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Two-dimensional (2D) materials, which show a wide range of electrical and optical properties, can serve as building blocks to form stacked 2D systems that
are connected by interlayer van der Waals interactions. Any 2D materials can
be stacked together, regardless of their crystal structures: this versatility offers
an opportunity to realize “materials by design”, where, through stacking, film
properties can be directly manipulated and film thicknesses can be precisely
controlled. In this dissertation, we focus on studying the fabrication, characterization, and application of the stacked 2D systems on a technologically relevant
large scale.
We first introduce the growth of wafer-scale homogeneous monolayer transition metal dichalcogenides (TMD) films using metal-organic chemical vapor
deposition (MOCVD), a growth technique that enables the fine tuning of precursor kinetics by using gas-phase precursors. After introducing our work on
2D material growth, we switch to 2D stacking and talk about a model 2D stacking system — twisted bilayer graphene (tBLG), where twist angle (θ) serves as
a key parameter for manipulating the physical properties. We first discuss the
θ-dependent properties in tBLG and introduce a vacuum-assisted direct stacking technique that is able to generate high-quality, θ-controllable tBLG using
CVD sample sources. We then focus on small-θ tBLG, where, after presenting
a quantitative study of the θ dependence in its Raman R’ process, we introduce
a θ measurement method that is developed based on these quantitative results.

Finally, we utilize this angle detection method to study the θ-dependent electrical properties in small-θ tBLG. After discussing the 2D stacking model system
tBLG, we switch to stacked 2D systems where no apparent changes in properties are introduced by stacking. This kind of stacked system can also have wide
applications due to the atomically precise thickness control and well-defined
surfaces. As a demonstration, we introduce our preliminary research that builds
functional dielectric films from stacked multilayer WS2 .
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CHAPTER 1
INTRODUCTION

1.1

Overview

Two-dimensional (2D) materials are a group of materials that are one to a few
atoms thick. After almost two decades of intense study, a plethora of 2D materials are now available, which cover a wide range of electrical and optical properties [1]. These 2D material layers can serve as building blocks to form stacked 2D
systems that are connected by van der Waals interlayer interactions. In stacked
2D systems, due to the unique nature of van der Waals forces, all kinds of 2D
materials can be stacked together, regardless of their lattice constants. This versatility is quite appealing, since tremendous possibilities in stacked 2D systems
are expected through the permutation and combination of the large collection of
2D building blocks, offering an opportunity to realize “materials by design” [2].
There are two main approaches to utilizing 2D stacking for various applications. First, we can use interlayer interactions to manipulate the properties of
the building blocks in a stacked 2D system. Among the property-manipulation
mechanisms, there are the formation of a static potential in the form of a moiré
pattern, the formation of strain solitons by surface reconstruction, the charge
transfer effect, and the proximity effect. Examples include the interlayer optical
properties in twisted bilayer graphene (tBLG) [3–7], the band gap opening in
a graphene/hexagonal boron nitride (hBN) stack [8], the valley hall boundary
states formation in small angle tBLG [9–11], and the spin-orbit interaction enhancement in a graphene/transition metal dichalcogenide (TMD) stack [12, 13].
The reason for these changes in properties being so significant is that, unlike
1

bulk materials where the effects of the environment are screened by the surface,
2D material itself is the surface and can be strongly altered by the environment.
Moreover, in stacked 2D systems, the environmental perturbation is also provided by 2D materials, which have well-defined surfaces that are free from dangling bonds. This ensures the property manipulation in stacked 2D systems to
be highly controllable.
In the second approach, 2D stacking can be used to build thin films with
precise thickness and well-defined surfaces. These thin films can be assembled with 2D materials or other materials to generate devices with better electronic/optoelectronic performance, novel heterostructure devices, and atomically thin circuitry. Examples are the demonstration of high mobility graphene
transistors in graphene/hBN [14] and hBN/graphene/hBN stacks [15], as well
as the building of tunneling devices in graphene/hBN/graphene stacks [16,17].
This approach takes advantage of the precise thicknesses as well as the chemically well-defined surfaces of 2D materials.
In this chapter, we will provide the background review for 2D stacking.
First, we will introduce the stacking building blocks by listing the structures
and properties of various 2D materials and discussing their exfoliation and synthesis. After that, we will talk about 2D stacking itself, reviewing the research
status of 2D stacking and discussing the stacking techniques. At the end, we
will provide an outline for the entire dissertation.

2

1.2

2D materials family

2D material is one layer out of layered material. It can be isolated because layered material has weaker bonding in the vertical direction. The concept “2D”
comes from the crystal structure confinement. Within the 2D plane, atoms connect to each other through covalent bonds. At the edge of this 2D film, there are
unsaturated bonding sites — the dangling bonds — from which crystal growth
is allowed, while orthogonal to the plane, on the film surface, all of the bonding
sites are saturated. The crystal therefore generally does not expand along the
third dimension and is two-dimentionally confined.
In the 2D materials family, graphene, hBN, and molybdenum disulfide
(MoS2 ) have been studied most extensively. In Figure 1.1, 1.2, and 1.3, the crystal
and electronic structures of these materials are provided.

Figure 1.1: Graphene crystal and electronic structure
(a) Graphene crystal structure. (b) Graphene band structure calculated from
tight-binding model. Left: energy spectrum (in units of t) for finite values of
t and t’, with t = 2.7 eV and t’ = 0.2 t. Here t is the nearest-neighbor hopping
energy and t’ is the next nearest-neighbor hopping energy. Right: zoom-in of the
energy bands close to one of the Dirac points. b is adapted from Reference [18].
Graphene is made up of one layer of carbon atoms in a honeycomb lattice.
Near charge neutrality, the electronic band structure of graphene reveals a linear

3

dispersion, known as the Dirac cone. Graphene is the first reported 2D material [19]. It is semi-metallic and has incredibly high carrier mobility due to its
unique band structure (10,000 cm2 ·V-1 ·s-1 in the initial report [19] and over 1
million cm2 ·V-1 ·s-1 reported later in suspended devices [20,21] and hBN-stacked
devices [14, 15]). Since mobility is one of the most important properties of electronic materials, graphene inspired an outburst of research. Later, with the observation of properties such as the fractional quantum hall effect [22, 23] and
high mechanical strength [24], more attention was drawn to graphene, which
then ignited the 2D material research field.

Figure 1.2: hBN crystal and electronic structure
(a) hBN crystal structure. (b) hBN band structure from DFT-LDA calculations.
b is adapted from Reference [25].
hBN is an analogue to graphene. It is a one-atom-thick honeycomb lattice
formed by alternating boron and nitrogen atoms. Because the A and B sites of
the hBN lattice are occupied by different atoms, a bandgap is opened in hBN.
The size of the hBN bandgap is around 6 eV [26], making hBN an insulator.
As an insulating material with a surface free of dangling bonds, hBN can be an
ideal dielectric layer for channel materials (such as graphene) that are sensitive
to charged impurities and surface roughness.
MoS2 is made up of one layer of molybdenum atoms sandwiched between
4

Figure 1.3: MoS2 crystal and electronic structure
(a) MoS2 crystal structure. (b) MoS2 band structure. The green lines show the
top (bottom) valence (conduction) bands in bulk MoS2 . The blue and red lines
are the conduction and valence bands of MoS2 . b is adapted from Reference [27].
two layers of sulfur atoms. It is a semiconductor with a direct bandgap of 1.8
eV [28]. MoS2 was reported to show a room temperature mobility of around
70 cm2 ·V-1 ·s-1 and a high on-off ratio of 108 [29] . Although being much lower
than graphene, this mobility is comparable to polycrystalline silicon (typically
around 100 cm2 ·V-1 ·s-1 [30]), and higher than other thin film semiconductors
such as amorphous silicon (typically lower than 1 cm2 ·V-1 ·s-1 ) and organic
semiconductors (typically lower than 1 cm2 ·V-1 ·s-1 [31], and reaches 20 to 40
cm2 ·V-1 ·s-1 in single crystalline organic semiconductors such as rubrene [32]),
which has inspired interest for MoS2 electronic applications. Moreover, the existence of a direct bandgap, as well as the valley polarization introduced by the
broken inversion symmetry [33,34], make MoS2 an interesting subject for optical
and electro-optical studies.
In Figure 1.4, we provide a summary of the 2D materials family [1]. Among
them, a big subgroup is TMD material. TMDs are three atoms thick and have the
chemical composition MX2 (M: transition metal, X: group 16 elements). MoS2

5

Figure 1.4: 2D materials family
Blue: monolayers proved to be stable under ambient conditions. Green: likely
stable under ambient conditions. Pink: unstable in air but may be stable in inert
atmosphere. Grey: 3D compounds that have been successfully exfoliated down
to monolayers, as is clear from atomic force microscopy, for example, but for
which there is little further information. Adapted from Reference [1].
discussed in the above paragraph is a representative TMD material. Regarding
TMDs, there are several aspects worth noting. First, for TMDs with different
chemical compositions, the properties can vary dramatically. For example, most
TMDs are semiconductors, while group 5 transition metal TMDs are metals.
Second, since the three-atom-thick structure allows the crystal structures to be
varied in certain ways with low energy costs (for example 1T and 2H phases),
there exist semi-stable phases in some TMDs [35, 36]. Finally, we should note
that not all TMDs are stable under ambient conditions, for example niobium
diselenide (NbSe2 ). To study unstable TMDs, sandwiching them with stable 2D
materials such as hBN is the mainstream approach [37].
Beside what has been introduced in detail, other examples of 2D materials
include graphene oxide, black phosphorus, 2D oxides, etc. In this dissertation,
we mainly work with graphene and TMDs. The reasons are: first, as discussed
in this section, these materials have outstanding electrical and optical proper-
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ties; second, as shall be discussed in the coming section, high-quality large-scale
syntheses of graphene and TMDs are available.

1.3

2D materials exfoliation and synthesis

When evaluating the techniques for generating 2D materials, there are three
key aspects: the quality, the homogeneity, and the scale. Quality refers to the
idealness of the 2D crystal, i.e. having a low level of property-affecting defects.
Homogeneity refers to the layer thickness. Normally we require a homogeneous
single layer throughout the entire sample. However, ideally, techniques that can
generate homogenious films with any assigned number of layers are preferred,
which is much harder to achieve. Scale is straightforward: it refers to the sample
size. So long as quality and homogeneity can be preserved, the larger the better.
Normally, when the sample size is on the order of inches (wafer size), it can be
called large scale.
There are two approaches to generate 2D materials: exfoliation and synthesis.

1.3.1

Exfoliation

Exfoliation is a top-down approach: start with the bulk layered crystals and
peel single layers off of them. The bulk crystals can come from either a natural
source or a synthetic source. It is easier to gain access to natural source crystals.
Synthetic source crystals, provided that the synthesis process is well-developed,
can be of higher quality (such as the low defect level hBN crystal produced by
7

K. Watanabe and T. Taniguchi) and allow for the availability of crystals that are
rare or absent in nature (such as WSe2 and Nb doped MoS2 [38]).
Starting with bulk crystals, 2D films can be exfoliated using mechanical exfoliation, i.e. the Scotch tape method. Applying this method, the bulk crystal is
first thinned down using the Scotch tape; then 2D layers are peeled off from the
bulk crystal and transferred to the target substrate through the Van der Waals
interaction between the 2D layers and the substrate. The biggest advantage of
mechanical exfoliation is high film quality. The generated 2D layers come in
contact with very little contaminants during the process; thus, the amount of
scattering sites on the 2D layer is constrained to a low level. Mechanical exfoliation is the method used in the initial work involving 2D materials [19], and
is still one of the mainstream methods today, especially in occasions when low
scattering density and high mobility are desired. When evaluating the quality of
2D samples, a common practice is to compare them to exfoliated samples. However, mechanical exfoliation has a major downside. It performs quite poorly
with respect to homogeneity and scale: the layers produced by this method
have random thickness and are normally on the order of micrometers.
Besides mechanical exfoliation, 2D materials can also be exfoliated from bulk
crystals using the batch chemical/mechanical treatment [39–42]. The idea is to
first weaken the layer-layer interaction and increase the layer-solution interaction by chemical reaction and/or adding surfactants, and then separate the layers using ultrasonic treatment. This method is compatible with batch processing
and is of low cost, but the 2D materials produced using this method have high
level of defects. 2D materials generated by this method are normally used in
more application-oriented processes such as 2D material batteries.
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1.3.2

Synthesis

2D materials synthesis is a bottom-up approach. It aims at directly producing
single layer films through growth. To achieve this goal, the key is to suppress
the formation of multilayers.
The mainstream technique for 2D synthesis is chemical vapor deposition
(CVD). Different 2D materials have different chemical natures, and their CVD
growth mechanisms can be quite different. Roughly, the growth mechanisms
can be divided into two categories: growth that involves specific precursorsubstrate chemistry and growth that does not involve specific precursorsubstrate chemistry.
For CVD growth that involves specific precursor-substrate chemistry, the
substrate acts as a catalyst for the growth. After the formation of a fully-covered
first layer, further growth is suppressed, since the precursors are no longer able
to contact the catalytic substrate. For this kind of growth, choosing a proper
substrate is critical. For example, graphene CVD growth has been demonstrated
on metallic substrates such as Pt [43], Ru [44], Ir [45], Ni [46, 47], and Cu [48].
Among them, Cu has high catalyst efficiency and low carbon solubility. With
Cu as the growth substrate, a fully covered single layer is formed in a short
time, after which multilayer growth is terminated. In comparison, with Ni as
the substrate, multilayers are formed from carbon precipitation due to high carbon solubility. With Pt, Ru or Ir as the growth substrate, only small nonuniform
multilayer graphene islands are formed, since these metals are not good catalysts for graphene formation.
For CVD growth that does not involve specific precursor-substrate chem-
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istry, the role of the growth substrate is mainly to provide an interface where
precursors or decomposed precursors can rest, move around, and finally meet
each other to form the 2D films. The substrate does not have strong catalytic
effects and does not need to be of a specific kind. Unavoidably, this growth
mechanism does not favor the suppression of multilayer growth. However, single layer growth is still possible. Due to the absence of dangling bonds on the
surfaces of 2D materials, the free energy of precursors on 2D materials is higher
than on the growth substrates, which favors the growth of fully covered first
layer before the starting of the multilayer growth. However, because the difference in free energy is small, to get the thermodynamically favored result, it is
critical to control the kinetics of the process and stop the growth at precise time.
The CVD growth of TMDs on silicon oxide (SiO2 ) is a representative example
for 2D material CVD growth that does not involve specific precursor-substrate
chemistry. As shall be introduced in chapter 2, their monolayer growth has been
achieved.
Compared with exfoliation, the biggest advantage of synthesis is that it can
be scaled up. For applications that go beyond proof-of-concept demonstrations,
synthesis is a better approach. However, the quality of synthetic 2D materials
is, in most cases, inferior to exfoliated ones, and the film homogeneity depends
on precise growth control. The ideal 2D synthesis technique should generate
high-quality, homogenous, and large-scale samples.
For graphene, there is another synthetic method: the high temperature thermal decomposition of silicon carbide. Graphene produced by this method is
mostly used in scanning tunneling microscope (STM) [49] and angle-resolved
photoemission spectroscopy (ARPES) studies [50, 51], because the sample sur-
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face is clean and sits on top of a flat and semi-conducting substrate. The downside of this method is that the graphene films are not homogeneous and are
difficult to isolate from the substrate.

