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ABSTRACT

Electronic Structure and Surface Physics of Two-dimensional Material

Molybdenum Disulfide

Wencan Jin

The interest in two-dimensional materials and materials physics has grown

dramatically over the past decade. The family of two-dimensional materials, which

includes graphene, transition metal dichalcogenides, phosphorene, hexagonal boron

nitride, etc., can be fabricated into atomically thin films since the intralayer bonding

arises from their strong covalent character, while the interlayer interaction is

mediated by weak van der Waals forces. Among them, molybdenum disulfide (MoS2)

has attracted much interest for its potential applications in opto-electronic and

valleytronics devices. Previously, much of the experimental studies have concentrated

on optical and transport measurements while neglecting direct experimental determi-

nation of the electronic structure of MoS2, which is crucial to the full understanding

of its distinctive properties. In particular, like other atomically thin materials, the

interactions with substrate impact the surface structure and morphology of MoS2,

and as a result, its structural and physical properties can be affected.

In this dissertation, the electronic structure and surface structure of MoS2

are directly investigated using angle-resolved photoemission spectroscopy and

cathode lens microscopy. Local-probe angle-resolved photoemission spectroscopy

measurements of monolayer, bilayer, trilayer, and bulk MoS2 directly demonstrate

the indirect-to-direct bandgap transition due to quantum confinement as the MoS2

thickness is decreased from multilayer to monolayer. The evolution of the interlayer



coupling in this transition is also investigated using density functional theory

calculations. Also, the thickness-dependent surface roughness is characterized using

selected-area low energy electron diffraction (LEED) and the surface structural

relaxation is investigated using LEED I-V measurements combined with dynamical

LEED calculations. Finally, bandgap engineering is demonstrated via tuning of the

interlayer interactions in van der Waals interfaces by twisting the relative orientation

in bilayer-MoS2 and graphene-MoS2-heterostructure systems.
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Chapter 1

Introduction

The discovery of graphene by Geim and Novoselov in 2004 [1] has demonstrated

that it is not only possible to fabricate stable, single-atom-thick two-dimensional

(2D) materials from van der Waals (vdW) solids, but also that these materials

exhibit unique and fascinating physical properties [2].

1.1 Graphene

Graphene is strictly 2D with carbon atoms arranged in hexagonal structure

[3]. As shown in Fig. 1.1(a), a graphene sheet has two equivalent atoms in its

primitive unit cell. Graphene has a high crystalline quality and is stable under

ambient conditions. One of the most interesting aspects of graphene is its unique

low energy electronic structure [4], in which the π and π∗ bands touch at the Dirac

point at the Brillouin zone corner (K and K ′ points in Fig.1.1(b)). For intrinsic

graphene, the chemical potential crosses exactly at the Dirac point, and the band

in the vicinity of Dirac point display a linear dispersion. This unique electronic

structure gives rise to exotic electronic transport properties, in which the charge

carriers behave like massless Dirac fermions [5]. As a result, Dirac fermions show

unusual physical phenomena such as the anomalous integer quantum Hall effect [6].

In addition, electrical transport measurement shows that graphene has an electron

mobility of >10 000 cm2/Vs [7–9], which is one order of magnitude higher than

1



Figure 1.1: Crystalline and electronic structure of graphene. (a) Schematic of the
honeycomb lattice of graphene and its unit cell. (b) Brillouin zone and band disper-
sion of graphene .

2



that of silicon. The mobility is nearly independent of temperature in the range of

10K to 100K [10, 11], which suggests that the dominant scattering in graphene is

defect scattering. The ballistic transport and ultrahigh charge carrier mobility make

graphene a candidate for applications in electronic devices.

However, the absence of a band gap in graphene due to the equivalence of the

two carbon sublattices, prevents ready use of graphene in electronic devices where

the presence of a finite band gap is crucial to produce high on/off ratios. Therefore,

numerous approaches have been attempted to open a band gap in graphene [12].

These approaches can be categorized as follows: (i) Lateral confinement. When

graphene is patterned into a nanoribbon, the carriers are confined into a quasi-1D

system, which gives rise to a band gap. The size of the band gap depends on

the structure of the ribbon edges [13–16]. (ii) Electric field. Bilayer graphene

will have a band gap when the top and bottom layer are made inequivalent by

applying a bias potential. The size of the band gap depends on the electric field

[17–19]. (iii) Substrate effect. The interaction with the substrate, for instance,

h-BN, breaks the sublattice symmetry and generates a band gap in graphene

[20–22]. Ironically, these bandgap engineering increase fabrication complexity

and/or reduce the graphene mobility significantly. For example, a band gap

up to 0.4eV is created in graphene nanoribbon, but at the price of a mobility

reduction down to 200 cm2/Vs [15, 16]. Also, a band gap of 0.25eV is reported in

bilayer graphene, but requiring a very high bias voltage >100 V. Therefore, the

bandgap engineering in graphene is not satisfactory for electronic device applications.

3



Figure 1.2: Crystalline structure of MoS2. (a) Schematic of the layered atomic struc-
ture of MoS2. (b) MoS2 unit cell.

4



1.2 Beyond Graphene

Beyond graphene materials, such as transition metal dichalcogenides (TMDCs)

attract great interest because of they have large intrinsic bandgap [23–25]. TMDC

monolayers are atomically thin semiconductors of the type MX2, with M a transition

metal atom (Mo, W, Sn, Nb, Ta, Re, etc.) and X a chalcogenide atom (S, Se, and

Te), as shown in Fig. 1.2. One layer of M atoms is sandwiched between two layers of

X atoms [26].

Due to the easy accessibility of molybdenite in nature , MoS2 has been one of

the most intensively studied TMDCs. Monolayer MoS2 is a semiconductor with

a direct bandgap of ∼1.9 eV [27, 28]. This property of MoS2 largely compensates

for the limits of gapless graphene, and thus makes it promising for 2D materials

to be used in the next generation field effect transistor and optoelectronic devices.

In 2011, Radisavljevic et al. reported a n-type monolayer MoS2 transistor with a

halfnium oxide as the gate dielectric material, in which the mobility of MoS2 could

be up to 200 cm2/Vs at room temperature with the current on/off ratio to be 108

[29]. Later in 2012, Yin et al. reported a phototransistor based on the exfoliated

monolayer MoS2 for the first time [30]. The switching characteristics of this device

are outstanding, with photocurrent generation and annihilation within only 50 ms

[30].

1.3 Electronic structure prospective

In the investigation of 2D materials, electronic structure plays a crucial role

in addressing a numerous of key issues including: (i) Transport properties. For

example, Fig. 1.3(a) shows the resistance as a function of gate voltage [6]. A very

5



Figure 1.3: Electronic structure prospective in 2D materials. (a) Resistance as a
function of gate voltage in a graphene device. Adapted from Ref. [6]. (b) Density of
states as a function of energy and a zoom-in of the density of states in the vicinity
of the neutrality point. Adapted from Ref. [4]. (c) Absorption and PL spectra
of MoS2. Adapted from Ref. [27]. (d) Schematic of the highest valence band and
lowest conduction band for monolayer and bilayer MoS2. (e) Polarization resolved PL
spectra under circularly polarized excitation. Adapted from Ref. [31]. (f) Schematic
of the MoS2 band edges at K valley. Adapted from Ref. [32].
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sharp peak ∼4 kΩ is observed at Vg ≈ 0 V. The physical origin of this phenomenon

is the unique electronic structure of graphene, in which the denstiy of states vanishes

at the Dirac point (see Fig. 1.3(b)) [4], as a result, the carrier density is dramatically

reduced at the charge neutral point. (ii) Bandgap transition. Figure. 1.3(c) shows

the absorption and photoluminescence spectra of monolayer and bilayer MoS2 [27].

For both monolayer and bilayer MoS2, there are absorption and PL peaks at ∼1.9eV

labeled by A. For bilayer MoS2, there is an extra peak at ∼1.6eV labeled as I.

From the prospective of electronic structure, as shown in Fig.1.3(d), the A peak

corresponds to the direct transition at K valley, while the I peak corresponds to the

indirect transition. (iii) Spin- and valley polarization. Fig. 1.3(e) shows circularly

polarized PL spectra of monolayer MoS2, which demonstrates that the interband

transition at K and K ′ valley are associated with opposite helicity [31, 33]. The

origin of the valley-dependent optical selection rule is due to the time reversal

symmetry and broken inversion symmetry, leading to the spin- and valley coupling

shown in Fig. 1.3 [32].

In this dissertation, I will present an experimental and theoretical investigation

of electronic structure and surface structure of mono- and multi-layer MoS2. In

Chapter 2, I will introduce the instrument I mainly used to investigate the electronic

structure and surface structure including angle-resolved photoemission spectroscopy

and cathode lens microscopy. In Chapter 3, I will briefly introduce the theoretical

methods including density functional theory (DFT) for electronic structure calcu-

lation and dynamical LEED theory for surface structural optimization. Chapters

3-5 are three major projects I have done. In particular, in Chapter 3, I will present

the first direct determination of the indirect-to-direct bandgap transition from bulk

to monolayer MoS2 due to quantum confinement. Also, quantum confinement is

simulated and interpreted in details using DFT calculation. In Chapter 4, I will
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show the characterization of the surface roughness and substrate induced structural

change and electronic structure modification. Surface structural optimization is

carried out using dynamical LEED calculation. Also, I will demonstrate how to

minimize the substrate effect and corresponding electronic structure of free-standing

MoS2. In Chapter 5, I will show the attempt to tune the interlayer coupling

in van der Waals interfaces. In particular, I will demonstrate the bandgap engi-

neering in graphene/MoS2 heterostructures and twisted bilayer MoS2 homostructures.
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Chapter 2

Theoretical methods

2.1 Density functional theory

Density functional theory is the most widely used computational method to inves-

tigate the electronic structure of many body systems. With good approximations in

modeling the exchange-correlation interactions and choice of appropriate functional,

DFT calculations have achieved satisfactory agreement with experimental results in

many materials. Here, a full derivation is beyond the scope of this dissertation and,

thus, a brief introduction to DFT calculation is given within the Kohn-Sham (K-S)

framework [1, 2]. For a more detailed description of DFT, I refer the readers to the

review articles in the literature [3–5].

In many-body electronic structure calculations, the nuclei are fixed under Born-

Oppenheimer approximation. The electrons then move in the static potential of the

nuclei. The electronic states satisfy the many body time independent Schrodinger

equation

ĤΨ = (T̂ + V̂ + Û)Ψ = EΨ

where for N-particle system, E is the total energy, Ψ(~r1, . . . , ~rN) is the wavefunction,

and the three terms in the Hamiltonian Ĥ are as follows

Kinetic energy

T̂ =
∑N

i (− h̄2

mi
∇2
i ),
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Static potential of the nuclei

V̂ =
∑N

i V (~ri),

Electron-electron interactions

Û =
∑N

i<j U(~ri, ~rj)

Here the charge density of the N-particle system is defined as

ρ(~r) =
∫
d~r1

∫
d~r2 . . .

∫
d~rNΨ∗(~r1, . . . , ~ri = r, . . . , ~rN)Ψ(~r1, . . . , ~ri = r, . . . , ~rN)

In comparison with the Hartree-Fock method, the key idea of K-S DFT is to

determine the charge density of the interacting electrons instead of the full Slater

determinant wavefunction. Thus we can rewrite the wavefunction as a functional of

charge density Ψ(ρ), and the total energy is

E[ρ] = 〈Ψ(ρ) | T̂ + V̂ + Û | Ψ(ρ)〉 = T [ρ]+
∫
V (~r)ρ(~r)d~r+ e2

2

∫
d~r

∫
d~r′ρ(~r)ρ(~r)′

|~r−~r′| +Vxc[ρ]

Here, the third term denotes the Hartree term describing the Coulomb repulsion

between electrons, and the last term is the exchange-correlation term. We then

arrive at the Kohn-Sham equation

[− h̄2

mi
∇2
i + Veff (~r)]φi(~r) = εiφi(~r)

where εi is the energy for the corresponding orbital φi, and the density for the N-

particle system is

ρ(~r) =
∑N

i | φi(~r) |2

the Kohn-Sham effective potential can be written as

Veff (~r) = V (~r) + e2
∫ ρ(~r′)
|~r−~r′|d~r′+ Vxc(~r)

Vxc(~r) = δExc[ρ]
δρ(~r)
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Figure 2.1: Schematic of the hierarchy of the dynamical LEED calculation in a single
atom (left), an atomic layer (middle), and a crystal (right).

