twist small angles in tDBG, this leads to large, stable ABCA and ABAB domains which
we utilize to study the doping and field dependent low energy spectroscopic structure of
ABCA-four layer graphene, predicted to have a very flat band due to a pN low energy band
structure in rhombohedral graphene where N is the number of layers[104]. As mentioned
in the previous paragraph, indeed we find that ABCA graphene hosts the flattest band
measured in any of these systems of 3-5 meV in half width which at neutrality splits with a
huge correlated gap of about 9.5 meV with no relevant moiré potential assistance (compare
this to the half-width and correlated gap in the flat band of the last chapter regarding magic
angle tBG which are both less impressive). We suggest that correlated states will emerge
in this system even without a moiré periodicity and that transport measurements of this
system will likely hold answers into whether the Mott-like insulator proximity is relevant
towards understanding the superconducting states in these systems. Rhombohedral stacked
graphene could be even more special than twisted graphene as it may be easier to extend the
layer number even higher at which point the flat bands will become absurdly flat (even more
so than now) and correlated states would become even stronger. The small angle tDBG
moiré domain network also allows us to study physically-edgeless domain walls of Bernal
– rhombohedral stacked four layer graphene which reveals topological surface edge states
at the domain walls that are tunable with field and doping. Our samples are fabricated
following the “tear and stack” method like transport devices, but left uncapped by a top
hBN and gate so as to allow STM measurement of the surface of tDBG. Samples were again
contacted by µsoldering to forgo heating and lithographic processing.
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Figure 3.1: (a) Stacking arguments for twisted double bilayer graphene (tDBG). When
two Bernal stacked graphene bilayers are ripped from the same bilayer graphene flake, the
enforced Bernal stacking of individual bilayers yields a BAAC four layer stacking (center)
for the tBG AA site equivalent. Displacing the top layer to the left yields Bernal stacked
ABAB four layer graphene. Displacing the top layer to the right yields rhombohedral
stacked ABCA four-layer graphene.
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Figure 3.1: This is shown in top view below the side view. One can identify rhombohedral
stacked graphene from top view when two graphene ’Y’ bonds, one rightside up and the
other upside down overlap in each hexagon from the two nearest layers to the hexagon
being analyzed. While the BAAC appears this way, note that the central two blue layers
are overlapping so the inverted Y’s are not from the two nearest layers, simply indicating
the top and bottom layer have a different site. On the other hand analysis of the ABCA
graphene reveals that each hexagon has two oppositely pointing ’Y’ carbon bonds from the
nearest two layers if any hexagon is analyzed. Note that one can also recover the monolayermonolayer simple AB/BA case by looking at the middle two layers of the four-layer side
view. (b) The corresponding moiré pattern that is established if one apples the argument
from (a) in each principle direction of atomic shift from the center BAAC site. Note that
this can be compared to the tBG moiré structural argument in the last chapter for more
info as to why this is different.
I thank Lei Wang, Larry Song, Shaowen Chen and Leo McGilly for sample fabrication
that led to these results. I also thank Carmen Rubio Verdu for assistance in measurements,
analysis and discussions that led to this chapter. Finally, as in the last chapter, I thank
Lede Xian, Dante Kennes and Angel Rubio who have been pivotal towards understanding
these results theoretically.

3.2

Twisted Bilayer-Bilayer Graphene Moiré Structure
We begin by considering the atomic stacking nature of a tDBG moiré in Figure 3.1a-b.

While in tBG the AA sites have a simple symmetric stacking structure, in tDBG the AA
stacking equivalent is BAAC due to the enforced Bernal stacking orientation of each layer
(shown in the middle of the panel). One can then displace the top layer by one atom in
either direction to model the atomic mismatch transition in a moiré unit cell. As in figure
3.1a, when the top layer is displaced along the same axis in each of the two directions, the
middle two layers follow the tBG moiré structure producing AB/BA domains. When one
considers the top and bottom layer, however, what forms is ABAB (Bernal) and ABCA
(rhombohedral) stacked four-layer graphene. This argument can be made in each principle
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direction of the moiré lattice yielding a moiré structure as shown in figure 3.1b. This simple
structural argument reveals that the tBG equivalents of AA, AB/BA and SP (saddle point)
stackings become BAAC, ABAB/ABCA and A-SP-B for tDBG (see chapter 2 for monolayer
- monolayer tBG moiré basics). One can also think about this in the sense of crossing a strain
soliton of the top two layers in ABAB Bernal graphene where a full lattice slip will occur
transitioning to ABCA graphene. From these simple arguments, one should fundamentally
expect a different moiré structure in small angle tDBG as opposed to tBG, something that
has not been considered to our knowledge to date regarding these twisted vDw systems
even in theoretical models (where it is likely inherently accounted for however). We note
that this argument also applies for monolayer + bilayer at a twist which yields AAB, ABA
and ABC domains.

300

450

b

a

Height (pm)

Height (pm)

200 nm
0

0

Figure 3.2: (a) STM topographic image at 50 pA and 0.5 V of a small angle tDBG moiré
revealing a network of triangular domains as compared to (b) which is a small angle tBG
moiré in which the prominent features are the domain walls and the vertices (or SP walls
and AA sites).
In Figure 3.2a we show a STM topographic image of small angle tDBG side-by-side
with a STM topographic image of small angle tBG in Figure 3.2b. It is clear that the
contrast in the two STM topographic images is fundamentally different. While in a small
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angle tBG moiré, the STM topographic contrast is dominated by the AB/BA domain walls
and the AA site centers, the small angle tDBG seems to show contrast between two sets of
triangular domains in a hexagonal lattice, thus a fundamentally different small angle moiré
network. To gain further insights into the difference between these surfaces, we perform STS
at the center of each set of triangular domains, shown in Figure 3.3a. The STS shows that
there are two fundamentally different electronic structures in the two sets of triangles. One
set resembles multilayer graphene whereas the other set has a very flat band near the Fermi
level as well as two distinct secondary bands around ±350 meV. This is in stark contrast
to small angle tBG where we saw in the last chapter that the flat bands are localized at the
AA sites and not at the AB or BA domains. We further perform STS spatial maps where
we have plotted the LDOS near the Fermi level in Figure 3.3b showing that this flat band
is uniform across half of the triangles in the hexagonal structure and is not just a local
phenomena. Indeed in rhombohedral stacked graphene, it has been predicted and shown
that flat bands emerge due to a pN low energy curvature[104, 105]. These measurements
taken together are definitive proof that the small angle tDBG moiré structure has a stacking
arrangement as shown in Figure 3.1 hosting large area ABCA rhombohedral domains and
ABAB Bernal domains. While we show this stark difference from tBG for the small angle
case, this structural argument will hold true at all angles including the magic angle of tDBG
suggesting that the localized electron sites in magic angle tDBG likely come from the ABCA
sites as opposed to the BAAC sites (which we never see dominate the LDOS). We have also
confirmed that these arguments apply to a twisted monolayer - bilayer graphene trilayers
as well where the domains become BAA and ABA/ABC as mentioned earlier.
Additionally from the topography and STS maps, it can be seen that the ABAB Bernal
domains are concave whereas the ABCA domains are convex. As compared to a small twist
angle tBG moiré, this concave/convex behavior is the atomic-scale reconstruction which
has been reported for tBG[75, 45] (and we commented on in the last chapter), realized in
tDBG where the energetically favorable Bernal stacked regions again maximize their area,
pushing the domain walls of the ABCA domains inward. How this affects the structure at
the magic angle is left for future investigation. These domain walls are additionally ideal
for the study of edge states as they have no significant structural boundary, but a strong
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Figure 3.3: (a) STS measured LDOS at the center of each set of triangular domains showing
that one set, identified as ABCA stacked four layer graphene has an extremely flat band,
and the other set, identified as ABAB stacked four layer graphene has the expected Bernal
- like spectroscopic structure (b) STS LDOS spatial map plotted near the Fermi level in
energy showing that the electronic structure is uniform throughout each set of triangular
domains and that the ABCA domains which host a flat band uniformly dominate the LDOS
near the Fermi level.
electronic boundary which we will discuss later.

3.3

Field and Doping Dependent Spectroscopic Structure of
ABCA Four-layer Rhombohedral Stacked Graphene
Rhombohedral stacked graphene is notoriously difficult to isolate and prevent from

returning to the more-energy-favorable Bernal stacking. Small-angle tDBG provides an
excellent platform to study stabilized rhombohedral stacked graphene of 4 layers (and 3
layers) thanks to the network of Bernal stacked domains which stabilize it. The extracted
twist angle in the STM image in Figure 3.2 is about 0.06◦ where we achieve domains of
about 220 nm in size. This is ideal for the study of large area rhombohedral stacked ABCA
or ABC (four versus three layer) graphene by a local probe such as STM and can likely
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Figure 3.4: DFT calculated layer dependent DOS for ABCA rhombohedral stacked fourlayer graphene. The top and bottom layers dominate the low energy band structure with a
very flat band.
be extended to techniques like transport by making the twist angle smaller. Indeed we
have seen (with nano-optics as is shown in our paper which should be released by the time
this thesis is posted online), that one can form much larger domains of even a micron in
width. While ABC trilayer graphene has been studied in various forms[63, 64, 106, 105]
(although not successfully spectroscopically as a function of doping/field), ABCA four-layer
graphene (which will have further enhanced correlations due to the extra order of curvature
in its low energy band structure) has not. We utilize small angle tDBG to study large area
ABCA graphene domains and their gate-dependent low energy spectroscopic structure – not
only is this the first doping/field dependent successful spectroscopic study of rhombohedral
graphene of any thickness, in this regime it is four-layer providing an even flatter band than
the studied three-layer equivalent leading to even stronger electronic correlations.
We begin by calculating the layer dependent DOS of ABCA graphene with DFT (calculations done by Lede Xian and Angel Rubio) plotted in Figure 3.4. The calculated DOS of
the top layer matches the STS measurement (which primarily probes the top layer) shown
in Figure 3.3 - a very sharp flat band is centered at the Fermi level and secondary bands
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Figure 3.5: (a) Cartoon model representing the STM measurement geometry with a back
gate voltage and the corresponding displacement field lines. The tip which probes the sample
surface from several angstrums away acts as a top gate stuck at 0 V while the sample and
back gate bias are changed. This is an inherent limitation to STM compared to, for instance,
transport where one can control displacement field independently from doping with a top
gate. Here, although we can produce displacement fields, they are linearly coupled to the
doping density. (b) An LDOS STS curve (bottom) at our maximum gate voltage of 50
V corresponding to about 0.085 V /A and a corresponding DFT calculated top layer DOS
curve (top) at 0.08 V /A showing a good match.
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appear as steps a few hundred meV from the flat band. The DFT calculations also show
that the flat bands are localized in the top and bottom layers of the four layer graphene
which will become important later. We next turn to the experimental gate-dependent low
energy spectroscopic structure of ABCA graphene. In Figure 3.5a we show a diagram for
the geometry and basic electrostatics of our measurement – due to the lack of a top gate
in our structure, upon application of a back gate voltage the tip acts like a top gate at
0 V which leads to displacement field (a difference in top to bottom layer on site energy)
as well as doping in the measurement. Unfortunately, it is still an ongoing question as to
whether it is even possible for STM/STS to independently control doping and electric field
due to the inherent metallic tip several angstrums from the surface. This causes our gate
dependent measurements to linearly couple field with doping unlike in transport with a top
gate structure. This is a major problem for future STM/STS works on displacement field
dependent phases that are not along the line of coupled field and doping. As we will see,
for this study, this is not a significant issue towards the conclusions that we make but will
cause problems for instance when one tries to access the correlated states in magic angle
tDBG[61, 62] or ABC-tLG/hBN[63, 64] unless one gets very lucky.
In Figure 3.5b we show an LDOS plot at our maximum positive gate voltage and
displacement field. While trivially from a doping perspective the flat band and secondary
band edges have shifted, additionally a gap has emerged below the flat band in energy.
As it is known that few layer graphene is sensitive to displacement fields[90, 94, 50, 107],
we calculate the electric field dependence of the band structure by means of self-consistent
DFT with charge screening in Figure 3.6a (also done by Lede Xian and Angel Rubio).
Upon application of a top-bottom layer on-site potential offset, a gap emerges in the ABCA
graphene band structure as shown in Figure 3.6a and plotted for the DFT calculated top
layer DOS with experiment in Figure 3.5b. For the STS curve at 50 VG in Figure 3.5b,
we estimate our displacement field to be 0.085 V/A. While we have considered a transport
style calculation of displacement field, we find that merely calculating the displacement
field between the tip and back gate (in a parallel plate approximation, D = V /d where
d is the tip-back gate distance and V is the back gate voltage) yields a much better fit to
theory for all of our data points as will be discussed later. It is important to note that
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Figure 3.6: (a) DFT calculated band structure for four-layer ABCA graphene zero displacement field and finite displacement fields showing the opening of a displacement field gap.
(b) Several more STS LDOS plots at different experimental gate voltages and hence displacement fields, with the DFT calculated surface DOS at the corresponding fields showing
a nice match to experiment.
this approximation holds valid for measurements near -100 meV to 100 meV bias (where
the fields are much lower than the back gate field) but breaks down at higher biases such
as the secondary bands where the tip sources a finite displacement field. DFT with a
displacement field of 0.08 V/A matches the experimental spectra well as shown in Figure
3.5b. We have sampled this for a range of electric fields – in Figure 3.6b, we show a few of
these experimental STS curves with DFT at the corresponding electric field value overlayed,
showing that experiment and theory match nicely for the displacement field dependent band
structure.
In Figure 3.7(a-b) we show 251 STS curves extending between our gate voltage extremes
of -75 VG to 50 VG (defined by gate leakage) in a waterfall plot and a heat plot. It is clear
from both plots that the displacement field gap grows linearly at an offset from -18 VG . The
-18 VG point is also when the ABCA flat band is at the Fermi level, thus the neutrality point
(as predicted by DFT). This offset is likely due to intrinsic substrate doping as is common
in open face STM samples[92, 45]. Using the STS curves to determine the neutrality point
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Figure 3.7: (a-b) Full range of STS LDOS curves from -75 VG to 50 VG in a waterfall plot (a)
and heat map (b). The dashed white line in (b) indicates the neutrality and 0 displacement
field point as found by the flat band centered at the Fermi level. (c) Extracted experimental
displacement field gap size for 251 data points in the range of -75 VG to 50 VG converted to
displacement field values with overlayed DFT calculated top layer gap size. For significant
displacement fields, theory matches experiment very well (with points from 3.6) whereas
near zero displacement field, there is an anomalous gap in experiment that doesn’t go away
even as we cross through zero displacement field when we inherently flip the sign of back
gate voltage.
is more accurate because of this. Based on the symmetry of the displacement field gap (and
the linearity of field and doping in a real physical picture) this is also approximately the 0
displacement field point. The delay before the displacement field gap begins opening is due
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to charge screening at small fields. In Figure 3.7c we track the displacement field dependent
gap size for the 251 STS curves extending between our gate voltage extremes (converted to
displacement field) with DFT calculated gap size overlayed. For significant displacement
field magnitudes, the match between DFT and experiment is remarkable. We note again
here that while in transport studies displacement field is calculated by averaging the top
and bottom displacement field values, treating the four layer graphene as fully screening
the field (an approximation) here we treat the total field between the back gate and tip
(leading to a factor of two difference as our tip between -100 meV and 100 meV sources
negligible fields of at most 10−2 V/A which we have further checked is insignificant by
varying the tip sample distance) which leads to this much more consistent comparison to
DFT. While in transport, there is no direct measure of the actual band structure of the
material as a function of displacement field, here we are directly probing the low energy
spectroscopic structure as a function of displacement field thus suggesting that this may
be a more accurate way to estimate displacement field. Again, it is important to note that
while the tip can source a significant field by itself, this is negligible at small bias values
where the flat band and gap is measured so this is a valid comparison (whereas it is not for
instance at the secondary bands). Further, this is in a simple parallel plate capacitor model
considering that the tip is locally flat above the graphene (considered fairly accurate) but
further modeling needs to be done to be confident in this conclusion. Future transport,
STM/STS and theory will shed further insights into this.

3.4

Correlated Gap in ABCA Four-layer Rhombohedral Stacked
Graphene
While the displacement field dependent band structure is interesting and matches the-

ory nicely at most fields, there is a peculiar discrepancy at low displacement fields as DFT
predicts that the gap should fully close whereas the experimental gap never closes as we
necessarily cross through 0 field when inverting our gate voltage. On the contrary, in a
single particle picture when the flat band should be sharp at the Fermi level (at neutrality
and 0 field), it is actually splits into two peaks. To highlight this, we plot two LDOS curves
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Figure 3.8: (a) Two STS LDOS curves near zero electric field. The magenta curve shows
symmetric peaks however is not at neutrality in doping whereas the blue curve is at neutrality (centered at the Fermi level) showing asymmetric peaks. What is significant is that
the displacement field gap never closes but evolves into this two peak structure which is
gapped while it should be a single peak structure within a single particle picture. This is the
correlated gap we are reporting for the first time in ABCA graphene which will likely lead
to correlated states potentially even superconducting (if superconductivity is interrelated
to Mott physics and simply requires an extremely flat band, this one is it). (b) LDOS heat
plot as a function of space across a large ABCA and ABAB domain. The heat map shows
that the gap persists throughout the entire rhombohedral stacked domain and is not just a
feature of a single position. (c) The flat band half-width as a function of gate voltage for
gate voltages where it is identifiable as a single peak. The peak seems to tend towards a

CHAPTER 3. TWISTED DOUBLE BILAYER AND FOUR-LAYER
RHOMBOHEDRAL GRAPHENE

102

Figure 3.8: half-width of 3 meV, an astonishingly low half-width as compared to any correlated system measured (we saw in the last chapter that magic angle tBG is 9.5 meV in half
width). (d) One of the last gate voltages where the flat band is still a single peak, showing
the unprecedentedly flat half-width of about 4 meV.
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Figure 3.9: High resolution STS LDOS curves in a waterfall plot and a heat plot showing
the persistence of a gap at all gate voltages and fields. The gap near neutrality cannot be
explained in a single particle picture. It is the correlated gap that we report.
in the zero/tiny electric field limit in Figure 3.8a – the two curves show two regimes, the
blue curve being at neutrality in doping (as determined by a centered two peak structure at
the Fermi level) where there is clearly an asymmetric two peak structure with a pronounced
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gap of 9.5 meV and the magenta curve being at a small hole doping where there is a gapped
symmetric two peak structure. We show the full range of high resolution LDOS curves in
Figure 3.9. This gap is not localized to the spot that the STS curve was taken – in Figure
3.8b we plot the spatial LDOS plot across a whole ABCA and ABAB domain taken at
neutrality in doping (and approximately 0 field). The gap of 9.5 meV persists uniformly
throughout the whole ABCA domain, in disagreement with the DFT single particle picture.
Indeed in ABCA four-layer graphene, it is expected that the band width of the flat band
should be even flatter than in ABC trilayer graphene[104] and could host correlated manybody physics even without a moiré potential. To further investigate this, in Figure 3.8c we
extract the half-width of the flat band as a function of gate voltage in the regimes where a
single peak structure is clearly distinguishable. It is seen that at high gate voltage regimes,
the flat band decreases in band width as it approaches the Fermi level and displacement
field decreases, likely a quasiparticle lifetime effect. The flat band is unprecedentedly sharp
as it approaches a 4 meV half-width (as plotted in Figure 3.8d) in the regime where it is not
split and tends towards a value of 3 meV which is much flatter than what has been measured
in magic angle tBG or any other system. In a general theory of many-body interactions,
this should lead to strongly enhanced electronic correlations even in the absence of a moiré
potential. The gap that remains open as displacement field crosses zero is thus correlated in
nature revealing that ABCA four-layer graphene, even in the absence of a moiré potential,
will likely host correlated states that are insulating and potentially even superconducting
purely due to flat band physics. The investigation of the nature of these correlated states
could provide answers into the importance of flat band physics in these systems independent of a moiré periodic potential as no moiré potential is needed to further flatten the
band and we still observe a correlated gap. This could answer whether the superconducting
states have anything to do with proximity to the Mott-like insulator in these twisted vDw
systems. Beyond this, coupling ABCA graphene to an hBN moiré will certainly lead to
stronger correlated states than ABC-tLG/hBN and based on the band width and gap size
(which will be further reduced by the moiré potential), magic angle tBG. Transport should
eminently measure this system both with and without an hBN moiré towards these crucial
insights regarding moiré and flat band physics (and we propose small angle tDBG as a way
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to achieve the stable four layer rhombohedral structure). Furthermore, if one can extend
rhombohedral graphene to five or more layers, the flat band half width would get absurdly
narrow and could lead to even stronger correlated states. This will certainly be easier to
achieve than several graphene layers each twisted at the magic angle which has been suggested towards increasing critical temperatures. One could potentially stack several twisted
bilayers at very small angles and get lucky, achieving a large 6+ layer rhombohedral domain.
To theoretically investigate the ordered states that emerge in this correlated regime, we
explore correlations in ABCA graphene by means of a tight binding model with a HamiltoP
nian of H = H0 +HU with H0 = ~k,a,b,σ ~k,a,b c~† c~k,b,σ , the non-interacting part, and treat
k,a,σ

electron-electron interactions described by HU within a mean field approximation (done by
Dante Kennes and Angel Rubio). We first concentrate on short-range Hubbard-type interactions between the up and down spin electrons of the material within each layer by


P P
including HU = U i a ni,a,↑ − 21 ni,a,↓ − 12 where i runs over all lattice sights and
ni,a,σ = c†i,a,σ ci,a,σ is the density at site i. We treat the term HU in a self-consistent meanfield decoupling yielding the results shown by the magenta curve in Figure 3.10a. The
correlated (mean-field) state in this case is a Ferrimagnetic state within the topmost layer
which spontaneously breaks the SU(2) invariance of the systems and an antiferromagnetic
ordering across the topmost and bottommost layer (opposite spin Ferrimagentic state in the
bottommost layer) as shown in Figure 3.10b. In experiment however, the peak structure
at neutrality as shown in Figure 3.8a is asymmetric in nature, unlike the gap which opens
in the mean-field model. Two scenarios are possible for this. Experimentally, although the
gap is always persistent, it is possible that the 0 electric field point does not perfectly align
with the 0 doping point in experiment. As shown in Figure 3.8a, there exists a point where
the peaks are symmetric in nature albeit not perfectly at neutrality whereas at neutrality
we may have a small electric field leading to the asymmetry. It is also possible however
that this asymmetry can be explained by longer range interactions. Towards this end, we
include interactions into the tight-binding mean field model across topmost to bottommost
layers on A and B sites, respectively, as the top and bottom layers are the only ones that
contribute to the low-energy physics as found by DFT earlier. We add an additional contri