1.4

1.4.1

2D Van der Waals stacking

General features

To better understand the characteristics of 2D stacking, we can compare it
with another layer-by-layer building technique, molecular beam epitaxy (MBE).
When using MBE to grow 3D heterastructures, we can control the layer thickness down to the atomic scale. However, the adjacent layers are connected by
covalent bonds and need to have matching crystal structures. This requirement
strongly limits the variety of the layer composition. Compared with MBE, 2D
stacking does not require lattice match, yet still yields a control over layer thickness with atomic precision. This versatility of composition comes from the fact
that 2D stacked layers are brought together by interlayer van der Waals force
instead of covalent bonds.
Besides composition versatility, the interlayer van der Waals interaction also
adds a new degree of freedom — the interlayer rotation angle (θ). In certain
stacked 2D materials systems, θ can be a key parameter for determining physical
properties. (This θ dependency in stacked 2D materials is one of the main topics
for this dissertation, which will be discussed in chapter 3 and 4 using the model
system twisted bilayer graphene.)
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For 2D stacking, we also need to note that the stacking-induced property
change of the building blocks can be much weaker than in systems like 3D
heterastructures grown by MBE. The reasons for this are the degree of property change is decided by the strength of the interaction, and the van der Waals
force, though strong enough to hold the layers together, is much weaker than
covalent bonds. In many cases, stacked 2D films behave just as independent
2D materials adding together. This is not necessarily a disadvantage. These
kinds of 2D stacked films are direct analogies to the layered functional films in
electronic and optoelectronic devices. They can therefore serve the same purposes while also having atomically precise thickness control, and well-defined
dangling-bond-free interfaces.

1.4.2

History

Not surprisingly, the early trials of 2D stacking were done with hBN. These pioneering works were motivated by the need for a better substrate than SiO2
for graphene electronic devices. Back in 2008, through the demonstration of
high-mobility transistors with suspended graphene [20, 21], it was confirmed
that charge impurity sites in SiO2 was causing substantial performance degradation in graphene. Because of this, researchers start to search for substrates
that are free of surface charge impurities. In 2010, the Columbia group reported that hBN can serve as a high-quality substrate for graphene devices. [14]
Following this work, encapsulation of graphene by hBN was demonstrated.
In 2013, a stacking technique involving multiple pick-ups was developed and
contamination-free hBN encapsulation of graphene was realized. [15] After that,
this technique was proven to work on other 2D materials such as TMDs [52] as
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well as 2D materials that are unstable under ambient conditions [37]. It became
the mainstream stacking technique widely used in the 2D research field.
Along with the efforts to improve device performance by stacking, several
other research directions were explored at the same time. One direction is to
study effects introduced by the layer-layer interactions in stacked 2D films.
A signature work in this direction is the observation of Hofstadter’s butterfly [8, 53] in the moiré pattern created by graphene-hBN interaction. Another
direction is to develop new kinds of electronic devices which are impossible to
generate using traditional materials. The representative work is the building
of field-effect tunneling transistors [16, 17]. Besides these two works, with 2D
stacking, a strong Coulomb drag was observed between electrons from two parallel graphene layers separated by few layers of hBN [54]. θ-dependent optical
properties [3–7], as well as θ-dependent cross-layer electrical conductance [55],
were also observed.

1.4.3

Stacking techniques

A good 2D-stacking technique needs to satisfy two requirements. First, the
technique should ensure contamination-free interface. If contaminants exist between the layers, all important features of the 2D stacking (e.g. well-defined
thickness, chemically well-defined interfaces, and well-controllable interlayer
interactions) would be lost. To achieve such a goal, the key is to design a process which ensures that the film surface contacts nothing but the surfaces of
other 2D materials or well-cleaned substrate surfaces during the stacking. Second, the stacking technique should have high yield. To ensure high yield, the
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keys are to bring two target surfaces in good contact with one another, and to
make sure the forces between the involved surfaces are well coordinated with
the stacking steps.
The details of the stacking techniques must vary depending on the source
of the 2D building blocks. For exfoliated 2D materials, the stacking process is
well-developed. We now take the fabrication of graphene sandwiched between
hBN films as an example to explain this process.

Figure 1.5: Polymer-free assembly of layered materials
Schematic of the van der Waals technique for polymer-free assembly of layered
materials. Adapted from Reference [15].
The steps for building graphene encapsulated by hBN are as illustrated
in Figure 1.5.

Two kinds of polymers, polydimethylsiloxane (PDMS) and

polypropylene carbonate (PPC), are used. First, graphene and hBN are exfoliated onto a SiO2 /Si substrate. Graphene and hBN pieces of desired thicknesses
are manually selected using an optical microscope. Then, their surface cleanness is confirmed by AFM measurements. The stacking goes as follows: at 40
◦

C, use the PPC on top of PDMS to pick up hBN, then graphene, followed by

hBN, all from the SiO2 substrate. Finally, at 90 ◦ C, remove the PDMS from the
stack. [15]
This process successfully generates high quality stacks for a few reasons.
First, interlayer contamination is controlled at a very low level. The cleanliness
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of the surfaces of the building blocks is confirmed by AFM. The interlayer is
exposed to little polymer contaminants during stacking, and the amorphous
carbon, which is unavoidable, is squeezed out and gathers in small puddles due
to the van der Waals force. Second, good contact between layers during stacking
is achieved. Since exfoliated samples are used, all the surfaces involved during
stacking are flat. PDMS is elastic and can conform to the substrate. Additionally,
the pieces being stacked are small in size. These three conditions make it easy to
bring targeted surfaces together with good contact. Finally, the forces between
surfaces are well coordinated with the stacking process. At 40 ◦ C, the interaction
strength follows this order: PDMS & PPC > PPC & hBN > 2D material & 2D
material > 2D material & SiO2 . At 90 ◦ C, however, since the PPC is softened, the
interaction between PPC and PDMS becomes the weakest and the stacked film
can be put down to the final substrate.
The biggest advantage for exfoliated 2D material stacking is the high quality,
but there are also downsides. First, since the exfoliated samples are of micrometer size, the stacking alignment would require micrometer precision, making
the stacking rather time-consuming. Second, limited by the size of building
blocks, the stacking of exfoliated 2D materials cannot be scaled up. We can
avoid these two problems by using synthetic 2D materials as building blocks.
However, new challenges arise with synthesis 2D building blocks. First, 2D synthesis films sit on top of growth substrates. The stacking process needs to ensure
the removal of these substrates without degrading the 2D materials or leaving
contaminants behind. Second, since not all growth substrates are flat and the
samples are of large size, a special stacking process will be needed to bring the
target surfaces in good contact. In this dissertation, one of our achievements
is the development of a stacking technique for CVD graphene. Please refer to
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chapter 3 for details.

1.5

Dissertation outline

As discussed in this chapter, the stacking of 2D materials is a powerful approach
to manipulate the physical properties of 2D materials and to generate functional
films. However, the realization of both of these features requires contaminationfree stacked samples. To achieve this goal, both high-quality building blocks
and well-engineered stacking techniques are essential. The stacking building
blocks can be either exfoliated or synthetic 2D materials and the stacking techniques vary depending on the source of the building blocks. Currently, stacking
is well-established for exfoliated 2D materials.
In this dissertation, we first focus on the building blocks.

Chapter 2

introduces the growth of wafer-scale homogeneous monolayer TMD films
(mainly MoS2 ) using metal-organic chemical vapour deposition (MOCVD). The
MOCVD method ensures precise control over precursor dynamics through the
use of gas phase precursors. In this chapter, we provide details for growth optimization of MoS2 ; then, we list evidences to confirm the high quality and homogeneity of our flims using various characterizations.
After introducing the growth work, we switch to 2D stacking. In chapter 3
and 4, we discuss a model stacking system — twisted bilayer graphene (tBLG),
where film properties can be manipulated by stacking. In tBLG, twist angle (θ)
serves as a key parameter for determining its physical properties. In chapter 3,
a general discussion of tBLG is provided. We first talk about the electronic band
structure and the θ-dependent properties of tBLG; then introduce a vacuum16

assisted direct stacking technique that can generate high-quality θ-controllable
tBLG using CVD sample sources. In chapter 4, we focus on small-θ tBLG. After
a discussion of the novel electrical properties of small-θ tBLG, we will introduce
the mechanism of the Raman R’ process in small-θ tBLG. Then, with a quantitative θ-dependence study of the R’ process, a θ detection method is developed.
Finally, θ-dependent electronic features, a stacking-induced property change,
will be discussed.
After the discussion of the property manipulation in the model system of
tBLG, we will introduce our preliminary results on building functional films out
of 2D material stacks. In chapter 5, we present our work which demonstrates a
graphene field-effect transistor (FET) with stacked multilayer WS2 as the dielectric layer. Finally, in chapter 6, we will touch upon the future directions of 2D
stacking.
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CHAPTER 2
MOCVD SYNTHESIS OF TMD

2.1

Introduction

TMDs can form stable three-atom-thick monolayers [1], of which the majority
are semiconducting and the rest are metallic. Monolayer semiconducting TMDs
provide ideal materials with high electrical carrier mobility [29,56–60] for atomically thin high-performance transistors and photodetectors. Monolayer metallic TMDs can serve as conducting wires and functional channels, such as superconducting channels [37] and spin injection sources [61], in atomically thin
integrated circuitry. Additionally, both semiconducting and metallic TMDs can
be building blocks for 2D stacking. By either serving in devices themselves or
being building blocks in stacked 2D films, the unique electronic band structures
and symmetry of TMDs can provide novel ways of enhancing the functionalities of such devices and stacked films, including the large excitonic effect [62],
bandgap modulation [63], indirect-to-direct bandgap transition [28], piezoelectricity [64], and valleytronics [34].
Large-scale growth of TMDs on insulating substrates could, first, enable the
batch fabrication of atomically thin high-performance devices; and second, enable large-scale 2D stacking. However, the large-scale growth of monolayer
TMD films with spatial homogeneity and high electrical performance remains
an unsolved challenge. Existing growth methods for large-scale monolayer
TMDs have so far produced materials with limited spatial uniformity and electrical performance. For instance, the sulphurization of metal or metal compounds only provides control over the average layer number, producing spa18

tially inhomogeneous mixtures of monolayer, multi-layer and no-growth regions [65, 66]. Although CVD based on solid-phase precursors (such as MoO3 ,
MoCl5 or WO3 ) [67–72] has shown better thickness control on a large scale, the
electrical performance of the resulting material, which is often reported from a
small number of devices in selected areas, fails to show spatially uniform high
carrier mobility.
In this chapter, we report a metal-organic chemical vapor deposition technique (MOCVD) for large-scale TMD synthesis. With this MOCVD technique,
we demonstrate the synthesis of representative TMD materials, monolayers of
MoS2 and WS2 , grown directly on insulating SiO2 substrates, with excellent
spatial homogeneity and high mobility (an electron mobility of 30 cm2 ·V-1 ·s-1 at
room temperature and 114 cm2 ·V-1 ·s-1 at 90 K for MoS2 ) over an entire 4-inch
wafer. The versatility of this MOCVD technique is proven through the growth
of large scale homogeneous monolayer in both materials (MoS2 and WS2 ) using similar growth parameters. Our MOCVD growth therefore provides a new
avenue for the growth of various high-quality monolayer TMD films with different compositions and electrical properties, enabling the future development
of large-scale 2D stacking and atomically thin integrated circuitry.
This chapter is adapted from the paper, “High-mobility three-atom-thick
semiconducting films with wafer-scale homogeneity” [73], to which I am a contributing author (Kibum Kang and Saien Xie are the co-first authors). Data in
Figure 2.6 a-c and e were generated by me.
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Figure 2.1: MOCVD growth setup
Precursors were introduced to the growth setup with individual mass flow controllers (MFCs). Red, Mo or W atoms; yellow, S atoms; white, carbonyl or ethyl
ligands.

2.2

Growth method and optimization

Figure 2.1 schematically explains our MOCVD growth. The synthesis was carried out in a 4.3-inch (inner diameter) hot-wall quartz tube furnace. Mo(CO)6 ,
W(CO)6 , (C2 H5 )2 S, which have high equilibrium vapor pressure near room temperature, were selected as chemical precursors for Mo, W, S, respectively, and
were introduced to the furnace in gas phase. H2 and Ar were injected to the
chamber using separate lines. The concentration of each reactant can be precisely controlled throughout the growth time by regulating the partial pressure
of each reactant with the mass flow controllers (MFCs).
With our MOCVD method, we carefully optimized MoS2 growth conditions,
and our key findings are summarized in Figure 2.2 and Figure 2.3. First, our
MoS2 film is grown in the layer-by-layer growth mode. Figure 2.2a shows optical images of MoS2 films, grown under the optimized growth condition, at
different growth times, revealing the initial nucleation on the SiO2 surface (t =
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Figure 2.2: MOCVD layer-by-layer growth
(a) Optical images of MOCVD-grown MoS2 at the indicated growth times,
where t0 was the optimal growth time for full monolayer coverage. Scale bar,
10 µm. (b) Optical images of MOCVD-grown MoS2 with a high vapor pressure
of Mo vapor, where a mixture of monolayer, multilayer and no-growth regions
exist.
0.5t0 ), subsequent monolayer growth near (0.8t0 ) and at the maximum monolayer coverage (t0 ), followed by nucleation mainly at grain boundaries (1.2t0 )
and bilayer growth (2t0 ). We observed no nucleation of a second layer while the
first layer was forming (when t < t0 ), producing an optimal growth time t0 near
full monolayer coverage. The standard thin-film growth model [74] suggests
that this growth mode is effective below a certain deposition rate of the growth
species, above which it suggests a different mode that forms thicker islands. Indeed, the layer-by-layer growth of the MoS2 film was observed only when we
applied a low partial pressure (around 10-4 Torr) of Mo vapor (produced by the
thermal decomposition of Mo(CO)6 ) in the presence of excess (C2 H5 )2 S. In con-
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trast, as shown in Figure 2.2b, the growth at a higher Mo partial pressure was
no longer in the layer-by-layer growth mode, instead simultaneously producing a mixture of monolayer, multilayer and no-growth regions. For the uniform
monolayer growth over a large substrate, it is thus important to maintain a low
Mo partial pressure constantly over the entire growth region and over time, the
key technical capability provided by our MOCVD setup.
Our second finding is that the grain structure of our MoS2 film, including the
average grain size and the intergrain stitching, depends sensitively on the concentrations of H2 , (C2 H5 )2 S, and residual water. Figure 2.3a shows the two main
effects of H2 , whose presence is necessary for removing carbonaceous species
generated during the MOCVD growth: the average grain size increases from
hundreds of nanometers to more than 10 µm with decreasing H2 flow, and the
MoS2 grains grown under higher H2 flow have mostly perfect triangular shapes
without merging with neighboring grains, a trend that disappears with lower
H2 flow. The dependence on H2 O concentration was observed under the presence of salt desiccant (NaCl, KCl, NaBr), as shown in Figure 2.3b, where the
grain size increases up to 100-fold. (Recently, a number of papers are published
studying the effect of alkali metal halides in TMD growth. It is suggested that
the effect of alkali metal halides may not be serving as a desiccant. Possible
mechanisms are: alkali metal modifies the growth substrate and suppresses nucleation; the halogen vapor reacts with the transition metal precursor and assists precursor transfer [75–78]) Also, Figure 2.3c shows that the concentration
of (C2 H5 )2 S affects the grain size.
In order to explain these phenomena, we need to discuss the precursor decomposition and nucleation kinetics. First, according to hydrolysis and hy-