15



The Hartree term and exchange-correlation term depend on ρ(~r), and ρ(~r) depends on

φi(~r), and φi(~r) depends on Veff (~r), therefore, the K-S equation can be solved in a self-

consistent way. Note that there is no explicit expression for δExc[ρ], but in practice,

different approximations have been proposed and achieved quite good accuracy. In

this dissertation, the widely used local density approximation (LDA) and generalized

gradient approximation (GGA) are employed. In LDA, the exchange-correlation

energy functional is assumed to depend only on the local electron density at each

point in space, which can be expressed as

ELDA
xc [ρ] =

∫
ρ(~r)εxc(ρ)d~r

where εxc(ρ) is the exchange-correlation energy per particle of a homogeneous electron

gas with charge density of . However, LDA fails in the situation where the charge

density undergoes rapid changes in space. Therefore, an improvement can be made

by considering also the gradient of the charge density [6–8], and the so-called GGA

can be written as

EGGA
xc [ρ] =

∫
ρ(~r)εxc(ρ, ~∇ρ)d~r

In this dissertation, my DFT calculations are all carried out using ABINIT code

[9, 10] with GGA as the functional.

2.2 Dynamical LEED theory

LEED I-V analysis has been developed as a useful tool for the structure

analysis of the atomic positions in the surface. In the following, the dynamical

theory of LEED will be briefly described [11, 12]. In dynamical LEED calculation,

multiple scattering is considered due to the large cross section for the electron-atom

scattering. As shown in Fig. 2.1, the multiple scattering can be specified in three

steps: (i) the scattering of the electrons by a single atom is calculated by solving
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the Schrodinger equation; (ii) the atoms are arranged to an atomic plane, and thus

the diffraction matrix (M (±,±), where ± signs indicate the incoming and outgoing

direction, respectively) for the plane is calculated; (iii) the atomic planes are stacked

to form a crystal to yield the total electron reflectivity matrix.

The potential in the crystal is build up using a muffin-tin model. The atomic

potential is assumed to have a spherical symmetry with a finite radius. The potential

between the atomic spheres is set to constant. As a result, the potential in an atomic

plane is like an arrangement of a muffin-tin. The scattering is dominated by the

nuclei and inner shells since the incident electron energies are much higher than the

Fermi energy. The total inner potential is complex

V0 = V0r + iV0i

where the real part of the inner potential describe the constant potential between

atomic spheres, while the imaginary part of the inner potential describe the plasmon

excitation in a solid, which leads to inelastic scattering.

Self-consistent structural optimization [13] is carried out following the workflow

shown in Fig. 2.2. We start from an initial trial structure and calculate the I-V

curve using the dynamical LEED calculation [14, 15]. The calculated I-V curve is

compared with the measured I-V curve, and the agreement between the calculation

and experiment is evaluated using Pendry R-factor defined as the following [16].

R =
∑
Vi

(Iexp−Ical)2∑
Vi

(Iexp)2

By minimizing the R-factor in this trial-and-error procedure, we achieve the best

theory-experiment fit, and obtain the optimized surface structure [17].
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Figure 2.2: Workflow of the self-consistent structural optimization. R-factor is opti-
mized by comparing the calculated I-V spectra and measured I-V spectra.
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Chapter 3

Experimental Techniques

3.1 Angle-resolved Photoemission Spectroscopy

Photoemission spectroscopy is a technique based on the photoelectric effect, as

first observed by Hertz [1]. This phenomenon was later interpreted by Einstein [2]

using the quantum nature of light. Specifically, when light is incident on a solid, an

electron can absorb a photon and escape from the solid with a maximum kinetic

energy hν − φ, where h is the Planck constant, ν is the photon frequency, and φ is

the work function.

The geometry and energetics of the photoemission process are shown in Fig. 3.1.

We collect the photoelectrons with an energy analyzer, and measure the kinetic energy

of the photoelectrons for a given emission angle. Using total energy and momentum

conservation laws, we can relate the kinetic energy and momentum of the photoelec-

tron to the binding energy and crystal momentum of the solid:

Ek = hν − φ− | EB |

p|| = h̄k|| =
√

2mEk · sin(θ)

Note that h̄k|| here is the parallel component of the crystal momentum. As a result,

we can map out the dispersion relations EB(k||) by tracking the energy position of

the peaks in the ARPES spectra as a function of k||. Unlike k||, the perpendicular

component of the wave vector k⊥ is not conserved over the sample surface due to
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dicular to the sample surface are obtained from the po-
lar (!) and azimuthal (") emission angles.

Within the noninteracting electron picture, and by
taking advantage of total energy and momentum conser-
vation laws (note that the photon momentum can be
neglected at the low photon energies typically used in
ARPES experiments), one can relate the kinetic energy
and momentum of the photoelectron to the binding en-
ergy EB and crystal momentum #k inside the solid:

Ekin!h$"%"!EB!, (1)

p"!#k"!!2mEkin•sin ! . (2)

Here #k" is the component parallel to the surface of the
electron crystal momentum in the extended zone
scheme. Upon going to larger ! angles, one actually
probes electrons with k lying in higher-order Brillouin
zones. By subtracting the corresponding reciprocal-
lattice vector G, one obtains the reduced electron crystal
momentum in the first Brillouin zone. Note that the per-
pendicular component of the wave vector k! is not con-
served across the sample surface due to the lack of
translational symmetry along the surface normal. This
implies that, in general, even experiments performed for
all k" (i.e., by collecting photoelectrons at all possible
angles) will not allow a complete determination of the
total crystal wave vector k [unless some a priori assump-
tion is made for the dispersion E(k) of the electron final
states involved in the photoemission process]. In this re-

gard it has to be mentioned that several specific experi-
mental methods for absolute three-dimensional band
mapping have also been developed (see, for example,
Hüfner, 1995; Strocov et al., 1997, 1998).

A particular case in which the uncertainty in k! is less
relevant is that of the low-dimensional systems charac-
terized by an anisotropic electronic structure and, in par-
ticular, a negligible dispersion along the z axis [i.e.,
along the surface normal; see Fig. 3(a)]. The electronic
dispersion is then almost exclusively determined by k" ,
as in the case of the 2D copper oxide superconductors
which we shall focus on throughout this paper [note,
however, that possible complications arising from a finite
three-dimensionality of the initial and/or final states in-
volved in the photoemission process should always be
carefully considered (Lindroos et al., 2002)]. As a result,
one can map out in detail the electronic dispersion rela-
tions E(k") simply by tracking, as a function of p" , the
energy position of the peaks detected in the ARPES
spectra for different takeoff angles [as in Fig. 3(b),
where both direct and inverse photoemission spectra for
a single band dispersing through the Fermi energy EF
are shown]. As an additional bonus of the lack of z dis-
persion, one can directly identify the width of the pho-
toemission peaks with the lifetime of the photohole
(Smith et al., 1993), which contains information on the
intrinsic correlation effects of the system and is formally
described by the imaginary part of the electron self-
energy (see Sec. II.C). In contrast, in 3D systems the
linewidth contains contributions from both photohole
and photoelectron lifetimes, with the latter reflecting
final-state scattering processes and thus the finite prob-
ing depth; as a consequence, isolating the intrinsic many-
body effects becomes a much more complicated prob-
lem.

Before moving on to the discussion of some theoreti-
cal issues, it is worth pointing out that most ARPES
experiments are performed at photon energies in the
ultraviolet (in particular for h$#100 eV). The main rea-
son is that by working at lower photon energies it is
possible to achieve higher energy and momentum reso-
lution. This is easy to see for the case of the momentum
resolution &k" which, from Eq. (2) and neglecting the
contribution due to the finite energy resolution, is

&k"#!2mEkin /#2•cos !•&! , (3)

where &! corresponds to the finite acceptance angle of
the electron analyzer. From Eq. (3) it is clear that the
momentum resolution will be better at lower photon en-
ergy (i.e., lower Ekin), and for larger polar angles !
(note that one can effectively improve the momentum
resolution by extending the measurements to momenta
outside the first Brillouin zone). By working at low pho-
ton energies there are also some additional advantages:
first, for a typical beamline it is easier to achieve high-
energy resolution (see Sec. II.E); second, one can com-
pletely disregard the photon momentum '!2(/) in Eq.
(2), as for 100-eV photons the momentum is 3%
(0.05 Å"1) of the typical Brillouin-zone size of the cu-
prates (2(/a#1.6 Å"1), and at 21.2 eV (the HeI* line

FIG. 2. Energetics of the photoemission process. The electron
energy distribution produced by incoming photons and mea-
sured as a function of the kinetic energy Ekin of the photoelec-
trons (right) is more conveniently expressed in terms of the
binding energy EB (left) when one refers to the density of
states inside the solid (EB!0 at EF). From Hüfner, 1995.

476 Damascelli, Hussain, and Shen: Photoemission studies of the cuprate superconductors

Rev. Mod. Phys., Vol. 75, No. 2, April 2003

x"

y"

z" e&"
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Figure 3.1: Schematic of ARPES configuration.(a) Geometry of an ARPES experi-
ment in which the emission direction of the photoelectron is specified by the polar (θ)
and azimuthal (φ) angles. (b) Energetics of the photoemission process. The electron
energy distribution produced by incoming photons and measured as a function of the
kinetic energy Ekin of the photoelectrons. Adapted from Ref.[3]
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the lack of translational symmetry along the normal. However, for the particular

case of 2D materials, the nonconservation of k⊥ is less relevant due to the negligible

dispersion along z direction. The band dispersion for the case of 2D materials is

thus almost exclusively determined by k||. To achieve adequate photoionization

cross section, the photon energies used in ARPES measurements are typically in the

ultraviolet range, that is, 20-100 eV. There are also some advantages for working

at low photon energy range. First of all, the corresponding photon momentum

(0.01-0.05 Å−1) is negligible in comparison to the crystal momentum. In addition, we

can achieve high energy resolution. However, according to the universal curve, the

mean free path for the photoelectrons in this energy range is approximately 5 Å [4],

which makes ARPES a surface sensitive probe. Therefore, in order to investigate the

intrinsic electronic structure of solids, especially 2D materials, we need to fabricate

an extremely clean and atomically flat surface for the ARPES measurements in

ultrahigh vacuum condition (typically lower than 10−11 Torr).

The photoemission process can be formally described using a three-step model

and sudden approximation [5]. However, a detailed analysis is beyond the scope of

this thesis paper. We refer the readers to these reviews for more information [3, 6].

Here, we just give a very brief overview of the simplest theory. In three-step model,

the photoemission process is divided into three independent steps:

(i) Optical excitation of the electrons in the bulk.

(ii) The excited electrons travel to the surface.

(iii) The photoelectrons escape from surface to vacuum.
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The transition probability for an optical excitation can be approximated by Fermis

golden rule:

wfi ∝| 〈f | Hint | i〉 |2 δ(Ef − Ei − hν)

where i and f indicate initial states and final states, respectively. The interaction

with the photon is described as a perturbation written as

Hint = − e
2mc

( ~A · ~p+ ~p · ~A) = − e
mc
~A · ~p

where ~p is the electronic momentum operator and ~A is the electromagnetic vector

potential. Note that the gauge Φ = 0 and ~∇ · ~A = 0 were chosen. Therefore, the

photoemission intensity is given by

I ∝| 〈f | Hint | i〉 |2 ·f(hν)

Here, | 〈f | Hint | i〉 |2 is the matrix element, which depend on the energy and

polarization of the incident photon, and the experimental geometry [7]. The matrix

element effect, or the selection rule, on the photoemission intensity will be discussed

in more details later. In order to have nonvanishing photoemission intensity, the

overlap integral | 〈f | Hint | i〉 | must be an even function with respect to the mirror

plane defined by the incident photon and detector. Also, the Fermi-Dirac distribution

f(hν) = 1

1+e
hν
KT

demonstrates that photoemission only probes the occupied electronic states.

Step (ii) can be described phenomenologically using a mean free path, that is,

the probability that the excited electrons reach the surface without scattering. The

inelastic-scattering processes, which modify the energy or momentum of the excited

electrons, make the photoemission a surface-sensitive probe, as we discussed above.

Also, the inelastic scattering processes give rise to a continuous background in the
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Figure 3.2: An example of electronic structure of graphene measured by ARPES. (a)
Fermi surface topography of graphene. (b) Photoemission intensity plot of graphene
at binding energy of 0.9eV. (c) Photoemission intensity as a function of binding
energy and parallel momentum along the cut across K point of Brillouin zone. (d)
Momemtum distribution curve at Fermi level. (e) Energy distribution curve at k||.
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spectra.

Step (iii) is described by a transmission probability through the surface, which is

determined by the energy of the excited electrons as well as the work function of the

material.