P P
bution, U 0 i σ,σ0 ni,1A,σ − 12 ni,4B,σ0 − 12 to HU and study the ordered states in the
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Figure 3.10: (a) The two ordered state gaps that emerge from the tight-binding mean
field model. A Ferrimagnet with a symmetric peak structure is calculated when only intralayer correlations are considered whereas when top-bottom layer interactions are tuned
high enough (as explored in (d)), the Ferrimagnet leads way to an charge order state (excitonic insulator) with an asymmetric peak structure. (b) A model of the Ferrimagnetic
ordered state – the top layer is Ferrimagnetically ordered opposite to the bottom layer.
(c) The charge transfer (excitonic insulator) ordered state. (d) Asymmetry of peaks in
mean-field tight binding model as a function of U, intralayer, and U’, top-bottom layer
interactions. The most likely ordered state in each region is labeled. (e) Symmetry of peaks
as a function of gate voltage near neutrality (-18 VG ). The dotted lines indicate the gate
voltage regimes of the curves plotted in 3.8a
.
self-consistent mean field approximation as we sweep U and U 0 , the intralayer interactions
and the top-bottom layer interactions. When turning on U 0 , at values U 0 ≈ U , the Ferrima-
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gentic state discussed above (at U 0 = 0) gives way to a charge transfer (excitonic) insulating
state which spontaneously breaks the inversion symmetry between bottom and top layer,
spontaneously transferring charge across top and bottom layers as shown in Figure 3.10c.
Due to the spontaneous charge transfer, the local density of states at the top layer becomes
highly asymmetric with respect to energy (ω) in contrast to the local density of states in
a Ferrimagnetically ordered state as shown in Figure 3.10a by the blue curve. We do a
full sweep of U and U 0 as shown in Figure 3.10d showing the magnitude of the gap and
the asymmetry of the peaks (indicating charge transfer). We indicate the line of U and U 0
values where the gap size is about the experimentally reported gap of 10 meV (note that
mean field does not capture gap sizes well so this is to be taken with a caveat). While both
the Ferrimagnetic and charge transfer state are possible, as the asymmetry varies within
experiment as a function of gate voltage (Figure 3.10e) and we cannot determine if our zero
displacement field point is precisely at neutrality in doping, we leave the precise determination of which ordered state has emerged to future measurements for instance with magnetic
field where the Ferrimagnetic state can be suppressed.
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Figure 3.11: (a) ABAB graphene STS LDOS near neutrality and at large positive gate
voltage (+50 VG ) (b) DFT calculated band structure of ABAB four-layer Bernal stacked
graphene with displacement field. The overlaid circles represent the proportion of the band
in the top layer. (c) Surface DOS in ABAB stacked graphene for zero displacement field
and 0.08 V/A showing consistent features to the experimental LDOS in (a)
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Switchable Surface Topological Edge States
We next turn to the nature of the ABAB Bernal stacked graphene domains. Figure

3.11a shows STS on ABAB graphene at neutrality and high electron doping/displacement
field. As expected in Bernal stacked multilayer graphene[107], a gap opens that grows with
displacement field. We model this with self-consistent DFT reproducing the gap opening in
the band structure (Figure 3.11b) and the calculated DOS for ABAB graphene as shown in
Figure 3.11c. The theoretical calculations nicely reproduce the measured LDOS, including
the inner peak within the gap. More interestingly, we calculate the berry curvature for
ABAB and ABCA four-layer graphene for the low-energy bands and find that the ABAB and
ABCA graphene bands differ in valley chern number from 1 to 2. Thus, in the displacementfield gapped regimes of these two stackings, the domains should theoretically exhibit surface
helical topological edge states. These topological edge states are confined to the top and
bottom layers of the four layer structure and could be an excellent platform for realizing
switchable (by gate voltage) helical topological surface edge states at the domain walls with
no significant physical boundary. To further corroborate this theory, we do tight binding
spatial calculations (again done by Lede Xian and Angel Rubio) at finite displacement fields
across the domain wall between an ABCA and ABAB domain in the regime where their
band gaps overlap. The results of this calculation are shown in Figure 3.12a where we
see that the calculation at 8 nm into the ABCA domain exhibits an in gap state which
is the manifestation of this topological edge state. A natural question arises whether this
topological edge state can be accessed in experiment when the ABAB and ABCA gaps
experimentally overlap.
To investigate this, we perform STS LDOS spatial mapping of the ABCA - ABAB
domains and their domain walls. Figure 3.12(c-d) show two energy cuts of LDOS maps at
+20 VG (corresponding to 0.0475 V/A) where the gaps of the ABAB and ABCA graphene
overlap. Figure 3.12d is a spatial cut at the peak of the flat band of ABCA whereas Figure
3.12c is within the overlapping gaps. It is clear from Figure 3.12c that at this doping,
field, and energy, the domain walls exhibit an in-gap state that dominates the LDOS within
the gaps of the ABAB and ABCA domains and is consistent at all of the domain walls
several nanometers into the ABCA domains – the direct manifestation of the theoretically
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Figure 3.12: (a) Tight-binding calculated surface DOS as a function of space crossing a
ABAB Bernal - ABCA Rhombohedral stacked four-layer graphene domain in their gapped
regime showing that the topological edge state is predicted at 8.4 nm into the ABCA domain.
(b) Experimental STS LDOS as a function of position crossing the ABAB - ABCA domain
wall, revealing that the topological edge state is about 10 nm into the ABCA domain, in
confirmation with theory. (c) STS LDOS map plotted within the overlapping gap of ABAB
and ABCA graphene showing the surface topological edge state dominate the LDOS at this
energy at all domain walls (several nanometers into the ABCA domains). (d) STS LDOS
map at the same doping and field as (c) however plotted at the flat-band peak energy,
showing that the edge state is not visible at this energy.
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predicted tunable topological edge state in experiment. Additionally we see that at the
peak of the flat band, the edges are not visible and actually have lower LDOS due to this
phenomena as seen in Figure 3.12d. We note that we do not see the edges ever dominate
the LDOS in gate voltage regimes where the gaps of the ABCA and ABAB graphene do
not overlap. To compare this more quantitatively to theory, in Figure 3.12b, we plot a
series of spatial point LDOS curves crossing the domain wall at the same gate voltage as
in Figures 3.12(c-d). As predicted by theory in Figure 3.12a, the topological edge state is
most pronounced at about 10 nm (8.4 nm in theory) into the ABCA domains (determined
by the edge at higher energies where the phenomena is not present). These measurements
which are in confirmation with theory show that the interface of ABCA – ABAB domains
(which can be easily realized by small angle tDBG) feature surface helical topological edge
states which can be turned on and off with displacement field and gate voltage.

3.6

On the BAAC Site
A natural question to ask following these discussions is what we have observed at the

BAAC site as we claim that the ABCA sites are much more important and dominant in
small angle tDBG and probably even magic angle tDBG. Indeed as in the STS LDOS map
slices near the Fermi level which we saw earlier in Figures 3.3 and 3.12, the BAAC sites
never show dominant LDOS near the Fermi level. To corroborate this, in Figure 3.13 we
plot two STS LDOS linecuts across a BAAC site at different energy ranges (we note that
it is difficult to localize the precise BAAC site as it shows no contrast and thus this is a
better way to probe its LDOS). As we cross from the ABAB to the ABCA domain, we
see a clear change in LDOS consistent with the earlier discussions (these linecuts are at
a small electron doping and field). At the center between the domains, the low energy
LDOS shows no prominent peaks, the LDOS actually dies down near 0. There are two
small peaks near +40 meV and -60 meV in the higher resolution linecut (left), however
these peaks do not compare to the ABCA flat band in flatness nor intensity. This would
indicate that it is true that the BAAC site is less significant towards the low energy band
structure in the small angle tDBG and perhaps also at larger angles. Even if the BAAC
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Figure 3.13: STS LDOS linecuts crossing a BAAC site at two different energy resolutions.
The BAAC site never shows a dominant LDOS near the Fermi level (and in fact, none of its
LDOS shows any peaks that are even close to comparable in height or flatness as compared
to the ABCA domains).
sites host flat bands as in magic angle tBG, as we saw in the previous chapter, their band
width is larger and furthermore the LDOS would be dominated by the low energy band
structure of the ABCA for a range of doping around neutrality due to its sharp flat band
at neutrality and the Fermi level. An interesting feature that we see from these linecuts
however are a set of wave-like streaks within the ABAB and ABCA domains, stemming
from the corner of the domain. These come from electron scattering from the edge of the
domains (quasiparticle interference) which reflect the band structure of the domains and
possible scattering wavevectors. We take a closer look at this in the following section.

3.7

Quasiparticle Interference within Bernal Domains
Quasiparticle interference (QPI) causes LDOS spatial maps and linecuts to show elec-

tron scattering signatures from different points in the band structure at a given energy.
In Figure 3.14 we show signatures of QPI in the ABAB domains as characterized by the
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Figure 3.14: The same map as in Figure 3.12 however plotted at a series of energies in
the positive energy range (away from the flat band). We see a series of electron scattering patterns, known as quasiparticle interference (QPI), within the ABAB domains as
characterized by the triangular oscillations.
oscillating triangular waves within the ABAB domains. This has been studied before in
trilayer Bernal graphene[50] and merely reflects the band structure of the Bernal domains.
Although we also see faint signatures of QPI in the ABCA domains as in Figure 3.13,

CHAPTER 3. TWISTED DOUBLE BILAYER AND FOUR-LAYER
RHOMBOHEDRAL GRAPHENE

112

100

Energy (meV)

50

0

-50

-100

-50

-40

-30

-20

-10
0
10
Distance (nm)

20

30

40

50

Figure 3.15: STS LDOS linecut across a domain wall again showing QPI interference patterns.
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from the map in Figure 3.14 and a linecut through the primary electron scattering peaks
(left).
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they only show at the corners (where domains are locally more confined) as opposed to
the straight domain walls and so one cannot easily extract accurate conclusions from them.
Regarding the Bernal domains, the triangular structure is just a superposition of the interference pattern from each wall of the triangular domain. This pattern can also be seen by
taking a LDOS linecut across a domain wall as shown in Figure 3.15. The pattern reflects
the low energy band structure of ABAB graphene at the given doping and field. In Figure
3.16 (right) we show 2D Fast Fourier transforms of two energy slices from Figure 3.16 at
22.5 meV and 37.5 meV. It is clear that in the Fourier transforms, hexagonal peaks emerge
from the quasiparticle interference patterns within the ABAB domains. By tracking the
wavelength of these peaks, we can deduce the dominant band leading to the scattering pattern observed. Taking an energy dependent linecut across these Fourier peaks as in Figure
3.16 (left), we see that a parabolic curve emerges brought about from the conduction band
which dominates the top layer as predicted by theory in Figure 3.11(b). Additionally we
see much fainter signatures of the valence band (fainter because it dominates the bottom
layer). This analysis from electron scattering is further confirmation of the theoretically
predicted ABAB top layer band structure.

3.8

Stretched ABCA Domains and Reconstruction Extremes
Much like in tBG, over the course of study of this system we have seen a variety of

disordered small angle moirés. At the outskirts of an ordered small angle tDBG moiré,
one can sometimes find very stretched ABCA four layer graphene domains as shown in
Figure 3.17. This further corroborates the tBG reconstruction equivalent in tDBG where
the ABAB Bernal domains maximize compared to the less favorable ABCA rhombohedral
domains. As in tBG, debris often pins local twists which leads to such stretched domain
structures. This could be a way to stabilize moirés at larger angles such as at the magic
angle. Although these domains get very long, they become very narrow which will likely
change their properties. We leave the study of these to future works.
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Figure 3.17: STM topographies of two stretched ABCA domains. In the left, the base triangular structure is seen which stretches over a half micron in length at one edge. The right
topography shows the ends of two of these stretched ABCA domains, extending over a half
micron to a pinning site. The Bernal stacking maximization leads to a tDBG reconstruction
extreme in these domains as the ABCA domain is pinched.

3.9

Conclusion and Outlook
In conclusion, we have shown that tDBG exhibits a fundamentally different moiré

atomic stacking structure than that of tBG, exhibiting rhombohedral ABCA and Bernal
ABAB four layer domains where tBG exhibited symmetry-related Bernal stacked domains.
The implications of this finding are relevant for all twist angles including the magic angle
of tDBG and should be considered accordingly towards a comprehensive theoretical model
of tDBG at the magic angle (where the flat bands and electron densities are likely localized
to ABCA sites) and otherwise. We show that small angle tDBG is a robust platform towards achieving large area rhombohedral stacked ABCA four layer domains which host an
unprecedentedly-flat band of 3-5 meV, even flatter than magic angle tBG. The domains can
even be made large enough for transport studies. We measure ABCA graphene’s displacement field dependent band structure and show that near neutrality and 0 field, many-body
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effects become significant and open a correlated gap of 9.5 meV even without a moiré potential. Using a mean-field tight binding model, we show that this correlated gap is likely
induced by a ferrimagnetic or charge order excitonic insulator state. These findings indicate
that there likely measurable correlated states in purely ABCA four layer graphene arising
from a very flat band with no moiré superlattice potential which could shed light into the
importance of the moiré superlattice potential beyond further flattening the band (for instance, is superconductivity really in proximity to a Mott-like insulator or just at a very
flat band peak?). Both the flatness of the band and the size of this correlated gap could
indicate much stronger ordered states in this system than any previously studied system.
Additionally, ABCA four layer graphene coupled to a hBN moiré will further enhance the
flatness of this band and correlations in this system. Transport measurements should eminently probe these structures towards identifying the nature of the correlated states that
we predict in ABCA rhombohedral four layer graphene. Additionally, one should explore
rhombohedral stacked graphene of even more layers where the flat band width will become
even flatter than this already unprecedentedly flat band and ordered states will be even
stronger. Whether Tc will increase should be explored as the electron density could decrease in this scenario. Finally, we show that the ABAB and ABCA domain walls host
surface helical topological edge states which can be turned on and off with a simple tuning
knob of gate voltage, yet another exciting condensed matter phenomena in a twisted vDw
system that can be switched on and off at will.
While we have suggested a number of future transport experiments in this chapter
which will almost certainly provide further insights into the interplay of flat band and
moiré physics that lead to the measured correlated states in twisted vDw systems, a whole
lot more lies in store for STM measurements and other techniques beyond what we have
done in the past two chapters. For instance, one can directly couple these small angle tDBG
moirés as well as monolayer + bilayer small angle moirés to aligned hBN to locally achieve
ABCA-four layer graphene with an hBN moiré and ABC-tLG/hBN for study with a local
probe (or even transport if they are big enough). We have already achieved preliminary
results towards this with STM. Figure 3.18 shows a small angle monolayer + bilayer moiré
with a variety of ABCA domain sizes ranging from 20 nm to 100 nm in side length. A zoom
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Figure 3.18: A future flat band moiré system to study: small angle monolayer+bilayer
graphene yielding large area ABC trilayer graphene domains, coupled to a nearly perfectly
aligned hBN moiré. As we have discussed in this chapter, small angle tDBG and monolayer
+ bilayer provide robust avenues towards achieving large area stable rhombohedral stacked
graphene of three or four layers.
in reveals that the smaller pattern in the top image is an hBN moiré from near perfect
alignment to the graphene yielding a 12 nm moiré potential as in ABC-tLG/hBN. We save
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the local spectroscopic structure of this system to future works. One could also stack 3 or
more graphene bilayers at very small twist angles and with some luck, 6+ layer rhombohedral graphene could be achieved especially with a local probe that can use relatively small
domains. The measurements of this system will feature an even more absurdly flat band
width than what we observed in this chapter and could lead to stronger ordered states.
Beyond this, one should also measure twisted TMD moirés and heterostructures of different
TMDs which yield a moiré due to the lattice mismatch as in graphene on nearly aligned
hBN. It has been presented at a number of conferences that correlated states (maybe even
superconducting) exist in twisted WSe2 . One should certainly measure this with a local
spectroscopic probe. Towards better fabrication of graphene based twisted structures (which
seem to mostly relax to Bernal stacking) an idea is to locally pin the moirés – often around
junk I have found all sorts of moirés extending hundreds of nanometers out as discussed in
this chapter and the last. One could poke the graphene layers or put the twisted structure
atop nanopillers in attempt to create moirés at will towards engineering the magic angle
and other angles. Combining STM with such fabrication techniques and for instance optical
imaging techniques such as nano-PL, one can create moiré structures at will, image them
on a large scale with an optical technique and study the target region with STM (as with
STM it is impossible to zoom out and figure out where you are so this will be quite helpful).
The field is young and there is a lot of potential for exciting research towards answering
fundamental questions which are plentiful. What is the precise interplay of the moiré and
flat band physics towards all of the observed correlated states? Or are the moiré potentials simply necessary for the Mott insulator and only help towards superconductivity by
flattening the bands further? What are the superconducting pairing mechanisms and is superconductivity really unconventional as is suggested in these systems? What other twisted
vdw systems will host correlated states? Beyond these vdw specific questions, can we find
answers towards room temperature superconductors or at least a better understanding of
unconventional superconductivity? Even without answering these questions, these systems
are simply enjoyable to study as they host so many interesting, easily-tunable quantum
states all within single samples and experiments.
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Chapter 4

Defects and Magnetism in
Semiconducting TMDs
4.1

Introduction
The next three chapters will go into the second theme of this thesis, the semiconducting

transition metal dichalcogenides (TMDs), another family of 2D materials. In particular,
we will focus on the 2H phase of the molybdenum and tungsten based TMDs which are
semiconductors with a number of exciting properties as will be outlined below. As in the
case of silicon and gallium arsenide in the early days of STM, we will use STM/STS to shed
insights from an atomic scale structural and electronic perspective in attempt to provide a
more complete understanding of the overall material and system properties. We first look
at intrinsic defects in the systems and their impact, focusing on one in particular which we
postulate causes bulk magnetism. In the next chapter, we extend the studies to the first low
temperature (13 Kelvin) STM measurements of MoTe2 and MoSe2 revealing that the defect
that we postulated as magnetic also induces a localized charge density wave which may be
related to the magnetism of this chapter via a spin texture. Finally, in chapter 6, we mix
the TMDs with the final theme of the thesis, 2D heterointerfaces, where we characterize
the atomic scale band alignment in a metal - MoS2 heterojunction.
We begin this chapter by introducing the ubiquitous measurement of theoretically
unexpected bulk long-range magnetism in MoTe2 and MoSe2 . This project was part of
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a large collaboration with Zurab Guguchia and Yasutomo Uemura, experts at muon spin
resonance (µSR). We present magnetization measurements (taken by Dr. Guguchia), where
we show superconducting quantum interference device magnetometry (SQUID) and µSR
measurements which reveal unarguable magnetic ordering in bulk MoTe2 and MoSe2 with
critical temperatures of 30 K and 100 K respectively. Do to the electron orbital nature in
Mo, theory on pristine crystals does not predict any magnetic properties[108]. We therefore
use STM/STS to shed light on the origin of this magnetic ordering. We first shed insights
into the intrinsic defects inherent in these materials. The introductory findings regarding
intrinsic defects were heavily motivated by Drew Edelberg’s excellent work prior to me in
the Pasupathy Lab[39] – we find that two prominent types of defects exist in these systems:
transition metal interstitials (i.e. Mosub ) and transition metal vacancies (i.e. Movac ). A
number of other defects occasionally appear, such as the occasional chalcogen vacancies (i.e.
Tevac ) thought to occur a lot more often in monolayer film growth[39], however the metal
instertitials (antisite) and transition metal vacancies by far dominate the defect density
in bulk growths. From there, we postulate that one particular type of defect causes the
unexpected magnetic ordering in bulk semiconducting MoTe2 and MoSe2 . The Mosub defects
which are uniformly dispersed with defect densities in the 1010 - 1012 defects / cm2 have
a spin polarized in gap state as calculated by Hubbard corrected density functional theory
(DFT+U) (with the in-gap state confirmed by STS). DFT+U indicates that the antisite
defects are magnetic with a magnetic moment in the range of 0.9-2.8 µB. In the following
chapter, we reveal a long range structural distortion due to the Mosub defects with large
area coverage which may be related to the magnetic behavior. These findings indicate that
2H-MoTe2 and 2H-MoSe2 are a new class of tunable magnetic semiconductors, candidates
in the long-standing topic of dilute magnetic semiconductors with potential for spintronic
applications and exciting fundamental physics.
This chapter is part of a large collaboration. µSR and SQUID measurements were
done by Zurab Guguchia under Yasutomo Uemura. I thank Zurab for welcoming me on
this project and sharing the magnetism findings. I thank Daniel Rhodes and James Hone
for extensive material growth that provided many crystals studied in this chapter and the
next. I thank Elton Santos who provided theoretical calculations. Finally, I thank Drew
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Edelberg – a lot of the defect work was motivated by Drew Edelberg’s prior work (and relies
on his findings). Drew also extensively helped in this work.

4.2

Semiconducting Transition Metal Dichalcogenides
The TMDs are another family of van der Waals materials that can be exfoliated into

monolayers like graphene. The different types and phases have a broad range of properties
from semiconductors to superconductors and weyl semimetals. Their exciting electronic
and optoelectronic properties [109, 110, 111, 112, 113, 114, 115, 116, 117, 118] have led to a
great deal of interest both from theory and experiment. TMDs are composed of a transition
metal and two chalcogens forming three atom thick layers with the chemical formula MX2
as shown in figure 4.1. They have a layered structure and crystallize in several polytypes,
including 2H- and Td-type lattices [119, 120, 121]. In the case of M= Mo or W, the 2H forms
of these compounds are usually semiconducting, thus excellent for monolayer semiconductor
or optical physics and applications. In this thesis, I mostly focus on the semiconducting
phases of several TMDs: MoS2 , MoSe2 and MoTe2 . The band gaps are 1.23 eV and 1.8
eV, 0.85 eV and 1.5 eV, and 0.9 eV and 1.1 eV for bulk and monolayer respectively, all
easily accessible wavelengths for optics research. The band gap can be tuned based on the
number of layers in the structure[26]. Additionally, heterostructures can be made to mix
material properties and for instance couple excitons between layers of different TMDs[122].
An example band structure for bulk semiconducting MoTe2 is shown in figure 4.1b. The
valence band has prominent gamma and K points. The conduction band has prominent K
and Q points. This structure is similar in the other semiconducting TMDs, with variations
in the gamma, K valence band and Q, K conduction band offsets. In their monolayer
forms, the K points become dominant in both bands, creating a direct bandgap. These
materials also have strong spin-orbit interactions which cause the bands to be spin split.
The valence K and conduction Q bands split 10s to 100s of meV while the conduction K
band usually only splits up to a couple 10s of meV (see [123] for precise numbers). These
facts are important in considerations of experimental data for instance as in [124] – STM
quasi particle interference measurements can probe spin split scattering in these systems.
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Figure 4.1: (a) Crystal structure of 2H MoTe2 . The figure shows three layers. The material
has a trigonal lattice and can be split into three atom thick monolayers of periodic Mo
and two Te’s. (b) Density functional theory calculated band structure of 2H MoTe2 . The
reciprocal lattice symmetry points are identified with the valence band having priminent K
and gamma points and the conduction band K and Q points.
For optics experiments, one can excite different spin valleys using polarized light[125].