22

Figure 2.3: MoS2 grain structure optimization
(a) Grain structure variation depending on H2 . With H2 increasing, grain size
decreases and merging of grains is prohibited. (b) Grain structure variation depending on H2 O. Grain size increases if desiccant exists. (c) Grain structure
variation depending on (C2 H5 )2 S. Grain size increases with decreased concentration of (C2 H5 )2 S.
drogenolysis, H2 [79] and H2 O promote the decomposition of the (C2 H5 )2 S precursor, which enhances the concentration of sulphur vapor. Also, the concentration of sulphur vapor linearly depends on the concentration of (C2 H5 )2 S, since
(C2 H5 )2 S contains a certain ratio of S vapor. Second, the concentration of sulphur affects the nucleation kinetics and grain size. We make several assump-
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tions here. (i) Our growth is Mo diffusion limited growth, since the Mo concentration is kept low for layer-by-layer growth. In comparison, the concentration
of S vapor is much higher than that of Mo vapor. (ii) When a Mo atom produced
by thermal decomposition of Mo(CO)6 arrives at the surface, it diffuses until reacting with S. (iii) Energetically, Mo and S atoms prefer to be adsorbed at a MoS2
edge. (iv) If the concentration of S vapor is high, Mo atoms lose their chance to
find energetically favorable positions and nucleation occurs at a non-edge region. Based on these assumptions, we conclude that the nucleation density of
MoS2 increases on the surface when the decomposition kinetics of (C2 H5 )2 S becomes faster. Therefore, when H2 , H2 O, and (C2 H5 )2 S concentrations are high,
nucleation density increases and grain size decreases. For H2 , it also etches
MoS2 [80], which prevents intergrain connection. To grow continuous monolayer MoS2 with a large grain size and high-quality intergrain stitching, we thus
flowed optimal amounts of H2 and (C2 H5 )2 S and dehydrated the growth environment.
The optimum growth parameters for monolayer MoS2 is as follows. We use
a total pressure of 7.5 Torr, growth temperature of 550 ◦ C and growth time (t0 )
of 26 hrs. The flow rate of precursors is 0.01 sccm for Mo(CO)6 , 0.4 sccm for
(C2 H5 )2 S, 5 sccm for H2 , and 150 sccm for Ar. NaCl is loaded in the upstream
region of the furnace as a desiccant to dehydrate the growth chamber. The main
growth substrates are 4-inch fused silica wafers or 4-inch Si wafers with 285 nm
thermal SiO2 .
The MOCVD growth is not subject to specific precursor-substrate chemistry,
and is therefore highly versatile. We demonstrate the growth of WS2 using almost the same growth conditions as MoS2 , only changing the precusor from
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Mo(CO)6 to W(CO)6 .

2.3

Optical and structural characterization of TMD

We confirm the quality, homogeneity, and continuity of our semiconducting
monolayer MoS2 and WS2 films on a 4-inch wafer scale using various nonelectrical methods, including optical microscopy, photoluminescence, Raman,
TEM, etc.
Figure 2.4 presents our continuous TMD monolayer films and shows their
wafer-scale homogeneity as well as intrinsic optical properties and chemical
composition. The color photos of MoS2 (Figure 2.4a; greenish yellow) and WS2
(Figure 2.4b; yellow) films grown on a transparent 4-inch fused silica wafer
show that the TMD grown region (right half) is uniform over the whole substrate and clearly distinguishable from the bare silica substrate (left half). The
optical absorption, photoluminescence and Raman spectra measured from our
films show characteristics unique to monolayer MoS2 and WS2 , respectively
(Figure 2.4c-e). All of these measured spectra have the same peak positions as
in exfoliated monolayer samples (denoted by diamonds) [28, 81–83], regardless
of the location of the measurements within our films (Figure 2.4f). Figure 2.4g
displays the X-ray photoelectron spectra taken from our monolayer MoS2 films,
which show almost identical features to those of bulk single crystal MoS2 with
low defect levels, further confirming the precise chemical composition and the
high quality of our MoS2 films.
Figure 2.5 focuses on the grain boundaries of the MoS2 growth and proves
the continuity of our films. Figure 2.5a and Figure 2.5b, the darkfield transmis25

Figure 2.4: Wafer-scale homogeneous monolayer TMD films
(a) and (b): Photographs of monolayer MoS2 (a) and WS2 (b) films grown on
4-inch fused silica substrates, with diagrams of their respective atomic structures. The left halves show the bare fused silica substrate for comparison. (c)
Optical absorption spectra of MOCVD-grown monolayer MoS2 (red line) and
WS2 (orange line) films in the photon energy range from 1.6 to 2.7 eV. (d) Raman spectra of as-grown monolayer MoS2 and WS2 , normalized to the silicon
peak intensity. (e) Normalized photoluminescence spectra of as-grown monolayer MoS2 and WS2 . The peak positions in c-e are consistent with those seen
from exfoliated samples (diamonds). (f) Raman spectra for MoS2 (left) and WS2
(right) respectively, taken at different locations marked on the corresponding
fused silica wafer. (g) XPS spectra of Mo 3d 3/2, 5/2 and S 2s state for MoS2
grown by our method (orange) and bulk MoS2 single crystal (cyan blue), where
the peak position and FWHM are almost identical.
sion electron microscope (DF-TEM) and annular darkfield scanning TEM (ADFSTEM) images, confirm the continuity on the nanometer and atomic length
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Figure 2.5: Continuity of monolayer MoS2
(a) False-color DF-TEM image showing a continuous monolayer MoS2 film.
Scale bar, 1 µm. (b) ADF-STEM image of a laterally stitched grain boundary
in a monolayer MoS2 film, with red and yellow dots representing the Mo and
S atoms, respectively. Scale bar, 1 nm. (c) SEM image and photoluminescence
(PL) image (bottom inset, at 1.9 eV) of monolayer MoS2 membranes suspended
over a SiN TEM grid with 2 µm holes (a diagram of the suspended film is shown
in the top inset). Scale bar, 10 µm.
scales. The DF-TEM (Figure 2.5a) image shows a continuous polycrystalline
monolayer film with no visible gaps and a bilayer area of less than 0.5%. Further
analysis of the DF-TEM and electron diffraction data confirms a uniform angular distribution of crystal orientations with no preferred intergrain tilt angle for
grain boundaries. The ADF-STEM data (Figure 2.5b) further confirms that adjacent grains are likely to be connected by a high-quality lateral connection with
structures similar to those seen in previous reports [67, 68]. Figure 2.5c shows
a scanning electron microscope (SEM) image of an array of fully suspended
monolayer MoS2 membranes (2 µm in diameter), confirming the continuity on
micrometer scale. This suspended structure is fabricated by transferring our
grown film onto a SiN grid with holes. Its high fabrication yield (∼99.5%) suggests mechanical strength and continuity of the film. The widefield photoluminescence images of these films (insets to Figure 2.5c) show strong, spatially
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uniform photoluminescence signals, further confirming that they are continuous monolayer MoS2 , with its high quality maintained even after transfer.

2.4

Electrical characterization of TMD

The electrical properties of our monolayer MoS2 films have two important characteristics: spatial uniformity over a large scale and excellent transport properties similar to those seen in exfoliated samples. All our electrical measurements
in Figure 2.6 (except those in Figure 2.6c and e) were performed at room temperature. Figure 2.6a shows a plot of sheet conductance (σ ) against back gate
voltage (VBG ) measured from a monolayer MoS2 FET (optical image shown in
the inset) with multiple electrodes for the four-probe measurements (except for
the channel length L of 34 µm). It includes several curves for different L ranging
between 1.6 and 34 µm (shifted from the bottom curve for clarity), all of which
show nearly identical behaviors, including the n-type conductance, carrier concentration (∼4×1012 cm-2 at VBG = 0 V) and high field-effect mobility (µFE ). Figure
2.6b further plots µFE measured from five such devices, fabricated at random locations and separated by up to 3.3 mm on a single chip. All the devices show
similar µFE near 30 cm2 ·V-1 ·s-1 , independent of L and device location, suggesting
the spatial homogeneity of the electrical properties of the MoS2 film at length
scales ranging from micrometers to millimeters.
The distribution of µFE of our devices is compared with the results of multiple devices from two previous reports, each measured from individual grains
of exfoliated [29] or CVD-grown MoS2 samples [70]. We find that µFE measured
from our MOCVD film is similar to the median µFE (denoted by a star) of exfo-
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Figure 2.6: Electrical characterization of MoS2 FETs
(a) Gate-dependent sheet conductance (σ ) of monolayer MoS2 FETs measured
at different channel lengths L (curves displaced from the bottom for clarity). Inset: optical image of the device; scale bar, 10 µm. (b) Field effect mobility (µFE )
measured from five MoS2 FETs (ellipses) fabricated at random locations with
different L. Data from previous results for CVD-grown samples [70] (squares)
and exfoliated samples [29] (triangles) are shown for comparison (yellow stars
indicate their medians). (c) Temperature dependence of µFE measured from the
device in Figure 2.6a at L = 1.6 µm (orange) and 8.6 µm (red), and from a previous report on exfoliated samples (grey) [57], both showing phonon-limited
intrinsic transport. (d) Top gate (VTG )-dependent σ for dual-gate monolayer
MoS2 FET (device shown in the upper inset). Lower inset: VTG -dependent ISD VSD curves showing current saturation and ohmic electrode contact. Scale bar,
10 µm. For a-d, MoS2 grain size is 1 µm. (e) Temperature dependence of µFE
measured from MoS2 film of grain size 3 µm, with different channel lengths,
which show the same dependence as shown in Figure 2.6c. (f) Gate-dependent
σ of a monolayer WS2 FET showing µFE = 18 cm2 ·V-1 ·s-1 . Inset: VTG -dependent
ISD -VSD curves showing current saturation and ohmic electrode contact.
liated samples (and several times higher than the CVD results) and has a much
narrower distribution. In addition, the temperature dependence of µFE (Fig-
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ure 2.6c) measured from the same device in Figure 2.6a shows higher µFE at
lower temperatures (92 cm2 ·V-1 ·s-1 at 100 K) and intrinsic, phonon-limited electron transport similar to the behaviors previously observed in exfoliated samples (data from Reference [57] shown in Figure 2.6c) but different from those observed from a CVD sample with stronger effects from defects [84]. Specifically,
our data show that the temperature dependence of mobility follows a power
law of µFE ≈ T-γ with exponent γ = 1.6 for temperatures between 150 and 300 K,
close to the value (1.69) [56] predicted by theory and consistent with results from
previous experiments (average value ranging between 0.6 and 1.7) [29, 57–59]
for a similar temperature range. Finally, Figure 2.6d shows a high-performance
MoS2 FET fabricated with an individual top-gate electrode (VTG ). It has a high
on/off conductance ratio (∼106 ), current saturation at relatively low bias VSD
(lower inset to Figure 2.6d) and high field-effect mobility (∼29 cm2 ·V-1 ·s-1 ), both
are comparable to the best reported results [29, 57, 58]. We note that our devices
studied in Figure 2.6a-d were fabricated at random locations using a polycrystalline monolayer MoS2 film, unlike the devices with single grain samples used
for comparison. In addition, the electrical properties measured from a separate
monolayer MoS2 film with a larger average grain size of 3 µm are almost identical to those of the 1µm grain size film in Figure 2.6a-d, including the channellength independence of µFE and the phonon-limited transport at T > 150 K (see
Figure 2.6e; with the low-temperature mobility as high as 114 cm2 ·V-1 ·s-1 at 90
K).
Taken together, our data confirm the spatial uniformity and high electrical
performance of our MoS2 FETs independent of the average grain size, which
suggests that the intergrain boundaries in our films do not significantly degrade their electrical transport properties. This is probably due to the formation
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of well-stitched intergrain boundaries with a low level of defects, an explanation also supported by the ADF-STEM (Figure 2.5b) and X-ray photoelectron
spectrum data (Figure 2.4g) discussed above. Our data therefore lead us to
conclude that our optimized MOCVD growth provides an electrically homogeneous monolayer MoS2 film.

Figure 2.7: MoS2 wafer-scale FETs
(a) Batch-fabricated 8,100 MoS2 FET devices on a 4-inch SiO2 /Si wafer. Top
inset: enlarged image of one square containing 100 devices. Middle and bottom insets: corresponding color maps of σ at gate bias VBG = 50 V and -50
V, respectively, with the black block in the middle inset representing the only
non-conducting device. (b) Histogram of on-state and off-state σ of 100 dualgate FETs showing a median on-off ratio of 106 and a high on-state conductivity.
Dark blue, VTG = -5 V; pale blue, VTG = +5 V. All measurements were performed
at room temperatures.
The structural and electrical uniformity of our MoS2 film enables the waferscale batch fabrication of high performance FETs as demonstrated in Figure 2.7.
Figure 2.7a shows a photograph of 8,100 MoS2 FETs with a global back gate,
which were fabricated on a 4-inch SiO2 /Si wafer using a standard photolithography process. The middle and bottom insets to Figure 2.7a show color-scale
maps of σ measured from 100 MoS2 FETs in one square region at VBG = 50
V and -50 V, respectively; the top inset to Figure 2.7a shows an enlarged opti31

cal image of the devices. We observed an almost perfect device yield of 99%;
only two out of 200 FETs that we characterized (including data from an adjacent
region) did not conduct. Our data also confirm the spatially uniform n-type
transistor operation (larger σ for positive VBG ) with similar VBG dependence
for all our devices and high on-state device conductance. We fabricated 100
individually addressable dual-gate MoS2 FETs (similar to the device in Figure
2.6d) on another wafer. The histogram of the on-state σ (VTG = 5 V; median
carrier concentration ∼7×1012 cm-2 ) and off-state σ (VTG = -5 V) collected from
all such FETs (Figure 2.7b) shows strong peaks above 10-5 S and near 10-11 S,
respectively, confirming a uniform conductance switching behavior with high
on-state σ (>10 S) and on-off ratio (>106 ).
The data presented in Figures 2.4-2.7 confirm the structural and electrical
uniformity of the wafer-scale monolayer MoS2 film grown by our MOCVD
method. Moreover, we successfully fabricated and measured 60 FETs by using a monolayer WS2 film. Even though the growth of monolayer WS2 was not
carefully optimized, these devices showed excellent electrical properties, with
their µFE as high as 18 cm2 ·V-1 ·s-1 at room temperature (Figure 2.6f) and a median µFE of 5 cm2 ·V-1 ·s-1 . In addition, the WS2 device in Figure 2.6f showed a
high on/off ratio of 106 and the current saturation behavior (inset to Figure 2.6f)
as in our MoS2 devices.