Figure 3.2 shows an example of the electronic structure of graphene measured by

ARPES. Figure. 3.2(a)-(b) show the constant energy map of graphene at Fermi level

and binding energy of 0.9eV, respectively. The Fermi surface topography clearly

shows Dirac points at K and K ′ point of Brillouin zone. At a binding energy of

0.9eV, the constant energy map shows triangle warping structure. The anisotropy

of the spectral intensity in the constant energy map is due to the photoemission

selection rules [8]. Fig. 3.2(c) shows the band dispersion of graphene along the cut

across K point (denoted as the red double arrow in Fig. 3.2(a)). Momentum scan at

constant energy (Fig. 3.2(d)) and energy scan at constant momentum (Fig. 3.2(e))

are defined as momentum distribution curves (MDC) and energy distribution curve

(EDC), respectively.

3.2 Low Energy Electron Microscopy

Low energy electron microscopy (LEEM) is a surface science technique for

directly imaging the atomically clean surface of solids and thin films [9–12]. The

major advantages of LEEM for in situ surface characterization are, first of all, the

large field of view in comparison with scanning tunneling microscopy (STM) [13, 14],

also, the fast parallel image acquisition without scanning (compared to STM and

scanning electron microscopy [15]).
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Figure 3.3: Schematic of LEEM. The sample is illuminated through the cathode lens
by the incident electron beam generated from an electron gun, focussed by lens and
deflected by the beam separator. The electrons are decelerated in the cathode lens
and hit the sample with the potential difference Vs between cathode and sample. The
reflected electrons are reaccelerated and deflected to the image column.
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LEEM characterizes the sample surface in real-space with nanometer lateral

resolution by imaging a beam of low-energy electrons that have been reflected

from a sample. Specifically, as shown in Fig. 3.3 electrons emitted from the

electron gun are accelerated in high voltage (typically 20 kV, denoted by HV).

The parallel beam of fast electrons is deflected by the prism (beam separator),

travel through the objective lens, and are decelerated to low energies (20-200 eV)

near the sample surface because the sample is applied to an electrical bias. The

advantages for working at low electron energy are as follows. First of all, the

wavelength of electrons with kinetic energy of 20-200eV is 0.85-2.7 Å, which is

comparable to the lattice constant of the majority of crystals. Also, the low-energy

electrons are surface sensitive and the penetration depth can be tuned by varying

the energy of the incident electrons (electrons of 20-200eV penetrate ∼2-10 Å into

the surface). Therefore, the low energy electrons are strongly back-scattered by the

surface atoms. Electrons backscattered from the sample surface are then acceler-

ated and deflected by the prism into an imaging column and finally onto the detector.

The interaction between low energy electrons and sample surface gives rise to

a variety of contrast mechanisms. Among them, two most important contrast

mechanisms are introduced here. The first is called the diffraction contrast. In

this case, LEEM images are acquired using a contrast aperture, which selects the

specular diffraction beam to generate the observed image. As shown in Fig. 3.4(a)

in the bright field mode, a LEEM image is generated from the (00) diffraction

beam by putting the contrast aperture on the optical axis. Figure. 3.4(b) shows the

dark field configuration in which the contrast aperture is off optical axis [16]. As

a result, higher order diffraction beams are selected to generate the image of the

domains with different orientations. Another origin of the LEEM contrast is electron

interference, i.e., phase contrast (see Fig. 3.4(c)). In this case, interference occurs
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Figure 3.4: Contrast modes of LEEM. Diffraction contrast in (a) bright field and (b)
dark field. (c) phase contrast of atomic step.
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due to different path lengths for each of the electrons reflected from a step region

[17]. The constructive and destructive interference are determined by the wavelength

of the electrons and step heights of the sample surface.

High spatial resolution is achieved by using aberration correction, particularly,

spherical aberration and chromatic aberration. Spherical aberration arises from the

dependence of the focus on the radial distance to the center of the lens. Spherical

aberrations are typically minimized using a contrast aperture centered around the

specular beam. Chromatic aberration comes from the dependence of the focal

length on the wavelength of electron. The chromatic aberration can be reduced

by decreasing the energy spread of the electron source. In addition, aberration

correction using electron mirrors are applied in state-of-the-art LEEM instrument,

which can remove the first-order spherical and chromatic aberration and achieve

lateral resolution of 2nm [18].

In 2D material studies, spectroscopic photoemission and low energy electron

microscope (SPELEEM) is a powerful tool combining LEEM and spectroscopic imag-

ing. The SPELEEM used in our work is a commercial LEEM system (ELMITEC,

Germany) equipped with an imaging energy analyzer and has become a standard

instrument in many synchrotron radiation facilities and research laboratories. The

combination of a LEEM with an imaging energy analyzer is the key to obtaining

real-time characterization of local structural, chemical and electronic information. In

specific, SPELEEM has four imaging modes: (i) LEEM. Parallel image acquisition

allows fast real-time image of the sample. (ii) µ-LEED. Local crystalline structure of

the sample. (iii) Photoemission electron microscopy (PEEM). PEEM utilizes local

variations in electron emission to generate image contrast, which is a surface and

chemical sensitive technique. (iv) k-PEEM. By placing a transfer lens in the imaging
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column of full energy-filtering PEEM, we can image the focal plane, instead of the

image plane. As a result, the corresponding image shows the angular distribution of

the emitted photoelectrons at a given kinetic energy. By varying the kinetic energy,

we can obtain band structure in reciprocal space, called k-PEEM. This approach

has two major advantages over traditional ARPES. First of all, parallel acquisition

in k-PEEM directly images I(kx, ky), avoiding uncertainty due to sample rotation in

traditional ARPES. In addition, the data acquisition time of k-PEEM is considerably

shorter than in a traditional ARPES measurement.

3.3 Sample preparation

3.3.1 Wet transfer

For insulating or semiconducting materials, charging effect is a major issue that

impedes the spectroscopy and microscopy measurements. As shown in Fig. 3.5, the

imbalance between in-coming and out-going electrons in LEEM and LEED measure-

ments leaves residual negative charges on the sample [19, 20]. Also, the photoelectric

process in PEEM and ARPES measurements leads to residual positive charges on

the sample [21, 22]. Since MoS2 is a semiconductor with a fundamental bandgap of

∼1.9eV [23, 24] and rather low carrier mobility, charging effect is significant in MoS2

samples. Therefore, we need a conducting substrate to let the residual charges drift

away. To fabricate MoS2 samples for spectroscopy and microscopy measurements,

we use a sample preparation technique called wet transfer as shown in the workflow

in Fig. 3.6.

Large ultrathin MoS2 flakes (∼ 10 × 15µm2) were fabricated on Si wafers with

poly(methyl-methacrylate) (PMMA) and polyvinyl alcohol (PVA) overlayers, from
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Figure 3.5: Schematic of the charging effect in LEEM/LEED (left) and
PEEM/ARPES (right) measurements.
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commercial single-crystal MoS2 bulk samples (SPI Supplies, USA) using mechanical

exfoliation. To generate adequate optical contrast for the MoS2 flakes on it,

the total thickness of the PVA and PMMA layers are controlled to 280-300nm.

Monolayer, bilayer, and trilayer MoS2 were first identified by optical contrast and

independently confirmed by Raman [25] and photoluminescence spectra [23]. The

selected MoS2 flakes were subsequently transferred, using a PMMA membrane as the

transfer medium [26], onto a moderately doped silicon substrate, covered with a full

native-oxide layer. Bulk MoS2 flakes were also transferred onto the substrate in this

process. Subsequently, the PMMA membrane was removed by washing the sample

in acetone. Besides exfoliation-derived MoS2, high-quality CVD-grown monolayer

MoS2 crystals with grain sizes up to 120 µm [27], were also transferred onto the

same substrate. Gold grid marks written on the substrate were used to locate

the target MoS2 flakes. The native-oxide-covered Si substrates proved effective at

preventing charging that is present with a thicker SiO2 substrate, as reported by Han

et al [28]. In this case, residual charges apparently tunnel through the native-oxide

layer making our spectroscopy and microscopy measurements possible. Prior to

the measurements, the sample was annealed for 6 hours at 350◦C under ultrahigh

vacuum (UHV) to degas and remove contaminants and residual PMMA. Finally, a

well-defined bright field LEEM image was obtained, indicating a successful transfer

procedure.

3.3.2 Polymer-free transfer

In the wet transfer process, there is a major drawback, in particular, the PMMA

residue hampers the microscopy and spectroscopy measurements. Therefore, a

polymer-free transfer technique [29] was developed as follows. First of all, MoS2

flakes were exfoliated on SiO2/Si chip. Polydimethylsiloxane (PDMS) stamp was
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FIG. 1. (Color online) Exfoliated MoS2 on SiO2 and Si. (a) Optical microscope image of an exfoliated 1–2 ML MoS2 flake on SiO2, with both
its top and bottom side contacted. The bright areas correspond to Au/Cr/Al contacts. (b) LEEM image of the same sample. At an electron energy
of 0.9 eV, the MoS2 beneath the metal contacts can be clearly seen. (c) Illustration of the transfer process of exfoliated MoS2. The polymethyl
methacrylate (PMMA) film with bonded MoS2 flakes is “scooped up” and stamped on a substrate of interest. (d) Optical microscope image of an
exfoliated mixed-layer flake on SiO2, before transfer; and (e) after transfer to Si and probed by MEM imaging (0.08 eV). (f) LEEM image (5 eV)
after removal of background signal; (g) MEM image (0.08 eV) after K doping. (h)–(k) µ-LEED patterns at 48 eV electron energy on exfoliated
1–4 ML MoS2, post-transfer to Si. For samples with thicknesses >1 ML, the LEED signal quality is akin to that of a bulk crystal. Also, the
LEED (00) spot width decreases with increasing layer number. (l) FWHM of the (00) LEED spot for 1–4 ML MoS2 flakes relative to that of
bulk, measured at 20, 30, and 40 eV. The inset shows the extracted decay rate of the FWHM with increasing layer number as a function of
electron energy.

were improved by the presence of potassium, and as expected,
an overall lowering of the work function also occurred. Note
that the changes in local work function can be calibrated and
measured by mirror electron microscopy (MEM) [41–43] via
changes in the electron reflectivity [44–46].

Thus, our results show that a doped Si substrate, even in the
presence of a native oxide, can ground typical MoS2 samples
such that long time-scale, low-energy electron microscopy can
be used for high-resolution imaging of MoS2. In addition, our
results show that potassium deposition enables enhancement
of the imaging of surface structure down to !0.5 µm size.
This appears to be due to preferential nucleation of potassium
at defect sites, as supported below in our measurements
of potassium-dosed CVD-grown MoS2. More generally, this
procedure serves as a useful method to enhance the imaging
and diagnostic capability of LEEM.

3. LEED on Si-supported exfoliated MoS2

The crystal quality and orientation of our 2D materials
were probed in reciprocal space using µ-LEED. Initial
experimentation showed that an atomically flat, single-domain

crystal flake with an area of >10 × 10 µm2 was needed to
obtain a sharp LEED pattern. Using samples that conformed
to these criteria, LEED measurements were performed on
“stand-alone” 1–4 ML islands, along with a thin bulk MoS2
flake, shown in Figs. 1(h)–1(k). Note that for a MoS2 sample
with a layer thickness greater than 1 ML, the LEED pattern
was almost as sharp as that from bulk MoS2. The mean free
path for 48 eV electrons, used in Fig. 1, is !5.17 Å [47,48],
which is comparable to the thickness of 1 ML MoS2; this
suggests that LEED spot broadening observed for 1 ML MoS2
Fig. 1(h) is, in part, due to scattering from the substrate. With
increasing MoS2 thickness, this scattering contribution would
be expected to decrease, as is indeed shown in Figs. 1(i)–1(k).
Our observations of the width of the specular (00) LEED spot
support this assertion and show that background scattering
from the substrate is diminished for >2 ML MoS2. Spot-width
broadening may also be due to substrate-induced roughness, in
which the corrugation of the MoS2 conforms to the corrugation
of the underlying substrate, as is the case in monolayer
graphene [39]. However, monolayer MoS2 is much thicker
(three atomic layers) than graphene (one atomic layer) and is
expected to be much more rigid; the elastic bending modulus

155408-3

1ML	  

Bright	  field	  LEEM	  

Figure 3.6: Work-flow of the wet transfer procedure. MoS2 flakes were exfoliated on
Si chip with PMMA and PVA overlayers. PVA layer dissolved when the chip was
carefullly laid afloat on distilled water, leaving the PMMA layer with MoS2 flakes
on the water surface. The PMMA membrane was picked up and transfered onto the
target subtrate with gold grid marks. The sample was rinsed in acetone and annealed
in UHV to remove the PMMA residue.
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pressed onto the MoS2 surface so as to support the flakes and protect the surface.

Then, the SiO2/Si chip was carefully laid afloat on the KOH solution surface to etch

away the SiO2 layer, as a result the chip fell off, and leaving the PDMS/MoS2 stack

in solution. Later, the stack was rinsed in distilled water, left to dry for a day, and

stamped onto the target substrate. With low heating (30-40◦C), the PDMS layer was

removed mechanically from the MoS2 flakes, leaving a polymer-free MoS2 surface.