4.3

Unexpected Magnetism in Semiconducting MoTe2 and
MoSe2
Previous theoretical work[108] and simple chemical bonding considerations indicate

that the Mo atoms in 2H-MoTe2 are in a nonmagnetic 4d2 configuration – thus the samples
should not intrinsically be magnetic. In this section, we will discuss the measurement of
unexpected magnetic order in semiconducting TMDs. By a combination of µSR and SQUID,
we detect long-range intrinsic magnetism in semiconducting MoTe2 and MoSe2 below 40 K
and 100 K[2]. The µSR and SQUID measurements, done by collaborator Zurab Guguchia,
show the presence of a large and homogeneous internal magnetic fields at low temperatures
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in both compounds indicative of long-range magnetic order. Since the work, we have also
performed similar measurements on WSe2 which also shows magnetic behavior.
µSR experiments serve as an extremely sensitive local probe to detect small internal
magnetic fields and ordered magnetic fractions in magnetic materials. In brief, it works by
injecting the sample with a spin polarized muon beam. The muons thermalize at interstitial
lattice sites where they act as microprobes. Muons decay after a short period of time by the
formula: µ+ → e+ + v e + v µ . The decay of the positrons is preferentially in the direction of
the muon spin at the time of decay. Thus by putting positron detectors in different directions
around the sample, one can compare the directions in which positrons are decaying and
hence the direction of the spin of the spin polarized muon at the time of decay. Doing
this as a function of time, one can detect whether the muons were precessing in an internal
magnetic field during the decay process, known as zero-field µSR. Alternatively, one can
apply a magnetic field and drive the muon precession, seeing if precession is attenuated
compared to what is expected, known as weak transverse field µSR. By these means, very
small internal magnetic fields can be detected. Further, by looking at the intensity of
oscillations, one can even determine the volume fraction of the material that is magnetic as
a function of temperature.
Zero-field (ZF) µSR time spectra for single crystalline (Sample A) and polycrystalline
(Sample B) samples of MoTe2 at various temperatures between 4 K and 450 K are shown
in figure 4.2. At the highest temperature T = 450 K, nearly the whole sample is in a paramagnetic state. The paramagnetic state causes only a very weak depolarization of the µSR
signal. This weak depolarization are typical for a paramagnetic material due to the interaction of the muon spin with randomly oriented nuclear magnetic moments. When cooled,
firstly, a fast decaying µSR signal is found. Below 40 K, in addition to the strongly damped
signal, a spontaneous muon spin precession with a well-defined frequency is observed, which
is clearly visible in the data in figures 4.2a-b. Figure 4.2c shows the temperature dependence of the local magnetic field µ0 Hint at the muon site for both single and poly crystalline
samples of MoTe2 . There is a smooth increase of µ0 Hint below 40 K, reaching the saturated
value of µ0 Hint = 200 mT at low temperatures. The spontaneous muon-spin precession
indicates the presence of long range static magnetic order in semiconducting 2H-MoTe2
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Figure 4.2: ZF µSR time spectra for the single-crystal (a) and polycrystalline (b) samples
of MoTe2 recorded at various temperatures. (c) Temperature dependence of the internal
field µ0 Hint of 2H-MoTe2 as a function of temperature. (d) Temperature dependence of the
magnetic fractions VM and V of the precession and strongly damped signals, respectively.
The total signal is also shown. Data taken by Zurab Guguchia in collaboration[2].
below 40 K.
Figure 4.2d shows the temperature dependence of the µSR signal fractions (oscillating
and strongly damped) in the polycrystalline sample of MoTe2 . At 4 K, oscillations are
observed for about half of the muons while the show signatures of strong relaxation. It
is also clear from the ZF µSR data that the oscillating component develops at the cost
of the strongly damped fraction based on the appearance of the oscillating component
below T = 40 K. While the presence of the oscillating signal in the zero-field µSR time
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Figure 4.3: Zero-Field µSR time spectra and temperature-dependent parameters for MoSe2 .
Data taken by Zurab Guguchia in collaboration[2]
spectra is a signature of long-range magnetism, the strongly damped signal observed in
these compounds can arise for a few different reasons as outlined in our paper[2] (this is
not related to the magnetic story). The long-range magnetic order was also observed in
single and poly crystalline samples of 2H-MoSe2 as shown in figure 4.3, but with a higher
ordering temperature of 100 K and a higher local magnetic field of µ0 Hint = 300 mT. This
difference might be related to the different magnetic structures and/or defect concentrations
in 2H-MoSe2 versus 2H-MoTe2 which will be discussed more later.
To obtain information on the magnetic volume fraction of MoTe2 , we also did weak
transverse field (TF) µSR experiments. In weak-TF experiments, the amplitude of the
low frequency oscillations of the muons precessing in the applied field is proportional to the
non-magnetically-ordered volume fraction – any magnetic ordering in the sample overcomes
the weak field, thus a spectrum with no oscillation means that the sample is fully ordered,
while a spectrum with oscillation indicates a non-magnetic sample. The weak-TF spectra
for MoTe2 , at 4 K and 300 K are shown in figure 4.4 which show intermediate oscillation
amplitudes, indicating that over a broad temperature, this material contains magnetic and
non-magnetic domains. Figure 4.4b displays the fraction of the low-frequency oscillations
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Figure 4.4: (a) WTF µSR time spectra for MoTe2 recorded at T = 5 and 300 K. The solid
gray lines represent fits to the data. Temperature dependence of the oscillating fraction (b)
and the paramagnetic relaxation rate λ. Data taken by Zurab Guguchia in collaboration[2]
as a function of temperature in two different single crystalline (4 K ≤ T ≤ 450 K) as well
as in the polycrystalline samples of MoTe2 (4 K ≤ T ≤ 300 K). At 450 K, Vosc shows
a nearly maximum value, indicating that the whole sample is in the non-magnetic state
at this temperature as all the muon spins are precessing in the applied magnetic field.
Vosc decreases as the temperature drops below 425 K and saturates below 300 K. Another
transition is seen at 100 K, where an additional substantial decrease of Vosc is observed
to value Vosc of 0.1 below 40 K. This implies that below 40 K, only 10% of the sample
is non-magnetic. The temperature dependence of the fraction Vosc is in agreement with
the total µSR signal fraction in the ZF µSR experiments in figure 4.2. The combination
of the zero-field and weak-field signatures of magnetic transitions and long range magnetic
ordering below 40 K indicate a truly reproducible and real magnetic ordering within the
samples.
Magnetic properties have not previously been measured in these materials for instance
with transport, so it is important to verify this magnetism with another technique (even
though µSR is unambiguous, there was a large amount of skepticism regarding this finding).
We substantiate the presence of magnetism in MoTe2 and MoSe2 with the more commonly
used technique of temperature- and field-dependent SQUID. The temperature dependence
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Figure 4.5: The temperature dependence of ZFC and FC magnetic moments of MoTe2 (a)
and MoSe2 (c), recorded in an applied field of H = 10 mT. The arrows mark the onset of the
difference between ZFC and FC moment as well as the anomalies seen at low temperatures.
The field dependence of magnetic moment of MoTe2 (b) and MoSe2 (d), recorded at various
temperatures. Data taken by Zurab Guguchia in collaboration[2].
of the macroscopic magnetic moment, recorded in an applied field of 10 mT under zero
field-cooling (ZFC) (sample was cooled down to the base T in zero magnetic field, and the
measurements were done upon warming) and field-cooled (FC) conditions (the sample was
cooled down to the base T in an applied magnetic field, and the measurements were done
upon warming) for MoTe2 and MoSe2 is shown in figure 4.5 a and c. It is clear that there
is a large difference between ZFC and FC trials. The difference between the FC and ZFC
response suggests that different ferromagnetic domains tend to cancel out (anti-align) after
ZFC, suggesting that ferromagnetic domains are present. This ferromagnetism onsets near
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230 K and 180 K for MoSe2 and MoTe2 , respectively.
The field dependence of the magnetic moment for MoTe2 and MoSe2 , recorded at
three different temperatures, is shown in figure 4.5 b and d. A large hysteresis is observed
– we clearly see that in these semiconductors, a hysteresis loop develops when lowering
temperature. This again corroborates the fact that there are ferromagnetic domains within
the sample. The magnitude of the loop decreases with increasing temperature, fully closing
at high temperatures. The coercive field, estimated at T = 5 K, is 300 and 400 G for
MoSe2 and MoTe2 , respectively, rather high fields and in confirmation with µSR. The onset
temperatures of the hysteresis (230 and 180 K for MoSe2 and MoTe2 , respectively) are
close to the onset temperatures below which µSR experiments show the appearance of
inhomogeneous (short-range) magnetism. This means that below this temperature, some
ferromagnetic domains form, which produces inhomogeneous magnetic fields in the samples.
µSR experiments reveal a well-defined uniform magnetism below 40 and 100 K for MoTe2
and MoSe2 , respectively, and the anomalies (such as an additional increase of the moment
and of the difference) at around these temperatures can also be seen in magnetization data
as represented in the figures. Thus, both SQUID and µSR consistently show the same
magnetic transitions which serves as ubiquitous evidence of magnetic domains in these
samples.
Given these findings and the theoretical predictions that pristine MoTe2 and MoSe2
should not be magnetic, a very natural question is where this magnetism is coming from.
The answer lies in the intrinsic defects which we will investigate using STM.

4.4

STM of Intrinsic Defects
Generally in 2D materials, a large source of disorder is intrinsic imperfects such as point

defects and grain boundaries within the crystal itself. In natural, exfoliated graphene, the
intrinsic defect density is very low, on the order of 109 /cm2 [126, 127]. This is not the
case, however, for non-carbon based 2D materials as many others have much larger defect
counts. In one of our previous works, we characterized the defect concentration and impact
in the common semiconducting TMDs[39], finding defect concentrations in commonly used
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TMDs of 1012 /cm2 which can be optimized by varying the growth with defect densities
produced as low as about 1010 /cm2 . As we will see later, these defects can significantly
change material properties and engineering of these defect concentrations could provide a
great avenue for material tuning. In particular, point defects[128, 129, 130, 124] strongly
impact TMD monolayers, for instance causing carrier scattering and localization[131, 132,
133], acting as centers for non-radiative recombination[134, 135, 136, 137], and causing
localized emission from excitonic traps[138, 139]. Transport[35, 140, 141] and STEM has
been used[128, 129, 142] to explore the atomic nature and electronic impact revealing that
the quality of these materials remains far behind the classic semiconducting materials such
as Si and GaAs. Generally there are a variety of different ways to grow these TMDs
which each can produce varied defect compositions and densities. Some methods for growth
include chemical vapor transport (CVT) and flux growth[39] for bulk growth of crystals and
chemical vapor deposition, metal organic chemical vapor deposition (MOCVD), physical
vapor deposition and molecular beam epitaxy for thin film growths. For the studies of
defects and magnetism in this work, we focus on bulk grown crystals by CVT and Flux
growth which can then be exfoliated to monolayers and have been shown to produce the
highest-quality TMD monolayers[39]. In chapter 6, we utilize monolayers of MoS2 grown
by MOCVD.
STM is a powerful technique for studying defects that macroscopic measurements cannot detect. However, as was mentioned in the introduction of this thesis, TMDs are notorious for air contamination and degradation. In order to study these crystals in their purest
form, we freshly cleave a new layer of the crystal within the UHV STM chamber prior to
measurement, ensuring a fresh surface layer that has never seen contamination. This is
done by gluing a pillar structure to the top layers of the crystal and cleaving by knocking off the pillar within UHV. Samples are then measured at 77K and 13K as specified in
each section, within a UHV Omicron LT STM (77K) and a home-built variable temperature
UHV STM (13K, 77K). STM measurements are supplemented with other techniques such as
scanning transmission electron microscopy, x-ray scattering, electron spin resonance, transport, photoluminescence and density functional theory (DFT) to better help determine the
precise nature of defects and their macroscopic impact on the materials as in the published
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Figure 4.6: (a) STM topography of CVT grown MoSe2 showing the atomically flat surface
with various defects. Topography taken at 1 V and 50 pA. (b) STM topography of CVT
grown MoTe2 showing similar defect concentrations. Topography taken at -1.25 V and 100
pA
papers[39][2].
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Figure 4.7: STS spectroscopy MoTe2 far from defects.
Figure 4.6 shows STM topographies of freshly cleaved bulk MoSe2 and MoTe2 grown
in-house by Daniel Rhodes of James Hone’s group. It is clear from the images that the
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surfaces are not just flat but contain a considerable number of features appearing as hills
or troughs. These are in fact local defects within the materials. As described in one of
our previous works, [2], we have performed x-ray scattering and electron spin resonance to
ensure that the materials are indeed high quality and do not contain any foreign impurities
– thus what we measure is truly the intrinsic nature of the as-grown crystals. Figure 4.7
shows typical STS curves of MoTe2 at 77 Kelvin. It is clear from the STS that the crystal
is very n-doped as usually seen for the molybdenum based semiconducting TMDs. An
approximate band gap of 0.9 - 1 eV can be extracted from the STS in confirmation with
expectation for bulk MoTe2 . This would indicate that there are more electron donor defects
within the sample (we will see in the next chapter that the dominant defect heavily n-dopes
the material). Typical CVT grown crystals yield 1011 - 1012 defects/cm2 while as we show
in our previous work[39], with flux growth, the Hone group at Columbia has been able to
achieve defect concentrations as low as 1010 defects/cm2 , by far the lowest reported to date.
This hundredfold decrease in defect concentration was shown to lead to vastly enhanced
photoluminescence signal and provides an avenue for the study of interesting physics with
much longer lifetimes and mobility of the carriers in these systems. The intrinsic lifetimes
of excited carriers approach the nanosecond time scale which could lead to exciting states
such as Bose-Einstein condensates.
Figure 4.8 shows an atomic resolution zoom-in of the two main defects in MoTe2 at
77 Kelvin. Due to the electron tunneling decay lengths, STM topographies are typically
dominated by the top layer of atoms in the material, thus in this case the top layer of
Te’s. We can use the spatial nature of the defect pattern as well as the atomic structure to
deduce the atomic sites of each defect. Figure 4.10 highlights the symmetry of the defects
on the Te lattice. From the image, it is clear that one of the defects is centered on a
tellurium atom, while the other defect is centered between three tellurium atoms, thus on
a molybdenum site. We find that the tellurium centered defects have higher densities in
these crystals. Although in monolayer growth chalcogen vacancies are thought to be most
prominent, we find that in these bulk grown crystals, there is far less chalcogen vacancies
than these common two types of defects. An image of a vacancy is shown in figure 4.9.
Unfortunately, STM suffers from the fact that topographies are a convolution of the
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Figure 4.8: (a) Atomic resolution zoom in of the main two types of defects observed in
MoTe2 . Topography was taken at -1.25 V and 100 pA.

40 pm

4 nm
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Figure 4.9: A chalcogen vacancy defect.
local density of states and the actual atomic structure of the materials, thus it cannot
alone reliably determine the precise elemental composition of each defect, just the site as
well as the local spectroscopic signature. In this regard, we have carried out various other
measurements to supplement the understanding and get a conclusive answer as to the nature
of each defect. As previously mentioned, electron spin resonances and analysis of scattering
data ensure that there are no significant foreign impurities[2] – thus these defects must
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Figure 4.10: (a) Atomic resolution zoom in of Movac defect and (b) Mosub defect with their
corresponding symmetries in the Te lattice drawn. The Movac is centered on a Mo site and
Mosub is centered on a Te site. Topographies were taken at -1.25 V and 100 pA
be intrinsic to the system. Previous transmission electron microscopy measurements[39]
show a prominent defect type of chalcogen antisites where a molybdenum atom replaces
a tellurium atom (a metal interstitial, also called an antisite defect (Mosub ) as well as a
considerable number of molybdenum vacancies. Given the atomic positions identified using
STM, we naturally attribute the tellurium centered defect to be a molybdenum antisite
and the Mo centered defect as an Mo vacancy. This is confirmed in our work[39] using
scanning transmission electron microscopy which reveals the same type of prominent defects
for MoTe2 , WSe2 and MoSe2 (transition metal substitutions and vacancies). Formation
energies have been calculated for each of these defect types, finding for MoSe2 6.68 eV, 5.04
eV and 1.72 eV respectively for Mo vacancies, Mo antisites and Se vacancies. We note that
although these are the prominent defects, there are others with lower densities, especially
in MoTe2 (see larger scale images in next chapter), which we leave for future works.
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Magnetic Defects
We now return to the magnetic story. As mentioned before, prior theory[108] and simple

electron orbital considerations predict that MoTe2 and MoSe2 should not be magnetic. We
therefore investigated the same crystals as measured by µSR and SQUID to gain further
insights into the magnetism using STM. The previous section on defects outlined the basics
of the findings of defects in MoTe2 – figure 4.6 showed a typical STM topograph of the
surface of MoTe2 with a defect density measured of about 0.4%, a number that is typical of
all samples measured. From figure 4.8 and other studies[39], we deduced that the primary
types of defects in MoTe2 and MoSe2 are Mo vacancies and Mo antisites.

a

b

Figure 4.11: (a) Spin-polarized density of states, DOS(states/eV), of Mosub defects in the
antiferromagnetic (AFM) phase. Fermi level, EF , is set to zero. Both the spin-up and
spin-down DOS reveal an in-gap state due to the defect. (b) Magnetization density (±0.001
electrons/Bohr) on the top surface of bulk 2H-MoTe2 in AFM configuration. Spin-up and
spin-down states are shown in faint blue and orange isosurfaces, respectively. Note that
spins also couple antiferromagnetically at the local level between the Mo impurity and the
nearest Mo atoms. Calculations by Elton Santos and his group.
Having identified the primary defect types in our crystals, we perform Hubbard-corrected
DFT simulations (DFT+U) to examine whether these defects could be behind the magnetic
properties. In the absence of the Hubbard U, the defects are found to be non-magnetic.
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At finite values of U, a magnetic moment in the range of 0.9-2.8 µB is observed per Mo
antisite impurity. Along with magnetism, the calculations find that in the presence of U,
there are small distortions from triangular symmetry at the Mosub defect site – we will see
a lot more about structural distortions due to these defects in the following chapter. The
calculated spin polarized DOS is shown in figure 4.11. The spin polarized calculations show
that the localized Mo 4d-states at the Fermi level carry most of the magnetization with
minor contribution from p-states of the Te atoms. We also find that he Mosub defects are
coupled antiferromagnetically to the nearest neighbor Mo atoms as shown in figure 4.11.
The magnetic moments at the nearest neighbor Mo atoms can reach 0.10-0.40 µB/atom,
with smaller contributions for second- and third-neighbors (0.02-0.08 µB/atom). The Te
atoms show negligible spin-polarization. Similar effects have previously been observed in
graphene with different adsorbates and substitutional metal atoms [143, 144]. The metal
vacancy Movac does not introduce a significant local moment in our calculations. Thus with
DFT+U we find that the most prominent defect observed in MoTe2 , Mosub is magnetic.

Figure 4.12: Scanning tunneling spectroscopy dI/dVs taken on the two types of defect as
well as far from any defect.
To further corroborate this finding, figure 4.12 shows STM tunneling spectra taken on
the two types of defect as well as far from any defect. Spectra taken on the Mosub defects
always display a very clear deep in-gap state – we will study the rich structure of the spectra
at lower temperature and higher resolution in the next chapter. The metal vacancy Movac
does not show such a feature. Comparing to the DFT calculation in figure 4.12, we see
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that this in-gap state is consistent with the DFT model for a Mo replacement of a Te. The
deep in gap state is actually a spin polarized state and these defects are locally magnetic.
How the defects interact to create a global magnetic behavior is still an open question
that we are investigating. Some further insights may lie in the following chapter featuring
lower temperature measurements of these precise defects in MoTe2 . It is also interesting
to note that electrostatic pressure suppresses this magnetism [2] – pressure can decrease
interlayer distance and increase interlayer interactions as in the case of twisted graphene
systems[145, 38].