2.5

Summary

Our high-mobility monolayer TMD films by MOCVD growth can be used immediately for the batch fabrication of TMD-based integrated circuitry on a tech-
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nologically relevant wafer scale, and can also serve as building blocks for 2D
stacking. In addition, because our MOCVD growth is controlled by the kinetics
of the precursor supply rather than specific precursor-substrate chemistry (an
example of the latter would be the different graphene growth modes on copper
and nickel), its use is not limited to the TMD-substrate combinations reported
here. Instead, this method can be generalized for producing various TMD materials, both semiconducting (for example MoSe2 or WTe2 ) and metallic (for example NbSe2 or TaS2 ), with precise layer control over a large scale. Indeed, our
data show, as an initial demonstration, monolayer TMD growth of WS2 . Our
versatile MOCVD growth therefore provides a new avenue for the growth of
multiple high-quality monolayer TMD films with different compositions and
electrical properties on a single substrate, enabling the future development of
2D stacking and atomically thin integrated circuitry.
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CHAPTER 3
MODEL STACKING SYSTEM: TWISTED BILAYER GRAPHENE

3.1

Introduction

As discussed in the chapter 1, for stacked 2D materials systems, interlayer van
der Waals interactions introduce a new degree of freedom: the interlayer rotation angle θ, which can be a key parameter for determining the physical properties of the stacked materials. Twisted bilayer graphene (tBLG) is a prototypical
layered 2D material system, where θ serves as a key parameter. tBLG can be
viewed as a defective form of Bernal stacked bilayer graphene, in which the
two graphene layers, instead of having the same crystal orientation, are stacked
on top of the each other with a crystal orientation mismatch θ. tBLG exists, for
a significant portion, in graphene samples prepared via CVD growth. In tBLG,
interlayer interactions alter the band structure and create new van Hove singularities (vHS) and mini-gaps whose energy levels are monotonically tuned by
the twist angle θ [49, 85–88]. This leads to features such as θ-dependent optical
resonances between vHS [3, 5, 6] and electronic transport changes [89] when the
Fermi level reaches the vHS and mini-gaps.
In this chapter, we will first review this prototypical layered 2D material
system — tBLG, focusing on its θ-dependent properties. Then we will introduce
our vacuum-assisted direct stacking technique that generates θ-controlled highquality tBLG on a large scale.
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3.2

Electronic band structure

We can better understand the electronic band structure of tBLG by comparing it
with single layer graphene (SLG) and Bernal stacked bilayer graphene (Bernal
BLG).

Figure 3.1: Crystal and electronic structure of SLG and Bernal BLG
(a) Single layer graphene. (b) Bernal stacked bilayer graphene. The unit cell is
indicated by the yellow dashed frame
As plotted in Figure 3.1a, SLG has a honeycomb lattice structure; its unit cell
contains 2 atoms, A site and B site carbons. Its band structure reveals a gapless
linear dispersion - the Dirac cone in the low energy range around the K and K’
point. The most exciting electronic property of graphene, the ultrahigh mobil35

ity, comes from this linear band distribution and large momentum separation
between the K and K’ points. The band structure of SLG can be calculated using
the tight binding method. Actually, the tight binding calculation of SLG, first
presented by Wallace in 1947 [90] as a first step towards the calculation of the
band structure of graphite, is a classic example of a tight binding calculation,
and is often used in text books.
As plotted in Figure 3.1b, Bernal BLG is made up of two SLG layers that have
the same crystal orientation but are shifted relative to each other by a vector
c. It has a unit cell that contains four carbon atoms. Similar to SLG, its band
structure can be calculated using the tight binding model. The difference is that,
for Bernal BLG, we need to consider the interactions from higher-order nearest
neighbor atoms. [91] The band distribution of Bernal BLG near K and K’ point
is quadratic. One outstanding property of Bernal BLG is that, by breaking the
inversion symmetry between the two layers by applying a vertical electric field,
a tunable band gap can be opened. [92]
Now, let us look at tBLG. As discussed earlier, tBLG is made up of two layers
of SLG which are stacked on top of each other with a crystal orientation mismatch θ. Due to the stacking of two rotated crystalline films, a quasi-periodic
moiré pattern would be formed. It is called quasi-periodic, because there might
be small differences in crystal structure between those “repeating” units of the
moiré pattern. These differences would cause the size of the primitive unit cell
to differ from the moiré pattern unit cell. Depending on θ, some tBLG has a
primitive unit cell that is the same as the moiré pattern unit cell; some tBLG
has a primitive unit cell that is bigger than the moiré pattern unit cell; and for
some θ, the size of the primitive unit cell is infinite. The first two of these three
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Figure 3.2: tBLG unit cell size vs. θ
A plot of the unit cell size vs. θ for tBLG. This plot illustrates how a very small
change in θ can lead to a very large change in unit cell size. The dashed line
corresponds the lower bound. For commensuration cells that fall on this line,
the moiré periodicity is equal to the commensuration periodicity. This figure is
adapted from Reference [93].
types of tBLG are called commensurate tBLG. Figure 3.2 shows the correlation
between twist angle and the unit cell size for commensurate tBLG. It is clear
from this figure that the unit cell size of tBLG does not change monotonically
with θ. tBLG with infinite unit cell size is called incommensurate tBLG. However, even for incommensurate tBLG, there is still a finite size moiré pattern unit
cell (except when θ goes to 0). In Figure 3.2, the dashed blue line indicates the
size of moiré pattern unit cell, which changes smoothly and monotonically with
the twist angle θ.
These special structural properties make the band structure calculation of
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tBLG complicated. For standard calculation methods, such as tight binding and
ab initio, the calculation is carried out by modeling the inter-atomic interactions
in a unit cell. The bigger the unit cell is, the more complicated this calculation
will be, and the more computational power is required. To calculate the band
structure of tBLG with an incommensurate angle or an angle corresponding to
large unit size, standard methods can be time-consuming or even fail. However,
according to experimental results, quite interestingly, the properties of tBLG that
are generated by interlayer interactions change smoothly corresponding to the
changes in twist angle θ [49, 85–88]. To better capture this smooth angle dependence, a simplified model was proposed, in which the band structure of tBLG
is viewed as the sum of two SLG with a small amount of modification introduced by interlayer interactions [6, 85]. Details for this band structure picture is
presented as following.
Figure 3.3 shows both real and reciprocal space pictures of tBLG with a twist
angle θ. Figure 3.3a presents the crystal structure, drawn in the real space, in
which the top layer is coloured green and the bottom layer is coloured purple.
Figure 3.3b shows the band structure in the low energy range, drawn in the
reciprocal space. This is a super-position of two SLG Brillouin zones with a relative rotation angle equal to θ. As we already know, in low energy range, the
band structure of SLG is a set of Dirac cones near the K and K’ points. Figure
3.3b plots the Dirac cones at the K point from both the top and the bottom layers.
The two Dirac cones cross each other at a certain energy. The larger the twist
angle, the further apart the two Dirac cones, and the higher in energy this crossing will occur. Figure 3.3c pictures the intersection of the two Dirac cones along
the plane going through the top and bottom layer K points and orthogonal to
the crystal plane. As indicated in Figure 3.3c, at the place where the two Dirac
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Figure 3.3: Crystal and electronic structure of tBLG
(a) The crystal structure of tBLG with a twist angle θ. (b) Two Dirac cones from
the top (green) and bottom (purple) layers are overlaid on top of each other,
forming vHS states separated by energy ∆. (c) Intersection of the two overlapping Dirac cones.
cones cross each other, interlayer interactions result in the opening of a mini
band gap, and vHS states form on the gap edge. This band structure picture is
directly supported by the angle-resolved photoemission spectroscopy (ARPES)
data plotted in Figure 3.4, which is adopted from a paper published by Taisuke
Ohta and coworkers [88].
As you may have noticed already, so far, we have only discussed the K point
Dirac cones. The Dirac cones in the K’ points should be taken into consideration
as well. In tBLG, there are two kinds of crossings: the one between the K (or
K’) point Dirac cone of the top layer and the K (or K’) point Dirac cone of the
bottom layer (showed in Figure 3.3b), and the one between K (or K’) point Dirac
cone of the top layer and K’ (or K) point Dirac cone of the bottom layer (not
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Figure 3.4: ARPES data from tBLG
(a) Photoemission intensity contour of the two Dirac cones at the electron energy of 0.4eV. (b) Enlarged image of (a) near the two cones. (c) Photoemission
spectra intersecting the two cones at the top and bottom layer K points. (d) Photoemission spectra and the DFT calculations (blue and green dots) bisecting the
two cones and (e) the one orthogonal to (d). The schematic to the right of (e)
shows the orientations of the photoemission patterns relative to the two primitive Dirac cones without interaction. This figure is adapted from Reference. [88]
plotted out in Figure 3.3b). These two kinds of crossings happen at different
energies and also have different chirality. [94] For the tBLG plotted in Figure
3.3, the lower energy crossing is left-handed and the higher energy crossing is
right-handed. In most experiments, the lower energy one is measured for the
following reasons. First, the higher energy crossings go to UV which is outside
the measured range for most experiments. Second, we expect a weaker optical
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signal from the higher energy crossing. In the band structure, at the same energy
level, there are both single partical bands (where band structure is the same as
SLG) and renormalized bands (where band crossing happens). At high energy
level, single partical bands have high density of states which would weaken the
effect of band renormalization to the total density of states. In later discussions,
we will refer the energy of the vHS excitations for the lower energy crossing as
EA and higher energy crossing as EB .
Depending on whether chirality is considered, there are different angle
ranges for twist angle θ. When considering chirality, the twist angle θ ranges
from 0◦ to 60◦ . Twist angle x◦ and (60-x)◦ are different because the chirality is
different. If ignoring chirality, x◦ and (60-x)◦ are the same and θ only ranges
from 0◦ to 30◦ .
This simplified model works surprisingly well.

It predicts many θ-

dependent properties of tBLG with both qualitative and quantitative accuracy.
[7] However, it also has its limits. First, it is a single particle picture. The band
gap opening at the band crossing point is a forced result, not something deduced by considering the detailed interlayer interaction. As a result, this model
fails to explain the detailed band structure. A good practice would be to combine both this simplified model and a model which actually considers interlayer
interactions together to explain or predict actual physical properties. The second limit is that, when θ is small and the size of the mini-gap is comparable to
the energy between vHS, this picture can no longer describe the band structure.
For such cases, treating the moiré pattern as a long-wavelength structural perturbation for each layer would be a good theory to which to turn. This theory is
called the continuum model [95].
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3.3

Angle-dependent properties of tBLG

As discussed in section 3.2, in tBLG, interlayer interactions alter the band structure and create new vHS and mini-gaps whose energy levels are monotonically
tuned by the twist angle θ. This leads to many θ-dependent features. In this
section, we will review these features.

Figure 3.5: tBLG Raman G peak angle dependence
(a) TEM image of misoriented double-layer graphene. (b) Diffraction pattern
of the graphene sample shown in (a). (c) Raman spectra of tBLG samples measured with 633 nm wavelength laser (1.96 eV). The spectra are shifted vertically
for clarity. (d) Dark-field TEM, G band, and 2D band Raman images of the same
multilayer tBLG sample. The twist angles are identified with dark-field TEM
and are labeled for each domain in the TEM image. Raman spectra for several
domains are also shown. (a)-(c) is adapted from Reference [5] and (d) is adapted
from Reference [6].
Figure 3.5 displays the experimental results of θ-dependent Raman G peak
of tBLG, adapted from two independent reports [5, 6]. In both works, the electron diffraction pattern from TEM is used to measure the twist angle θ. The
experimental data show that under a fixed optical excitation, among all differ-
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ent θ ranging from 0◦ to 30◦ (chirality is not involved in this case), there is one
twist angle that is on resonance with the excitation photon energy and reveals a
dramatically enhanced G peak in the Raman spectrum.

Figure 3.6: tBLG optical absorption angle dependence
(left) Measured optical absorption spectra of Bernal BLG (top) and tBLG with
increasing θ. Dashed lines are guides to the eye indicating three features in the
optical absorption spectra of tBLG which are not found in BLG. Spectra are offset in by 4e2 /4~ apiece for clarity. (right) Electron diffraction patterns from the
same tBLG regions, indicating θ for each. This figure is adapted from Reference [7].
Figure 3.6 displays the θ dependence of tBLG optical absorption. As in Figure 3.5, the θ of the tBLG is quantitatively measured by TEM. According to the
results, there are extra optical absorption peaks for different θ tBLG, compared
with Bernal BLG. The lowest energy peak has an energy that increases with θ;
the higher energy peak has an energy that decreases with θ. (A third peak appears in large θ tBLG, which comes from the M point vHS of SLG)
The θ dependence for both Raman G peak and optical absorption comes from
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the new vHS states created by interlayer interaction, and can be explained using
the simplified model we introduced in chapter 3.2. For Raman G peak enhancement, when the incoming laser excitation energy matches with EA , the vHS excitation from the lower energy Dirac cone crossing, Raman resonance happens.
For a fixed excitation laser energy, the higher the excitation energy, the larger the
on-resonance angle will be. This agrees with data in Figure 3.5: 1.96 eV laser excitation is on resonance with 10◦ tBLG and 2.33 eV laser is on resonance with 12◦
tBLG. For optical absorption, absorption enhancement occurs when the energy
of incoming light matches with EA or EB (the vHS excitations from the lower or
the higher energy Dirac cone crossing).