3.4 References

[1] Heinrich Hertz. Ueber einen einfluss des ultravioletten lichtes auf die electrische

entladung. Annalen der Physik, 267(8):983–1000, 1887.
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Chapter 4

Thickness-dependent electronic structure of MoS2

4.1 Introduction

Our interest in monolayer MoS2 stems from the following: (i) It possesses an

indirect-to-direct band gap transition in going from multilayer to monolayer crystal

due to its missing interlayer interaction in its monolayer form [1], and (ii) the strong

spin-orbit coupling induced split valence bands (160 meV [2, 3]) due to broken inver-

sion symmetry, which makes MoS2 interesting for spin-physics exploration. Properties

(i) and (ii) lead to potential applications in nano-electronic devices [9] and spintronics,

respectively. In addition, both of these properties have been predicted with density

functional theory (DFT) calculations [2, 4] and indirectly demonstrated using photo-

luminescence [1, 5, 6] and Raman spectroscopy [7]. The electronic structure of bulk

MoS2 has been comprehensively studied by both theory and experiments. Despite the

myriad of experiments on single- and few-layer MoS2, as well as their distinctive and

potential applications, direct experimental determination of the electronic structure

of single-to-few-layer MoS2 crystals is of great importance to the full understanding

of this material.

4.2 Experimental details

Our measurements were performed on the SPELEEM system at the National

Synchrotron Light Source (NSLS) beam line U5UA [8, 9]. LEEM was used to locate
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Figure 4.1: Optical microscope images of the exfoliated MoS2 samples. The back-
ground is from the Si substrate with PMMA and PVA overlayers and the areas with
different contrast are from MoS2 flakes of different thickness. The areas that are
labeled as (a) 1ML, (b) 2ML, and (c) 3ML correspond to monolayer, bilayer, and
trilayer, respectively.
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the MoS2 flakes of interest (see Fig. 4.1). Each selected MoS2 flake was characterized

with PEEM and µ-LEED to investigate surface morphology and crystalline structure,

respectively. µ-ARPES data were collected using synchrotron ultraviolet radiation

(hν = 42eV ) within a 2-5 µm diameter spot. The light is linear-polarized and is

incident at an angle normal to the sample surface.

In our normal incidence ARPES configuration, the vector potential associated

with the incident light can be expressed as ~A = (Ax, Ay, 0), where Ax and Ay are

the in-plane components. The photoemission state-transition matrix element Mif is

proportional to 〈f | ~A ·~r | i〉, where ~r is the position operator, and | i〉 and | f〉 denote

the initial and final states, respectively. In such a geometry, the z-axis contribution

of Mif vanishes since Az = 0, and therefore, the spectral intensity of in-plane states

are stronger than that of the out-of-plane states, which is in agreement with our

experimental results. Moreover, the inelastic mean free path of the emitted electrons

at ∼40 eV is estimated to be ∼ 5Å [10], which is comparable to the thickness of

monolayer MoS2 (∼ 6.5Å) [7]. Therefore, the photoelectron signal from the substrate

is much weaker than that from MoS2.

Electronic band structure measurements were carried out at room temperature in

situ with an energy resolution of ∼200 meV. The raw data contained photoelectron

k-space maps for kinetic energies ranging from 30 to 40 eV at an energy step of 0.1

eV. Projections along high-symmetry directions in the BZ were used to generate band

dispersion plots.

41



Figure 4.2: (a) Atomic photoionization cross section for Mo 4d and S 3p subshells
as a function of photon energy. The dashed line marks incident photon energy of
42 eV, which is near the Cooper minimum of the S 3p orbital. (b) Angle-integrated
photoemission spectra of exfoliated monolayer MoS2 extracted from high-symmetry
directions (K̄ − Γ̄− K̄ and M̄ − Γ̄− M̄) of the BZ and over the full BZ. Inset shows
the BZ of monolayer MoS2.
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4.3 Results and discussion

4.3.1 Exfoliated MoS2

The measured valence bands of MoS2 are derived from hybridization of the Mo 4d

and S 3p orbitals [11, 12]. As shown in Fig. 4.2(a), the calculated atomic photoion-

ization cross section of the Mo 4d and S 3p subshell as a function of photon energy

[13] demonstrates that our incident photon energy is near the Cooper minimum of

the S 3p orbital. Therefore, the dominant features probed here are derived from

Mo 4d orbital contributions. As seen in Fig. 4.2(b), angle-integrated photoemission

spectra of exfoliated monolayer MoS2 were acquired along high-symmetry directions

and over the full BZ. These spectra, which were rescaled relative to the intensity at

5eV binding energy, show a cutoff feature approximately 1.75 eV above the VBM,

which we ascribe to the Fermi cutoff (EF ). The value of the Fermi level was also

independently confirmed by measuring the photoemission spectrum of the gold

grid marks on the substrate and by assuming a lack of a Schottky barrier at the

Au/substrate interface. Since the band gap of monolayer MoS2 is ∼1.9 eV [5, 14],

this measurement also indicates that our sample is heavily electron doped, which is

consistent with previous reports [15, 16]. The strong peaks at binding energies of

∼ 2 and ∼ 4 eV, i.e., the main states probed here, can be assigned to Mo 4d states,

based on a partial-density-of-states decomposition calculation [14].

Figure 4.3 presents the measured band dispersions of exfoliated monolayer MoS2

along the M̄ − Γ̄− K̄ high-symmetry directions of the BZ. As shown in Fig. 4.3(a),

the band structure is generally in good agreement with DFT band calculations with

spin-orbit interaction taken into account. In the spectra, the most distinct features

include the VBM at Γ̄ and M̄ originating from Mo dz2 orbitals, the VBM at K̄

induced by Mo dx2−y2/dxy orbitals, and a saddle point at binding energy ∼ 4 eV, as
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Figure 4.3: Thickness dependent ARPES bandmap. (a) ARPES band map of ex-
foliated monolayer MoS2 along the M̄ − Γ̄ − K̄ high symmetry lines. DFT band
calculations adapted from Ref. [7] (red curves) are overlaid onto it for comparison.
(b)-(c) Corresponding EDCs and MDCs, respectively. (d)-(f) ARPES band maps of
exfoliated bilayer, trilayer, and bulk MoS2, respectively.
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derived from Mo dx2−y2/dxy orbitals [17, 18]. These features are also displayed in the

corresponding energy distribution curves (EDCs) [see Fig. 4.3(b)] and momentum

distribution curves (MDCs) [see Fig. 4.3(c)]. From matrix-element analysis, the

VBM at Γ̄ has a weak intensity as expected. Other bands, which arise from S 3p

orbitals and Mo dxz, dyz orbitals [17, 18] are too weak to be seen due either to their

small cross sections or vanishing matrix elements. Although our energy resolution

does not allow us to resolve the spin-orbit splitting near K̄, it is apparent that the

VBM is located at K̄ instead of Γ̄.

Figures 4.3(d)-(f) show the evolution of band structure with thickness by

displaying the µ-ARPES band maps of bilayer, trilayer, and bulk MoS2, respectively.

The spacing between VBM and EF is ∼1.5 eV, which indicates that our few-layer

and bulk MoS2 samples are also heavily electron doped. A remarkable feature of

these few-layer and bulk MoS2 is that the VBM at K̄ are all lower than that at

Γ̄. This striking difference between monolayer and few-layer and bulk MoS2, thus,

provide support for the indirect-to-direct band gap transition in going from few-layer

to monolayer MoS2, as seen in photoluminescence studies [1, 5]. This change in

electronic structure has been previously ascribed to quantum confinement [1, 14].

Note that in multilayer MoS2, van der Waals interactions allow coupling of the

layers and thickness-dependent changes in confinement. Moreover, the VBM at Γ̄

vanishes due to weak spectral intensity, which has also been reported in bulk MoS2

experiments by Mahatha et al. [19]. Since this state is also derived from the Mo

dz2 orbital in few-layer and bulk MoS2 [18], the weak spectral intensity has been

explained as due to the small in-plane lattice parameter of bulk MoS2 [2], which

allows for greater shielding by the S 3p orbitals [20].

To fully investigate the thickness dependence of the low-energy dispersive states,
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Figure 4.4: Comparison between raw ARPES spectra (red) and corresponding cur-
vature intensity curve (blue).
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we extract the ARPES features of the UVB along the M̄− Γ̄− K̄ high-symmetry line

by 2D-curvature analysis [21]. Figure. 4.4 shows an example of curvature analysis.

The red curve is the raw ARPES spectrum, and the blue curve is the corresponding

curvature intensity, which precisely catch the peak position of the raw spectrum and

efficiently filter out the background.

As shown in Figs. 4.5(a)-(d), the uppermost valence band (UVB) of exfoliated

1-3 ML and bulk MoS2 closely match the corresponding calculated bands. These

results provide direct experimental evidence for the trend, in which the VBM at Γ̄

shift upwards in energy relative to that of K̄ as the number of layers increases. The

thickness dependence of the energy difference between the VBM of K̄ and Γ̄ is further

displayed in Fig. 4.5(e) and compared with theory. This evolution in band structure

has been attributed to changes in quantum confinement as the number of layers

increases. To be specific, the VBM at K̄, which is derived from the localized in-plane

Mo dx2−y2/dxy orbitals, is unlikely to be affected by the quantum confinement mod-

ifications in z direction. By comparison, however, the VBM at Γ̄, which originates

from the rather delocalized out-of-plane Mo dz2 orbitals and S pz orbitals, is lowered

in energy when interlayer interactions decrease in the decreasing number of layers.

In addition, one important result is that we reproducibly measure a compression of

the UVB in monolayer MoS2, while the rest of the valence bands are identical to the

computed bands. Here we define compression as

compression =
(UV Bmax−UV Bmin)experiment

(UV BmaxUV Bmin)theory

where UV Bmax and UV Bmin are the maximum and minimum values of the UVB.

The compression of the monolayer UVB is ∼ 80%. We tentatively attribute this

compression to the interaction with the substrate, as confirmed by calculations for

MoS2 on model Si substrate (see below). Another striking effect is that the VBM of

monolayer MoS2 at Γ̄ is relatively flat compared with its bulk counterpart, indicating
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Figure 4.5: Valence band maximum shifts from Γ̄ to K̄. (a)-(d) 2D curvature intensity
plots of the low energy valence band of exfoliated monolayer, bilayer, trilayer, and
bulk MoS2, respectively. The energy position of valence band maximum is set as 0.
Red curves are the corresponding DFT calculated bands. (e) Thickness dependence
of the energy difference between VBM at K̄ and Γ̄. The theoretical and experimental
results are plotted together for comparison.
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a substantially larger effective mass of holes in the monolayer. A simple parabolic fit

allows us to estimate the experimental hole effective mass at Γ̄ of (2.4± 0.3)m0 (m0

is the electron mass) in monolayer MoS2, which is in approximate agreement with a

theoretical prediction ( ∼ 2.8m0) [22]. The same fit to the bulk band gives a value

of (0.67± 0.01)m0, which is very close to the theoretically predicted value of 0.62m0

[22]. From bulk to monolayer MoS2, the hole effective mass at K̄ only slightly

increases. The overall hole effective mass of monolayer MoS2 is thus remarkably

larger than that of bulk. This result evidently explains the relatively poor carrier

mobility (< 10cm2/V s) [23, 24] of monolayer MoS2 compared to that of bulk (50-200

cm2/V s at room temperature) [25].

To further elaborate the quantum confinement, systematic DFT calculations are

carried out. Figure. 4.6(a) shows the calculated bands of regular bilayer MoS2 with

an interlayer spacing of 3.13 Å. The magnitude of the interlayer coupling can be

tuned by modifying the interlayer spacing. Figure. 4.6(b)-(d) show the calculated

bands of bilayer MoS2 with increasing interlayer spacing of 3.54 Å, 4.70 Å, and

6.27 Å, in which the blue arrows denote the indirect bandgap transition, and the

yellow arrows denote the direct bandgap transition. We find that the in-plane orbital

derived bands are K̄ valley do not vary with the interlayer spacing, while the energy

position of out-of-plane derived bands at Γ̄ shifts down with the increasing interlayer

spacing. Finally, when the interlayer spacing is large enough to screen the interlayer

coupling, that is, all the electronic states are confined in the MoS2 monolayer, the

valence band maximum shift from Γ̄ to K̄, and the indirect-to-direct bandgap occurs.
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Figure 4.6: DFT calculated band of 2ML MoS2 with increasing interlayer spacing
of (a) 3.13 Å (b) 3.54 Å (c) 4.70 Å and (d) 6.27 Å. The topmost valence bands are
highlighted in red and lowest conduction bands are highlighted in green. Blue arrows
denote the indirect bandgap transition and yellow arrows denote the direct band gap
transition.
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4.3.2 CVD-MoS2

Additionally, we also carried out electronic structure mea- surements on CVD-

grown monolayer MoS2. Figure 4.7(a) shows a PEEM image of a well-defined

triangular CVD MoS2 island with a grain size of 50 µm. The uniform contrast

from PEEM image confirms that the island used for our ARPES measurements is

composed of a high-quality monolayer MoS2 crystal except for a very small region

of bilayer or multilayer MoS2 at the center of the triangle [26]. Figure 4.7(b) shows

the band structure of CVD monolayer MoS2 along M̄ − Γ̄ − K̄. The dispersion

generally matches that of the DFT calculations, with the same distinct band features

as in the exfoliated case. An unexpected difference between CVD and exfoliated

monolayer MoS2 is that the energy band compression for the CVD MoS2 is even more

pronounced, as shown in the 2D-curvature intensity plot of the UVB [see Fig. 4.7(c)].