4.6

Conclusions and Outlook
In this chapter, we saw that muon and SQUID measurements reveal 2H-MoTe2 and

2H-MoSe2 as magnetic semiconductors. Both measurement techniques are in confirmation,
showing the onset of long range magnetic order below 40 K and 100 K for MoTe2 and MoSe2 ,
respectively. In the same materials, STM measurements show the presence of intrinsic Mosub
defects which we conjecture cause the long range magnetism, a finding that is supported
by Coulomb-corrected density functional theory. The observation of magnetism in this
system has broad impacts beyond just the 2D community. Establishing long range magnetic
order with the observed low density of antisite defects would necessarily involve electronic
coupling to the semiconductor valence electrons. Hence, electrons would be spin polarized
making these materials strong candidates for dilute magnetic semiconductors (DMS) with
applications in spintronics and hosting rich physics. An example dream is a transistor that
can have two degrees of freedom – on and off as well as up and down.
DMS materials have a long history. While progress has been made with a few materials, a homogenous, high temperature DMS system still remains elusive as current systems have their issues (nonuniform growth, low transition temperatures). They have been
synthesized in a range of thin film[146] and crystal[147] materials. A lot of interest has
focused on the III-V semiconductor class [147, 148, 149], where small concentrations of
magnetic ions, particularly Mn2+, can replace some of the group-III cations of the host
semiconductor. Numerous technical challenges in making uniform DMS materials have
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been overcome[147, 150, 151, 152, 153, 154], but no material has yet been established with
room temperature magnetism and reproducible, high quality, homogeneous growth. The
transition metal dichalcogenides offer a number of advantages to other systems. First, the
defects contributing to magnetism are intrinsic in the crystal, and are uniformly distributed
– thus much easier to fabricate unlike in III-V compounds where you have to add foreign
impurities which often do not like dispersing uniformly. Second, the materials are easily
grown in bulk or monolayer[155] and can be isolated into variable thicknesses. The band gap
is a function of thickness and can then be tuned, another unique property that this system
features. Third, carrier concentration in these materials can be varied with electrostatic
gates easier than in 3D materials. Tuning the carrier concentrations can tune magnetism
as has been seen in GaAs[146, 156]. Like in the twisted graphene tunable superconducting
systems we discussed earlier, the carrier density tuning ability is always a great advantage
in the van der Waals family. Additionally, being van der Waals materials, they can be
made into heterostructures with other materials and possibly induce magnetism in the heterostructures. Future investigations should attempt to better understand and utilize this
magnetism (particularly towards DMS applications). There is great potential, for instance
to engineer the magnitude/critical temperature with controlled defect concentrations. Further studies should be done to confirm the role of these defects to the magnetic structure, as
we attempt to do in the next chapter with lower temperature studies of the same defects.
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Chapter 5

Localized CDWs in
Semiconducting TMDs
5.1

Introduction
In this chapter, we take a deeper look at the magnetic defects in high quality semi-

conducting MoTe2 and MoSe2 of the previous chapter by measuring the material at 13.3
Kelvin. Such a low temperature measurement has not been possible to date (to my knowledge) due to the difficulty of achieving high quality contact to the semiconducting TMDs
as well as the low temperature carrier freeze-out of the semiconductor (leading to a lack
of conductivity). We achieve this by means of a technique called photo-assisted STM/STS
(which has previously not been applied to these materials), shining a continuous laser at the
sample while doing the measurement. We merely use the photo-assisted component of the
measurement to enable enough excited carriers to successfully perform the measurement –
we intentionally keep the power of the laser low so as not to photo-dope, heat or achieve
other phases within the material which could be interesting for future works (see in chapter
1).
The additionally lowered temperature from the previous chapter (77 to 13.3 Kelvin
puts us well within the magnetic transition of both materials). We reveal that in high
quality semiconducting MoTe2 and MoSe2 , the magnetic intrinsic defects of the previous
chapter induce localized structural distortions with large spatial extent in the materials,
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reminiscent of pinned charge density waves (CDWs) in metallic systems – a phenomena
that is not hosted in semiconductors. The structural distortions are commensurate with
the lattice with a 5 atom periodicity. The surface spatial extent of the structural distortions
leads to about 40% coverage in MoTe2 and > 90 in MoSe2 . STS reveals that in MoTe2 ,
at the center of the defect there is an extremely large doping of 1014 - 1015 charges/cm2
which decays on the length scales of the structural distortion, putting the system into a
metallic regime locally. We understand these localized structural distortions using DFT
which reveals that the local doping of these defects induces an acoustic phonon instability
at the M point and in the gamma-K direction leading way to a CDW instability. These are
thus localized charge density waves in a very atypical material – high quality semiconductors
(which are additionally 2D). This is yet another interesting property which seems to emerge
in these 2D semiconductors which is not typical to most semiconductors. We note that we
have measured this in several high quality MoTe2 and MoSe2 crystals and find consistent
results of this CDW in all of them. We relate the coverage of these localized CDWs to the
recently observed magnetism[2] (topic of the previous chapter) with a much higher volume
fraction in MoSe2 , consistent with the much higher spatial coverage of the CDW measured
with STM. We postulate that the CDWs also may have a spin texture which could hold
further insights into the magnetic story of the previous chapter, and for instance, how the
point defects lead to such large magnetic volume fraction which was not understood in
the previous chapter/work. Further investigations are necessary to confirm this relation to
magnetism.
I thank Martina Lessio and David Reichman for extensive work towards understanding
the measurements in this chapter with theoretical contributions. Additionally I thank Zurab
Guguchia and Drew Edelberg for extensive discussions and insight as an extension of the
previous chapter.

5.2

STM on MoTe2 and MoSe2 at 13.3 Kelvin
Charge density waves (CDWs) form in metals and semimetals where it is energetically

favorable to buckle atoms in a periodic pattern opening a gap in the electronic struc-
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ture. While CDWs are common in the TMDs for instance in metallic NbSe2 [157, 158],
TaS2 [159, 160], TaSe2[161, 162] and TiS2[163], the semiconducting TMDs are not susceptible to such a periodic distortion as there is no energy to be gained by carriers due to
the already gapped semiconductor electronic structure. For molybdenum based TMDs, it
has been suggested that in the case of high doping (for MoS2 [164], ≈3 × 1014 ) at grain
boundaries[165] or at the phase transition between the 1T and 2H phases[166], one can
observe CDWs. While grain boundaries and phase transitions are interesting, they are
atypical to high quality crystals[39] and would destroy the semiconducting properties. For
the case of high doping, there is not theoretical agreement on the topic and this phenomena
has never been observed experimentally as such high doping quantities are not possible
using conventional gating (high doping in the semiconducting TMDs is also theorized to
potentially host superconductivity at slightly lower doping due to a flat phonon band[164]).
To date, low temperature atomic-resolution spectroscopic studies of the semiconducting TMDs have not been achieved due to the frozen out carriers and poor contact quality
at low temperatures in these 2D semiconductors. Such studies could be very insightful as
the lowered temperature allows more detailed, higher-resolution (energetically and spatially)
spectroscopic investigations and additional low temperature properties can also appear such
as magnetism[2]. Here we report low temperature (13.3 Kelvin) local spectroscopic and
structural measurements of 2H MoTe2 and MoSe2 using ultra-high vacuum (UHV) scanning tunneling microscopy/spectroscopy (STM/STS). We achieve this using photo-assisted
STM/STS, a technique that has not been applied to the semiconducting TMDs prior to
this work. While the STM tip can tunnel electrons into the crystal at any temperature, if
all the carriers are frozen out, one cannot collect a current and perform STM/STS as with
an insulator. We shine a continuous laser at the crystal, photoexciting a low amount of
carriers that is enough to perform the STM measurement. An image of the STM tip and
crystal are shown in Figure 5.1a. We use a low power (1 mW) laser with a 2 mm2 spot
size, transmitting through a UHV and sapphire window, yielding little heating and negligible photodoping (estimated as ≈107 /cm2 for an upper limit on intrinsic lifetime of excited
carriers of 1 ns, see photo-assisted STM section in chapter 1) in the material. To verify this
further, we have tested varying the laser power, seeing no significant difference in STM/STS
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Figure 5.1: (a) Optical images of the STM tip over an MoTe2 crystal with the laser off and
on. This represents the concept of photo-assisted STM as we use a low power laser shining
continuously at the experiment to enable the previously not possible experiment. (b) A
photo-assisted STM topography using photo-assisted STM on an MoTe2 surface, taken at
0.5V and 50 pA, approximately 0.4 eV into the conduction band. (c) STS on MoTe2 surface
at 77 Kelvin and using photo-assisted STS at 13.3 Kelvin.
signatures (and we have also compared at 77 Kelvin where we can turn the laser on and off
and again saw no difference). High quality single crystals obtained both commercially and
grown in-house[39, 2] (by flux and chemical vapor transport growths) are studied in this
work as in the previous chapter (these are from the same batches of crystals). To study the
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true intrinsic nature of the TMDs, we again study bulk crystals freshly cleaved in the UHV
chamber immediately before measurement, ensuring that no foreign contaminants are on
the surface. As usual, STM tips are freshly prepared on Au (111) and measurements have
been repeated tens of times with different tips and crystals yielding reproducible results,
essential to the claim of localized CDWs we will be making.

5.3

Localized Structural Distortion around Defects
Figure 5.1b shows an STM topography of MoTe2 taken 0.4 eV into the conduction

band revealing a very flat surface with various features which are intrinsic defects in nature
as previously shown[39]. Figure 5.1c shows STS measurements of the LDOS of MoTe2 at
77 K and 13.3 K in the same STM and on the same crystal. From the STS we can extract a
bandgap of approximately 1 eV consistent with previous measurements. From the shift of
the chemical potential towards the conduction band upon lowering temperature to 13.3 K,
we can deduce that the n-type dopants have a lower thermal activation energy, consistent
with previous measurements on similar crystals[39]. Both the STS and topographic measurements clearly show that our photo-assisted STM measurement is a robust, consistent
tunneling measurement and thus this establishes photo-assisted STM as an excellent platform for studying nearly-conducting crystals with STM – it can have potential for instance
towards studying perovskites, super atoms and low temperature semiconductors as done in
this work among many other poorly conducting materials. One should be careful with analysis of results as at higher laser energies and/or more focused spot sizes, one can photodope
crystals or even induce different states such as exciton condensates (see photo-assisted STM
section in 1). We are far from these regimes in this measurement.
Figure 5.2 shows an atomic resolution STM topography taken in the valence band on
the same crystal as Figure 5.1b. While there are a number of defects having an effect on
the surface, what becomes strikingly apparent is that some subset of the defects have an
unprecedentedly long periodic spatial effect (appearing like flowers) on the crystal surface,
extending nearly 10 nm away from the defect center. These flower-like defects are everywhere with a large-scale effect as shown in the larger photo-assisted STM topography in
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Figure 5.2: Atomic-resolution photo-assisted STM topography of MoTe2 surface taken at
-1.25 V and 50 pA, in the valence band of the material. The image reveals that there are
a number of defects within the material, one of which has a large area effect on the crystal
surface, the flower-like defect. This is one of the highest quality images presented in this
thesis.
Figure 5.3. A 2D Fourier transform (FFT) of the topography is shown in Figure 5.4. The
outer peaks, highlighted in white, are the reciprocal lattice vectors of the top tellurium
atomic structure. The FFT reveals several additional periodic wavevectors within the STM
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10nm
Peace, love and science

Figure 5.3: Large scale 1024 × 1024 pixel atomic-resolution photo-assisted STM topographic
image of the MoTe2 surface. The image shows the flower-like defects are consistently present
in larger areas. This is likely the best STM image taken in this thesis as it features large area
atomic resolution (and the atomic distortions around the flower-like defect) with absolutely
no tip changes, a rarity in STM. If you are viewing this in PDF format, you should be able
to zoom in arbitrarily to see the atomic resolution of each region.
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Figure 5.4: 2D Fourier transform of the image shown in 5.3 revealing the principle frequencies within the photo-assisted STM topography. The wavevector lengths are indicated for
each set of peaks – the outer most peaks are the atomic lattice of the material whereas the
other periodicities are associated with the periodic pattern around the flower-like defects
with large spatial effect.
topography. We numerically measure the lengths of each of the wavevectors to be of lengths
p
√
3/5 b0 in the gamma (atomic) direction and (2 3)/5 b0 and 3/5 b0 in the k direction.
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Figure 5.5: Various 2D Fourier filtered images of the flower-like defect revealing what each
FFT peak contributes to the structure of the defect’s effect.
We perform various 2D Fourier filters on the images of the flower defect as shown in
Figure 5.5 to get a better understanding of the defect structure. From the middle two panels,
we see the contribution of each periodicity to the flower-like defect – the longest wavelength
periodicity (shortest wavevector in reciprocal space) produces the petal-like features of the
flower-like defect while the second longest periodicity produces the inner 3-lobe structure of
each petal. To locate the atomic site of the center of the defect, we finally filter the atomic
peaks and longest real space wavelength revealing that the pattern and defect are again
centered on a tellurium atom as in the previous chapter. Given that these are crystals from
the same batch and of a similar defect concentration (and even have a faint resemblance
from the images at 77K in the previous chapter), we postulate that this defect is also an
Mo substitution for a Te (Mosub defect) which was the magnetic defect of the previous
chapter[2].
A natural question to ask is whether this additional periodicity is an electron scattering
effect commonly visualized by STM in many materials[21, 50, 167, 98] (which should disperse
with energy and we will discuss later) or a true structural distortion of the lattice with a
periodic LDOS as a consequence. To answer this question, we perform STS maps on these
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Figure 5.6: (a) STS Spatial maps of the LDOS at various energies showing the flower-like
defect is prominent at a variety of energies. (b) 2D FFT of -1.4 eV STS spatial slice with
peaks highlighted that are plotted as a function of energy in (c). (c) 3/5 b0 peak as a
function of energy.
defects to probe the spatial LDOS as a function of energy. Figure 5.6a shows several spatial
energy cuts of the MoTe2 surface clearly revealing that the flower-like defects with their
additional periodicity are pronounced at a variety energies. We show the STS map FFT at
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-1.4 V (about 0.4 eV below the valence band edge) in Figure 5.6b which shows the same
structure as the topographic FFT in Figure 5.2. To check whether the periodic structure
disperses with energy, we track the height of the 3/5 b0 peak as a function of energy in
Figure 5.6c. It becomes clear from the figure that although the peak varies in intensity
with energy, it does not shift in wavelength. Further, the feature is not only prominent
in the valence band but also within the gap of the material and in the conduction band.
The fact that this peak does not change for a broad range of energies indicates that it
cannot be an electron scattering effect which would change wavelength and/or width as
the bandwidth of the bands changes with the energy being probed. Thus, it is most likely
a true structural distortion which produces an additional periodicity in the structure and
LDOS of the material at all energies, reminiscent of a charge density wave in a metal.
We also probe this effect in MoSe2 . Figure 5.7a-c shows a photo-assisted STS LDOS
map at two energies on an MoSe2 surface. The MoSe2 crystals are, like MoTe2 , freshly
cleaved in UHV and measured at 13.3 Kelvin with photo-assisted STM/STS. It is clear
from the LDOS maps that a large scale periodic pattern is emerging, especially at -2 eV.
Figure 5.7c shows a 2D FFT of the LDOS cut at -2 V elucidating that the LDOS cuts
reveal the additional periodicity of the same wavelengths as shown in 5.2. This time it is
not as clear which defect nucleates the structural distortion and the spatial coverage is much
more than MoTe2 . I note that it is much more difficult to see this effect in MoSe2 than
MoTe2 – very rarely did it become apparent in topographic images, usually only LDOS
maps, thus it was nontrivial to determine a precise nucleus/point defect. It is typically
more difficult to see point defects in some of the semiconducting TMDs (Se based in my
experience). Albeit the lack of clear nucleating defects, there are regions of higher and lower
intensity, again suggesting that the periodic pattern is nucleated by intrinsic defects (in this
case with a higher density but a more subtle defect center). In Figure 5.7d we show the
intensity of the 3/5 b0 peak in MoSe2 as a function of energy (inset), again showing that this
feature does not disperse and/or significantly change shape, again consistent with a true
structural distortion within the material. This feature was measured in multiple crystals of
both MoSe2 and MoTe2 grown by different methods, suggesting that the intrinsic defects
in these materials are generally susceptible to nucleating these structural distortions.
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Figure 5.7: (a-b) Two energy cuts of STS LDOS spatial maps revealing the periodic distortion present in MoSe2 just like MoTe2 with the same wavevectors as shown in the 2D FFT
in (c). (d) 3/5 b0 peak plotted as a function of energy for MoSe2 .

5.4

Localized Charge Density Waves in a 2D Semiconductor
Towards a better understanding of the precise structure of the distortion, we focus

on MoTe2 where the defect site and precise structure are much clearer. Figure 5.8 shows a
zoom in of a fourier filtered image of an individual defect, picking out only the atomic peaks
√
and the longest real space wavelength feature ( 3/5 b0 ) which composes the larger scale
“petals” of the flower-like defect. Analysis of the structure leads to a model as shown in
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Figure 5.8: (a) Zoom in of Fourier filtered photo-assisted STM topography of flower-like
MoTe2 defect. Here we only take the atomic structure and the longest wavelength feature
of the defect structural distortion to highlight the atomic structure. (b) A model for the
hexagonal lattice formed by the structural distortion with a 5 atom periodicity.
Figure 5.8b where the center of each “petal” (peak in the longest wavelength) is represented
by a triangle atop a trigonal lattice of tellurium atoms. It is interesting to note that within
the first period of the structural distortion, the periodicity looks incommensurate with
√
the lattice, as the 3/5 b0 reciprocal wave vector leads to two different sets of triangles
besides the central one: unlike the nucleating triangle which is centered on a tellurium, the
surrounding two types are centered between three telleriums (a molybdenum site) and at
the center of a 3 atom sided equilateral triangle. Further extension of this model, however,
reveals that the second nearest neighbor triangles begin repeating and that a hexagonal
lattice of these three types of petals is formed (with three independent trigonal lattices for
each type of petal site), much like the moirés studied for twisted double bilayer graphene in
chapter 3. The fundamental lattice constant of this hexagonal lattice formed is 5 atoms in
length. We can alternatively arrive at this number by finding the reciprocal wavelength of
√
the next inner peaks further inward than the 3/5 b0 peaks (the second nearest neighbor in
real space) which is of length b0 /5. This length can also be seen in the Fourier filtered image
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of Figure 5.8a, as the second nearest neighbor petal of the flower-like defect is perfectly 5
atoms away. These findings would indicate that the structural distortion is commensurate
with the lattice. This begs the question, what is this commensurate structural distortion
in these semiconducting materials?
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Figure 5.9: (a) STS LDOS of flower-like defect at set spatial increments moving away from
the center of the defect. (b) MoTe2 doping dependent DFT Phonon caluclations by Martina
Lessio and David Reichman. (c) K space visualization of phonon instability regions from
(b)
To gain further insight into the origin of this commensurate structural distortion, we
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perform high resolution STS line cuts from the center of the defect outwards, plotted in a
waterfall plot in Figure 5.9. From first sight of the spectra, we see that at the center of the
defect, it appears as if several in-gap states have emerged from the defect. As a function
of position, as we approach the defect there is a gradual shift of the valence band edge to
lower energies (with a total shift of about 0.15 eV into the conduction band). From the
shift of the valence band edge, we can deduce that the defect is providing a large number
of additional electrons to the system, largely n-doping the material locally and shifting the
Fermi level into the conduction band. A 0.15 eV shift into the conduction band of MoTe2
corresponds to a doping of approximately 1014 -1015 electrons/cm2 , extremely large for a 2D
system. This number can be found from an approximation of a 2D density of states with
the effective mass of MoTe2 of roughly 0.4 e. Thus, in the direct vicinity of this defect,
there is an enormous local doping which makes the material locally metallic. In the case
of metallic TMDs, CDWs are quite common, and in MoS2 it is predicted that at large
electron dopings[164], the material becomes susceptible to a CDW phase. Inspection of the
conduction band shift as it crosses the Fermi level in Figure 5.9a reveals that an additional
gap of about 50 meV forms in the LDOS at the Fermi level as the spectral weight of the
conduction band edge jumps across the Fermi level. Whereas with doping one should purely
see the conduction band crossing the Fermi level, this emergent gap in the spectra straddles
the Fermi level. We conjecture that this additional gap is associated with a localized CDW
nucleated by the defect and its large local doping. Whereas the CDW phenomena is not
native to semiconductors, in the vicinity of this defect, the material is in a metallic regime
and it becomes energetically favorable to buckle the atoms and form a gap locally.
While it has been shown that in highly doped MoS2 , DFT yields a soft phonon mode
which could lead way to a CDW instability, this has not been observed and is debated.
Additionally, such calculations have not been reported in MoTe2 . We perform phonon DFT
calculations (these calculations were performed by Martina Lessio working under David
Reichman) as a function of doping in pristine MoTe2 . The phonon band structure is shown
in Figure 5.9b. It can be seen that an acoustic phonon mode becomes unstable at the M
point and between K and gamma, with the instability increasing with increasing electron
doping (at dopings of 0.10 and 0.15/unit corresponding to 2.1 and 3.2 × 1014 electrons

CHAPTER 5. LOCALIZED CDWS IN SEMICONDUCTING TMDS

152

per cm−2 ). This phonon instability leads way to a CDW in the lattice. A reciprocal
space visualization of the regions of the phonon instability is shown in Figure 5.9c. The
regions of instability are quite similar to the experimental Fourier space structure of the
structural distortion. When such an instability arises, the lattice will prefer to lock at
a periodicity that is commensurate with the lattice as it is more energetically favorable.
Additionally, it is clear that the nucleating defect is locally heavily doping the material to
a locally metallic regime, as attested to by the shift of the valence band edge in Figure
5.9a. Thus the defect heavily dopes the material locally producing a phonon instability,
buckling the atoms into the commensurate periodic structure, hence a localized CDW, as
measured around the defect. While we were tempted to call this a polaron which is hosted
in semiconductors, the periodic structure of this defect and the metallic local nature are
more consistant with a CDW. The CDW gap in the STS at the center of the defect which
decays spatially is also consistent with this scenario. Such a phenomena has never been
observed in a semiconducting TMD.

5.5

Further Insights and Possible Connection to Magnetism
The implications of this CDW within these materials could be vast. In Figure 5.10(b)

and (d) we show the extracted intensity of the CDW for a similarly sized region of MoTe2
and MoSe2 shown in Figure 5.10 (a) and (c). These were extracted using a spatial lock-in
algorithm (I thank Christopher Guttierez for extensive discussions regarding this algorthim).
The intensity maps reveal that much more of the MoSe2 surface is covered by the CDW.
Extraction of the spatial coverage of the CDW with an intensity above 10% yields 40%
spatial coverage in MoTe2 and 90% spatial coverage in MoSe2 . In the previous chapter, we
saw that MoTe2 and MoSe2 have magnetic ordering due to similar defects with a Tc of 100 K
and 40 K respectively[2]. It was still an open question as to how point defects could lead to
such a large magnetic volume fraction of magnetism in these samples. The spatial coverage
discrepancy of the localized CDW in MoTe2 vs MoSe2 is consistent with the difference in
Tc MoSe2 and MoTe2 . While the direct relation is still an open question, we postulate
that the CDW/structural distortion comes with a spin density wave structure which can be
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Figure 5.10: Spatial-lock in extracted amplitude (right) of 3/5 b0 periodicity for the STM
images (left) for MoTe2 (a) and MoSe2 (b)
magnetized. Thus we believe that these defects induce both a CDW and a spin density wave
which yields magnetic ordering in these materials which are not magnetic in the absence
of defects. Further studies of this are ongoing and necessary to prove this claim. Potential
avenues include spin-resolved STM experimentally and theoretical magnetic susceptibility
calculations with such a locked structural distortion.
An interesting question to ask is whether the defects and CDWs order in phase (forming
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Figure 5.11: Spatial-lock in extracted phase (bottom) of 3/5 b0 periodicity in the 3 principle
directions for the STM images (top) for MoTe2 (a) and MoSe2 (b). The overlayed circles
signify extracted maxima of the CDW from figure 5.10.
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in an ordered way). The spatial-lock in algorithm can not only deduce the local intensity
of a periodic pattern but also the phase just like a lock-in amplifier for a time-dependent
signal. In Figure 5.11 we plot the phase extraction in the three directions of the periodic
pattern for MoTe2 and MoSe2 . We find that the defects do not form in phase – there is no
correlation between each defect’s phase and the others – thus in forming, they do not order
with respect to each other unlike for instance the Kekule ordering reported in graphene
defects[168].