Figure 3.7: Quantitative analysis of tBLG θ dependence
(a) Widefield G band images of the same tBLG regions at three different excitation wavelengths. A different domain exhibits strong G band enhancement
in each image (scale bar 5 µm). Plotted are excitation energy vs the θ correlated to maximum Raman G peak intensity for each of our available excitation
wavelengths, based on data from many samples. The solid line is calculation
result from the single particle model with a 4% increase in energy. (b) A 2D plot
that combines the spectral differences between optical absorption in tBLG and
Bernal BLG for all different θ tBLG samples. The two main features, EA and EB ,
are fit to the simplified model described in section 3.2 (inset) with a 4% increase
in energy. (a) is adapted from Reference [6]. (b) is adapted from Reference [7].
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Figure 3.7 summaries the comparison between the experimental data and
the resonance peak calculated using the simplified model. The calculation is
done simply by solving the crossing point of two rotated single layer graphene
Brillouin zones. As presented in Figure 3.7, with a 4% increase in energy, the
calculation matches almost perfectly to the experimental data.
One thing you might have already noticed is that, while on resonance, the
Raman G peak is enhanced by a much larger amount than the optical absorption. This is because an optical absorption process only involves the photon
absorption step, while a Raman process involves photon absorption, electron
and/or hole scattering with phonons, and photon emission. The scattering step
can happen through different pathways. For off-resonance tBLG or SLG, a large
number of those scattering pathways interfere destructively during the G peak
process, while for on-resonance tBLG, dramatic signal increase occurs due to
the fact that interlayer interaction alters the band structure and blocks many
destructive pathways. [6, 96]
So far, we have discussed the θ-dependent interlayer-interaction-induced
optical properties in tBLG that do not involve chirality. Now let us take a look
at the chirality of tBLG. Figure 3.8 displays data from a tBLG θ-dependent circular dichroism (CD) study [94]. The CD spectra of both left-handed and righthanded tBLG with different θ are plotted. It can be seen that, first, for a tBLG
sample, there is one peak and one valley in the CD spectrum. Second, for tBLG
with the same θ, left-handed and right-handed samples have opposite CD spectra: the energy where the peak appears in one is the energy where valley appears in the other. Third, the energy where the peak and valley are located
depends on θ.
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Figure 3.8: tBLG CD spectra θ dependence
(a) CD spectra in chiral tBLG pairs with different θ. Inset: Band structure of
twisted bilayer graphene, where the K (or K’) Dirac cone of the bottom layer
(yellow) is hybridized with the Kθ Dirac cone of the top layer (blue) producing
the interlayer optical transition EA (or EB ). (b) Three-dimensional CD plot as a
function of θ (x axis) and energy of incident light (y axis), taken from 29 twisted
bilayer graphene samples in total. All CD peaks are found along two lines,
which indicate the energies of interlayer optical transitions. (c) For each interlayer optical transition, the top-layer Dirac cone (blue) can be rotated with respect to that of the bottom layer (yellow) either anticlockwise (left; corresponding to σ+) or clockwise (right; σ-), which determines the sign of the CD signal.
This figure is adapted from Reference [94].
These phenomena can be explained as follows. As discussed in section 3.2,
the lower energy vHS excitation EA has the same chirality as the tBLG, while
the higher energy vHS excitation EB has the opposite chirality as the tBLG. Two
peaks appear in the tBLG CD spectra: the lower energy peak corresponds to EA ,
and the higher energy peak corresponds to EB . Since EA and EB have different
chirality, their CD spectra are opposite. Flipping the chirality of the tBLG sample will change the signs of the both peaks in the CD spectrum. In addition,
with θ changing, the position of EA and EB will change accordingly.
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Besides the θ-dependent optical properties, when the Fermi level reaches
the vHS and mini-gaps, θ-dependent electrical properties can also be detected
in tBLG [49, 97]. However, limited by the doping capability, θ shouldn’t be too
large in order to reach the vHS and mini-gaps. In Figure 3.9, we show a scanning
tunneling microscope work done on tBLG. Our device level studies about tBLG
will be presented chapter 4.

Figure 3.9: tBLG vHS direct mapping with STS
(a) The scanning tunneling microscopy images of several tBLG samples with
different θ. (b) The scanning tunneling spectroscopy measurements of different
θ tBLG. (c) The energies of vHS splitting from both experimental data and calculations are shown. TB stands for tight binding. This figure is adapted from
Reference [49].
Figure 3.9 shows the scanning tunneling microscopy and spectroscopy (STM
and STS) measurements of tBLG samples with different θ. The twist angle of
each sample is extracted from the moiré pattern measured by STM. The tunnel-
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ing current derivative (dI/dV) from the STS directly shows the density of states.
The vHS states (indicated by the arrows) can be directly observed. With increasing θ, the energy of the vHS also increases. Quantitatively, not surprisingly, the
energies of the vHS states match very well with the tight binding calculation.

3.4

3.4.1

Assembly of tBLG by vacuum-assisted direct stacking

Introduction

Among the tBLG works that were reviewed in the last section, the majority use
as-grown samples from CVD growth. In these cases, as-grown sources can serve
the purpose, because these studies only focus on understanding the properties of the tBLG system, so the trouble of sample-hunting could be borne with.
However, if the goal is to apply these θ-dependent properties, there would be
requirements of sample size, sample yield, and time efficiency. Searching for
tBLG areas with a certain θ in a CVD sample is definitely not the best approach.
Moreover, even when time is not a concern, there are still limitations with
synthetic sample sources. First, small-θ tBLG is very rare in as-grown CVD
samples. We can see this clearly from the statistical data presented in Figure
3.10. Small-θ samples are rare, because the structure of small-θ tBLG is close
to the energetically much more stable form, Bernal stacked BLG, which creates
a large torque driving small twisted sample to become Bernal stacked during
growth. Second, when synthetic sources are used, it is challenging to confirm
the sample chirality, because the atomic thickness makes it hard to structurally
resolve the handedness.
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Figure 3.10: Statistical analysis of twist angle distribution in BLG
Area probability histogram of bilayer twist angles taken from 50 continuous
bilayer regions with >100 individual bilayers. Overlaid in red is the torque calculated based on the theoretical plot of the interlayer potential as a function of
the twist angle (inset, as adapted from Morell et al. [98]). This figure is adapted
from Reference [99].
The solution to all these challenges is to develop an artificial stacking method
that can generate large-scale high-quality tBLG with controllable θ. Here, we report our vacuum-assisted direct stacking technique that can manually put two
graphene layers obtained from aligned CVD growth on top of each other while
controlling their mismatch angle. Comparing to other CVD graphene artificial stacking techniques, our method can avoid polymer contamination at the
graphene-graphene interface and ensures high sample quality.

3.4.2

Graphene CVD growth and transfer

Our stacking technique can be divided into two parts: graphene growth and
graphene stacking i.e. transfer. Before discussing the specific growth and trans-
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fer methods that we use in our stacking process, let us first take a look at the
graphene growth and transfer techniques in general.
CVD growth of graphene, as we briefly discussed in section 1.3, can be carried out on multiple substrates. Cu is the most widely used substrate because
it yields single layer growth with high quality. Normally, the CVD growth of
graphene on a Cu substrate involves two steps. The first step is annealing,
where the Cu substrate is heated up to around 1000 ◦ C under H2 flow. The
purpose of the annealing step is to reduce the CuO on the surface of the growth
substrate back to Cu, the species which catalyzes graphene formation. The second step is growth, where a carbon source is introduced to the growth system to
form graphene under the catalysis of Cu. Normally this step is also carried out
at a high temperature (around 1000 ◦ C). Methane is the most commonly used
carbon source. Many other chemicals, however, such as ethane and propane
can also be used [100]. If benzene is used as the carbon source, the temperature
for graphene growth can be decreased down to around 300 ◦ C [101]. Normally
during the growth step, we also flow a certain amount of H2 . H2 serves multiple purposes: it removes the O2 that get into the system, and affects the carbon
source decomposition balance (changing growth speed), and etches graphene
edge (affecting domain shape). During both the annealing and growth steps,
inert gas (Ar or sometimes N2 ) may be introduced to the system as a way to
control the growth pressure and help carry the precursor.
Now, let us look at graphene growth optimization. For CVD growth of
graphene, there are many factors that can affect the growth, such as the growth
substrate, gas flow rate, annealing temperature, annealing time, annealing pressure, growth temperature, growth time, growth pressure, oxygen leakage, and
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also water vapor. Among these factors, the Cu substrate is one of the most
critical factors for the growth. The surface impurity concentration, crystalline
condition [102], and the shape (whether or not an enclosure is formed [103]) can
dramatically change the resulting graphene growth. Interestingly, due to the
strong interactions between graphene and its growth substrate, under specific
growth conditions, there will be rotational orientation match between graphene
and its growth substrate. This has been confirmed for graphene growth not only
on Cu (111) substrates [104], but also ruthenium (0001) [105], iridium (111) [106],
rhodium (111) [107], and germanium (110) [108] surfaces as well.
Once CVD growth is complete, we need to remove the growth substrate
and transfer graphene to various new substrates in order to measure its intrinsic properties or make electronic devices out of it. For graphene grown on Cu,
there is a standard transfer procedure. First, a film of polymer is spin coated
on top of graphene. PMMA is the most commonly used polymer. Second, the
graphene on the backside of the Cu substrate is removed by oxygen plasma.
Third, wet etching is applied to etch away the copper. For the wet etching step,
the PMMA/graphene/Cu stack is kept floating on the solution surface by the
supporting force from surface tension. Two kinds of copper etchants are commonly used: FeCl3 mixed with HCl or ammonium persulfate ((NH4 )2 S2 O8 ) solution. Among these two, FeCl3 mixed with HCl etches Cu much quicker and does
not generate bubbles during etching. However, when the pH of the solution is
higher than around 4, FeCl3 can react with water and produce Fe(OH)3 , which
precipitates and sticks to the graphene surface. On the other hand, (NH4 )2 S2 O8
does not leave any solid residue, but its etching rate is much slower and it generates bubbles which can block further etching. The next step of the transfer
procedure is a cleaning step. It is to get rid of various kinds of residues such
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as Cu or the etching solution residue. Sometimes only multiple DI water rinses
are necessary, but for better cleaning results, a diluted version of standard clean
can be used. Standard clean is used in the silicon industry. It has two solutions:
SC1, which is NH4 OH mixed with H2 O2 and H2 O by ratio of 1:1:5; and SC2,
which is HCl mixed with H2 O2 and H2 O by ratio of 1:1:5. SC1 is for organic
contamination cleaning and SC2 is for metal contamination cleaning. Diluted
standard clean is made by changing both ratios to 1:1:20. For graphene, the
majority of residue is metal. SC2 should be done first, followed by an optional
SC1 step. In the last step, we need to use the target substrate to scoop up the
PMMA/graphene stack that floats on top of DI water and wait for it to dry.
Finally, the PMMA is removed by thermal annealing or by soaking in acetone
followed by a IPA rinse.
For graphene transfer, lowering the amount of contaminants is critical for
generating high quality films. There are two kinds of contaminations: inorganic and organic. Inorganic contaminations are mainly on the side which is
in contact with the growth substrate, and we use chemical treatment such as
SC2 to decrease it. However, chemical treatment can also break the chemical bonds within graphene and degrade the film quality, so proper choice of
cleaning chemical and careful engineering of the process are required. Organic
contamination comes from the supporting polymer that is on top of graphene.
To better remove organic residues, we can use a heated acetone solution [94]
instead of a room temperature one. However, the rule of thumb is, once the
polymer touches graphene, it can never be completely removed.
Based on this discussion, we can see that with standard graphene transfer
method, simply transferring one layer of graphene, getting rid of the PMMA,

52

and stacking another layer, cannot give us θ-controlled high-quality tBLG.

3.4.3

Vacuum-assisted direct stacking

In our stacking method, in order to control the microscale structure parameter θ
in a macroscopic way, we adopted the procedure for aligned graphene growth
on Cu (111) developed by Lola Brown et al. [109], with slight modifications.
The key designs of this aligned growth are, first, increasing the time and temperature of the copper annealing step to recrystallize the Cu foil into Cu 111
domains; and second, decreasing the growth speed to ensure the growth following the thermodynamically stable path — the aligned growth. The growth
recipe is as follows: (1) anneal the Cu foil (Nilaco corporation, #CU-113213) for
6 hours under 100 sccm H2 and 400 sccm Ar at 1040 ◦ C, (2) flow 3 sccm of 1%
CH4 which is diluted in H2 , 100 sccm H2 , and 400 sccm Ar at 1040 ◦ C for 1 hour,
(3) cut off the CH4 flow, and cool the system down to room temperature while
continuing to flow Ar and H2 .
For stacking, as illustrated in Figure 3.11, we start with an aligned CVD
graphene grown on a Cu substrate and cut it into two pieces. For one piece,
we (1) spin PMMA on top to make a PMMA/graphene/Cu stack, (2) stick
the PMMA side of this stack to a piece of thermal release tape that has hole
punched in the middle, (3) send this entire stack through Cu etching, SC2 cleaning, several rinses with water, and finish with a gentle stream of air to dry out
the graphene surface. The resulting product is PMMA/graphene supported by
thermal release tape frame. For the other piece, we (1) cut it into a proper size,
and (2) put it on top of a custom-made holder that has a center stage, a slightly
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Figure 3.11: Schematics of vacuum-assisted direct stacking
higher outside stage, and a pumping groove in between. We then stack the
first piece of graphene on top of the second piece, which stays on the holder,
and apply a negative pressure between the first and the second graphene layers by pumping through the pumping groove. This negative pressure brings
two layers together, while we perform a gentle heat gun treatment from the top
to soften the PMMA to help improve the coupling. The microscopic θ control
is achieved by controlling the macroscopic rotation angle between the two Cu
pieces, since the two pieces share the same graphene crystal to Cu film alignment. The resulting sample is on top of Cu and can then be transferred to a
SiO2 /Si substrate for device fabrication,a SiN window for TEM measurements,
or any other substrate. In bottom right of Figure 3.11, we show the optical microscope image of one stacked sample that is transferred to SiO2 /Si substrate.
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Compared with other graphene stacking methods, our method achieves
large-scale, θ-controlled, and high-quality tBLG. In our method, the requirement for a large scale is met by using CVD as the sample source; the θ control is achieved by using aligned CVD; and most importantly, the high quality
is ensured by avoiding polymer exposure of the stacked interface throughout
the stacking. In chapter 4, we will apply this vacuum-assisted direct stacking
method to overcome the sample rarity problem of small-θ tBLG.