The apparent compression of the UVB for CVD MoS2 is 50%. Our results also

indicate that both CVD-grown and exfoliated monolayers are of comparable quality.

4.4 Conclusion

In conclusion, we have used µ-ARPES measurements to probe the valence

bands of monolayer MoS2 derived from the Mo 4d orbitals. The results match

the DFT predictions generally well and show a striking difference when compared

with few-layer and bulk MoS2. The observed change in the location of the VBM in

monolayer MoS2 provides support for the indirect-to-direct band gap transition in

going from few-layer to monolayer MoS2. The VBM shift from Γ̄ to K̄ is further

interpreted using DFT calculations, and indirect-to-direct band gap transition is

attributed to the modification of the interlayer coupling. The concomitant decrease

in the dispersion of the VBM at Γ̄ leads to a substantially larger hole effective mass,
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Figure 4.7: CVD-grown MoS2. (a) PEEM image of a well-defined triangle CVD
monolayer MoS2 island. (b) ARPES band map along M̄ − Γ̄ − K̄ direction. DFT
band calculations adapted from Ref. [7] (red curves) are overlaid onto ARPES band
map for comparison. (c) 2D curvature intensity plot of the UVB of CVD monolayer
MoS2. The experimental band is shifted in energy to best match the theory.
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which explains the low hole mobility of monolayer MoS2 compared to bulk MoS2.

In addition, the electronic structure of CVD-grown monolayer MoS2 is investigated.

The result is comparable to that of exfoliated MoS2, suggesting high quality of the

CVD-grown MoS2 crystal.
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Chapter 5

Surface roughness and substrate effect

5.1 Introduction

When placed on a substrate, interactions with the substrate may impact the

structural and physical properties of atomically thin materials, preventing full

realization for their potential applications. For example, quenching of photolumi-

nescence on silicon [1, 2] inhibits its utility in silicon-integrated valleytronic and

spintronic devices. Similarly, 2D materials on Si and SiO2 give rise to a distorted

crystalline structure or poor surface morphology [3], which in turn can impact device

performance [4]. In addition, chemical bonding may form between the bottom layer

of 2D materials and the dangling bonds of the substrate, thus, leading to electronic

structure change in 2D materials. It has been shown that the substrate dielectric

constant plays an important role in determining the excitonic binding energy as

well as quasiparticle lifetime in 2D layered materials [5, 6]. Moreover, freestanding

MoS2 samples exhibit altered electronic properties from those of MoS2 supported

directly on the substrate, including a photoluminescence blueshift in the optical gap

in freestanding monolayer MoS2 [2] and a two- to ten-fold improvement in the carrier

mobility in suspended MoS2 [7].These phenomena thus make understanding of the

effects of the substrate on 2D materials of pressing importance for both fundamental

studies and potential applications in devices.

In this chapter, the surface structure and morphology of MoS2 on Si substrate
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Figure 5.1: Thickness dependent LEED patterns of MoS2. µ-LEED patterns acquired
at 48 eV electron energy on exfoliated (a) 1ML, (b) 2ML, (c) 3ML, and (4) 4ML MoS2,
post transfer to Si. For samples with thicknesses >1 ML, the LEED signal quality is
akin to that of a bulk crystal. Also, the linewidth of LEED (00) spot decreases with
increasing layer number.
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are characterized using LEEM and µ-LEED [3]. The surface structural change

was determined using LEED I-V measurement and dynamical LEED calculations.

Also, electronic structure modificaiton in monolayer MoS2 induced by substrate was

investigated using µ-ARPES and DFT calculation [8]. In addition, free-standing

MoS2 was fabricated and corresponding intrinsic electronic structure was measured

using µ-ARPES [9].

5.2 Results and discussion

5.2.1 Surface roughness

The crystal quality and orientation of our 2D materials were probed in reciprocal

space using µ-LEED. LEED measurements were performed on stand-alone 1-4 ML

islands, along with a thin bulk MoS2 flake, shown in Figs. 5.1(a)-(d). Note that for

a MoS2 sample with a layer thickness greater than 1 ML, the LEED pattern was

almost as sharp as that from bulk MoS2. The mean free path for 48 eV electrons is

5.17 Å [10], which is comparable to the thickness of 1 ML MoS2 [11, 12]; this suggests

that LEED spot broadening observed for 1 ML MoS2 Fig. 5.1(a) is, in part, due

to scattering from the substrate. With increasing MoS2 thickness, this scattering

contribution would be expected to decrease, as is indeed shown in Figs. 5.1(a)-(d).

Our observations of the width of the specular (00) LEED spot support this assertion

and show that background scattering from the substrate is diminished for > 2 ML

MoS2. Spot-width broadening may also be due to substrate-induced roughness, in

which the corrugation of the MoS2 conforms to the corrugation of the underlying

substrate, as is the case in monolayer graphene [13]. our surface-sensitive reciprocal-

space measurements reveal single-crystal MoS2 after transfer, which complements

and verifies the above real-space LEEM measurements. Analysis of the width of
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Figure 5.2: Surface roughness of MoS2. (a) The mechanism of the broadening of the
measured µ-LEED diffraction beams. A rough surface generates diffraction beams
which spread out as cones perpendicular to the sample surface, causing increased
broadening with increasing incident electron energy. (b) The linewidth of the (00)
diffraction beam as a function of the incident electron wave vector for 1ML (red),
2ML (green), 3ML (blue) and Bulk MoS2 (purple).
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the (00) spot reveals a monotonic decrease with thickness, which is attributed to a

decrease in the scattering of low-energy electrons by the underlying SiO2/Si substrate.

The linewidths of the primary and secondary LEED spots increase with decreasing

film thickness, reaching a maximum for monolayer MoS2. As shown in Fig. 5.2(a), the

LEED spots of high-quality crystals with ideally flat surface should be well-defined

sharp spots with only instrumental and thermal broadening. However, in practice,

the LEED spots from the corrugated surfaces will spread out. Therefore, an intuitive

explanation for this phenomenon is that the atomically thin MoS2 sheets conform

to an undulating native oxide of Si substrate, while thicker sheets are stiffer and

less likely to follow the contours of the substrate. The surface roughness can be

quantitatively evaluated using a trigonometric relation

∆θ =
∆k||
2k0

where the meaning of ∆θ is the standard deviation of the local surface normal of the

corrugated surface. ∆k|| is the linewidth of the diffraction spots. k0 =
√

2mEk is the

momentum of the incident electrons. As shown in Fig. 5.2(b) , in 1-3ML and bulk

MoS2, the linewidth of the diffraction spots linearly increases with the momentum of

the incident electrons. As expected, the surface roughness of 1ML MoS2 is strikingly

larger than that of 2ML, 3ML and bulk MoS2.

5.2.2 The effect of the substrate on band compression

With regards to the sample-substrate interaction, we simulated this case by

putting monolayer MoS2 on top of three layers of pseudo-Si(111) plane. To simplify

the model, we assumed that the lattice parameters of Si(111) are the same as those of

MoS2, thus avoiding the complications of lattice mismatch as shown in Fig. 5.3 (a);
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Figure 5.3: Substrate-induced electronic structure change in MoS2. (a) Schematic
of the sideview of monolayer MoS2 on pseudo-Si substrate. (b) Calculated band
structures (red curves) for monolayer MoS2 on top of pseudo-Si. Calculated bands
of free-standing monolayer MoS2 (blue dashed lines) are superimposed onto the hy-
bridized bands for comparison.
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we note that a more accurate theoretical model is beyond the scope of this paper.

Our first-principles calculations using the ABINIT code [14, 15]. The generalized

gradient approximation (GGA) [16] was applied to describe the exchange-correlation

potential. Our calculations shown in Fig. 5.3 (b) indicate that when the spacing

between the lower S layer of MoS2 and the top of the Si layer is set to be 3 Å, the

UVB at Γ̄ is compressed by 50% while the valence bands at higher binding energy

remain nearly unaffected. These results suggest that dielectric interactions with the

substrate are likely the main reason for the observed UVB compression in monolayer

MoS2.

5.2.3 Free-standing MoS2

In order to minimize the effect of substrate interactions on atomically thin

crystals, one of two different procedures is typically utilized. To reduce the presence

of the substrate, one approach is to decouple the sample from the substrate by

intercalating alkali metals such as Li and K, and, in the process, induce electron

doping of the sample [17]. Another approach reduces interaction by placing samples

over patterned vacuum cavities or trenches etched into a supporting substrate [13, 18].

Our crystal samples were exfoliated monolayer MoS2 flakes, which were examined

and calibrated using Raman spectroscopy. To obtain areas of suspended MoS2,

coexisting with supported regions of the flakes, substrates patterned by lithography

and etching were used. As schematically shown in Fig. 5.4(a), a grid pattern of

cylindrical cavities with diameters of 2 or 5 µm and depth of 1m were etched into

a Si wafer covered with a native oxide; monolayer MoS2 flakes were then exfoliated

and transferred onto the patterned substrate using the same procedure as described.

Fig. 5.4 (b) & (c) show an optical image of a MoS2 flake before transfer, and

the corresponding PEEM image of the same flake after transfer to the patterned
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FIG. 1. (Color online) (a) Sketch of the sample configuration. Monolayer MoS2 flakes were transferred onto patterned silicon chips (blue)
with native oxide (purple). (d) Atomic structure of monolayer MoS2. The in-plane lattice constant is denoted as a, and the interplane distance
between Mo and S atomic planes in the same “monolayer” sheet is denoted as z. (b), (e) Optical microscope images of the exfoliated monolayer
MoS2 samples. (c) Scanning photoemission microscopy map corresponding to the sample shown in (b), acquired with a photon energy of 27
eV by collecting photoelectrons with an energy window of 18–22 eV. The area of the monolayer MoS2 flake is enclosed by a dashed pink
frame, and the suspended regions are marked with black circles. (f) PEEM image of sample shown in (e).

vacuum for 2 h at ∼350 °C prior to the acquisition of
photoemission spectra.

Our crystal samples were exfoliated monolayer MoS2
flakes, which were examined and calibrated using Raman
spectroscopy. To obtain areas of suspended MoS2, coexisting
with supported regions of the flakes, substrates patterned by
lithography and etching were used. As schematically shown in
Fig. 1(a), a grid pattern of cylindrical cavities with diameters
of 2 or 5 µm and depths of 1 µm were etched into a Si wafer
covered with a native oxide; monolayer MoS2 flakes were
then exfoliated and transferred onto the patterned substrate
using the same procedure as described in Ref. [17]. SPEM
was used to characterize the sample before investigating
the band structure in situ with micro-ARPES. Figures 1(b)
and 1(c) show an optical image of an exfoliated monolayer
MoS2 flake before transfer onto the patterned substrate, and
the corresponding SPEM image of the partially suspended
flake after transfer to the patterned substrate, respectively.
Contrast between the suspended MoS2, supported MoS2, and
the bare substrate is obtained by acquiring locally excited
photoelectrons in a kinetic energy window of 18–22 eV,
imaged by scanning the sample. Figures 1(e) and 1(f) show
an optical image of a MoS2 flake before transfer, and the
corresponding PEEM image of the same flake after transfer
to the patterned substrate [18]. Both SPEM and PEEM
measurements show a clear contrast between suspended and
supported MoS2, thus allowing accurate selection of regions of
interest for micro-ARPES measurements in the two different
sample regions. Additional experimental details can be found
in the Supplemental Material [19].