5.6

Brief Look at Quasiparticle Interference in MoTe2

a

b

Figure 5.12: (a) 2D FFT of LDOS maps of another defect showing quasiparticle interference in the valence band of MoTe2 . (b) Band structure of MoTe2 showing proposed band
producing quasiparticle interference pattern in (a)
While the flower-like defects have dominated our studies of MoTe2 and MoSe2 , they
do not allow the visualization of quasiparticle interference (QPI) which can be used to
probe the band structure of the material. The reason the flower-like defects are difficult
to use towards this end is due to the overwhelming signal from the structural distortion.
Point defects are a source of scattering of electrons and if one does proper STS maps (with

CHAPTER 5. LOCALIZED CDWS IN SEMICONDUCTING TMDS

156

optimized resolution and size), one can detect the scattering of these electrons which can
give information regarding the band structure of the material[21, 50, 167, 98]. While this
was not the goal of this work, it has the potential to probe the different band edges and
even detect spin-split bands. While previous works have attributed patterns in FFTs of
STS maps to QPI from spin split bands in WSe2 [124], the patterns are much like the CDW
patterns seen earlier in this work suggesting that it is possible that they were probing this
CDW effect (interesting and worth further investigation) as opposed to electronic scattering.
In Figure 5.12a, we look at 2D FFT’s of another type of defect at energies within the valence
band. As a function of energy, the figure shows a dispersing feature that is preferentially in
the K direction and begins with a very short wavelength at the band edge. We attribute this
dispersing feature to QPI from intraband scattering of the gamma or K band as indicated
in Figure 5.12b. While this feature does not constitute any new physics or understanding,
it is reassuring to see that we can detect scattering patterns and they look starkly different
from the structural distortion which produces a pattern that is constant over a broad range
of energy.

5.7

Conclusion
In conclusion, we have established photo-assisted STM as a robust way to study 2D

semiconductors (and other nearly insulating materials) at much lower temperatures than
previously possible. Performing photo-assisted STM/STS on the same MoTe2 and MoSe2
crystals as in chapter 4, we see that the hypothesized magnetic defects seem to form structural distortions with a large spatial extent (sometimes as high as 5 nm) which we determined to be localized charge density waves. In MoTe2 , these structural distortions cover
as much as 40% of the crystal surface whereas in MoSe2 , they cover about 90% of the
crystal surface, which could provide hints as to why the magnetic Tc of MoSe2 is 100 K
as opposed to 70 K in MoTe2 . We further study the origin of this structural distortion in
MoTe2 revealing that the defect dopes the crystal to about 1014 -1015 carriers/cm2 , putting
the materials in a locally metallic regime. Phonon DFT calculations reveal that at such a
high doping, an acoustic phonon instability emerges laying way to a localized CDW around

CHAPTER 5. LOCALIZED CDWS IN SEMICONDUCTING TMDS

157

the defects as the local doping decays. This means that in high-quality MoTe2 and MoSe2
which inherently should not host CDWs (unlike a number of the metallic TMDs), CDWs
are actually present due to one type of intrinsic defect. Further studies should investigate the implications of this finding in scattering, optics, transport and other measurement
techniques.
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Chapter 6

MoS2 – Metal Heterostructure
Interfaces
We next turn to the third and final theme of this thesis – 2D heterointerfaces. As discussed in the introduction, STM has historically been very insightful towards understanding
junction interfaces. We now apply this to 2D systems. In this chapter, we will investigate
metal - MoS2 interfaces. In the next, we will look at graphene p-n junction interfaces. While
the metal - MoS2 junctions are physical structural junctions, in the case of graphene p-n
junctions, most of the junction properties will come from the electronic structure change,
much like in twisted bilayer graphene and twisted double bilayer graphene in chapters 2
and 3.
High quality electrical contact to semiconducting transition metal dichalcogenides (TMDs)
such as MoS2 is key to unlocking their unique electronic and optoelectronic properties for
fundamental research and device applications. In this chapter, we look at the atomicscale electronic properties of various contacts to MoS2 . This work broadly applies to all
of the semiconducting TMDs as the results and explanation are valid for any monolayer
2D semiconductor – metal interface albeit to an extent determined by the lattice constant,
carrier mass and bandgap of the material. The motivation of the work stems from the fact
that despite extensive experimental and theoretical efforts, reliable ohmic contact to doped
TMDs remains elusive. Although not much credit is given to those who have worked hard
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towards good electrical contact to the TMDs, this has been one of the biggest challenges
in the field of semiconducting TMDs as students have spent entire PhDs working on this.
I thank researcher En-min Shih for extensive conversations regarding this. Researchers
have explored everything from top-contact and edge-contact with all sorts of metals and
tricks[169, 170, 171, 172, 173, 174, 175], to monolayer boron nitride tunneling contacts[176]
and prepaturned, AFM cleaned contacts (rumored to be the best currently). As with the
other topics in this thesis, efforts would benefit from a better understanding of the underlying physics of the metal-TMD interface. We present measurements of the atomic-scale
energy band diagram of junctions between various metals and heavily doped monolayer
MoS2 using ultra-high vacuum scanning tunneling microscopy (UHV STM). Our measurements reveal that the electronic properties of these junctions, at the fundamental limit of a
minimized Schottky barrier, are dominated by 2D metal induced gap states (MIGS). These
MIGS are characterized by a spatially growing measured gap in the local density of states
(LDOS) of the MoS2 within 2 nm of the metal-semiconductor interface. Their decay lengths
extend from a minimum of about 0.55 nm near mid gap to as long as 2 nm near the band
edges and are nearly identical for Au, Pd and graphite contacts, indicating that this is
a universal property of the monolayer semiconductor. Our findings indicate that even in
heavily doped semiconductors, the presence of MIGS sets the ultimate limit for electrical
contact.
I thank Ankur Nipane and James Teherani who provided extensive input and assistance
in understanding the results, including the metal induced gap states and Schottky barrier
discussions. I thank Julian Klein and Frances Ross who later on helped provide the valuable
insight regarding the substrate effects – hBN vs SiO2 MoS2 substrate measurements were
taken by Julian with my help.

6.1

Introduction
Since the onset of mechanical exfoliation as a means to isolate thin layers of van der

Waals materials, a wide array of research has been conducted on characterization, synthesis
and device applications. In particular, extensive efforts have been directed towards TMDs
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due to their electronic[177, 178] and optoelectronic[26, 179, 110, 180] properties. Lowresistance ohmic contacts are critical for investigating and utilizing these material properties. Ohmic contacts enable ambipolar conduction, enable high ‘on’ current[35, 181], and
allow efficient extraction of photo-response in optoelectronic devices[26, 182]. A number of
methods for achieving low-resistance contacts have been employed in past[169]: optimizing
contact geometry (top/edge contacts)[170], optimizing contact material[171, 172, 173], doping underneath contacts[174, 175], gating contacts[172], phase engineering[183], insertion
of tunnel barriers between the metal and semiconductor[176], etc. However, despite extensive experimental and theoretical[184, 185] efforts, reliable high-quality contact to these
materials still remains elusive and efforts towards it are especially hindered by a lack of
understanding[186] of the atomic-scale physics at the metal-TMD interfaces.
How the properties of top contact metals correlate with Schottky barrier height, contact
resistance, and band alignments is an essential component that is not well understood[187,
188]. Most previous studies of contact properties have been performed by transport and
optical techniques. While both of these can shed light on overall properties of the contacts
such as the contact resistance and the difference in work function, they do not offer the spatial resolution that is key to understanding the precise band alignment as well as the lateral
properties at the contact edge. UHV STM provides the atomic-scale resolution necessary
to investigate the lateral properties and precise band alignment but is experimentally more
challenging for a number of reasons as we have explored time and time again in this thesis
– samples need to be ultra-clean and conducting and the STM tip needs to land directly
on them without crashing into an insulating portion. Further, a sharp contact edge is also
imperative for an abrupt metal-semiconductor junction.
For this work, we fabricate <10 nm-thick top contacts with nanometer-scale edge sharpness (made possible by the razor blade shadow mask technique discussed in 1) atop highquality, large-area, heavily n-type monolayer MoS2 films allowing UHV-STM and scanning
tunneling spectroscopy (STS) atomic-scale characterization of the interface. The large ntype carrier concentration (arising from the MOCVD growth) helps minimize Schottky
barrier effects and examine contacts near the ohmic regime. Unfortunately this prevents
carrier tuning by electrostatic gating – one should investigate this with exfoliated MoS2 in
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the future. We were not able to surmount this challenge with the MOCVD grown films. We
also investigate the impact of different metal properties by studying three different types
of metal-MoS2 top contact junctions. Graphite and gold (Au) were chosen as metals of
interest due to their use as reasonably low-resistance top contacts to MoS2 [189]. Palladium
(Pd) was also chosen due to its high work function and previous works achieving p-type
contact to MoS2 using Pd[190].

6.2

Sample Fabrication and Measurement Details
For this work, we use a much simpler way of doing STM on 2D monolayers than the

case for the twisted graphene and graphene p-n junction works. Monolayer MoS2 films were
grown directly on Si/SiO2 substrates with nearly uniform growth across 4-inch wafers[191].
More than 95% of the film area consisted of monolayer MoS2 with an occasional patch of
bilayer or trilayer MoS2 (such patches were avoided in this study). Thus it is simple to
land the STM tip safely onto the samples as long as they are sufficiently conducting and
clean. An unfortunate disadvantage to this is that we inherently had a large n-type doping
in the films due to the growth method which prevented the ability to electrostatically gate
the samples – either the contact or the sample conductivity would turn off upon gating
to p-type making STM impossible. Future works should investigate this. During this
work, we did not know of the photo-assisted technique used to measure MoTe2 at 13 K
in the previous chapter of this thesis which may have helped with the conductivity issue.
Sample quality was ensured with optical absorption, photoluminescence (PL), and Raman
spectroscopy. Monolayer films showed a PL peak at 1.87 eV, in confirmation with previous
PL on high quality exfoliated and CVD samples in other works. After preliminary film
quality characterization, wafers were cleaved into 3 mm x 10 mm pieces and split into three
batches for fabrication with different contact metals.
In Batch 1, a graphite-MoS2 top contact junction was created by depositing a thin
exfoliated flake of graphite (about 2 nm-thick) — providing a naturally sharp contact edge
— onto monolayer MoS2 using a polymer dry transfer technique. In brief, a bulk graphite
crystal was mechanically exfoliated onto a PPC-covered Si wafer. The PPC film was sub-
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Figure 6.1: (a) Schematic of the device and experimental setup for graphite-MoS2 junction.
VB is the sample-probe bias voltage and VG is the gate voltage. Topographies and line
spectroscopies are taken across the edge of the few-layer graphite contact, as highlighted by
the yellow dotted box in the zoom-in inset. (b) Schematic of the device and experimental
setup for Au-MoS2 or Pd-MoS2 junctions made by evaporating thin sharp Au or Pd contacts
through a shadow mask 5 µm from the monolayer MoS2 surface. Topographies and line
spectroscopies are taken across the edge of the contact as highlighted by the yellow dotted
box in the zoom-in inset.
sequently placed on a piece of PDMS on a glass slide, which was then inverted and the
desired graphite flake positioned above the MoS2 film. After establishing contact between
the two, the temperature was gradually increased to 90 C to melt the PPC and allow the
PDMS to detach from the substrate. Finally, samples were soaked in acetone overnight and
rinsed with isopropanol to remove any residual PPC. Unlike the twisted graphene samples
in the earlier chapters of this thesis which did not see polymer on their surface, these samples were dirtier. In this case though, we could anneal samples and soak them in solvents
which could not be done for the twisted graphene works but allowed this experiment to
work. To enable collection of the STM tunneling current, contact to the graphite and MoS2
was formed by Au evaporation through the razor blade shadow mask method to preserve
sample cleanliness – lithography was found to be by far much more detrimental than the
transfer process outlined above (see Figure 6.1a). Note that for Batch 1, in contrast to
Batches 2 and 3, the evaporated metal is merely for collecting tunneling current because
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the graphite-MoS2 junction of interest is atop an insulating substrate of SiO2 and needs
to be contacted. Figure 6.1a shows a schematic of the fabricated structure as well as the
electrical connections for the STM experiment. For Batches 2 and 3, 8 nm of Au or Pd,
respectively, was directly deposited atop the MoS2 film (without exfoliated graphite), as
contacts of interest for metal-MoS2 junction characterization. The metals were evaporated
through the razor blade shadow mask method, designed and positioned to lie only about
5 µm above the MoS2 film (detailed in sample contact section in chapter 1), producing
sharp Au - MoS2 and Pd - MoS2 junctions, while preserving the cleanliness of the samples.
Allowing distances above 5 µm caused extended shadows and leakage of grains, disallowing
study of a atomic-scale contact edge. 6.1b is a schematic of the Au-MoS2 and Pd-MoS2
sample batches.
The samples were then loaded into a UHV scanning tunneling microscope and annealed
at 200 C for a few hours. This was essential due to the polymer that touched the top
surface for the graphite devices. To minimize tip radius effects which could be extremely
detrimental to a characterization of a junction, preparation of tips on Au (111) to atomic
sharpness as outlined in the introduction was essential – one cannot measure an atomically
sharp junction with a blunt tip, the tip shape convolutes with the edge. During UHV-STM
measurements, the samples (metal contacts and MoS2 films) were grounded and the probe
was biased to establish tunneling current. This was specific to the Omicron VT STM used
and was not the case for the other works in this thesis. All measurements were taken at
room temperature as we did not know how to measure these at low temperature (frozen
carriers) back then. To map the spatial local density of states (LDOS) of the junctions,
STS dI/dVs were taken at 204 equally spaced points across each metal-MoS2 junction (341
for 2.5 µm line profile). For each dI/dV, a sample-probe voltage difference of 2 V and initial
set point of 500 pA for graphite (100 pA for Au and Pd) was used. I(V)s were taken and
the numerical derivative was used to calculate the dI/dVs for this specific work partially
due to equipment limitations and the room temperature measurement. Numerical fits as
outlined in the modeling section of chapter 1 were essential to account for the thermal
broadening at room temperature. It is important to note that comparing STS across a
junction, one needs to keep in mind that STS measures the LDOS shape and not precise
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magnitude. Thus, the method can be used to determine band gaps and the LDOS functions
up to a multiplicative constant. This constant can be treated as nearly uniform within the
individual materials due to the uniformity of the LDOS within each material at the voltage
set-point of 2 V (which determines the constant), thus the spatially varying LDOS within
each individual material can be compared; however, because of the difference in LDOS at
2 V between different materials, only the LDOS shapes can be compared between different
materials. By allowing the system to stabilize over several days and minimizing thermal
sources, lateral drift was minimized to less than a nanometer per dI/dV line profile, after
which it was retroactively eliminated using a reference topography profile taken immediately
before the line profile.

6.3

Junction Structures and Electronics
Figure 6.2 shows an STM topographic image at the edge of the graphite contact atop

the MoS2 film. The image reveals the sharpness of the graphite-MoS2 junction, as well
as the uniformity of the monolayer MoS2 film and the graphite top contact. The two
materials adhere to the natural roughness of the SiO2 substrate. The MoS2 roughness is
comparable to the roughness of single-layer graphene on SiO2 , while the graphite roughness
is significantly less due to the stiffness of a larger number of stacked layers. The sharp,
abrupt boundary at the graphite-MoS2 interface, are ideal for spatial LDOS characterization
– we note that even though these samples had seen polymer, they are still relatively clean
thanks to the acetone/isopropanol soaks and annealing although not nearly as clean as the
twisted graphene samples which never saw any polymers on top.
Topography of the Au-MoS2 and Pd-MoS2 junctions are shown in Figures 6.3 and 6.4.
Similar to the graphite-MoS2 junction, the MoS2 is uniform and clean, adhering to the
SiO2 . Naturally, however, the electrodes do not form straight edges like exfoliated graphite
due to the evaporation process and 3D nature of Au/Pd – they are inherently a coalescence
of grains from the evaporation deposition. Although the contact edges in this case are not
straight, the razor blade shadow mask technique used has produced abrupt final grains
which can be used as the edge of the contact and thus the junction location for study. It
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Figure 6.2: A representative STM topographic image of the edge of a graphite electrode
atop the monolayer MoS2 film. The image shows the sharpness of the junction as well as
the uniformity of both the MoS2 and graphite adhering to the SiO2 substrate. The insets
show atomic resolution topographies for each material, which have been used to confirm
the lattice constants of each respective material. The white scale bar in the insets is 1 nm
and the intensity bars represent 0 to 150 pm for graphite and 0 to 200 pm for MoS2 . STM
topography set points are 1 V, 300 pA for the large area junction, 3 V, 100 pA for the
graphite inset and 4 V, 500 pA for the MoS2 inset.
is also noted that there is some leakage of a few grains beyond the contact edge, especially
prominent in the Pd (the Pd evaporation was less stable than the Au). All measurements
in this study are taken in clean junction regions, far from leaked grains to ensure that the
LDOS studies are not affected by nearby extra metal besides the contact.
We first investigate the material properties of monolayer MoS2 and graphite at large
length scales by analyzing a 2.5 µm dI/dV line profile across the graphite-MoS2 junction
(6.5a). The Figure shows a color map of the dI/dVs as a function of position and sampleprobe voltage difference (all normalized to the same value at 2 V in order to put all spectra on

CHAPTER 6. MOS2 – METAL HETEROSTRUCTURE INTERFACES

a

10.0

10.0

6.0

6.0
4.0

2.0

50nm

0.0

Height (nm)

8.0

Height (nm)

8.0

4.0

100nm

b

166

2.0
0.0

Figure 6.3: (a-b) STM topographic images of Au-MoS2 junction taken at 2 V and 100 pA.
The coalescence of grains can be seen on the Au contacts. We can use the final grains at
the edge for a sharp Au-MoS2 junction.
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Figure 6.4: (a-b) STM topographic images of Pd-MoS2 junction taken at 2 V and 100 pA.
The coalescence of grains can be seen on the Pd contacts. We can use the final grains at
the edge for a sharp Pd-MoS2 junction.
the same colorscale), spatially aligned with a concurrently-measured sample-probe displacement below the color map. This long dI/dV spatial profile provides the LDOS of graphite
and MoS2 far away from the junction, which allows prediction of the graphite-MoS2 band
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alignment and verifies the spatial uniformity of the LDOS at large length scales. It is clear
from the dI/dV line profile that there is an abrupt change in the dI/dVs at the graphiteMoS2 junction, signifying a change in the LDOS, after which there is long-range uniformity
of LDOS of both graphite and MoS2 individually. Small fluctuations in the LDOS can be
attributed to defects (see chapter 4 and 5) and contaminants in/on the materials. As we saw
in the previous chapters, defects are significant in the TMDs. Unfortunately the roughness
of the SiO2 prevents careful investigation of the defects. This is one of the disadvantages
of scanning films directly grown on SiO2 as opposed to samples on hexagonal boron nitride
(hBN)/bulk used in other chapters and will be discussed later.
On the MoS2 side of the dI/dV color map in Figure 6.5a, the region of nearly zero LDOS
(red color) indicates the band gap of the material, clearly not present on the graphite side.
To analyze the details of the dI/dV profile of each material far from the junction, Figure
6.5b displays a spatially-averaged dI/dV curve of the monolayer MoS2 , and in the inset, the
graphite. These averaged dI/dVs can be interpreted as the DOS of the graphite and MoS2
when not modified by junction physics. The graphite DOS exhibits metallic properties, as
there exists no region with zero DOS as a function of sample-probe voltage, hence there is
no band gap. All three contact metals (Pd, Au, graphite) studied show a similar metallic
DOS, consistent over many different samples. The MoS2 DOS shows a considerable band
gap, as the DOS plunges to nearly zero from about -1.75 V to about +0.35 V alluding to a
quasiparticle gap size of about 2.10 eV, similar to that of previous reports on MoS2 [192, 43].
In this conversion of quasiparticle band gap energy size in eV from dI/dV sample-probe
voltage thresholds, it has been calculated that tip induced band bending and image charge
potential are nearly equal and opposite and thus allow direct conversion of the observed
gap in the dI/dV spectrum to quasiparticle band gap[43]. It is clear from the dI/dV that
the conduction band is closer to the Fermi level (represented by zero sample-probe voltage)
than the valence band implying that the MoS2 film is n-type. The n-type behavior is
in agreement with typical CVD MoS2 samples that have been studied both by transport
and STM measurements[193] and generally is typical for Mo based semiconducting TMDs
SiO2 in the previous two chapters. Further, we observe band-tails (characterized by illdefined band edges beyond what is expected by the Fermi-Dirac broadening) signifying
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Figure 6.5: Color map of a long (about 2.5 µm) dI/dV line profile taken across the edge
of the graphite electrode, consisting of 341 equally spaced points. Below the color map is
the simultaneously measured STM topography profile revealing the precise location of the
graphite-MoS2 step edge. The length scales have been offset such that 0 is the junction
location. The color map reveals an abrupt change in the dI/dV, and hence the LDOS,
profile on this 2.5 µm-sized scale, after which the MoS2 band gap emerges, seen by the
low dI/dV intensity region (red). The color map also demonstrates that the dI/dV of the
separate materials are approximately uniform on this scale. (b) A spatially averaged dI/dV
of the MoS2 and the graphite (inset), representing the DOS far from the junction. The
graphite DOS exhibits no band gap, whereas a band gap of about 2.1 eV is observed for
MoS2 , similar to the quasiparticle band gap observed in previous STM studies of monolayer
MoS2 . The asymmetry in the position of the valence and conduction band edges of the
MoS2 (with respect to 0 V) implies that our MoS2 film is n-type.
large effective sheet charge concentrations[194]. It is tempting to determine the precise
carrier concentration based on the apparent conduction band edge location with respect
to the Fermi level, however, the presence of an unknown amount of contact doping caused
by the probe makes this inaccurate. Since this work, we have further studied the effect of
substrates on monolayer MoS2 and in particular this doping effect. We find that indeed the
SiO2 substrate introduces significant doping, band tail states and roughness as compared
to boron nitride as outlined in the final section of this chapter.
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Figure 6.6: (a-c) Color maps of short (9 nm) dI/dV line profiles taken across the (a) graphiteMoS2 , (b) Au-MoS2 , and (c) Pd-MoS2 junctions consisting of 204 equally spaced points.
Below the color map is a simultaneously measured STM topography profile revealing the
approximate location of the contact edge. The color map reveals a metallic LDOS profile
up until the edge of the electrode. Immediately to the right of the interface into the MoS2
side, there is still no observed LDOS gap. A LDOS gap emerges at a finite distance into
the MoS2 side and grows for about 2 nm before reaching the far from junction magnitude.
(d) Individual dI/dV line spectra taken at 0, 0.5, 1, 1.5, and 2 nm from the junction, as
shown by the dashed lines in Figure 3(a). The individual line spectra confirm the apparent
evolution seen in the color map, as the conduction and valence band edges are gradually
defined with distance from the junction, reaching the far from junction, full MoS2 band gap
several nanometers from the junction.
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Next, we investigate the local properties of graphite-MoS2 junction by analyzing a
short spatial dI/dV profile across the junction. Figure 6.6 shows a color map of the dI/dV
calculated from a 9 nm STS line scan across the junction with the concurrently measured
sample-probe displacement. The sample-probe displacement shows that the contact edge is
rounded for several nanometers which we primarily attribute to real physical rounding of the
imperfect step edges. We have verified this by obtaining consistent profiles with a variety
of different STM tips carefully prepared on Au (111) – again, extremely necessary for such
a work as any tip imperfections will directly be visualized in the step edge. A comparison
of line cuts taken with different tips is also shown in Figure 6.8. We define the approximate
junction position, the zero on our plots, as where the sample-probe displacement flattens
out to that of the MoS2 layer, signifying that the STM probe is definitively tunneling only
into MoS2 . The extended region is likely a tip size effect, showing that even when we have
optimized the tip size on Au (111) as outlined in the introduction chapter, some tip effect
is inevitable. For analysis of effects in the MoS2 , the start of the flat region in the STM
topography is useful definition of the junction location because it sets a clear boundary
beyond which there is no possibility that finite tip radius causes partial tunneling into the
metal. Any uncertainty in location due to tip convolution would place the real junction
closer to the metal, not further, thus data analyzed beyond this position is not affected by
finite tip radius interaction with the metal. Continuing to analyze the dI/dV color map in
Figure 6.6a, while the probe is above the graphite the color map shows that the electronic
spectra remain metallic, similar to the graphite region observed in the long dI/dV line profile
in Figure 6.5a. Once the probe crosses onto purely MoS2 , a finite gap begins to grow over
the next 2 nm. This can be seen as both the valence and conduction band edges begin near
0 V and gradually shift toward their long range MoS2 film values, observed earlier in Figure
6.5a. No clear band-bending or depletion region is observed in our measurements. Color
maps of Au-MoS2 and Pd-MoS2 junctions are shown in Figure 6.6b and (c) revealing the
same behavior. To ensure that this effect is not a color map/plotting artifact, Figure 6.6d
shows several individual dI/dVs at different spatial positions in the region of the evolution
from the graphite-MoS2 interface. Comparing the dI/dVs, we see a gradual formation of the
valence band edge based on the negative voltage tails, which begin metallic and gradually
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become more and more flat, approaching the profile seen earlier in Figure 6.5b. We can also
see the conduction band edge forming, although masked by its proximity to the Fermi level.
Thus, the LDOS profiles show that the dI/dV gap grows with increasing distance from the
edge of the graphite-MoS2 junction.