3.5

Summary

In this chapter, we reviewed tBLG. First, we discussed the electronic band structure of tBLG and introduced a single particle model for understanding the band
structure. After that, we listed the θ-dependent properties reported on tBLG,
and also showed that the single particle model we introduced can quantitatively
explain many of those phenomena. With these, we proved that twist angle θ is a
key parameter for tBLG, suggesting a need for an artificial stacking technique to
generate high-quality tBLG with θ control. Finally, after providing the general
information about CVD graphene growth and graphene transfer, we introduced
our vacuum-assisted direct stacking technique that generates θ-controlled highquality tBLG on a large scale.
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CHAPTER 4
SMALL-θ TBLG ANGLE DETECTION BY RAMAN R’ PROCESS

4.1

Introduction

As discussed in chapter 3, in tBLG, interlayer interaction alters the band structure and creates new vHS and mini-gaps whose energy levels are monotonically
tuned by the twist angle θ. Among all tBLG, small-θ tBLG is special. In the single
particle band structure picture of tBLG, two energy scales are involved: the energy level of the mini-gap that increases by approximately 100 meV per degree
with θ, and the magnitude of the mini-gap that is on the order of 200 meV [88].
When θ is small, these two energy scales become close so that normally negligible small perturbations, i.e. the strain effect and many body interactions, need to
be considered. Significant band dispersion changes are expected, which include
Fermi velocity renormalization [87] and the formation of flat band [110]. As a
result, insulating states [89], valley Hall boundary states [9, 10], and potentially
superconducting states [110–113] may be observed in small-θ tBLG.
These predicted novel electronic properties inspire experimental explorations of small-θ tBLG. However, existing θ-detection methods are not suitable
for device level studies in the small θ range. Non-optical techniques such as
transmission electron microscopy (TEM) and scanning tunneling microscopy
(STM), though accurate, are not device compatible [86, 99, 114]. Established
optical methods, optical absorption [4, 7] and Raman G peak resonance [5, 6]
measurements, though device compatible, do not suit small θ detection. When
θ is small, the basis of these optical methods, the monotonic correlation between θ and vHS excitation, pushes measurements beyond the visible range
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to longer wavelengths, causing challenges in spatial resolution and signal detection. Also, this correlation, though valid for high angle, may be disrupted in
small angle due to band renormalization, which may fundamentally invalidate
these methods. The absence of a facile small angle detection method limits the
fabrication, exploration, and application of small-θ tBLG.
This chapter is adapted from Reference [115]. In this chapter, we will report an optical θ-detection method that has fundamental advantages over the
existing techniques for small θ detection. This method is based on the Raman
R’ process, an intralayer Raman scattering assisted by the interlayer moiré pattern [116]. The Raman R’ process has θ-dependent resonance at an energy level
√
3 times as high as the vHS excitation (Figure 4.1a legend), which necessitates
measurement at shorter wavelengths, thus yielding better spatial resolution and
easier signal detection. In addition, its correlation with θ would still hold even
when the θ dependence of vHS excitations were disrupted. By combining Raman with TEM measurements over a large number of samples, we quantitatively resolve the correlation between θ and the peak intensity and peak position of the R’ peak, explore the polarization properties of the R’ peak, and then
develop our θ-detection method based on these results. With our method, the
lower limit of optical θ detection is pushed to 3◦ , an angle where θ-dependent
electronic features start to be detectable in a typical device. Furthermore, we utilize this method to demonstrate a dual-gate transistor device of small-θ tBLG,
and report an extra resistance peak that arises from the mini-gap. The θ extracted from this resistance peak is consistent with the Raman R’ measurement.
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4.2

θ dependence of Raman R’ process

The mechanism of the Raman R’ process is illustrated in Figure 4.1a [116]. In
tBLG, interlayer interaction creates a quasi-periodic moiré pattern whose structure is determined by θ. The static potential of this moiré pattern enables elastic
scattering which permits access to non-zero momentum phonons in the longitudinal optical phonon branch. As a result, the intralayer intra-valley Raman
R’ scattering becomes allowed and the R’ peak can be observed in tBLG Raman
spectra in addition to the G and 2D peaks. Based on this mechanism, both the
intensity and the position of the R’ peak are expected to reveal dependences on θ
(detailed discussion later). These dependences, if quantitatively confirmed, can
serve to realize θ detection. While previous experimental results support these
dependence predictions [5, 116–120], the available data from existing reports is
not sufficient for achieving small angle detection, due to a limited number of
samples and a relatively high lower-angle limit (the lowest being 4◦ ).
In this work, we present comprehensive angle-resolved R’ data over a large
number of samples, and push down the lower angle limit by fabricating smallθ samples and measuring them with lower frequency laser excitation. We include two key components in our experimental design. First, we adapt our
vacuum-assisted direct-stacking technique to artificially generate small-θ tBLG.
This solves the problem of sample rarity with small-θ tBLG and makes a large
number of data points possible. Second, we combine TEM with Raman spectroscopy to enable angle-resolved Raman measurements. For this experiment,
we transfer artificially stacked small-θ tBLG onto 10 nm thick SiN windows to
make samples that are compatible with both Raman and TEM measurements.
These samples are first excited by a 785 nm laser to obtain the Raman spectra,
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Figure 4.1: Schematics and representative spectrum of Raman R’ process
(a) Schematics for Raman R’ process. (left top) Moiré pattern of tBLG. (left bottom) Small-θ tBLG in reciprocal space: b1 and b1 ’ are the reciprocal space primitive vectors of the top and bottom graphene layer; qM is moiré pattern reciprocal space primitive vector. (right) On-resonance Raman R’ process: creation
of electron-hole pair by laser excitation Ehυ , electron scattering by moiré pattern
(the same size as qM ) then back-scattering by non-zero momentum phonon Qph .
√
√
q
is
3 times
b1 and b1 ’ are 3 times as large as the momentum of the K point;
M
√
the size of Dirac point shift between the two layers; Ehυ is 3 times the size of
vHS excitation. (right inset) On-resonance Fermi circle: the momentum of qM is
the same size as the Fermi circle diameter. (b) Representative Raman spectrum
of one small-θ tBLG sample. (inset) The corresponding TEM diffraction pattern.
and then are put into TEM to take the diffraction patterns at exactly the same
spots as the Raman measurement.
In Figure 4.1b, we present the Raman and TEM data from one representative
sample. In the Raman spectrum, the R’ peak appears right next to the G peak at
around 1614 cm-1 ; it is well-defined and almost 50% higher than the G peak. The
twist angle of this sample can be measured from its TEM diffraction pattern.
There are two sets of six-fold-symmetric spots, each coming from one of the
graphene layers. The angle offset between them gives the twist angle, which,
for this sample, is 3.9◦ .
We take angle-resolved Raman spectra of 48 samples with θ ranging between
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3◦ and 10◦ . The experimental results are summarized in Figure 4.2. In Figure
4.2a, we plot spectra by color scale as a function of both θ and Raman shift. From
this plot, it is clear how G and R’ peaks evolve with θ: in the range of 3◦ ∼ 6◦ , G
peak remains relatively constant and the R’ peak shows resonance behavior; in
the range of 6◦ ∼ 8◦ , G peak enhancement begins to dominate and the R’ peak
becomes difficult to resolve; and above 8◦ , the R’ peak vanishes completely. For
the purpose of small angle detection, we focus on the range from 3◦ to 6◦ , where
both the intensity and position of the R’ peak reveal dependences on θ. In Figure
4.2b and 4.2c, quantitative experimental data points are plotted (black dashed
lines serve as a guide for the eye). In Figure 4.2b, we normalize the intensity
(area) of the R’ peak relative to the G peak and plot it as a function of twist
angle θ. These data points show resonance behavior, as the intensity rises and
falls with θ increasing, reaching maximum value at θ = 4.3◦ . For peak position,
as shown in Figure 4.2c, the R’ peak increases monotonically with θ; the trend is
almost linear, with a slope of about 2 cm-1 per degree.
As mentioned earlier, the θ dependence of the peak intensity and position
arises due to the mechanism of the R’ peak [116]. As illustrated in Figure 4.1a,
the excited electron sits in a Fermi circle whose diameter is determined by the
laser excitation energy Ehυ . This electron is first elastically scattered by the moiré
pattern and then inelastically scattered by longitudinal optical phonon Qph . The
moiré pattern elastic scattering is similar to impurity site elastic scattering but
with an extra restriction: its momentum must equal the moiré pattern’s reciprocal space primitive vector qM , which equals the vector difference between the
top and bottom graphene layer reciprocal space primitive vectors b1 and b1 ’.
Since the size of b1 and b1 ’is set by the graphene lattice structure, the twist an-
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Figure 4.2: Quantitative study of small-θ tBLG Raman spectroscopy
(a) 2D plot summarizing Raman spectra of tBLG samples ranging from 3◦ to 10◦
under 785 nm laser excitation. Intensity is plotted in a color scale as a function
of the twist angle θ and Raman shift in the range of 1450 cm-1 to 1700 cm-1 .
On the right, schematics for both R’ and G peak resonances are provided. (b),
(c), Quantitative analysis of Raman R’ peak. (b) R’ peak area normalized to G
peak is plotted as a function of θ. Experimental data is plotted in blue dots; the
black dashed line is a guide for the eye; and the grey dashed line indicates the
theoretical resonance peak position. (c) R’ peak position is plotted as a function
of θ. Experimental data is plotted as blue dots; the black dashed line is a guide
for the eye; and the grey line is the theoretical prediction of R’ peak position.
Experimental data and theoretical prediction cross at 4.0◦ .
gle θ determines the size of qM :
θ
8π
q M = √ sin
2
3a

(4.1)

Here, a = 2.46 Å is the lattice constant of graphene. The R’ resonance occurs
when qM and the Fermi circle diameter (determined by laser excitation Ehυ ) are
the same size. Considering the linear band structure of graphene, the resonance
condition is:
8π
θ
Ehυ = ~ v f √ sin
2
3a

(4.2)

Here, v f is the Fermi velocity and ~ is the reduced Planck constant. According
to this theoretical model, the resonance θ is 4.5◦ (v f =1.03×106 m/s) for the 785
nm laser (grey dashed line in Figure 4.2b), which agrees well with the 4.3◦ from
61

our experiment.
The on-resonance R’ peak position is determined by the energy of Qph , which
can be extracted from graphene’s phonon band structure [121] if the phonon
momentum is known. [116] Because of momentum conservation, the momentum of the phonon Qph is approximately the same as that of the elastic scattering
vector qM . For a given twist angle θ, qM is known, and since the momentum
of Qph equals qM , the R’ peak position can therefore be calculated accordingly.
In Figure 4.2c, the predicted R’ peak position from this model is plotted (grey
dashed line) together with the experimental data. They follow similar trends
but their values do not match exactly. The angle at which the values match is
4.0◦ , close to the resonance angle. This discrepancy between the theory and our
experiment probably arises because the model assumes a resonance condition
while the experiment is off resonance except at θ ≈ 4.3◦ . When off resonance,
the constraint that elastic scattering momentum equals qM is not strict, which
causes the peak position to differ from the prediction that assumes resonance.
A more detailed model is needed to quantitatively explain the off-resonance
case, which is beyond the scope of this dissertation.

4.3

R’ process polarization property

We also discover that there is a polarization effect in the R’ process, which needs
to be considered when using the R’ peak intensity for the θ measurement. As
shown in Figure 4.3a, when excited by a linearly polarized laser, the R’ peak
intensity changes when the relative angle (α) between the laser and the signal
analyzer changes, while the G peak remains constant. If we vary α from 0◦ to
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360◦ and plot the normalized R’ peak intensity relative to α in a polar plot, as
shown in Figure 4.3b, it is clear that the R’ peak reaches maximum when the
analyzer and the laser polarization are parallel, and minimum when they are
perpendicular. The scattered light remembers the polarization direction of the
incoming light and has higher intensity along the same direction. Interestingly,
this polarization behavior also depends on θ: the sample measured in Figure
4.3 is near resonance, and has a parallel to perpendicular ratio of 4.2; when θ
is further from resonance, as for the sample in Figure 4.4, we observe a lower
parallel to perpendicular ratio (around 2.5).

Figure 4.3: On resonance R’ peak polarization dependence
(a) Raman spectrum for the same small-θ tBLG sample under different polarization settings: angle (α) between detector analyzer and laser polarization direction is 0◦ , 48◦ , and 96◦ . (b) Summary of normalized R’ to G peak area ratio as a
function of α in polar coordinates. Red line: 0.62 + 0.38 cos(2α), the trigonometric fitting result.
This polarization behavior can be understood by considering the inhomogeneous light excitation and emission mediated by the scattering steps. During
electron-hole creation or recombination, under the dipole approximation, the
absorption or emission matrix element is proportional to ±(Plight × k̂), where
Plight is light polarization vector and k̂ is electron (hole) momentum measured
from the K (K’) point. [122] This implies that polarized light selectively excites
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Figure 4.4: Off resonance R’ peak polarization dependence
(a) Raman spectrum for the same small-θ tBLG sample under different polarization settings: angle (α) between detector analyzer and laser polarization direction is 86◦ , 134◦ , and 182◦ . (b) Summary of normalized R’ to G peak area ratio as
a function of α in polar coordinates. Red line: 0.7 + 0.3 cos(2α), the trigonometric
fitting result.
states with specific momentum (perpendicular to Plight is preferred), and states
with specific momentum also selectively emit polarized light (perpendicular to
k̂ is preferred). As a result, during the scattering steps, if the selectively excited
electron-hole pairs do not get redistributed evenly along the Fermi circle, then
the emitted light will be polarized. In the R’ process, scattering happens across
the diameter of the Fermi circle along three directions determined by qM [116].
The initial electron-hole pair’s momentum direction is changed by 0◦ or 180◦ ,
depending on whether just the electron or the hole gets scattered, or if both are
scattered. In either case, the exciton is not redistributed evenly along the Fermi
circle, and the emitted light would be polarized. Similar to the peak position
case, when off resonance, the constraint on scattering direction is not strict, thus
a lower parallel to perpendicular ratio is expected.
In Figure 4.5, we provide a more quantitative explanation for the polarization behavior. The method we use here is modified from the heuristic model reported by Duhee Yoon and co-workers [122]. In Figure 4.5, the long dashed line
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Figure 4.5: Derivation of the polarization dependence
The dotted line indicates the direction of ΓM. The incident (scattered) light has
a polarization which is rotated by α (γ) relative to ΓM direction. The analyzer is
rotated by β relative to the laser polarization. qM1 , qM2 and qM3 are the directions
of the moiré pattern’s reciprocal space primitive vectors
goes along the ΓM direction. Relative to the ΓM direction, the incident laser has
a polarization along (cos α, sin α, 0) direction, the scattered light has a polarization along (cos γ, sin γ, 0) direction. Here θ1 (θ2) is the angle difference between
the ΓM direction and the momentum of the excited electron measured from K or
K’ point. The absorption matrix can be expressed as sin(α-θ1) and the emission
matrix can be expressed as sin(γ-θ2). On resonance, scattering happens across
the Fermi circle diameter along three directions only: they are defined by the
moiré pattern’s reciprocal space primitive vectors (qM1 , qM2 , qM3 ). Because of
the rotation symmetry of both the electronic states around the Fermi circle and
phonon states near Γ point, we assume the electron-phonon matrix elements
along all three qM directions to be the same. As a result, the scattering intensity
at γ will be proportional to:
2

I(α, γ) =

X

sin(α − θ1) × sin(γ − θ2) = 9 cos2 (α − γ)

(4.3)

θ1,θ2

Here, the sum is taken over θ1 and θ2 at 6 directions decided by the three qM
(both forward and backward).
Then the scattered light is projected to the analyzer along the direction (cos(α
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+ β), sin(α + β), 0). The resulting intensity will be:
2π

Z
0

9
I(α, γ) cos2 (α + β − γ) dγ = π (1 + 2cos2 β)
4

(4.4)

From this result, we can get that the maximum intensity will be measured when
β equals 0 or π, which is the case when laser and analyzer are parallel to each
other, and that the minimum intensity will be measured when β equals π/2 or
3π/2, which is the case when laser and analyzer are perpendicular to each other.
The parallel to perpendicular ratio is 3 to 1.
The R’ peak intensity reveals polarization dependence; on the contrary, the G
peak is known to be unpolarized. As a result, the intensity of R’ peak relative to
G peak varies by the polarization setting, with a maximum difference reaching
4 times (Figure 4.3b). Considering polarization is important for θ-detection. For
instance, the data in Figure 4.1 and 4.2 is taken under a linearly polarized laser
without an analyzer. If an analyzer is inserted at the detector side and aligned
to the excitation laser, the R’ peak intensity would need a correction. This result
can be found in Figure 4.6.