Figures 2(a)–2(b) show the micro-ARPES band maps of
suspended monolayer MoS2 along the !̄-M̄ and !̄-K̄ high-
symmetry lines of the SBZ, respectively. To better visualize

the ARPES features, we perform 2D-curvature processing
[20], which is similar to the widely used one-dimensional
(1D) second-derivative method. The 2D-curvature intensity
plot is shown in Fig. 2(c). For the micro-ARPES measurements
performed at Elettra, the off-normal photon angle of incidence
uses different selection rules than that of the normal photon
angle-of-incidence configuration of the SPELEEM system at
U5UA; this difference enabled us to observe the previously in-
visible S 3p-derived bands [21]. By measuring beyond the first
SBZ, we determined the positions of K̄ and M̄ , and found that
!K = 1.28 ± 0.04 Å

−1
, and !M = 1.11 ± 0.04 Å

−1
, values

which are 3.58 ± 3.01% smaller than those of the bulk SBZ
(!K = 1.3256 Å

−1
, !M = 1.1479 Å

−1
); see Fig. 3. While

this result is limited by the large error, our measurement
suggests the presence of a ∼3.6% lateral lattice expansion in
monolayer MoS2 compared to bulk, yielding a lattice constant
of 3.28 ± 0.10 Å. In x-ray diffraction and Raman-scattering
studies of single layer MoS2 prepared by exfoliation of
Li-intercalated MoS2 powder immersed in water, Yang et al.
also reported that the in-plane lattice constant expands to
3.27 ± 0.015 Å, about 3.5% larger than the accepted bulk value
(3.16 Å) [22]. The authors attributed this lattice expansion to a
change in the Mo coordination from trigonal prismatic for the
case of dry MoS2 to bulk octahedral for the water immersed
MoS2. On a different but related note, there have also been
several reports of a blueshift in the in-plane E1

2g phonon
mode of monolayer MoS2 [23], which has been attributed
to a reduced interlayer interaction [24]. Our observation of
a larger in-plane lattice constant for monolayer MoS2 would
be expected to produce a redshift in the in-plane E1

2g phonon
mode. It thus appears that the reduced interlayer interaction has
more of an effect on this phonon mode than our experimentally
suggested in-plane lattice constant expansion. We should
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FIG. 1. (Color online) (a) Sketch of the sample configuration. Monolayer MoS2 flakes were transferred onto patterned silicon chips (blue)
with native oxide (purple). (d) Atomic structure of monolayer MoS2. The in-plane lattice constant is denoted as a, and the interplane distance
between Mo and S atomic planes in the same “monolayer” sheet is denoted as z. (b), (e) Optical microscope images of the exfoliated monolayer
MoS2 samples. (c) Scanning photoemission microscopy map corresponding to the sample shown in (b), acquired with a photon energy of 27
eV by collecting photoelectrons with an energy window of 18–22 eV. The area of the monolayer MoS2 flake is enclosed by a dashed pink
frame, and the suspended regions are marked with black circles. (f) PEEM image of sample shown in (e).

vacuum for 2 h at ∼350 °C prior to the acquisition of
photoemission spectra.

Our crystal samples were exfoliated monolayer MoS2
flakes, which were examined and calibrated using Raman
spectroscopy. To obtain areas of suspended MoS2, coexisting
with supported regions of the flakes, substrates patterned by
lithography and etching were used. As schematically shown in
Fig. 1(a), a grid pattern of cylindrical cavities with diameters
of 2 or 5 µm and depths of 1 µm were etched into a Si wafer
covered with a native oxide; monolayer MoS2 flakes were
then exfoliated and transferred onto the patterned substrate
using the same procedure as described in Ref. [17]. SPEM
was used to characterize the sample before investigating
the band structure in situ with micro-ARPES. Figures 1(b)
and 1(c) show an optical image of an exfoliated monolayer
MoS2 flake before transfer onto the patterned substrate, and
the corresponding SPEM image of the partially suspended
flake after transfer to the patterned substrate, respectively.
Contrast between the suspended MoS2, supported MoS2, and
the bare substrate is obtained by acquiring locally excited
photoelectrons in a kinetic energy window of 18–22 eV,
imaged by scanning the sample. Figures 1(e) and 1(f) show
an optical image of a MoS2 flake before transfer, and the
corresponding PEEM image of the same flake after transfer
to the patterned substrate [18]. Both SPEM and PEEM
measurements show a clear contrast between suspended and
supported MoS2, thus allowing accurate selection of regions of
interest for micro-ARPES measurements in the two different
sample regions. Additional experimental details can be found
in the Supplemental Material [19].

Figures 2(a)–2(b) show the micro-ARPES band maps of
suspended monolayer MoS2 along the !̄-M̄ and !̄-K̄ high-
symmetry lines of the SBZ, respectively. To better visualize

the ARPES features, we perform 2D-curvature processing
[20], which is similar to the widely used one-dimensional
(1D) second-derivative method. The 2D-curvature intensity
plot is shown in Fig. 2(c). For the micro-ARPES measurements
performed at Elettra, the off-normal photon angle of incidence
uses different selection rules than that of the normal photon
angle-of-incidence configuration of the SPELEEM system at
U5UA; this difference enabled us to observe the previously in-
visible S 3p-derived bands [21]. By measuring beyond the first
SBZ, we determined the positions of K̄ and M̄ , and found that
!K = 1.28 ± 0.04 Å

−1
, and !M = 1.11 ± 0.04 Å

−1
, values

which are 3.58 ± 3.01% smaller than those of the bulk SBZ
(!K = 1.3256 Å

−1
, !M = 1.1479 Å

−1
); see Fig. 3. While

this result is limited by the large error, our measurement
suggests the presence of a ∼3.6% lateral lattice expansion in
monolayer MoS2 compared to bulk, yielding a lattice constant
of 3.28 ± 0.10 Å. In x-ray diffraction and Raman-scattering
studies of single layer MoS2 prepared by exfoliation of
Li-intercalated MoS2 powder immersed in water, Yang et al.
also reported that the in-plane lattice constant expands to
3.27 ± 0.015 Å, about 3.5% larger than the accepted bulk value
(3.16 Å) [22]. The authors attributed this lattice expansion to a
change in the Mo coordination from trigonal prismatic for the
case of dry MoS2 to bulk octahedral for the water immersed
MoS2. On a different but related note, there have also been
several reports of a blueshift in the in-plane E1

2g phonon
mode of monolayer MoS2 [23], which has been attributed
to a reduced interlayer interaction [24]. Our observation of
a larger in-plane lattice constant for monolayer MoS2 would
be expected to produce a redshift in the in-plane E1

2g phonon
mode. It thus appears that the reduced interlayer interaction has
more of an effect on this phonon mode than our experimentally
suggested in-plane lattice constant expansion. We should
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FIG. 1. (Color online) (a) Sketch of the sample configuration. Monolayer MoS2 flakes were transferred onto patterned silicon chips (blue)
with native oxide (purple). (d) Atomic structure of monolayer MoS2. The in-plane lattice constant is denoted as a, and the interplane distance
between Mo and S atomic planes in the same “monolayer” sheet is denoted as z. (b), (e) Optical microscope images of the exfoliated monolayer
MoS2 samples. (c) Scanning photoemission microscopy map corresponding to the sample shown in (b), acquired with a photon energy of 27
eV by collecting photoelectrons with an energy window of 18–22 eV. The area of the monolayer MoS2 flake is enclosed by a dashed pink
frame, and the suspended regions are marked with black circles. (f) PEEM image of sample shown in (e).

vacuum for 2 h at ∼350 °C prior to the acquisition of
photoemission spectra.

Our crystal samples were exfoliated monolayer MoS2
flakes, which were examined and calibrated using Raman
spectroscopy. To obtain areas of suspended MoS2, coexisting
with supported regions of the flakes, substrates patterned by
lithography and etching were used. As schematically shown in
Fig. 1(a), a grid pattern of cylindrical cavities with diameters
of 2 or 5 µm and depths of 1 µm were etched into a Si wafer
covered with a native oxide; monolayer MoS2 flakes were
then exfoliated and transferred onto the patterned substrate
using the same procedure as described in Ref. [17]. SPEM
was used to characterize the sample before investigating
the band structure in situ with micro-ARPES. Figures 1(b)
and 1(c) show an optical image of an exfoliated monolayer
MoS2 flake before transfer onto the patterned substrate, and
the corresponding SPEM image of the partially suspended
flake after transfer to the patterned substrate, respectively.
Contrast between the suspended MoS2, supported MoS2, and
the bare substrate is obtained by acquiring locally excited
photoelectrons in a kinetic energy window of 18–22 eV,
imaged by scanning the sample. Figures 1(e) and 1(f) show
an optical image of a MoS2 flake before transfer, and the
corresponding PEEM image of the same flake after transfer
to the patterned substrate [18]. Both SPEM and PEEM
measurements show a clear contrast between suspended and
supported MoS2, thus allowing accurate selection of regions of
interest for micro-ARPES measurements in the two different
sample regions. Additional experimental details can be found
in the Supplemental Material [19].

Figures 2(a)–2(b) show the micro-ARPES band maps of
suspended monolayer MoS2 along the !̄-M̄ and !̄-K̄ high-
symmetry lines of the SBZ, respectively. To better visualize

the ARPES features, we perform 2D-curvature processing
[20], which is similar to the widely used one-dimensional
(1D) second-derivative method. The 2D-curvature intensity
plot is shown in Fig. 2(c). For the micro-ARPES measurements
performed at Elettra, the off-normal photon angle of incidence
uses different selection rules than that of the normal photon
angle-of-incidence configuration of the SPELEEM system at
U5UA; this difference enabled us to observe the previously in-
visible S 3p-derived bands [21]. By measuring beyond the first
SBZ, we determined the positions of K̄ and M̄ , and found that
!K = 1.28 ± 0.04 Å

−1
, and !M = 1.11 ± 0.04 Å

−1
, values

which are 3.58 ± 3.01% smaller than those of the bulk SBZ
(!K = 1.3256 Å

−1
, !M = 1.1479 Å

−1
); see Fig. 3. While

this result is limited by the large error, our measurement
suggests the presence of a ∼3.6% lateral lattice expansion in
monolayer MoS2 compared to bulk, yielding a lattice constant
of 3.28 ± 0.10 Å. In x-ray diffraction and Raman-scattering
studies of single layer MoS2 prepared by exfoliation of
Li-intercalated MoS2 powder immersed in water, Yang et al.
also reported that the in-plane lattice constant expands to
3.27 ± 0.015 Å, about 3.5% larger than the accepted bulk value
(3.16 Å) [22]. The authors attributed this lattice expansion to a
change in the Mo coordination from trigonal prismatic for the
case of dry MoS2 to bulk octahedral for the water immersed
MoS2. On a different but related note, there have also been
several reports of a blueshift in the in-plane E1

2g phonon
mode of monolayer MoS2 [23], which has been attributed
to a reduced interlayer interaction [24]. Our observation of
a larger in-plane lattice constant for monolayer MoS2 would
be expected to produce a redshift in the in-plane E1

2g phonon
mode. It thus appears that the reduced interlayer interaction has
more of an effect on this phonon mode than our experimentally
suggested in-plane lattice constant expansion. We should
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Figure 5.4: Free-standing MoS2. (a) Sketch of the sample configuration. Monolayer
MoS2 flakes were transferred onto patterned silicon chips (blue) with native oxide
(purple) (b) Optical microscope images of the exfoliated monolayer MoS2 samples.
(c) PEEM image of sample shown in (b).
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substrate. PEEM measurements show a clear contrast between suspended and

supported MoS2, thus allowing accurate selection of regions of interest for µ-ARPES

measurements in the two different sample regions.

We carried out our µ-ARPES measurements on the suspended region of the

sample. Figures 5.5(a)-(b) show the µ-ARPES band maps of suspended monolayer

MoS2 along the Γ̄-M̄ and Γ̄-K̄ high-symmetry lines of the SBZ, respectively. For

µ-ARPES measurements performed at Elettra [19], the off-normal photon angle of

incidence uses different selection rules than that of the normal photon angle-of-

incidence configuration of the SPELEEM system at U5UA [20, 21]; this difference

enabled us to observe the previously invisible S 3p-derived bands. To better visualize

the ARPES features, the curvature-filtered intensity plot [22] is shown in Fig. 5.5(c).

Figure. 5.5(d)-(e) show the ARPES band maps of supported monolayer MoS2 along

the Γ̄-M̄ and Γ̄-K̄ high-symmetry lines of the SBZ, respectively. Figure 5.5(f) is

the corresponding 2D-curvature intensity plot [22]. Our calculated bands (using the

relaxed lattice parameters) are overlaid onto Figs. 5.5(a)-(f) for comparison. Note

that Figs. 5.5(a) and (b), and Figs. 5.5(d) and (e) are all normalized to the highest in-

tensity of their respective band maps. Note that, as shown in Figs. 5.5(c) and (f), the

valence band maximum at K̄ is still higher than that at Γ̄, which means that the sub-

strate interaction does not alter the location of the valence band maximum in the BZ.