6.4

Metal Induced Gap States
We find that the observations are best explained by the continuum of metal-induced

gap states (MIGS)[195, 196]. Heine showed that the presence of metal at the interface
creates evanescent states inside the semiconductor band gap which decay exponentially
from the junction. These tailing states could be visualized as virtual gap states of the
complex band structure of the semiconductor as shown in Figure 6.7a. For states that lie
within the band gap, only the imaginary part of wavevector k exists, resulting in exponential
decay characterized by the decay length, δ =

1
q

, where q = ik and k is the standard plane

wave vector. Mönch developed a one-dimensional virtual gap state model to quantify this
virtual gap state decay length (outlined in next section)[197]. The model reveals that as a
function of energy the decay lengths diverge at the band edges, whereas the decay lengths
are minimum at the charge neutrality level (CNL), as plotted in Figure 6.7b. The CNL
is at the center of the band gap in this model, but shifts when effective electron and hole
masses have any mismatch, which is the case of MoS2 . The minimum wave function decay
length in this model is δmin =

2πh̄2
me aEg

, where h̄ is the Planck constant, me is the free electron

mass, a is the lattice constant, and Eg is the semiconductor band gap. The decay length
of the LDOS is half the value of the wave function decay length, as the charge density is
proportional to the wave function squared. Using the experimental values of in-plane lattice
constant a = 0.32 nm and single particle band gap Eg = 2.1 eV for monolayer MoS2 , the
theoretical minimum decay length for metal-MoS2 interfaces is 0.36 nm.
To confirm the presence of MIGS, we investigate the spatial evolution of the MoS2
dI/dVs within the gap. The inset of Figure 6.7b shows the logarithm of dI/dV intensity at
a series of fixed energies within the band gap, as a function of distance from the graphiteMoS2 interface. The linear decrease in log(dI/dV) with distance from the junction signifies
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Figure 6.7: The band structure calculated in the simple model used to predict the MIGS
decay lengths. The red curves show the real wave vectors, k, obtained for electrons in a
1D periodic potential, producing a band gap at the Brillioun zone boundary. The blue
curve demonstrates the virtual states for imaginary k values (q=ik), within the band gap of
the semiconductor, which characterize the MIGS decay lengths. In this simple model, the
maximum q and minimum decay length (where δ = 1/q) are at mid gap while, at the band
edges, q approaches 0 which leads to divergent decay lengths. (b) Plot of the experimental
MIGS decay lengths into MoS2 calculated from linear fits at each energy for Pd-MoS2 ,
Au-MoS2 and graphite-MoS2 junctions. The theoretical curve, derived from a 1D periodic
potential model, is also plotted for reference. The experimental minimum decay length is
about 0.55 nm at an energy slightly shifted towards the conduction band minimum from
mid-gap due to the CNL shift from mid-gap in MoS2 . (caption continued next page)
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Figure 6.7: The inset shows several example spatial LDOS profiles at fixed voltages (from
top to bottom, -1.98, -1.62, -1.26, -0.90, -0.54, -0.18 V), plotted on log scale, confirming the
linearity, hence the exponential behavior of the MIGS. (c) Energy band diagram for an ideal
metal-semiconductor Schottky barrier, as well as the MIGS decay lengths scaled longer than
the characteristic band bending depletion width demonstrating why experimental results
do not exhibit a Schottky barrier.
the exponential decay of the MIGS, in confirmation with theory. Linear regression fits on
position versus log(dI/dV) at each voltage within the band gap, allow determination of
the experimentally observed decay length of the MIGS. It is important to keep in mind
that determination of these exponential decay lengths does not require the ability to probe
the precise junction edge (the slope is the same everywhere), thus is not inhibited by tip
convolution. Figure 6.7b shows the experimental decay lengths as a function of energy
for the three different metal-MoS2 junctions, Au-MoS2 , Pd-MoS2 and Graphite-MoS2 , as
well as the decay lengths predicted by the previously mentioned theoretical model. The
MIGS decay lengths for the three contact metals are almost identical, as the decay length is
determined solely by semiconductor parameters, as in Mönch’s model (outlined in the next
section for MoS2 ). The minimum decay length of 0.55 ± 0.10 nm occurs around -0.6 V,
slightly shifted towards the conduction band edge from mid-gap. This experimental decay
length is quite close to the theoretical expectation of 0.36 nm, considering the simplicity of
the model which only accounted for the effect of the periodic potential of the lattice, a Kittel
level textbook problem. The shift of the minimum decay length in energy from mid-gap is
due to the mismatch in the effective electron and hole masses in MoS2 [198], which shifts the
CNL from mid-gap. It has been found that the CNL in monolayer MoS2 is shifted towards
the conduction band[186], the same direction as the shift in minimum decay length in our
experimental results. At the conduction band edge, we observe the expected divergence
in the MIGS decay lengths, in concurrence with the theoretical curve. Approaching the
valence band edge, there is a gradual increase in decay length, although the MIGS persist
into the valence band before diverging. This continuation of MIGS into the valence band,
in disagreement with models, has been previously observed[199]. The inability of the simple
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model to capture this effect is likely because the model fails to account for the precise nature
of the valence band and the localization of carriers near the valence band edge, which is
affected by defects and film quality. MIGS have been experimentally observed in 1D[199]
and 3D[200] systems, but to our knowledge, this is the first experimental confirmation of
MIGS in 2D materials.
Additionally, it is interesting that no Schottky Barrier behavior is observed. Schottky
barriers are normally characterized by spatial band-bending inside the semiconductor which
indicates the depletion region inherent due to Fermi level misalignment between the metal
and semiconductor, as shown in Figure 6.7c. This is clearly not observed in our experimental
dI/dV spatial line profiles implying that if there is any Schottky barrier, it is within several
angstroms of the real junction where we cannot resolve it or is concealed in the MIGS spatial
extent, as depicted in Figure 6.7c. Thus in these highly doped monolayer semiconductors,
MIGS set the ultimate limit for electrical contact. This short upper limit on the depletion
width is due to the large effective sheet concentration of our MoS2 film which we can estimate
by employing an analytic model for 2D depletion width (w2D ) given by Gurugubelli et. al.,
where w2D =

4ef f (φbi −V )
πqN2D

[201, 202]. Here, e f f is effective dielectric constant, (φbi is the

built-in potential, V is the applied bias, q is the elementary charge and N2D is the effective
sheet carrier concentration. As opposed to the standard 3D model, the 2D model is suited
for systems with 2D materials such as our metal-MoS2 junctions as it considers the role of the
significant out-of-plane electric field which is absent in 3D model[203]. Based on the MIGS
spatial extent and the tip convolution uncertainty, we can assume a depletion width shorter
than 1.5 nm. This implies a lower limit on the effective sheet carrier concentration using the
2D depletion width model of at least 1013 Carriers/cm2 , a reasonable carrier concentration
for degenerate n-type MoS2 films[175]. We also find that the application of a back gate
voltage from -20V to 80V (corresponding to a sheet carrier density of 5x1012 Carriers/cm2 )
does not significantly shift the dI/dV spectrum, further verifying this degenerate carrier
concentration. Below -20V, conductivity was turned off and the STM measurement was not
possible. This agrees with our previously mentioned findings that the MoS2 film has a high
carrier concentration due to the presence of band tails in the DOS. Future investigations
of MoS2 and other TMD samples that are more intrinsic will further the understanding
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of contacts by allowing direct observations of the Schottky barrier, depletion width, and
MIGS, which can be used to compare metals, study gate dependence, and investigate novel
methods to avoid Fermi level pinning (which has in the past been attributed to MIGS)[204].
For example if these samples were gateable like those used in the twisted bilayer graphene
studies, one could see the Schottky barrier length scale doping dependence and for instance
the exact carrier concentration beyond which it is covered by MIGS. This would be a really
cool experiment that I really wanted to do as one could vastly vary the Schottky barrier
length and directly map the band alignment with doping. Future works should definitely
look at this, it not only is a very neat experimental feat but will hold beautiful insights.
As probe effects are a serious consideration, we have compared two data sets taken on
the same junction, however with different tips and in different locations. Figure 6.8a-b show
a comparison of the Graphite-MoS2 dI/dV 10 nm line cut shown earlier with an alternate
dataset taken on the same Graphite-MoS2 junction, however in a different area and with a
different tip. Both show the distinct evolution of the gap. In Figure 6.8c, we have plotted
the corresponding decay lengths of each of the two datasets, as in the analysis in Figure
6.7c. The plot shows that the decay lengths of the two datasets are in reasonable agreement.
Doing this comparison is really important as we have discussed many times in this thesis –
tip effects are always a concern and one should always be dubious of STM studies that do
not consider the topic. The same effect as seen in graphite-MoS2 of the growing gap size
from the junction boundary is observed in Au-MoS2 and Pd-MoS2 on similar length scales,
as can be verified by Figures 6.6(b-c).

6.5

MIGS Model
To model metal induced gap states (MIGS), we employ a simple 1D model of an electron

in a periodic potential

V (x) = 2A cos

2π
x
a


(6.1)

Here, a is the lattice constant and A is the magnitude of the potential, later to be determined
as Eg /2. We solve the Schrodinger Equation using a Fourier expansion of our wave function
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Figure 6.8: (a-b) Color maps of short (9 nm) dI/dV line profiles taken across the same
graphite-MoS2 with two different tips, on two different regions. Below the color maps are
simultaneously measured STM topography profiles revealing the approximate location of
the contact edge. In both datasets, the color maps reveal a metallic LDOS profile up until
the edge of the electrode. Immediately to the right of the interface into the MoS2 side,
there is still no observed LDOS gap. A LDOS gap emerges at a finite distance into the
MoS2 side and grows for about 2 nm before reaching the far from junction magnitude. (c)
A comparison of the decay lengths of the MIGS from the two datasets shown in Figures
6.8(a-b) showing reasonable agreement.
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(6.2)

k

In this equation, k = (2πn)/a where n is an integer, preserving the boundary conditions
of our lattice with lattice constant a. Plugging this into Schrodinger’s equation, one obtains
X  h̄2 k 2
k

2m



− E C(k)eikx +

X

V (x)C(k)eikx = 0

(6.3)

k

Provided that the amplitude of the potential, A, is small compared to the kinetic energy
of the electrons, we can truncate this summation to two equations


h2 k2
2m

−E


A

A
2π 2
2
h̄ (k− a )
2m




−E

c(k)
c k−

2π
a


 =0

(6.4)

In this simplification, we are considering the two free electron bands centered at 0 and
2π/a, and their interaction. We look for solutions at the edge of the first Brillioun zone
where the two bands intersect, π/a. We make a change of variables: k = k 0 + π/a, thus k 0
is centered around π/a. Our matrix becomes


2

h̄2 (k0 + π
a)
2m


A

−E

A
2
2
0
h̄ (k − π
a)
2m



c k0 +

π
a



c k0 −

π
a

−E

 
 =0

(6.5)

As the determinant of the matrix is equal to zero, we can easily solve for k 0 . We first
solve for energy

E k


0

2

2

s

h̄ 02
h̄  π 2
k +
±
=
2m
2m a

4

h̄2 02 h̄2  π 2
(k )
+ A2
2m
2m a

(6.6)

At the edge of the first Brillioun zone, k 0 = 0, we see that the energy is

E(0) =

h̄2  π 2
±A
2m a

(6.7)

Thus we confirm that a gap has emerged of gap size 2A = Eg , centered at h̄2 /2m(π/a)2 .
To determine the characteristic decay length of the virtual wave functions, we solve for
k 0 as a function of energy. Next we set k 0 = iq to solve for the virtual states within the
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band gap
s

2

2

h̄  π 2
h̄ 0
k (E)2 = E +
±
2m
2m a
2

4

h̄2  π 2
E + A2
2m a

(6.8)

h̄2  π 2
E + A2
2m a

(6.9)

s

2

h̄
h̄  π 2
q(E)2 = −E −
∓
2m
2m a

4

In order to have a nonnegative decay length, the nonnegative (addition sign) solution
is chosen. By definition, our decay length for the virtual electron functions, ψ = Ce−qx are
given by δ = 1q . Thus
v
u
u
δ=u
t

−E −

h̄2
2m


π 2
a

h̄2
2m
q

+

2

h̄
4 2m


π 2
E
a

+

(6.10)

Eg2
4

We first minimize this function to find the minimum MIGS decay length

δmin =

2πh̄2
Eg me a

(6.11)

This is at an energy value of

E (q = δmin ) =

h̄2  π 2
−
2m a

1 2
4A

2
h
π 2
2m a

≈

h̄2  π 2
2m a

(6.12)

The simplification in 6.12 can be done due to our earlier assumption that the interaction
potential is much smaller than the electron energies, which is given by h̄2 /2m(π/a)2 . It is
clear from equation 6.12 that the minimum decay length in Eq. 6.10 is mid-gap (which
can be seen in Eq. 6.7). The decay length of the MIGS LDOS is half the decay length of
the wave functions, 21 δmin , as the charge density is proportional to the square of the wave
functions. One can further easily confirm that decay length δ at the band edges, given by
Eq. 6.7, diverge, by plugging the band edges into Eq 6.10

v
 u

2  2
u
Eg
π
h̄
δ E=
±
=u
u
2m a
2
t

h̄2
−2 2m


π 2
a

∓

Eg
2

h̄2
2m
r

+



h̄2
2 2m


π 2
a

±

Eg
2

2

Further simplification of the denominator leads to the divergent behavior.

(6.13)
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Substrate Effects in Monolayer 2D Materials
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Figure 6.9: (a) Large area STM topography of MoS2 on SiO2 , taken at 100 pA and 2 V
setpoints. (b) Large scale STM topography of graphene on hBN taken at 0.5 V and 50 pA
setpoints. The images reveal the difference in roughness of the substrates.
The electronic structure of TMDs is heavily affected by the substrate. This is a recurrent theme in this thesis as we see the significant impact of the substrate in the graphene
p-n junction study in the next chapter and also utilize hBN to achieve the intrinsic material
properties in the twisted graphene systems. Indeed it is well known now that hBN is a
much preferred substrate for 2D materials as it is both atomically flat and has significantly
less trapped charge leading to less disordered samples[25]. In MoS2 , this is certainly also
the case. In this section we show direct comparisons of the effect of SiO2 compared to hBN
as substrates. We find that the SiO2 introduces significant roughness to the monolayers,
but more importantly not only dopes the material but also introduces significant band tail
states, consistent with those observed in this chapter on MOCVD grown MoS2 . These band
tail states lead to inaccurate determination of exciton binding energies due to a different
measured quasiparticle bandgap. We investigate this on natural exfoliated MoS2 on hBN
versus SiO2 and find that the significant factor in the doping and band tail states is the
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substrate as opposed to the MOCVD growth used in this study. Of course, as in this chapter, often the substrate doping can be used to one’s advantage as we did to get close to
ohmic regime for our contact study at hand.
Figure 6.9 shows two large scale STM topographies – one of monolayer MoS2 on SiO2
and the other of monolayer graphene on hBN. The image of graphene on hBN is on a smaller
scale to show atomic resolution revealing that there is indeed a surface and this measurement
is not just blank. It is clear from 6.9b that the graphene on hBN is atomically flat, showing
variations of up to 30 pm due to purely the atomic resolution. This atomic-scale flatness
continues for hundreds of nanometers outwards and is also observed in MoS2 although such
large scale images were difficult on MoS2 due to increased surface contamination from the
air sensitivity of the material (hence we show graphene to compare the roughness but will
focus on the electronic properties of MoS2 on hBN). On the other hand 6.9a clearly shows
a very rough, disordered surface. The clouds of different colors show variation of 3 nm as
opposed to the 0.3 nm of graphene on hBN. On top of this, the air sensitivity of MoS2 is
also revealed with the amount of surface contaminants on the material. It is clear from
this comparison that it is indeed extremely beneficial to put 2D materials on hBN for
atomic scale flatness for any scanning probe technique. Moire patterns and other nanoscale
features such as intrinsic defects are very difficult, if not impossible to resolve with such
overall variation – none of the previous chapters would be possible on SiO2 . In fact, it is
extremely difficult to obtain atomic resolution of MoS2 or graphene on SiO2 while it is a
trivial STM task on MoS2 or graphene on hBN[45, 205]. Additionally, this SiO2 roughness
may induce local strain in the 2D materials which can further modify electronic properties
beyond what is discussed below.
Even more insightful than the surface roughness introduced due to the substrate is the
vast change in electronic properties in the MoS2 films. The following STS measurements
were taken by Julian Klein with my assistance as in our paper[205] which should be cited
instead and provides valuable insight towards this chapter as it can explain the MOCVD
MoS2 spectroscopy (we did not have these measurements during the work of the rest of this
chapter, this provided a completer picture several years later). Measurements were taken
in the SEM 4 probe STM mentioned in the introduction for easy flake navigation. MoS2
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Figure 6.10: (a) STS measurement of monolayer MoS2 on hBN (b) STS measurement of
monolayer MoS2 on SiO2 .
flakes were mechanically exfoliated and thus are not grown like in the rest of this chapter by
MOCVD. Figure 6.10 shows STS on monolayer MoS2 on hBN versus SiO2 . We note that
due to the intrinsic nature of the MoS2 on hBN, we had to apply a back gate voltage in order
to activate the contact/dope the MoS2 to be conducting enough for the STM measurement,
instantly revealing a significant difference from MoS2 where you can measure with no gate
voltage.
The STS measurement on the hBN substrate show an apparent gap in the LDOS of
2.35 eV with both the CB and the VB edges being quite sharp. From this apparent LDOS
gap, we can deduce a quasiparticle band gap size in monolayer MoS2 on hBN of 2.35 eV
which is in agreement with optical measurements[205], although not the same as earlier in
this chapter. On the other hand, for an SiO2 substrate, no gating is necessary for sufficient
conduction due to the inherent doping. The STS on SiO2 reveals an apparent gap of 2.1
eV, much like the apparent gap seen earlier in this chapter on the MOCVD MoS2 . This is
also in agreement with MoS2 on SiO2 in literature[192, 206, 55, 43, 207, 42].
Some key differences exist between the STS on the two different substrates: (1) The
conduction band edge is much more gradual than on hBN, (2) the MoS2 on SiO2 is highly
n-doped as can be seen by the proximity of the conduction band edge to the fermi level.
The high n-doping on SiO2 versus hBN is now understood to be due to an excess of trapped
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charge in the SiO2 substrate versus the reputably charge neutral hBN substrate. On the
other hand, the lack of sharpness of the conduction band edge of MoS2 on SiO2 has not
been previously reported with direct comparison to hBN. Despite this, the effect is there in
all previous MoS2 on SiO2 substrate measurements and it is important to understand its
role and origin towards analyzing the spectroscopy.
We attribute this smoothed band edge to band tail states due to the SiO2 substrate
which contains dangling bonds and trapped charge[208, 130]. This has been shown previously to cause band tail states impacting electronic transport properties[130]. This effect
has severe consequences for an STS measurement of the band gap. The band tail states
cause the measured conduction band edge to be different than that of the pristine material.
This can lead to improper identification of the conduction band edge as well as a smaller
measured quasiparticle band gap size. One could consider this to be the true modified
material on SiO2 , however, measurements such as emission and absorption of excitons stays
unaffected[205], thus extra consideration must be taken in drawing conclusions from the
STS on SiO2 , for instance, calculating the exciton binding energy of the material. Previous STS measurements of MoS2 on SiO2 [43] typically calculate exciton binding energies
without considering this effect, thus merely taking the STS measured quasiparticle gap
size and subtracting the optical bandgap of 1.91 eV, in which case one obtains an exciton
binding energy of 200 meV. On the other hand taking the measured STS quasiparticle gap
with hBN as the substrate, 450 meV is obtained which is in much better agreement with
theory[209, 210, 211, 212, 213, 214]. Another example where careful consideration of these
band tail states must be taken is in calculating the true doping of the MoS2 monolayer
which one would do using the energy offset of the conduction band edge to the fermi level.
The determination of the conduction band is very ambiguous with this consideration and
could lead to vastly different calculated doping densities. For instance the band edge in
typical measurements of MoS2 on SiO2 with STS show the true measured gap to begin
around 0.05 meV which leads to unreasonable doping levels in the 1013 carriers/cm2 . This
is the reason doping density calculations are not performed in the MOCVD MoS2 junctions
measured in this chapter. In comparison the natural MoS2 on SiO2 in 6.10, the MOCVD
MoS2 on SiO2 in 6.3 studied earlier in this chapter is slightly more n-doped, still containing
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the significant band tail states. Hence, a significant portion of the band tail states come
from the SiO2 substrate and not the MOCVD growth.