4.4

θ mapping through R’ process

In section 4.2 and 4.3, we provide quantitative data for the R’ peak under a 785
nm laser. Referring to our data, one can directly measure small θ through the
following steps: (1) use a 785 nm linearly polarized laser to take the Raman
spectrum of the target sample, (2) extract the R’ peak intensity and peak position, (3) compare the R’ peak intensity and peak position result to our data to
extract the angle. If the peak intensity is on resonance, θ equals the resonance
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Figure 4.6: Polarization correction of R’ peak intensity
R’ peak area normalized to G peak is plotted as a function of θ under linear
polarized laser. The black dotted line is a guide for the eye and the gray line is
the expected peak intensity when polarizer is inserted at the detector side with
its fast axis aligned with the excitation laser
angle; if the peak intensity is off resonance, extract two possible angles based on
the peak intensity, then pick out the correct one based on the peak position.
The same procedure can be developed for other laser wavelengths. Currently, with a 785nm laser, the lower limit for θ detection is 3◦ . We expect a
lower threshold for detection if longer wavelength light sources and detectors
are used. Moreover, if laser illumination is changed from a focused point to a
line and the spectra from all the points along this line are collected by a CCD
camera simultaneously, quick mapping of θ over a large sample area can also be
achieved [123]. In the actual experiment, we add a cylindrical lens to the beam
pass to change the laser excitation spot into line form and use CCD to simultaneously collect spectra from all the points along this line. These spectra were
collected repeatedly with the sample being moved perpendicular to the laser
excitation line to map the entire sample area. Figure 4.7 shows an example of θ
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mapping. In Figure 4.7a, the optical picture of the tBLG is provided. In Figure
4.7b, the twist angle extracted from the R’ peak measurement is plotted. We can
tell there is an angle difference moving across a wrinkle.

Figure 4.7: Angle mapping with Raman R’ peak
(a) Optical image. (b) θ mapping. Notice that angle contrast can sometimes be
observed across wrinkle.
However, for the mapping method, attention needs to be paid when applying the peak position dependency. As presented earlier, peak position shift with
θ is about 2 cm-1 per degree; such a small shift means applying this dependency
requires a well-calibrated Raman setup and the absence of other factors affecting
the peak position. For example, heating is a major concern. With temperature
increase, the graphene Raman peaks in general show a red shift. We use G peak
as an example since its position is θ independent and should be constant if no
heating effect exists. In Figure 4.8, the G peak position through line scanning
is mapped out: in the SiN window center, it is red-shifted by 10 cm-1 compare
to the edge, resulting from higher temperature in center region due to poorer
thermal cooling.
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Figure 4.8: Effects of heating on Raman G peak
(a) Optical image for a sample on 10 nm SiN window. (b) G peak position measured from line scanning is plotted in a color scale (only bilayer region). The
center region is red-shifted compare to the edge region.
Because of this heating effect, we recommend to always check both the R’
intensity and position during θ measurement and adjust the measurement condition accordingly. As a demonstration, for the angle measurements presented
in Figure 4.7, in order to maintain the laser power in each spot along the line,
the total input power could not be kept low, and the heating effect became unavoidable. During the actual measurement, line scanning is first done to divide
the sample into several domains based on the R’ peak intensity; then in each
domain, point measurement is processed to determine whether the angle belongs to the 3◦ ∼ 4.3◦ branch or the 4.3◦ ∼ 6◦ branch according to its R’ peak
position. The final result is extracted by combining R’ peak intensity data from
line mapping and branch assignment from point measurements.
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4.5

θ-dependent electronic features in small-θ tBLG

With this Raman-based angle detection method, we demonstrate a dual-gate
small-θ tBLG transistor device, as shown in Figure 4.9. To build our device, we
transfer as-grown CVD graphene onto a SiO2 (62 nm)/Si substrate, on which
one BLG domain is confirmed to be small angle through the emergence of a
R’ peak and its angle is measured to be 3.1◦ (Figure 4a). On this small-θ tBLG
region, we fabricate a dual-gate multi-channel Hall bar device using electron
beam lithography. In four steps, we (1) define Ni/Au electrodes, (2) pattern the
graphene, (3) grow Al seeded Al2 O3 by ALD as top gate oxide, and (4) define
a top gate. An optical image of this multi-channel device before depositing the
top gate is provided in Figure 4.9a inset.
This small-θ tBLG device shows a clear electronic feature resulting from interlayer interactions. The square resistance of this device is measured at 77 K
under a dual-gate sweep, which gives independent control over doping (Q) and
vertical displacement field (D). In the measurement, two resistance peaks along
constant Q lines (gray dotted line and dashed line) stand out. To better illustrate, in Figure 4.9c, we provide a line cut plot crossing these two peaks along
the D ≈ 0 line (white dashed line in Figure 4b). As doping increases (top x-axis),
the first resistance peak appears at Q = 0 and the second appears at Q = 2.3×1013
cm-2 . The peak at Q = 2.3×1013 cm-2 originates from the Fermi level reaching the
mini-gap. (We rule out the explanation of inhomogeneous local doping, since
we observe similar electrical behavior in all three channels.) We extract the twist
angle θ by matching this experimentally measured mini-gap doping level with
electronic band structure and get θ = 2.8◦ , which agrees well with the 3.1◦ obtained from the Raman measurement.
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Figure 4.9: Electrical conductivity study of dual gate small-θ tBLG device
(a) Raman spectrum for the device region. θ extracted from Raman spectrum
is 3.1◦ . Inset: optical image of the device after graphene patterning. Scale bar
is 10 µm. (b) tBLG square resistance plotted in color scale as a function of top
and back gate voltages. Dotted and dashed lines are: constant vertical field line
D ≈ 0 (white dashed), constant doping line Q = 0 (gray dashed), and constant
doping line Q = mini gap (gray dotted). (c) Square resistance versus back gate
voltage (bottom x-axis) and doping (top x-axis) along the constant vertical field
line D ≈ 0. The doping schematics for both resistance peaks are provided.
The details for twist angle calculation are as follows. Referring to a tBLG
tight binding calculation reported by Pilkyung Moon and Mikito Koshino [124]
(Figure 4.10), we extract, for the 3.89◦ tBLG, a 2:1 ratio between the vHS doping
level and the mini-gap doping level. Assuming that our sample has the same
vHS to mini-gap doping ratio as 3.89◦ tBLG, we calculate the vHS doping level
of our sample. After that, we apply the single particle model and calculate the
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twist angle using the following equation:
QvHS =

θ
2
(kK )2 sin2
π
2

(4.5)

Here, kK is the momentum of the K point.
We choose this calculation strategy because: first, single particle model has
been proven to predict experimental data with quantitative accuracy by previous STS and optical studies of tBLG [7, 49]; second, unlike tight binding model
which only works for commensurate angles, single particle model provides a
continuous correlation between vHS doping level and the twist anlge.

Figure 4.10: Density of states of tBLG based on tight binding calculation
This figure is adapted from Reference [124].

4.6

Other electronic features in small-θ tBLG

In section 4.5, we discussed the effect of twist angle on the electronic properties of small-θ tBLG. In this section, we will focus on other features of the data
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plotted in Figure 4.9b, mainly the effects of the vertical displacement field on
small-θ tBLG electrical conductivity.
To isolate the effect of the vertical field, we first extract the square resistance
along constant doping lines Q = 0 and Q = 2.3×1013 cm-2 . Along the constant
doping lines, the combination effects of the top and back gates results in the
changing of the vertical displacement field, following this equation:
1 TG VTG BG VBG
−
)
D= (
2 dTG
dBG

(4.6)

Here,  and d are the dielectric constant and thickness of the gate dielectric layer
respectively, and V is the applied gate voltage. We plot the calculated vertical
displacement in the top axis in Figure 4.11a and 4.11b. Looking at the result, we
can see that the resistance of tBLG around both the Dirac point and the mini-gap
decreases with increasing vertical field.
To explain this observation, we need to consider the two kinds of effects that
the vertical field has on small-θ tBLG: the intralayer effect and the interlayer effect. For the intralayer effect, vertical field shifts the chemical potential of the
top and bottom layer Dirac cones; as a result, the doping of each layer changes,
though total doping level Q (Qt + Qb ) stays constant. This gives rise to a change
in the total carrier density (|Qt | + |Qb |) and can cause the electrical conductivity to
change if assuming the two layers are relatively independent of each other. For
the interlayer effect, it is caused by the vertical field altering the band structure
of small-θ tBLG (e.g. the size of mini-gap opening). This can affect the electrical
conductivity as well. To check whether or not the interlayer effect is responsible
for the experimental data, we can assume two non-interacting single layers to
calculate the carrier density at different vertical fields and then plot the conductance as a function of carrier density. If the conductance vs. carrier density trend
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Figure 4.11: Effects of doping and vertical field on small-θ tBLG
(a) Square resistance along constant charge line Q = 0 relative to vertical field
(top axis). (b) Square resistance along constant charge Q = mini gap relative
to vertical field (top axis). Insets are schematics for band structure with the
Fermi level under different D and Q conditions. (c) The conductivity plotted as
a function of total carrier density under different vertical field (sign is assigned
according to the sign of total doping).
is the same under different vertical fields, it means that the intralayer effect is
dominating; otherwise, the interlayer effect also plays a role.
To calculate the total carrier density (|Qt | + |Qb |), we combine the Gauss’s law
with the requirement of potential balance. [125] According to Gauss’s law, we
have:
Qt + Qb = CTG (VTG − µt ) + C BG (VBG − µb )

(4.7)

Here, C is the capacitance, µ is the chemical potential, V is the applied gate
voltage. According to the requirement of potential balance, we have:
µt − µb = Egg · dgg

(4.8)

where Egg is the residual electric field in between two graphene layers and dgg
is the distance between the two layers. For the chemical potential of graphene,
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according to graphene band distribution we have:
µ = sign(Q)

~ vf

√
π |Q/e|
e

(4.9)

Here, ~ is the reduced plank constant, e is the charge of electron (the value is
positive). The sign is defined such that when graphene is electron-doped, Q
and µ have a positive sign. For Egg , the residual electric field between the two
graphene layers, the electric field introduced by the top and back gate is partially screened by the two layers. The result is this equation:
Egg =

1 CTG (VTG − µt ) − C BG (VBG − µb ) Qt − Qb
(
+
)
gg
2
2

(4.10)

Here, gg is the dielectric constant between the two graphene layers. In equation (4.7) and (4.8), substituting Egg and µ with equations (4.9) and (4.10), we
end up with two equations and two unknown values Qt and Qb (all other values are either constants, the device geometry values, or applied gate voltages).
We adapt the value of gg from reference [125]. To correct for the charge introduced by charge impurities, V0TG and V0BG , the top and back gate voltages
cooresponding to the zero charge and zero vertical field point, are extracted out
in our calculation.
In Figure 4.11c, we plot the conductance vs. carrier density under different
vertical fields. It can be seen that around Q = 0, the correlations are approximately the same for different vertical fields, suggesting that the intralayer effect
is dominating. Around Q = 2.3×1013 cm-2 , the correlation varies for different
vertical fields, and there is a combination of both intralayer (carrier density
change) and interlayer (band structure change) effects. We can conclude that,
around Q = 0, the vertical field affects electrical property at the intralayer level.
It causes two layers’ Dirac cones to shift. The top and bottom graphene layers
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are doped with the same amount, but different sign of charge (total carrier density (|Qt | + |Qb |) increases), leading to a total resistance decrease. Moving away
from the Dirac point, the vertical field starts to show the interlayer effect. For example, at the second resistance peak corresponding to the mini-gap, the vertical
field shifts the chemical potential of the top and bottom layer Dirac cones, and
weakens the interlayer interactions due to the increased differences between the
two mixing orbitals. This results in the decreasing resistance just as observed.
Away from the mini-gap, the major trend is that the vertical field increases the
resistance. More detailed calculation is needed to explain this, which is beyond
the scope of this dissertation.

4.7

Large-θ tBLG and Bernal BLG electronic features

To complete the discussion, in this section, we will talk about electronic properties of large-θ tBLG and Bernal BLG. We already know that for large-θ tBLG,
the vHS states occur at a high energy level, and within the Fermi level accessible doping range, its band structure resembles that of two independent single
layers. We can predict that for the electrical conductivity of large-θ tBLG, similar to the low doping range of small-θ tBLG, the graphene layers should act as
two independent single layers carrying the electrical current in parallel. The experimental results are plotted in Figure 4.12a, which are in agreement with our
predictions. In Figure 4.12c, we present the same data analysis that we did in
Figure 4.11c, and plot conductivity relative to the total carrier density. According to the result, we can conclude that for large-θ tBLG, the total conductivity is
approximately proportional to the total carrier density. The small deviation between different vertical fields could be caused by the increasing hysteresis when
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the vertical field is large.

Figure 4.12: Effects of doping and vertical field on small-θ tBLG
(a) 27◦ tBLG square resistance plotted in color scale as a function of top and
back gate voltages. (b) Bernal BLG square resistance plotted in color scale as a
function of top and back gate voltages. (c) For 27◦ tBLG, the conductivity plotted
as a function of total carrier density under different vertical field (only positive
total doping is plotted).
In comparison, as plotted in Figure 4.12b, we can see that the response of
Bernal BLG to the vertical field is quite different from that of tBLG. For Bernal
BLG, the vertical field opens a band gap, and as a result, the resistance increases
with increasing vertical field.