5.3 Conclusion

In conclusion, we have performed LEED I-V measurement and dynamical LEED

calculation on monolayer, bilayer, trilayer and bulk MoS2, and we find that the sur-

face roughness increases with decreasing thickness. We have fabricated free-standing

65



RAPID COMMUNICATIONS

SUBSTRATE INTERACTIONS WITH SUSPENDED AND . . . PHYSICAL REVIEW B 91, 121409(R) (2015)

FIG. 2. (Color online) (a), (b) Micro-ARPES band maps of suspended MoS2 along !̄-M̄ and !̄-K̄ , respectively. (c) 2D-curvature intensity
plot of the suspended MoS2 bands along the M̄-!̄-K̄ high-symmetry line. (d), (e) ARPES band maps of supported MoS2 along !̄-M̄ and !̄-K̄ ,
respectively. (f) 2D-curvature intensity plot of the supported MoS2 bands along the M̄-!̄-K̄ high-symmetry line. DFT-calculated bands using
the relaxed lattice parameters are overlaid onto all the band maps for comparison.

also note that in our previous SPELEEM measurements, we
calibrated the momentum space by assuming that the lattice
spacing is unaffected when a MoS2 crystal is thinned down
to a monolayer, i.e., we assumed the same in-plane lattice
parameter as for bulk MoS2 [21].

There are a plethora of density functional theory (DFT)
calculations on the band structure of monolayer MoS2. In
addition, there have been several studies of the relaxation
of the in-plane lattice constant by way of structural opti-
mization calculations [25–27]. While a thorough theoretical
understanding of the full lattice relaxation of MoS2 is beyond

FIG. 3. (Color online) 2D curvature plot of the uppermost va-
lence band (UVB) of suspended monolayer MoS2 along the high-
symmetric direction. Pink dashed lines mark the local maximum of
the UVB extracted from ARPES measurement and the yellow dashed
lines denote the positions of M̄ and K̄ using the lattice constant of
bulk MoS2.

the scope of this experimental paper, we have performed DFT
calculations using a range of different out-of-plane lattice
constants with the primary purpose of seeking better agreement
with our measured electronics structure. In particular, we
used the ABINIT code [28,29], with a generalized gradient
approximation (GGA) functional [30]; note that van der Waals
interactions are not pertinent for calculation of our experi-
mentally realized suspended monolayer MoS2 crystal. These
calculations investigated the corresponding modification of
the intraplane distance [denoted as z in Fig. 1(b)] between the
Mo and S atomic planes while utilizing the experimentally
determined in-plane lattice constant stated above. Our result
shows that when z is allowed to increase by ∼2% compared to
its bulk value (z = 1.586 Å) [31], the calculated bands agree
surprisingly closely with the experimental measurements [19],
even though our calculation does not capture many of the
detailed physics of our crystal, such as spin-orbit coupling
[25]. Note that our suggested increase in z is in contrast to
a low-energy electron-diffraction study of the top layer of
single-crystal bulk MoS2, which reported a ∼5% decrease of z
within the topmost layer [32]. We again note that our deduction
of an expansion of the out-of-plane lattice constant is driven
simply by a desire to seek better agreement of the DFT-derived
bands with measurements and is not a definitive finding.

The intrinsic nature of the experimentally suggested in-
crease in the in-plane monolayer lattice constant is supported
by our micro-ARPES measurements of supported monolayer
MoS2, from which an approximately identical relaxed lattice
constant, within our error, is extracted (a = 3.30 ± 0.10 Å,
see the Supplemental Material [19]). Figures 2(d) and 2(e)
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Figure 5.5: Electronic structure of suspended and supported MoS2. (a)-(b) µ-ARPES
band maps of suspended MoS2 along Γ̄-M̄ and Γ̄-K̄, respectively. (c) 2D-curvature
intensity plot of the suspended MoS2 bands along the M̄ -Γ̄-K̄ high-symmetry line.
(d)-(e) ARPES band maps of supported MoS2 along Γ̄-M̄ and Γ̄-K̄, respectively. (f)
2D-curvature intensity plot of the supported MoS2 bands along the M̄ -Γ̄-K̄ high-
symmetry line. DFT-calculated bands using the relaxed lattice parameters are over-
laid onto all the band maps for comparison
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MoS2 and performed ARPES measurements on the valence bands of suspended

and supported monolayer MoS2. Our ARPES measurements of suspended MoS2

reveal good qualitative and quantitative agreement with theory and elucidate the

effects of a native-oxide covered Si substrate on the band structure of monolayer MoS2.
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Chapter 6

Bandgap engineering in van der Waals interfaces

6.1 Introduction

Van der Waals (vdW) layered materials can be fabricated to high-quality homo-

or heterojunction interfaces. These artificial interfaces, in contrast with traditional

interfaces, can be designed and assembled by stacking individual 2D layers without

concern for lattice parameter constraints. For vdW layered materials, the electrical,

optical, and vibrational properties are also known to be significantly dependent on

interlayer coupling. As we discussed in chapter 4, one of the well-known consequences

of interlayer coupling in TMDCs is the indirect-to-direct bandgap transition from

bulk crystal to monolayer form [1]. The size of the indirect band gap has also been

demonstrated to vary with both the number of layers and the interlayer distance,

due to associated changes in interlayer electronic coupling.

VdW heterostructures [2] have recently emerged as a novel class of materials,

in which different 2D atomic planes are vertically stacked to give rise to distinctive

properties and exhibit new structural, chemical, and electronic phenomena [3–8].

The weak electron coupling at the interface of vdW heterostructures offers the

possibility of combining the intrinsic electronic properties of the individual 2D

layers. In particular, Gr/MoS2 vdW heterostructures are remarkable because of

the high carrier mobility [9] and broadband absorption [10] of graphene, as well

as the direct band gap [1, 11] and extremely strong light-matter interactions [12]
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Figure 6.1: LEEM images of Gr/MoS2 heterostructure. (a) Bright field LEEM image.
(b) Dark field LEEM image. Red circles mark the spot where we acquire µ-LEED
and µ-ARPES data.
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of monolayer MoS2. The combination of these unusual characteristics has led to

potential applications in field-effect transistor devices [13, 14], energy harvesting

materials [15, 16], and memory cells [17, 18].

Despite this weak coupling, however, there is also the possibility of engendering

emergent properties that are distinct from that of their constituent materials as

has been observed in TMDC for the Gr/MoS2 interface, DFT calculations have

predicted the crossover between a direct and indirect band gap of MoS2 induced

by the modification of interlayer orientation [19, 20]. Thus, changing the relative

orientation of the constituent gapless and direct-gapped 2D monolayers forming the

heterostructure, results in the tunability of its electronic structure. This tunability

is of pervasive importance to the development of new high performance electronic

devices.

6.2 Experimental details

6.2.1 Fabrication and characterization

For the work in this chapter, we fabricated our samples by subsequent transfer of

CVD-grown monolayer Gr [21] and CVD-grown monolayer MoS2 [22] onto a n-doped

Si(100) substrate with a native-oxide surface layer. As indicated in Ref. [22], this

type of CVD-grown MoS2 was carefully characterized using TEM, Raman, and

photoluminescence, and was confirmed to be a uniform monolayer except for small

multilayer patches in the center of the island. The selection of zero-order LEED

beam produces the image contrast known as bright field (BF) mode. The diffraction

contrast can also be exploited in the dark field (DF) mode by imaging with higher

order LEED beam. The BF LEEM image (Fig. 6.1(a)) shows that the graphene
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Figure 6.2: The twist angle between graphene and MoS2 layers. (a) Top view of
the Gr/MoS2 heterostructure configuration in real space. (b) Brillouin zone (BZ) of
Gr and surface Brillouin zone (SBZ) of MoS2 with a twist angle of . We define the
high-symmetry points of Gr BZ (red) as M − Γ−K and those of MoS2 SBZ (blue)
as M̄ − Γ̄− K̄. (c) LEED patterns (upper plane) derived mostly from the graphene
overlayer at 40 eV, and LEED pattern (middle plane) derived mostly from the MoS2

bottom-layer at 45 eV. The diffraction spots are projected to the bottom plane to
extract the twist angle.
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overlayer is predominantly uniform and flat. Figure. 6.1(b) is the corresponding DF

image, and the contrast shows the different domains of the graphene (Gr) overlayer.

We have chosen single domain regions to acquire µ-LEED and µ-ARPES data.

6.2.2 Twist angle determination

Due to the growth process, the Gr and MoS2 domains are randomly rotated by a

certain twist angle (θ, see (Fig. 6.2(a))). Accordingly, for each sample, the reciprocal

space structure (Fig. 6.2(b)) is rotated by the same angle. This fact allows us to use

µ-LEED to determine the twist angle. In Fig. 6.2(c), the stack shows the µ-LEED

images of Gr over MoS2 with a finite twist angle. Using 40 eV incident electron

beam, we obtain the diffraction pattern of the Gr overlayer and from which we

measure a six-fold-symmetry structure, as shown in the top plane of the stack. For

the middle plane of the stack, on the other hand, an electron energy of 45 eV is

used, for which the µ-LEED pattern is from an exposed region of the bottom MoS2

layer. Using 2D Gaussian fitting procedure, we were able to determine the centers

of the diffraction spots, which are denoted by colored circles in the LEED pattern.

By projecting the two hexagonal spot arrays for Gr (red) and MoS2 (blue) to the

bottom plane of the stack, we obtain the twist angle θ.

6.3 Graphene/MoS2 van der Waals

heterostructures

Here, we discuss the measurement of the electronic band structure derived from

the MoS2 bottom layer in the Gr/MoS2 heterostructure. Figures 6.3(a)-(d) show the

ARPES band maps along M̄ − Γ̄ − K̄ of the MoS2 SBZ for twist angles of 5◦, 12◦,
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Figure 6.3: Electronic structure of graphene/MoS2 heterostructure. (a)-(d) ARPES
band map along M̄ − Γ̄− K̄ of the MoS2 layer with a twist angle of 5◦, 12◦, 19◦, and
28◦, respectively. The green dashed curves are a Gr-derived band in heterostructures
acquired from a tight-binding model. (e)-(h) 2D-curvature plot of the uppermost
valence band in (a)-(d).
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19◦, and 28◦, respectively. Besides MoS2-derived bands, we also observe the overlay

of Gr-derived bands. To make a comparison, we use a nearest-neighbor tight-binding

(NNTB) model [23] to generate the band dispersion of intrinsic monolayer Gr and

superimpose these bands (green dashed curves) for specific twist angles onto the

corresponding ARPES band maps. As shown in Figs. 6.3(a)-(d), the measured

graphene-derived bands agree well with the NNTB bands of intrinsic graphene.

Note that for all measured twist angles, there is no indication of band hybridization

with Gr in the range of binding energies measured in this study, which is in good

agreement with theoretical predictions [20].

Figures 6.3(e)-(h) show the corresponding 2D-curvature intensity plots [24] of

the uppermost valence band derived from MoS2 as shown in Figs. 6.3(a)-(d). The

intensity of the signal is strong in the M̄ direction but weak in the K̄ direction

due to photoemission selection rules. The M̄ region is dominated by out-of plane

Mo dz2 orbitals, while, in the vicinity of the K̄ point, it is derived mainly from

the in-plane Mo dx2−y2/dxy orbitals [25]. In Fig. 6.3(h) (θ = 28◦), we find that the

VBM at K̄ and M̄ are almost degenerate. However, for smaller twist angles and as

shown in Figs. 6.3(e)-(g), the VBM at K̄ is lower than that at M̄ . These results

indicate that the relative position of the VBM of M̄ and K̄ is tuned by the twist angle.

For comparison, we also have measured the heterostructure, in which MoS2 is

the overlayer (i.e., MoS2/Gr where MoS2 is on top) for the case of a 12◦ twist angle.

Figure 6.4 shows an ARPES bandmap of the MoS2 overlayer along M̄ − Γ̄− K̄. As

expected, the spectral intensity of the heterostructure, where MoS2 is the overlayer,

is stronger than that for the case of the Gr/MoS2 heterostructure, and the signal

from the Gr bottom-layer, in this case, is relatively weak. Figure 6.4(b) shows the

energy distribution curve (EDC) at Γ̄ and K̄. The red and blue dashed lines mark
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Figure 6.4: Electronic structure of MoS2/graphene heterostructure. (a) ARPES
bandmap of MoS2 along M̄ − Γ̄ − K̄ in a MoS2/Gr heterostructure with a twist
angle of 12◦; (b) EDC at Γ̄ (red) and K̄ (blue); (c) 2D-curvature intensity plot of
uppermost valence band shown in (a).
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the peaks of the EDCs, i.e., the binding energies of the VBM at Γ̄ and K̄ shown

in Fig. 6.4. The VBM of K̄ is 0.13±0.03 eV lower than that at Γ̄. This value is

confirmed in the second derivative intensity plot shown in Fig. 6.4(c). Note that the

energy difference between the VBM of Γ̄ and K̄ in this MoS2/Gr heterostructure

(0.13±0.03 eV) at this twist angle is almost identical to that of the Gr/MoS2

heterostructure (0.12±0.03 eV) with the same twist angle. In contrast, in Ref.