6.7

Conclusion and Outlook
In this chapter, we investigated the metal-MoS2 junction of three different top con-

tacts—graphite, Au and Pd—on heavily n-type monolayer MOCVD grown MoS2 using
UHV-STM and STS. The large area films used allowed much easier STM measurements
than for the case of the twisted bilayer graphene works. By fabricating clean nanoscale
sharp contact edges on large area MoS2 films atop SiO2 , we have provided sub-nanometerscale spatial spectroscopic characterization of the evolution of the dI/dV, proportional to
the LDOS, of the MoS2 in the nanoscale vicinity of all three metal-MoS2 junctions. dI/dV
line profiles across the junctions reveal a gradually growing LDOS gap in the MoS2 , originating at the metal-MoS2 junction. The effect is attributed to MIGS originating from the
contact metals, decaying into the MoS2 . By analyzing the energy dependence of the decay
length of the MIGS, we observe the decay length can vary from a minimum of 0.55 ± 0.10
nm to greater than 1 nm near the band edges, in good agreement with theory. The MIGS
decay length is shown to be independent of the contact metal and solely determined by the
parameters of the semiconductor, as predicted in theory. We show that in these contacts,
no Schottky barrier is observed for as long as the spatial extent of the MIGS indicating that
MIGS set the ultimate limit for highly doped monolayer semiconductor electrical contact.
Finally, we also compared the influence of hBN vs SiO2 as substrates for MoS2 and other
2D monolayers, showing significant band tail states and doping when SiO2 is used.
Future experiments have a number of potential interesting paths to explore. Samples
made with exfoliated MoS2 or other TMDs on hBN could allow for tuning of the chemical
potential with electrostatic gating, thus modulating the Schottky barrier height, length and
width and the energy of the minimum MIGS decay length. This would be very exciting from
an experimental standpoint as well as insightful towards understanding contacts in these
systems. P-type versus n-type contacts could be investigated, choosing contact materials
with different work functions. If the TMD is intrinsic enough to allow for a visible Schottky
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barrier, the dependence of the Schottky barrier height and length scale could be compared
for different contact choices. Other types of contacts such as edge or tunneling contacts
can also be studied by this method. All of these works could help provide answers in the
long-standing problem of a universal, clean, ohmic contact to TMDs. Further, an STM
characterization such as this can be used for all types of heterostructure junctions, for
instance as in the next chapter towards graphene p-n interfaces, or more exotic junctions
like superconducting junctions.
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Chapter 7

Graphene P-N Junctions
In this chapter, we investigate another 2D heterointerface, graphene p-n junctions.
Unlike the previous chapter, this heterointerface is much more like that of the domain
walls studied in the small angle twisted double bilayer graphene chapter – the junction
has no significant physical boundary while the electronic structure significantly changes
across the physically edgeless heterointerface. The isolation of graphene has led to the
possibility of achieving a variety of novel exciting physics phenomena and applications as
we saw in the twisted graphene chapters. There, we presented spectroscopy as a function of
doping and electric field, tuning electronic correlations and band structure within a single
device, something not possible in most other condensed matter systems. Here, we again use
the gate tunability of graphene to explore another exciting avenue – using graphene as a
solid state electron optics system where one can utilize the ballistic motion of electrons to
manipulate the flow of an electron beam[215]. This has previously been explored in GaAs
two-dimensional electron gasses using electric and magnetic fields for steering[216, 217,
218, 219], however such experiments and applications are limited to cryogenic temperatures
in GaAs. Graphene, being the wonder material, displays ballistic transport over micron
length scales even at room temperature, thus showing great promise over GaAs electron
gasses[25, 170, 220, 221, 222, 223]. Unfortunately it is a bit harder to confine electrons
within graphene due to its Dirac dispersion which leads to Klein tunneling through potential
barriers[224], however one can modify carrier trajectories in a number of ways, one of which
is via p-n junctions.
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This chapter is from work in collaboration with Xiaodong Zhou (now a Professor at
Fudan University) and Frances Ross (Professor at MIT). Experimental data was attained
by Xiaodong Zhou. I thank Frances and Xiaodong for welcoming me on board in this
exciting project. I jumped in midway and then was heavily involved in analysis, modeling,
theoretical collaboration and manuscript preparation. I will highlight the key insights of
the experimental data to introduce the topic and delve deeper into the analyses and models
I did. Discussions with Jerry Tersoff were also a pivotal part of this collaboration – it was
great to learn from someone who helped establish the foundations of STM theory.

7.1

Introduction: Graphene P-N Junctions
Graphene p-n junctions are interfaces in graphene separating a p-type (hole) and n-type

(electron) doping (essentially like creating a diode in a semiconductor but since graphene is
not gapped, this is not a diode). In graphene, a number of interesting physical phenomena
are predicted in the 2D p-n junctions. One example is for very sharp junctions: when
the width, d, is much smaller than the electron’s Fermi wavelength (kF d << 1), electrons
incident on the p-n interface from a point source are focused to a point on the other side of
the p-n interface[225], termed Veselago lensing. This effect is much like optics as one focuses
the electrons with a lens (p-n interface) just like light, hence the term “electron optics”.
Another example is when the junction is very wide: when (kF d >> 1), electrons incident
on the junction are collimated with an angle-selective transmission probability given by
d

2

T (θ) ∼ e−πkF 2 sin θ . This causes selective transmission of the electrons incident normal to
the p-n interface, while others are reflected[226]. Collimation and Veselago lensing both
show promise for a number of device concepts[227, 228, 229, 230, 231, 232, 233, 234]. For
instance, one can make field effect transistors and switches using multiple p-n junctions at
an angle with respect to each other, a geometry that can be used to turn current flow on and
off[230, 234]. In such a way, one could print a circuit board of graphene transistors. Another
example is to use the Veselago lensing property to enhance the Rudermann-Kittel-KasuyaYosida (RKKY) interaction for spintronic applications[233]. Although both sound very
promising towards applications, for now these effects are mostly used to study fundamental
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physics within graphene which is pretty remarkable in itself.
A number of experiments have attempted to actualize the optics-like carrier transport in
graphene, mostly by transport techniques. Faint signatures of lensing have for instance been
seen[235]. A negative refractive index was also observed, albeit with a magnetic field[236].
An electron beam collimator was reported in collinear pairs of slits[237]. Collimation based
field effect transistors have been made achieving on-off ratios of ≈ 1.3[238] – 13[239]. No
experimental realization has, however, reached even near the theoretically predicted optimal
properties pointing to a fundamental problem. As we saw in the previous chapter, STM is
the ideal tool to study the atomic scale electronic properties of an interface such as a p-n
junction where imperfections in graphene p-n junctions significantly modify the electronoptical functionality[240]. Imperfections include interface roughness, finite junction width
and non-linearity/asymmetry of the p-n doping profiles. As we will see in this chapter, each
one is quite prominent: real devices have finite junction widths, overall roughness defined
by electrostatics and fabrication quality, and trapped charge/inherent doping. It is thus
imperative to figure out the magnitude of each of these effects on an atomic-scale level in
state-of-the-art devices so as to benchmark where the field is and what needs to be done in
future devices to truly achieve optics-like behavior of electrons. That being said, up to our
work[46], an atomic scale study of state-of-the-art junction properties was lacking. Scanning
tunneling microscopy, as we saw in the MoS2-metal interface study in the previous chapter,
is an ideal tool to visualize the junction interface and probe the length scales of the p-n
transition as well as the local doping profile. There was a hope to also visualize Veselago
lensing in the STM measurement, but as we will show, devices are not in the optimal regime
for the effect.

7.2

P-N Junction Devices
Graphene p-n junctions can now easily be made with fabrication techniques similar to

those in the twisted graphene chapters, for instance by placing graphene atop two independent gates and doping p-type (negative VG ) and n-type (positive VG ) with each independent
gate. The interface region creates a p-n junction. Although merely creating a graphene p-n
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Figure 7.1: (a) Schematic of the polySi gate device and experimental setup. Two independent local gate VGate1 and VGate2 are applied through a split buried polysilicon to the
graphene forming a p-n junction. (b) Schematic of the graphite gate device and experimental setup. A global gate VGate2 and a partial gate VGate1 are supplied through SiO2 /Si and
graphite respectively to the graphene on top. A p-n junction forms at the sharp graphite
edge
junction is simple, making a good one is difficult. The specifics of the fabrication and geometry of the device can lead to vastly different junction widths, roughness and local doping
profiles. For this work, we investigate two different, state-of-the-art, graphene p-n junction
devices – one accessible with mostly standard CMOS fabrication techniques and the other
with state-of-the-art van der Waals stacking. The two devices are shown in figure 7.1.
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The first device which we will call the polySi (polysilicon) gate device is shown in figure
7.1a. It is based on pre-patterned SiO2 /Si which contains buried polysilicon gate electrodes
shown in red/orange bars. The highly doped polysilicon gates are patterned in interdigiated
fingers separated by 100 nm and covered in 100 nm of SiO2 . This allows simply transferring
graphene onto hBN onto the SiO2 and then using the separate red/orange gates within the
SiO2 to gate the graphene. P-n junctions form between each pair of split gates. As will
be seen in the modeling section, this device style has its drawbacks but is an example of
a state-of-the-art CMOS based processing fabrication method. The graphene/hBN device
is made with the standard polymer dry transfer technique using exfoliated graphene and
hBN.
The second device that we study is shown in figure 7.1b. This one, which we will refer to
as the graphite gate device, is created using purely van der Waals materials and standard
Si/SiO2 , with graphite and Si as the gates. A piece of few layer graphite is sandwiched
between two layers of hBN and the target graphene is placed atop the structure so that it
is only partially under the now-buried graphite. The structure is then placed atop Si/SiO2 .
This device has the advantage that the graphite gate has a naturally sharp edge thanks
to graphite’s cleaving nature in crystallographic directions. Additionally, graphite is much
more uniform as a gate and, as we will see, the lack of extra processing leads to a much
more intrinsic device without gating. Finally, the graphite gate can be fabricated such that
it is physically quite close to the graphene as the limitation is the thickness of the hBN
which can be as thin as 1-2 nm (up to tunneling limitations). This method has been shown
in transport to create more uniform, sharp devices [236, 241]. Of course, a serious drawback
to this method is that it requires stacking of 2D materials and likely would be much more
difficult to implement via CMOS fabrication, thus much harder to use for applications.
The theoretical electrostatics of each device will be analyzed further in the electrostatic
modeling section.
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Atomic-scale Characteristics
For this work, we utilized a four-probe STM, using 2-3 probes for contact to gates and

bias and the final probe for the STM tunneling measurement (the STM measurement tip
is never used for contact as it is freshly prepared to ensure the validity of the results). The
use of the probes as contacts allow us to skip any lithography and get much cleaner devices
for high quality STM/STS. Just like the shadow masks and µsoldering discussed in the
contacts for STM section, this is a great alternative route for measuring devices that have
never seen any polymers or resist on the measured surface. As mentioned in the introduction
of this thesis, this STM is also equipped with an SEM allowing easy navigation onto µmscale exfoliated stacks. All measurements for this work are done at room and nitrogen
temperature.
Figure 7.2a shows a large-scale STM topography across a p-n junction in the polySi
gate device under a gate bias of +30 V and -30 V on each of the two gates. The inset
shows the moiré pattern between the graphene and hBN. The junction appears as a step in
the topographic contrast. On the other hand 7.2b shows the p-n interface under different
gating conditions where this step like feature is not present. As STM is a convolution of the
density of states and topography of the material, it is clear that the contrast in 7.2a arises
from the change in doping between the two regions. The change in doping changes the local
chemical potential which in graphene creates a significantly different density of states due
to the Dirac cone band structure. Figure 7.2c shows an STM topography of the graphite
gate p-n junction interface with 0 V and -6 V on each gate respectively. This time, again
we see a step edge, however this step edge is also partially topographic because the hBN is
about 10 nm thick, not thick enough to fully smooth the step edge from the graphite gate.
Additional contrast comes from the p-n doping, as will be verified with the STS to follow.
Even visually, figure 7.2 reveals that both types of p-n junction suffer from lateral
roughness. Albeit this, the graphite gate device appears significantly better than the polySi
gate in this regard. To better characterize this, spectroscopic dI/dU mapping was used,
imaging the spatial LDOS at the energy of the STM bias. This can be done by simply
applying a modulation to the bias and using a lock-in amplifier to measure the lock-in signal
while scanning the surface allowing more time per pixel than the lock-in time constants.
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Figure 7.2: (a) STM topography image of the junction interface in a polySi gate device.
Inset is a magnified image of the junction area. The STM topography set points are -0.2
V, 30 pA and 0.3 V, 30 pA for the inset. (b) STM topography image of the same interface
as (a) but at a gating regime where the interface is barely visible showing that the contrast
in (a) comes from the p-n doping electronic signature change. (c) STM topography image
of the junction interface in a graphite gate device. STM topography set points are 0.1 V,
50 pA. (e) dI/dU mapping of the polySi gate device at the same area as (a). The image
reflects a spatial distribution of Dirac point ED across the junction interface. (f) dI/dU
mapping of the graphite gate device at the same area as (c) (g) Lateral interface roughness
extracted from the dI/dU mapping in (d) and (e). Data taken by Xiaodong Zhou.
This has advantages over dI/dV mapping as one can do it much quicker and avoid effects of
drift which are significant at room temperature or with poor shielding at low temperatures.
Figure 7.2(d-e) shows these dI/dUs (at -0.2 V) on the two types of p-n interface used in this
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work. Due to the different doping over the gates, the chemical potential (and Dirac band
structure) of the graphene are shifted between the two regions. At a bias voltage of -0.2 V
(probing energies below the Fermi level), the LDOS in the p-side is higher than the LDOS
in the n-side because of the shifted dirac cones. One can extract the Dirac point energy
just based on extrapolation of the formula DOS(E) = A|E − ED |. The Dirac point should
shift across the Fermi level for a p-n junction interface (by definition of a p-n junction). We
define the center of the p-n interface as the local position where the Dirac point is at the
Fermi level in the p-n interface. Figure 7.2f shows a spatial extraction of the center of the
p-n interface for the two dI/dU maps. By visual inspection, it is clear that the graphite
gate junction is much smoother than the polySi junction. We have further extracted RMS
values of 2.3 nm and 0.81 nm and auto-correlation lengths of 7.7 nm and 15.5 nm for the
polySi and graphite gate devices respectively, quantitatively indicating the smoother nature
of the graphite gate. Further information can be found in [46].
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Figure 7.3: Individual dI/dV spectra selected from a line-cut taken along the yellow line
(upper panel) across the junction interface in the polySi gate device. All spectra are normalized for display purpose.Data taken by Xiaodong Zhou.
STS can be used to probe the actual doping profile based on the precise LDOS and
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Figure 7.4: (a)-(c) Colormaps of the STS measured LDOS as a function of position across
the polySi buried gate p-n interface for external gatings of 30 V / -30 V, 0 V / 0 V and -30
V, 30 V. (d)-(e) Colormaps of the STS measured LDOS as a function of position across the
graphite gate p-n interface for external gatings of 0 V / 0 V and 0 V / -6 V. Data taken by
Xiaodong Zhou.
Dirac point spatial evolution, just like we did in the previous MoS2 -metal chapter analyzing
the transition from a metal to a 2D semiconductor. The precise nature of the evolution
of the doping profile is critical to understanding the functionality (more information in
implications section) – for instance is the evolution linear and symmetric? Figure 7.3 shows
a set of point STS taken across the junction. The Dirac point is visualized as the minimum
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of each individual curve. The Dirac point clearly shifts from below the Fermi level to above
the Fermi level – the precise nature of a p-n junction. Figure 7.4(a-c) shows heatmaps of
the LDOS across the polySi gate interface at three different gating regimes as specified. The
heat maps reveal a number of unexpected features. First, there is clearly non-linearity in the
transition – the transitions are by no means a first order polynomial. Second, the profiles
are very asymmetric with higher doping on the n-side than the p-side, especially surprising
given the symmetric external gating conditions. From the 0 V/ 0 V gating case we see that
we already have a variable doping profile with the external gates grounded. Because of this
inherent doping, in the case of -30 V / +30 V, we fail to create a valid p-n junction as
the supposed p-type side is actually still slightly n-type. These results are consistent along
several different cross section positions of the junction where STS line cuts were taken. We
attribute this intrinsic doping profile to trapped charge from the fabrication process – there
is significant n-doping over the two gates with a slightly p-doped region between them in
the SiO2 which is known to host trapped charge. The origin of this peculiar trapped charge
profile in this device is likely due to the fabrication process. To fabricate these devices the
polysilicon gates are fabricated onto 100 nm of SiO2 after which more SiO2 is grown to
300 nm overall thickness. This naturally creates bumps over the polysilicon gates which
are then polished to flatness. We believe that this polishing process is the likely cause of
this variable trapped charge distribution. Future CMOS style fabrication research should
investigate this and attempt to minimize it or at least make it more controllable in order to
be able to achieve a more symmetric and uniform p-n junction and other electronic devices.
To verify that such a scenario can explain the data, in the following section, we model
the trapped charge scenario electrostatically in COMSOL and quantify the trapped charge
densities. We can already see that the CMOS style fabricated device suffers from significant
nonidealities. We can compare this p-n interface to that of the graphite gate device with
an exfoliated natural graphite gate edge interface.
Figure 7.4(d-e) shows heatmaps of two gating regimes for the graphite gate p-n interface. Note that much less gate voltage is required to achieve the same doping levels as the
polySi device due to the much thinner gate dielectric of hBN. It is clear that the graphite
gate device also has some intrinsic doping based on the 0 V / 0 V gate case where the Dirac

CHAPTER 7. GRAPHENE P-N JUNCTIONS

195

point is not at the Fermi level. This is likely also due to trapped charge in the substrate
as has been previously seen[242]. We also model the graphite gate device’s trapped charge
scenario in the next section. In this case intrinsic doping is uniform making it much easier
to work with (it is much easier to create a symmetric p-n junction). Merely applying -6
V to the graphite gate leads to a symmetric p-n junction. This is one advantage that the
graphite gate device has over the polySi gate device. Another advantage of the graphite gate
device is the linearity of the junction. Although the graphite gate device still displays some
nonlinearity which is impossible to escape due to the electrostatics of a gate at a distance,
it is significantly more linear than the polySi gate[46], likely due to the closer proximity to
the gate. One can also extract widths of the electronic transition. The widths are about
40 nm and 100 nm for the graphite gate and polySi gate devices respectively. Overall, the
graphite gate device shows a narrower junction width, less non-linearity, more uniform substrate doping and less roughness than the polySi gate. Some possible implications of these
findings on electron-optics applications are summarized in the Impact on Electron Optics
section. Towards more sharp, less wide transitions, future works should minimize the hBN
between the graphite gate and the graphene – this will likely create a more abrupt interface
due to electrostatic considerations. Towards more smooth junctions, a CMOS fabrication
route yielding less variable trapped charge or a graphite gate with thicker hBN spacing
could show promise.