4.8

Summary

In conclusion, we introduce a Raman-based characterization method that directly maps θ in small-θ tBLG samples based on our quantitative study of the
R’ Raman band and report the electrical conductivity of a small-θ tBLG transistor with a dual-gate, which shows a doping dependent conductance drop when
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the Fermi level is close to the mini-gaps. Our experiment is a comprehensive
electrical and optical characterization of angle-resolved small-θ tBLG. It can be
further generalized for exploring novel electronic devices of small-θ tBLG. Furthermore, for a complete description of the tBLG system, we provide information about the electrical conductivity properties of large-θ tBLG and Bernal BLG
relative to the vertical field and doping. Combined with existing reports about
angle measurement of large-θ tBLG and optical detection of Bernal BLG, we
now have a complete picture of the BLG system.
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CHAPTER 5
STACKED TMD AS FUNCTIONAL DIELECTRIC LAYER

5.1

Introduction

In chapters 3 and 4, we talked about tBLG, a stacked system where interlayer
interactions alter the system’s properties. However, as we discussed in chapter
1, the fact that the van der Waals interlayer interaction in stacked 2D materials is weaker than typical strong interactions such as chemical bonds, means
that it does not necessarily introduce property changes to the system. Stacked
2D material films may behave just as a combination of its 2D building blocks.
But even when stacking-induced property changes are absent, these kinds of
stacked 2D material systems can still be of great use. They can form functional films with layer thickness control down to atomic scale, and are free from
property-degrading due to interface impurity, since they have chemically welldefined interfaces. Graphene sandwiched by hBN is a good example of one
such functional film, which reveals high graphene mobility due to the chargeimpurity-free interface [15].
This chapter focuses on our preliminary research work on building functional films out of a stacked 2D material system. The stacked 2D system with
which we work here is made up of one graphene layer and multiple WS2 layers
stacked together. The idea is to use WS2 instead of hBN in the graphene/hBN
stack. The motivation is to achieve a large-scale high-quality functional dielectric film out of stacked 2D materials. WS2 is chosen because its high quality
large scale growth is available using the MOCVD method introduced in chapter 2. In comparison, hBN cannot be grown at this scale. The downside of WS2
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(band gap 1.9 eV) is that it is a semiconductor instead of an insulator such as
hBN.
As we discuss below, we proved that stacked multilayer WS2 can serve
as a functional dielectric layer by fabricating a graphene FET using the
graphene/WS2 stacked 2D materials system and demonstrating that this FET
can function properly. Although the FET performance is not as good as the
graphene/hBN stacked system, the fact that stacked semiconducting WS2 film
can form a functional dielectric layer opens many potential applications, for
example, using this film as the encapsulating dielectric layer for channel materials that are sensitive to air or charge impurities, or applying this film in places
where achieving precise dielectric thickness is critical, such as a tunneling device.

5.2

Stacking and device fabrication

To build this graphene/WS2 stack, we mainly apply the vacuum stacking
method for TMD films reported by Kibum Kang, Kanheng Lee, et al [126]. According to their report, it is easy to detach high quality TMD films grown by
the MOCVD method from the growth substrate by mechanical peeling. Under vacuum, the peeled TMD layer can be put onto another TMD film that sits
on its growth substrate. The resulted stacked TMD layers can subsequently be
peeled from the substrate together. By repeating the peeling and stacking steps,
multilayer TMDs with clean interfaces can be built.
When building our multilayer WS2 stack, detailed operations are as follows.
First, we spin PMMA on top of the first WS2 film that sits on the SiO2 /Si sub80

strate and bake the PMMA film by placing the substrate on a hotplate at 180 ◦ C
for 5 mins. In the PMMA spin coating process, the PMMA used is formulated
with 495,000 molecular weight and is dissolved in anisole with a concentration
of 4%. Using a spinning speed of 3000 rpm, we get a PMMA film thickness of
around 2 µm. Here, the relatively large molecular weight of PMMA ensures
the interaction between PMMA and the WS2 is stronger than the interaction between WS2 and the substrate, while not leaving too much residue after being
removed with acetone. The thinness of the PMMA guarantees the film flexibility. In the second step, we attach a piece of thermal release tape (TRT) to
the PMMA/WS2 /SiO2 /Si stack, and use the thermal release tape to peel off the
TRT/PMMA/WS2 stack from the SiO2 /Si substrate. Third, at 150 ◦ C and vacuum conditions, using a custom-made stacking chamber, we stack the peeledoff TRT/PMMA/WS2 film onto another WS2 on SiO2 /Si substrate. In this step,
the vacuum condition removes air bubbles during stacking, which, combined
with the relaxation of the PMMA film at 150 ◦ C, guarantees that the two WS2
films come in contact with each other. Forth, under ambient conditions, we heat
the TRT/PMMA/WS2 /WS2 /SiO2 /Si stack at the releasing temperature of the
thermal release tape (120 ◦ C), and anneal the PMMA/WS2 /WS2 /SiO2 /Si stack
at 180 ◦ C for 5 mins to further relax the PMMA film to ensure WS2 to WS2 attachment. Finally, by repeating steps two through four, we can build multilayer
WS2 with controllable layer number.
After building multilayer WS2 , the next part is to add graphene into this
stack. The actual operation procedure depends on the graphene source. If exfoliated graphene is used, we can apply exactly the same method as WS2 stacking, and use multilayer WS2 to pick up the exfoliated graphene that sits on top
of a SiO2 /Si substrate. If CVD graphene is used, we can follow step 3 of WS2
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stacking, but change the target WS2 /SiO2 /Si substrate into graphene/Cu. In
this way, we put down multilayer WS2 with PMMA on top of a graphene/Cu
substrate. Then we etch away graphene on the other side of Cu using oxygen
plasma etching. After that, we attach a thermal release tape to the PMMA side
and remove the copper substrate using wet etching. Once that is done, we have
a TRT/PMMA/multilayer WS2 /graphene stack, which can be used to further
pick up other films or can be put down on a target substrate for device fabrication.
For devices reported in this chapter, exfoliated graphene is used. We stack 8
layers of WS2 on top of exfoliated graphene (schematics shown in Figure 5.1a)
and turn the structure into a dual-gate two-terminal transistor devices. The
optical image of device is plotted in Figure 5.1b. The device fabrication was
done using electron beam lithography. Before putting down the 8-layer WS2
film, a targeted flake of SLG is picked out using optical methods and its position is recorded. Then, we put down the 8-layer WS2 film and fabricate the
graphene transistor device with edge contacts in three steps. We (1) pattern the
stacked WS2 and graphene to define the graphene transistor channel, (2) put
down Cr/Au edge contacts, (3) define a Ti/Au top gate.
We use exfoliated graphene to rule out the effect of graphene quality on the
final device performance and better evaluate how well a stacked semiconducting WS2 film can serve as a dielectric layer.
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Figure 5.1: Graphene transistor with stacked WS2 as dielectric layer
(a) Schematic for the graphene/WS2 stack used for graphene transistor device.
(b) Optical image of the graphene transistor device with stacked WS2 as gate
dielectric material.

5.3

Dielectric properties of the stacked TMD film

To evaluate performance of the 8-layer WS2 film as a dielectric layer, we first
look at the leakage current. As plotted in Figure 5.2a, we measure the current between the source and top gate. When low gate bias is applied (lower
than 30 mV), the current increases linearly with the applied bias, and the areanormalized resistance is 0.6 GΩ·µm2 . When the gate bias is high, at around 0.5
V, the tunneling effect becomes dominating. One feature of the tunneling curve
is the asymmetry: tunneling current is much higher with positive bias. This
asymmetry occurs because the tunneling happens between gold and graphene
across 8 layers of WS2 , which is an asymmetric system. At 0.8 V gate bias, the
system has a normalized resistance of 10 MΩ·µm2 . According to these results,
under low gate bias, the stacked WS2 would serve the purpose of a dielectric
layer quite well. Even under high bias, gate resistance is still orders of mag-
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nitude higher than the graphene channel, and the measured channel current
should still be dominated by the current through the channel material instead
of the gate leakage current.

Figure 5.2: Graphene transistor gate leakage
(a) Measurement setting for leakage current detection. (b) Leakage current as a
function of gate bias at a low bias voltage range. (c) Leakage current as function
of gate bias at a high bias voltage range.
In Figure 5.3, we measure the graphene transistor performance. Two terminal channel conductivity is measured while tuning the top gate voltage. After
extracting the gate tunneling current away from the channel current for more
accurate measurement, we plot the square conductivity of graphene as a function of top gate voltage in Figure 5.3b. It can be seen that using 8 layers of WS2
as gate dielectric, we can observe Dirac point of the graphene, proving that our
WS2 film can serve the purpose of dielectric film.
To extract the dielectric constant of our stacked WS2 layer, we perform a
dual-gate measurement with both the WS2 top gate and the SiO2 back gate. As
plotted in Figure 5.4, we measure the channel resistance, while fixing the back
gate at different values and sweeping the top gate. In each sweeping curve,
there is one Dirac point, at which the combination of top and back gate yields
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Figure 5.3: Graphene transistor channel performance
(a) Measurement setting for graphene transistor conductivity while tuning top
gate.(b) Graphene square conductivity as a function of top gate.
a total doping of zero. We extract the positions of those Dirac points and plot
out the back gate voltage positions as a function of top gate voltage positions.
All the Dirac points fall onto one line, and from the slope of this line, we measure the ratio between the top and back gate capacitance. Knowing both the
capacitance and the dielectric layer thickness, the dielectric constant of WS2 can
be calculated. The stacked WS2 dielectric constant extracted from this measurement is 3.6.
Knowing the dielectric constant of the stacked WS2 film, we can now extract the mobility of the graphene with stacked WS2 as the gate dielectric layer.
As plotted in Figure 5.3b, the mobility of our graphene channel is around 600
cm2 ·V-1 ·s-1 , which is quite low. The reasons could be (1) the bottom gate is SiO2 ,
which has dangling bonds on the surface and can decrease device performance,
(2) the device is two-terminal, so the measured channel mobility is lower than
the real channel mobility, and the (3) top gate does not fully cover the channel
area, which also makes the measured mobility lower than the real mobility.
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Figure 5.4: Extracting dielectric constant of stacked WS2
(a) Measurement setting for graphene transistor conductivity while tuning both
top and back gate. (b) Back gate voltage of graphene Dirac point as function of
top gate.

5.4

Summary

We fabricated a graphene transistor device with 8-layer WS2 as the dielectric
layer and proved that a stacked semiconducting WS2 film can serve the purpose of a functional dielectric film. Although the data here are preliminary and
we did not observe improved device performance by using stacked 2D films,
it is a demonstration that stacked 2D materials systems, even when their film
properties are not altered by interlayer interactions, can still form functional
films in electronic devices.
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CHAPTER 6
FUTURE DIRECTIONS

In this dissertation, the major achievements are (1) large-scale high-quality
TMD growth using the MOCVD method, (2) the vacuum-assisted artificial
stacking method for CVD graphene, which yields large-scale tBLG with low
levels of interlayer contamination, (3) the optical angle detection method for
small-θ tBLG using the R’ process, and (4) the demonstration that stacked semiconductor WS2 films can form a functional dielectric layer. Based on these results, we propose several future directions.

6.1

TMD growth on patterned substrate

One future direction is to grow TMDs on patterned substrates. This pattering
of the TMD growth substrates can happen on 2D or 3D level. On 2D level,
although the growth of TMDs does not depend on specific precursor-substrate
chemistry, the surface bonding condition still affects the growth of TMDs. It
is possible to achieve patterned growth through substrate functionalization or
modification. For example, as reported by Marcos Guimaraes and Hui Gao, on
the graphene surface, due to the lack of dangling bond, the growth of MoS2 and
WS2 is suppressed [127]. Inspired by this result, we propose using one kind of
TMD film to modify the growth substrate for other TMDs. As plotted in Figure
6.1, we start by growing WSe2 on top of SiO2 /Si substrate. Then, we pattern
the WSe2 film, and carry out MoS2 growth on the patterned substrate. Here,
WSe2 can be treated as an insulating material within the working doping range
for MoS2 devices, because the WSe2 is a p-type semiconductor and requires a
high level of doping to be turned on. This 2D patterned TMD growth can be
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combined with other 2D material patterned growth [128] and the 2D stacking
technique to build 3D atomically thin circuitry.

Figure 6.1: Patterned MoS2 growth
However, using 2D materials for growth substrate modification can be a
complicated process. Ideally, we prefer approaches that can be directly combined with standard photolithography techniques. Plasma treatment is one
candidate. We expect SiO2 substrate, when treated by oxygen plasma, to have
higher growth speed due to increased number of or activated surface dangling
bond. Other plasma processes are also worth testing. Besides plasma treatment,
another candidate is to modify the substrate with certain surface modification
chemicals. For example, we propose testing hexamethyldisilazane (HMDS) and
trimethylsilyl chloride (TMSCl), which are widely used for enhancing the hydrophobicity of SiO2 through the silylation process. One piece of supporting
data we have is that the silylated substrate has been found to be stable up to 650
◦

C [129], higher than the MoS2 growth temperature which is 550 ◦ C.
On the 3D level, since TMD growth follows the same morphology as the

growth substrate, we can get TMD films with desired 3D shapes simply by engineering the substrate. This can help us get TMD films with special mechanical
or optical properties and enables the fabrication of circuity with 3D shapes.
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6.2

Explore angle generated features in small-θ tBLG

In small-θ tBLG, it would be very interesting to keep pushing down the twist
angle and explore new features that arise. Expected band dispersion changes
include Fermi velocity renormalization and the formation of a flat band. Expected structural change is the formation of strain soliton, and expected new
properties includes insulating states, valley Hall boundary states, and potentially superconducting states. Here, we will discuss a few proposals.
First, using our vacuum-assisted stacking technique, we can fabricate a series of small-θ tBLG samples and use TEM to find out the angle at which strain
soliton begins to form. On samples with that angle, we can explore whether or
not the Raman R’ process still exists.
Second, there are reports which claim the observation of signs of superconductivity in HOPG, indicating tBLG with small θ might reveal superconducting
properties with high critical temperature [111–113]. However, according to existing reports on small-θ tBLG superconducting behavior is not observed [97].
This is still worth more investigation. To explore this direction, we need to make
series of high-quality small-θ tBLG samples and fabricate devices out of them.
Because of the quality requirement, CVD graphene is not a good sample source.
We propose following the method reported by reference [97] to build tBLG with
artificial stacking of exfoliated graphene. However, instead of a single tBLG
sample, we propose attempting to build multilayer stacks that have altering big
θ, small θ, or Bernal multilayer to Bernal multilayer small θ twists to resemble
the stacking conditions in HOPG, which would also make the process much
easier.
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6.3

Free-standing stacked 2D material circuitry

Figure 6.2: Fabrication of free-standing stacked 2D material circuitry
The number of WS2 layers is just for demonstration purposes. Real device
should be thick (we propose more than 7 layers).
In chapter 5, the graphene transistor devices with stacked WS2 as the top
gate does not reveal superior mobility when compared with a graphene transistor on a SiO2 substrate. We suspect the existence of the SiO2 back gate as
the main reason. Based on this analysis, we propose fabricating a free-standing
graphene transistor with stacked WS2 as the top gate. The experimental design
is shown in Figure 6.2. First, build the multilayer WS2 stack and stack it on top
of exfoliated SLG. Second, after patterning the graphene/WS2 stacking into the
desired channel shape, pick up this stacked film and put it on top of SiO2 /Si
substrate fully covered with WS2 film. Third, fabricate the transistor device by
putting down edge contacts and top gate. Finally, spin PMMA on top and peel
the entire device away from the substrate. We can measure the graphene tran-
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sistor device before and after the final step and check if the device performance
improves.
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