7.4

Electrostatic Modeling
To verify the trapped charge scenarios leading to the doping profiles observed in the

previous section, we modeled the devices using finite-element modeling via the electrostatics
module of COMSOL.
We begin with the more simple (in terms of intrinsic doping profile) case of the graphite
gate device. Figure 7.5 shows the large scale 2D COMSOL model of the graphite gate
device. We create 285 nm thick SiO2 (a more accurate number for the precise thickness of
our nominally 300 nm thick SiO2 ) using the SiO2 properties in COMSOL. Atop the 285 nm
SiO2 , we place a 12 nm layer of hBN (custom material properties in COMSOL), followed
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Figure 7.5: Image of the COMSOL model geometry and calculated potential for the graphite
gate device with -6V on the graphite gate and 0 V on the back gate and graphene layer.
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Figure 7.6: Zoom in to the COMSOL model image of the graphite gate device shown in 7.5
by a 2 nm graphite layer (any good conductor in COMSOL) followed by an 18 nm layer
of hBN, partially atop the graphite gate and partially atop purely the two hBNs. Figure
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7.6 shows a zoom in to the device target area. Periodic boundary conditions are placed on
the sides and the top and bottom is treated as vacuum with ground potential far away for
boundary conditions. To add the gate voltages, potentials are merely applied to the bottom
of the SiO2 and to the graphite layer sandwiched within the hBN layers.
In figures 7.5 and 7.6, the color scale represents electric potential. In this case, the
graphite gate is at -6 V, the back SiO2 gate is at 0 V and the top layer of the top hBN
(where the graphene would be) is also set at 0V (to begin with and then set floating for the
following calculations). We see that the model accurately creates the potential profile one
would naively predict, with the graphite creating equipotential contours around itself. The
top of the hBN is then ungrounded and we use COMSOL to find the displacement field
at the graphene position to find the doping which in turn can be converted to the Dirac
point energy, to be compared with experiment. Care must be taken in doing this, however,
as graphene is a semimetal with significant quantum capacitance. The doping in graphene
is not determined purely by geometric capacitance but also quantum capacitance arising
from the significantly changing low density of states with doping in graphene. Quantum
capacitance is rather complicated but in a simple picture: for a material like graphene with
a low density of states at neutrality, initially the graphene is more like an insulator as the
density of states is low, so gating is not as effective (as the parallel plate capacitor formed
is between a metal and a material closer to an insulator than a metal). As graphene is
doped and the density of states increases, it becomes more like a metal and gating is more
effective. Unfortunately, there was no consensus of how to model graphene in COMSOL as
of the execution of these models, thus a simplified approximation is taken to numerically
approximately account for quantum capacitance and more precisely determine the Dirac
point:
We first find the displacement field at the graphene layer as a function of lateral position
across the device in the COMSOL model. From there, we can find the Fermi level Ef,model =
p
h̄vf π (n0 + Df ield ) where vf is the Fermi velocity in graphene, n0 is the inherent substrate
doping (for this graphite gate device we treat it as uniform as attested by experiment)
and Df ield is the displacement field at the graphene layer. Before we can find the true
predicted Fermi level, however, we must first adjust the doping for quantum capacitance that
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COMSOL does not account for. We do this numerically with Matlab outside of COMSOL.
We first take the experimental data far from the junction interface (where uniform maximum
p or n doping is achieved) to extract the real doping density nreal far from the interface
,including the substrate doping. We can estimate the quantum capacitance in this regime by
comparing the real doping nreal to the model doping Df ield +n0 (we add the substrate doping
numerically) at the maximum doping state, far from junction interface. This can be used to
extract the maximum value of quantum capacitance (as quantum capacitance is maximum
in experiment when the graphene density of states at the Fermi level is maximum, hence
maximum doping) by considering the voltage and real experimental doping density to find
the total capacitance (Q = CV ). From this total capacitance, one can extract the quantum
capacitance component (solving for the quantum capacitance given that it is in series with
the basic geometric capacitance which we know). Finally, we can recalculate the model’s
doping by taking the COMSOL doping and resolving for each spatial position including a
quantum capacitance in series by scaling by nmodel with Cquantum ∝ Constant×DOSgraphene
and DOSgraphene ∝ Constant × n. Doing this iteratively adjusts the intermediate regime
to a steady state. Finally, the Dirac point is calculated for each spatial position from
√
E = h̄vf πn. It is important to note that this is merely a numerical approximation which
worked for this analysis and a more comprehensive model should be pursued for more
accurate results.
Figure 7.7 shows the resulting spatial Dirac point profile from this model plotted with
the experimental Dirac point profile for the two gating regimes of the graphite gate device.
We achieve a good fit to the data with a uniform trapped charge density of 1.6 x 1012
charges /cm2 .
The model for the polySi gate device is slightly more complicated due to the clearly
asymmetric nature of the experimental data. For this model, we use 300 nm SiO2 with two
buried polysilicon gates 100 nm from the surface of the SiO2 and 100 nm apart. 20 nm of
hBN is placed atop the SiO2 and again periodic boundary conditions are set on the sides
and the system is encased in vacuum. Figure 7.8 shows the potential profile with +30 V / 30 V on the two gates and the bottom of the SiO2 grounded. The vacuum size is carefully
chosen to minimize computation time yet not affect the electrostatic potential at the top
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Figure 7.7: (a-b) Extracted Dirac point profiles of the graphite gate device determined from
the STS linecuts in figure 7.4 at 0 V / 0 V (a) and 0 V / -6 V (b). COMSOL simulation
results are also plotted as dotted lines.
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Figure 7.8: Image of the COMSOL model geometry and calculated potential for the polySi
gate device with 30 V on the left gate and -30 V on the right gate.
of the hBN. It is clear that with a uniform trapped charge density like in the case of the
graphite gate, there is no way to reproduce the potential profiles as can be attested by the
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Figure 7.9: Zoom-in of the final COMSOL model and potential profile for the polySi gate
device with a trapped charge distribution on the top of the SiO2 as represented by the
dotted line and potential profile. Both gates are at 0 V to show the effect of the trapped
charge on the potential.
0 V / 0 V experimental case where a variable doping profile is seen. We place different
uniform charge densities at the top of the SiO2 above each gate and in between the gates
(the 100 nm region separating the buried gates) which we find matches the experimental
data well with the correct choice of trapped charge. The model with trapped charge is
shown in figure 7.9. Although this model may sound arbitrary like it can fit anything,
actually, having the three different gating regimes sets very hard constraints to this trapped
charge distribution. Although one gate regime can be fitted arbitrarily with trapped charge,
all three cannot. We find that the data can be reproduced best for the three gating regimes
with trapped charge densities of 7.5 × 1012 carriers / cm2 above the left gate, 5.6 × 1012
carriers / cm2 above the right gate and a small −7.5 × 1011 carriers / cm2 in between the
gates. The rest of the procedure is as in the graphite gate modeling procedure. We note
that the quantum capacitance correction is less significant here as the geometric capacitance
is much smaller than for the graphite gate case – the quantum capacitance approximation
does not affect the trapped charge distribution. Figure 7.10 shows the Dirac point profile
with the experimental profiles for the three gating regimes, in reasonable agreement. Of
course this model is very simple, for instance with the trapped charge being uniform in each
region and merely atop the SiO2 which is likely not purely the case. The simplicity of the
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model likely accounts for the small discrepancies with the experimental data. We did not
explore further in order to prevent overfitting to the data.
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Figure 7.10: (a-c) Extracted Dirac point profiles of the polySi gate device determined from
the STS linecuts in figure 7.4 at 30 V / -30 V (a), 0 V / 0 V and -30 V / 30 V (b). COMSOL
simulation results are also plotted as dotted lines.
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Electron-Optics Implications
The atomic-scale characterization of these junctions allows for direct modeling of

electron-optics applications with real parameters. This can provide insight into which are
the crucial parameters inhibiting the realization of electron-optics systems in graphene.
The models were done using Nonequilibrium Green’s function (NEGF)-based simulations
of electron flow as in [46]. Based on the measured experimental junction widths, kf d≈1 for
the graphite gate device and kf d ≈1-10 for the polySi gate device. This puts the junctions
in an intermediate regime between the ideal for collimation and Veselago lensing. We assess
each application with the experimental parameters.
The results will be summarized here. For more information, one can read [46]. In a
single junction device towards collimation, we find that lateral roughness does not play a
significant role – it essentially gets averaged out for the case of a single junction. On the
other hand, doping transition nonlinearity plays a large role in a single junction device.
As compared to a linear doping profile transition, the changes in slope of a non-linear
doping profile cause a different collimation transmission probability as a function of position
in the interface – for shallower slopes, the junction locally appears wider and thus there
is a lower transmission probability at angles nonorthogonal to the interface (thus better
collimation). For steeper slopes, collimation is impeded as more carriers can pass through
at nonorthogonal angles. This in turn causes a highly energy dependent collimation as
calculated in [46]. At energies where the doping profile is highly nonlinear, deviation is
highest. From a device and applications standpoint, this is detrimental as things become
rather unpredictable especially with the inherent substrate dopings found by the STM
measurement which will change the effective potential barrier for a given energy. Finally,
the polySi gate devices are slightly better at collimation due to the increased junction width.
Although roughness does not affect a single junction collimation, it does affect a two
junction device such as one that could be used as a transistor. A transistor can be made
by putting two junctions[228] at an angle with respect to each other as shown in figure
7.11. In this geometry, current can be turned on and off by controlling the p-n junction
collimation of each junction. We find that for this case, as opposed to a single junction,
roughness plays a role in that it increases conductance in the off state hence reducing the
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Figure 7.11: The idea behind a transistor using p-n junctions at an angle. The collimation of the first junction would cause the incident carriers on the second junction to be
nonorthogonal to the second junction interface. This would lead to off behavior when a
p-n-p or n-p-n gating is established. The device would turn on in other doping regimes.
The bottom panel shows what roughness would do to this geometry.
on/off ratio that is crucial to the device. This can naively be understood to be due to the
coupling between the two p-n junctions where the roughness of the second junction may
locally allow electrons through that were collimated by the first junction due to the local
curvature of the junction and vice versa.
Finally, towards Veselago lensing, we recall that the junction width should be minimized. Firstly, even considering just the roughness of the polySi gate and graphite gate
devices with a perfect, 0 width interface (nonrealistic), the polySi gate device is too rough
to achieve Veselago lensing, smearing the lensed electrons, while the graphite gate device
does achieve comparable Veselago lensing to the ideal case. Yet still, once a finite width
junction is introduced, the graphite gate device’s Veselago performance quickly decays with
very poor performance at the real junction width of 40 nm. We find that one needs a
junction width of about 0 – 15 nm to achieve significant Veselago lensing with the other
realistic graphite gate p-n interface properties. Even though the graphite gate p-n junction
meets other requirements, the junction width needs to be improved. This is quite promising,
however, as we did not optimize the thickness of the hBN between the graphite gate and the
graphene sheet. Future works should focus on minimizing this thickness (and changing the
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second gate from Si to another graphite layer in the heterostructure) which will certainly
decrease the junction width by simple electrostatic considerations. Considering the hBN
between our graphite gate and the graphene is about 10 nm, there is large potential for
improvement with few layer hBN, thus lensing may be possible with this type of device.

7.6

Conclusion
In conclusion, the STM again served as an ideal tool to study junction interfaces as

we explored two state-of-the-art graphene p-n junction interfaces and their atomic scale
structure and electronic properties, providing guidelines for future research. We found
several key factors: both CMOS friendly buried polysilicon gate devices and natural graphite
gate devices inherently suffer from finite junction width, interface roughness, nonlinearity in
doping evolution and asymmetry in the doping profile due to substrate doping. Specifically,
the polysilicon gate device suffers extreme asymmetry due to substrate doping arising from
the fabrication process which we showed with COMSOL electrostatic modeling – significant
care must be taken in the future to minimize trapped charge doping. The polySi gate device
also has greater interface roughness and nonlinearity in its doping profile. These factors
could all be improved with better fabrication methods – an effort should be made in future
works to explore this. There is no promise for this type of structure towards Veselago
lensing (due to the junction width and roughness) although collimation applications are
possible. The graphite gate devices are superior to the buried polysilicon gate devices in
several aspects: they have much more symmetric doping profiles, have more linear doping
profiles, exhibit smoother junctions and have shorter junction widths. The junction width
still limits Veselago realization although the graphite gate device meets all other criteria.
There is great promise towards Veselago lensing with graphite gate geometry p-n junctions
as one can put the graphite gate much closer to the graphene sheet to achieve tighter doping
transitions. Future research should explore pursuing Veselago lensing in this way.
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Chapter 8

Conclusions and Outlook
Over the course of this thesis, we have looked at a variety of different applications of
STM/STS towards studying 2D systems. It was clear in each chapter that there is a whole
lot more to do towards studying the 2D systems at hand, not only with STM/STS but with
other techniques as well. Ideas were presented for a variety of experiments which could
be fruitful for future researchers and I hope some of the vast amount of followup works,
mentioned and not, lead to interesting discoveries.
In our first theme, we looked at gate-dependent STM/STS on twisted graphene heterostructures, namely magic angle bilayer graphene (MA-tBG), small angle double bilayer
graphene (tDBG) and ABCA four layer rhombohedral stacked graphene. These systems
host flat bands and correlation physics which can be tuned by a knob at your fingertips
– quite an exciting set of systems to study for an experimentalist. We established novel,
robust techniques to measure these micron-scale samples with scanning probes as close to
their native transport structures as possible. Towards MA-tBG, we directly mapped the
atomic-scale low energy spectroscopic structure as a function of doping and angle around the
magic angle. Contrary to prior understandings, we found that MA-tBG should be thought
of in a single van hove singularity picture (one of two crossing the Fermi level) where the
individual flat band width is minimized and the electronic correlations, U/t, are maximized.
We saw signatures of the correlated insulator, namely a correlated gap that is larger at the
magic angle than smaller angles where a smaller gap also emerges. These findings suggest
that correlations are indeed very important and electron-pairing mechanisms are likely to

CHAPTER 8. CONCLUSIONS AND OUTLOOK

206

explain MA-tBG superconductivity. We also reported that the strongest superconducting
regime occurs at the peak of the van hove singularity indicating that perhaps the superconducting phase may not be related to the Mott-like insulator. Finally, we saw signatures of a
strong electron nematic susceptibility or even nematic order at the magic angle which was
vastly enhanced at half electron filling where the correlated states emerge. Future works can
build on all of this by posing a variety of questions. Using a dill fridge STM at mK temperatures, one can attempt to directly image the superconducting gap and confirm/disprove our
claim that it occurs at the peak of the flat band when DOS and correlations are maximized.
Furthermore, if one can access the superconducting regime a whole plethora of questions
can be posed. The system can again be tested for signatures of nematicity which we have
only studied near the correlated insulator regime. Via quasiparticle interference, one can
probe the nature of the electron pairing mechanism (and additionally whether it is s, p or
d wave orbital). Claims of all sorts of electron pairing mechanisms and even density waves
have been made by theory which can all be tested at mK temperatures in MA-tBG using
STM/STS. These questions only strike the surface of what can be studied. Such STM/STS
measurements could provide crucial insights into understanding the fundamental physics in
MA-tBG and perhaps even provide more general understandings regarding unconventional
superconductivity.
In small angle tDBG, we revealed that the stacking arrangement of the moiré unit cell
is fundamentally different than the monolayer-monolayer tBG moiré featuring regions of
ABCA rhombohedral and BABA Bernal stacking where the monolayer-monolayer equivalent had simply anti-symmetric Bernal stacked domains. These four-layer ABCA rhombohedral domains host an unprecedentedly flat band (3-5 meV) as predicted by theory and
likely have implications at the magic angle of tDBG where this atomic structure will still
hold valid and the rhombohedral domains may be the regions of localized electron density
leading to the correlated physics observed (as opposed to in tBG where the AA sites are
the electron localization centers). Future STM/STS at the magic angle will shed further
light as to how the small angle moiré evolves into the magic angle tDBG moiré and whether
these claims are true. With STM/STS, one would be able to map the wavefunctions of
magic angle tDBG as a function of doping and field, as well as the low energy spectroscopic
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structure as we did for MA-tBG. Further, magnetic field or spin-polarized STM could be
very fruitful in this system as the correlated insulator is spin polarized and there is ferromagnetism in proximity to the superconductivity. Unfortunately it is still unresolved how
STM/STS can decouple electric field from doping without a top gate electrode (due to the
metallic tip necessary to perform STM/STS).
We showed that small angle tDBG is a robust way to achieve large, stable rhombohedral
stacked graphene domains of four layers (and this finding also applies to monolayer +
bilayer twisted trilayers which will host ABA and ABC domains). We then used small
angle tDBG to study large domains of four layer rhombohedral stacked graphene which
features the flattest band measured in any of these systems of 3-5 meV in half width
(as opposed to 9.5 meV in MA-tBG). We observed that even by itself, four-layer ABCA
graphene has a large (9.5 meV) correlated gap at neutrality even without a relevant moiré
superlattice potential. This would indicate that this system likely has measurable correlated
states, which if superconducting, would mean that the superconducting states in these
twisted van der waals (vdw) systems are likely not related to the proximity to the Mottlike insulator (as is thought to be the case in the cuprates). Further, coupling ABCA four
layer graphene to a hexagonal boron nitride (hBN) moiré will further flatten the band and
introduce integer fillings which will lead to correlated states that are stronger than ABCtLG/hBN and likely magic angle tBG. Extending rhombohedral stacked graphene to higher
layer numbers would further flatten this band and potentially lead to stronger correlated
states. Finally, we observed helical topologically protected edge states at ABCA - BABA
(rhombohedral - Bernal) stacked four layer domains in small angle tDBG which can be
switched on and off with field and doping. All of these observations indicate that tDBG
and 4+ layer rhombohedral stacked graphene are very exciting systems for future study –
we have only scratched the surface with this small angle tDBG work and future works could
provide further answers regarding flat band and moiré physics which is still debated. Future
studies should measure the correlated state in four-layer ABCA graphene with transport
and magnetic-field STM (where one can see whether the ordered state is ferrimagnetic or
an excitonic insulator which were the two ordered states we proposed via theory). The
transport identification of the nature of the correlated state will provide answers towards
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the interplay of moiré and flat band physics. Next, one can couple four layer rhombohedral
stacked graphene, achieving the rhombohedral stacking by means of small angle tDBG or
stabilizing it as was done for tri-layer (incredibly difficult), to a perfectly aligned hBN
moiré where which will further flatten the flat band and reintroduce integer fillings into the
system. The system may be quite similar to magic angle tDBG as the flat bands will again
come from ABCA graphene and the moiré potential will be similar to that created at magic
angle TDBG. Further, one can potentially use twisted bilayer-bilayer-bilayer (three stacked
bilayers) at a small angle to potentially produce 6+ layer rhombohedral stacked domains
with some luck which will be interesting to study due to the even flatter band width and
potentially enhanced correlated states. A big question for STM/STS will be whether or
not anyone can figure out how to control the displacement fields independently from gating
which seems inherently impossible due to the nature of the measurement with a metallic
tip in proximity to the graphene. Towards other twisted vdw systems, there are a number
of other suggested exciting systems to study which we have not touched on much, such as
twisted WSe2. In the grand context, it is yet to be determined whether these systems hold
insights towards a better understanding of unconventional superconductivity.
For the next theme of the thesis, we looked at the semiconducting TMDs, namely
MoTe2 and MoSe2 . We saw that even in their purest forms, these crystals have a variety
of intrinsic defects no matter the source/growth method. We investigated magnetism in
MoTe2 and MoSe2 revealing the unexpected onset of magnetic order in the two materials
at 40 K and 100 K respectively. As this magnetism is not expected theoretically in these
materials, we attributed this magnetism to a certain type of defect, the Mosub defect where
a Molybdenum takes the place of a chalcogen atom. This type of defect hosts a spinpolarized density of states which we postulated leads to the magnetism. Future works
should investigate the magnetism as defect concentration is varied towards the study of
magnetic physics in a 2D semiconductor and the fabrication of robust dilute magnetic
semiconductors which can be used for spintronics applications. One can do spin-polarized
STM/STS to shed further light on this phenomena and the relation to the defects as well.
Additionally, significant magnetization has yet to be seen in transport, which is another
interesting avenue for further experiments – it is an open question as to why this is. We
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then used photo-assisted STM/STS to reveal that these same defects induce a huge local
electron doping, locally pushing the materials into a metallic regime which instantly gaps
out onsetting localized charge density waves. We observed these in both MoTe2 and MoSe2
covering a large portion of each crystal (40% and 90% respectively). We proposed that
these charge density waves could provide the answer as to how point defects can produce
the magnetic volume fractions in the materials (as individual point defects are not enough
to do this without a mediating carrier or a large area effect such as a charge density wave
with a spin density wave that can be magnetized). Future works can further investigate this
using spin-polarized and magnetic field STM, transport, and a variety of other techniques.
For instance one can potentially detect this charge density wave with neutron scattering or
x-ray diffraction at low temperatures. Furthermore one can study this phenomena in WSe2
where we have also seen signatures of magnetism although not reported in this work (MoS2
however seems to not show it).
The use of photo-assisted STM also unlocks a variety of new experiments. One can use
the technique like us to study poorly conducting materials. In STM, where the tunneling
junction resistance is in the scale of a gigaohm, a high resistance material and/or contact
severely affects the measurement as the tip is not able to establish reliable tunneling current
and often goes into contact mode and destroys the tip and sample. During the course of
my Ph.D., I have seen this to be the case for various perovskites, superatom structures and
a number of semiconductors even at room temperature – photo-assisted STM may be the
answer. Researchers doing STM on poorly conducting systems should always try photoassisted STM if possible as one merely has to shine some light at the experiment. This only
scratches the surface of optics coupled STM – additionally, one can get creative, creating
periodic potentials with diffracted light, exciting individual bands, polarizing the light to
excite individual valleys, etc. Using higher powered lasers, one can even achieve exciting
states such as Bose-Einstein condensates. Finally one can also do ultra-fast STM to probe
itinerant states such as transient superconductivity although setting up such a measurement
is not very easy and likely requires a dedicated setup whereas the other ideas may not.
For the final theme of the thesis, we investigated two types of heterojunctions of 2D
materials – the first being metal - highly-doped monolayer MoS2 junctions and the second
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graphene p-n junctions. Regarding metal - monolayer MoS2 junctions, we found that with
highly doped MoS2 films, one can fully remove the Schottky barrier in the system (for high
semiconductor doping densities) which gets covered by metal induced gap states setting the
intrinsic limit of an MoS2 channel to about 2 nanometers. These results generally apply to
all 2D semiconductors as the metal induced gap states are a general phenomena. Future
works can study lower doped MoS2 monolayers and their heterointerfaces with a variety
of contacts (edge, hBN tunneling, top) as well as the Schottky barrier length (spatially)
and height (in energy) dependence as a function of gating. This would provide crucial
insights to the long-standing problem of high quality contact to these 2D semiconductors.
Furthermore, these would be very exciting STM/STS experiments as such studies have not
been performed before and one would be able to directly tune the energy-band diagram
with a knob of gate voltage. Towards graphene p-n junctions, we characterized the cuttingedge graphene p-n junction local atomic and electronic structure and their atomic-scale
inadequecies towards electron-optical applications (such as doping potential asymmetry,
nonlinearity, junction width, lateral roughness). We found that graphite-gated (separated
by hBN) p-n junctions are quite promising towards Veselago lensing however and we did
not test optimizing our device further – one can take the same device structure and make
the hBN minimally thick (tunneling sets the limit) in order to create a more abrupt p-n
junction which will likely host Veselago lensing (which we were on the cusp of even in our
geometry). These works on heterojunctions only scratch the surface of STM’s potential
towards studying heterojunctions and interfaces as one can make heterointerfaces of many
materials, for instance studying superconducting or topological material junctions (or edge
states in twisted vdw heterostructures as we did in the twisted graphene sections).
The opportunities are vast and there is still a lot to be done and learned from STM/STS
on 2D materials as well as with other techniques towards each topic. I hope that future
students and researchers can find the joy in the vast opportunities for knowledge and extremely exciting experiments within these fields and techniques as I did. Although the dark
days of experiment are quite dark, once some light emerges it is often blindingly brilliant.
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