[26], Zhang et al. reported on the electronic structure of epitaxial MoSe2 grown on

bilayer graphene on SiC. Their LEED measurements show that epitaxially-grown

MoSe2 thin films are consistently aligned in the same lattice orientation (i.e. 0◦ twist

angle) with the underlying bilayer graphene substrate. In that interface, in contrast

to our measurement, both the MoSe2 and bilayer graphene electronic structure

are intact. This apparent discrepancy is probably due, first of all, to the different

sample preparations and system configurations. Moreover, the structural relaxation

used in the calculation in Ref. [26] allows an estimate of the interlayer distance

between MoSe2 and bilayer graphene to be 4.2 Å. However, in the two theoretical

investigations discussed in the main text, the interlayer distance between MoS2

and monolayer graphene is estimated to be 3.1 Å [18] and 3.3 Å [19], respectively.

This result implies that the interlayer interaction of MoSe2/bilayer Gr interface is

apparently much weaker than that it is for the MoS2/Gr interface.

6.4 Twisted bilayer MoS2

Our µ-ARPES measurements of twisted bilayer MoS2 along the high symmetry

directions M̄ − Γ̄ − K̄, and covering twist angles θ = 0◦ (AA stacking), 13◦, 26.5◦,

39◦, 47.5◦, and 60◦ (AB stacking, normal bilayer), are shown in Figure 6.5(a)-(f)

as curvature-filtered topmost valence bands. Our ARPES data clearly show the
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relatively large change in the Γ̄ state, as compared to the K̄ state, for several twist

angles. To see this Γ̄ state evolution more clearly, we used the curvature-filtering

method [24] and referenced the bands with respect to the energy level of the state at

K̄ (see Figure 6.5). Spin-orbit interactions lead to small band splitting at K̄, which

is below our experimental resolution. The VBM at Γ̄ shifts downward in energy

as the twist angle is varied from 0◦ or 60◦ toward 40◦. Note that in lower panel

of Figure 6.5, the red bars and arrows qualitatively denote the energy difference

between Γ̄ and K̄ valence band maxima; energy differences were determined via

energy distribution curves (EDCs) peak fittings.

The origin of the bandgap opening with twist angle is the interlayer coupling that

predominantly affects the valence band states. According to theoretical predictions

[20, 27–30], the relative orientation of the top and bottom layers of bilayer MoS2

leads to a change in the interlayer spacing which is proportional to the degree of

interlayer coupling. The VBM at Γ̄, derived from out-of-plane S pz and Mo dz2

orbitals, is sensitive to the out-of-plane interlayer coupling. Increasing the twist

angle of TB-MoS2 from 0◦ to 30-40◦ leads to an increase in the interlayer spacing,

and thus a decrease in the interlayer coupling, resulting in an overall downward

shift in energy of the Γ̄ state by up to 120 meV. Since the states of the VBM at K̄,

mostly derived from Mo dx2−y2/dxy orbitals, are effectively invariant over the range

of interlayer spacings encountered here, as evidenced by their lack of any significant

shifts (and the small changes in the direct-gap size as measured by PL [27, 29, 31]),

the interlayer twist-induced bandgap shift is primarily determined by the relative

energy position of the Γ̄ state. This correlation between twist angle and both (1) the

indirect optical excitation from previously reported PL measurements, and (2) the

K̄-Γ̄ energy difference from our ARPES measurements, is shown in Figure 6.6(c).

The evolution of the K̄-Γ̄ energy difference vs twist angle is clearly observed by our
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Figure 6.5: Electronic structure of twist bilayer MoS2. (Upper panel) Schematics of
relative orientation and stacking of the individual layers for each twist angle. The
arrows denote the orientation of each layer. (Lower panel) Curvature-filtered µ-
ARPES topmost valence band along high-symmetry M̄ − Γ̄ − K̄ for twisted bilayer
MoS2 with twist angles (a) 0◦, (b) 13◦, (c) 26.5◦, (d) 39◦, (e) 47.5◦, and (f) 60◦.
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ARPES measurements and agrees well with the PL data and theoretical calculations

from Ref. [27]. Note that the ARPES and PL data shown in Figure 6.6(c) are

aligned with respect to the 2H-(60◦) bilayer MoS2, and the error bars denote the

standard deviation of fits for all six equivalent high-symmetry directions. While PL

measures optical excitations that include excitonic effects, DFT and ARPES provide

single- particle energies. A comparison, as shown in Figure 6.6(c), is possible under

the assumption that the binding energies of the excitons do not change with twisting;

for in this case, a change of the band gap will rigidly translate to a change of the PL

frequency. The comparison between ARPES, DFT, and photoluminescence results

provides support for this assumption of a twist-angle independent exciton binding

energy. Thus, our results provide direct experimental evidence for the predom-

inant mechanism controlling the change in the bandgap in a bilayer MoS2 system by

interlayer twist angle.

6.5 Conclusion

In conclusion, our experiments have enabled us to directly measure the electronic

structure of Gr/MoS2 and artificial bilayer MoS2 vdW interfaces with different twist

angles. In Gr/MoS2 vdW heterostructure, we find that the Gr layer behaves as

pristine graphene when transferred atop monolayer MoS2 regardless of twist angle,

and its Dirac point is situated within the band gap of MoS2. In contrast, the

electronic structure associated with the MoS2 shows obvious twist-angle dependence,

specifically a VBM shift between Γ̄ and K̄. In twisted bilayer MoS2, we observed

an energy shift of up to 120 meV at the VBM at Γ̄ when the twist angle increases

from 0◦ to 40◦. This variation at Γ̄, which agrees with previously reported PL

measurements and DFT calculations, is mostly due to the evolution of the interlayer
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Figure 6.6: Valence band maximum shift as a function of twist angles. (a) Calculated
interlayer spacing and corresponding energy difference between VBM at Γ̄ and K̄
versus twist angles, derived from DFT. The interlayer spacing is defined as the mean
separation between the Mo-Mo or S-S layers, and is referenced with respect to the
60◦ (normal bilayer MoS2). This result is adapted from Ref. [27]. (b) A comparison
of the energy difference from our ARPES results (solid lined-squares), the calculation
[27] (empty circles), and the transition energy from PL measurement [27] (blue solid
circles). To allow for comparison, the ARPES and PL experimental data are refer-
enced/aligned to the data point at 60◦. The energies and error bars of the ARPES
points are derived from the mean and standard deviation over the six high symmetry
points of K̄ for each twist angle.
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coupling strength, which in turn is a function of the interlayer spacing. These

results will provide physical insight into the optical and electronic properties of vdW

interfaces and to controlling the bandgap, transport, and spin-/valley properties by

tuning the interlayer coupling. This work also opens up one possible route to new

vdW interfaces with tailored electronic structure.
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Chapter 7

Concluding remarks

7.1 Summary

Graphene, which is demonstrated to be a truly 2D material, has experienced a

brilliant growth in interest since it was first mechanically exfoliated from graphite

crystals in 2004 [1]. The discovery of graphene, together with its fasinating

properties, has broadened our horizon in material science, and has deepened our

understanding of physics in low-dimensions. In addition, graphene research has led to

a beyond graphene material, transition metal dichalcogenides [2] with a fundamental

bandgap has avoided the major drawback of graphene of being a gapless material [3].

Therefore, these van der Waals materials have shown exciting device applications in

many aspects such as electronics, photonics, spintronics, energy harvesting, and so

forth [4, 5].

In this dissertation, we have focused on the semiconducting transition-metal

dichalcogenides, expecially their typical representative MoS2. Using spectroscopic

photoemission and low energy electron microscopy (SPELEEM), which is a mul-

tifunctional characterization tool combining LEEM, LEED, and spectroscopic

imaging, we have investigated the surface morphology, local crystalline structure,

and electronic structure of MoS2. Also, density functional theory calculation

and dynamical LEED calculation were carried out to examine and interpret the

experimental data.
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First of all, we have solved the issue of surface charging in microscopy and

spectroscopy measurements by transferring MoS2 crystals to a conducting native-

oxide-covered Si substrate. On the basis of our sample preparation technique, we

successfully performed µ-ARPES measurements of the valence bands of monolayer

and few-layer MoS2. Our ARPES bandmaps directly demonstrate the valence

band maximum shift from Γ̄ to K̄ when MoS2 is thinned from few-layer down to

monolayer [6]. This observation is the first direct proof to the theoretical predictions

and optical measurements of the indirect-to-direct bandgap transition. In addition,

our DFT calculations demonstrate that the valence band maximum shift is due to

modification of the interlayer coupling, which lays the foundations for the bandgap

engineering. Note that similar results were found in WSe2 [7].

Secondly, we have probed the surface morphology and local surface structure of

MoS2 with different thickness [8]. Our µ-LEED and LEED I-V measurements have

shown that the corrugation of MoS2 decreases with increading number of layers.

Also, the subtrate significantly affect the electronic structure of monolayer MoS2.

We successfully fabricated free-standing MoS2 and measured its electronic structure

[9]. Our direct comparison between suspended and substrate-supported MoS2 shown

that substrate interaction leads to band distortion in MoS2, which is consistent with

DFT calculations.

To go a step further, we attempted bandgap engineering in van der Waals inter-

faces by tuning the interlayer coupling via interlayer twist. We prepared CVD-grown

monolayer MoS2 thin films, and vertically stacked the two sheets of monolayer MoS2

with arbitrary twist angles from 0◦ to 60◦ via our polymer-free transfer techniques

[10]. The dark-field LEEM image, combining with µ-LEED, allowed as to locate the
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single-crystalline domains and determine the interlayer twist angles. We also probed

the valence-band of bilayer MoS2 at twist angles of 0◦, 13◦, 26.5◦, 39◦, 47.5◦, and 60◦

using µ-ARPES. We observed an energy shift of up to 200 meV at the VBM at Γ̄.

Our DFT calculations demonstrate that the variation at Γ̄ is due to the evolution

of the interlayer coupling which in turn is a function of the interlayer spacing. Our

calculation and observation agree with the previous photoluminescence results and

provide physical insight to the oringin of the band maximum shift.

Moreover, we fabricated graphene/MoS2 heterostructure [11] by vertically

stacking CVD-grown monolayer graphene and CVD-grown monolayer MoS2 using

the same transfer technique as that of twisted bilayer MoS2. Our µ-ARPES results

demonstrate that the presence of graphene reopens the interlayer coupling and makes

monolayer MoS2 an indirect bandgap material.

7.2 Future work

Bisides graphene and transition metal dichalcogenides, there are still many

promising candidates in the 2D material family. For example, phosphorene, is a

semiconducting layered material that can be mechanically exfoliated from black

phosphorous crytals [12]. DFT calculations have shown that this system has a

direct bandgap, tunable from 1.51 eV to 0.59 eV when going from a monolayer to

a five-layer sample [13, 14]. More importantly, few-layer black phosphorous devices

have a reliable performance with a thickness-dependent carrier mobility [15]. In

particular, monolayer phosphorene has ultrahigh hole mobility of the order of 105.

These exotic properties make few-layer black phophorous a promising candidate for

future electronics.
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Another remarkable example is rhenium disulphide (ReS2). In contrast to MoS2,

from bulk to monolayer, ReS2 remains a direct bandgap material and its Raman

spectrum shows absence of thickness dependence [16]. Therefore, ReS2 crystals

behave as electronically and vibrationally decoupled monolayers stacked together.

The decoupling is attributed to Peierls distortion of the 1T structure of ReS2, which

prevents ordered stacking and thus minimizes the interlayer overlap of wavefunctions

[16]. Such vanishing interlayer coupling in ReS2 allows us to explore the 2D natures

without the need for monolayers. In addition, the reduced symmetry of this system

leads to strong anisotropy in the Raman scattering [17].
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Chapter 8

Appendix I: Other relevant works

In this chapter, I will briefly summarize other relevant works I have been involved

in besides the MoS2 project. Using the same methods and techniques as in the MoS2

studies, we have demonstrated the thickness-dependent electronic structure of an

atomically heavy two-dimensional dichalcogenide WSe2 [1]. In addition, we have also

used the traditional angle-resolved photoemission spectroscopy (ARPES) to study

the electronic structure of single-crystal materials. In particular, we have carried out

ARPES measurement for the charge density wave (CDW) material 2H-NbSe2 [2]. By

comparing with the scanning tunneling spectroscopy (STS) data, we obtain results

that provide physical insight into the quasiparticle interactions in this material.

Also, we have used ARPES to investigate the complete electronic structure evolution

of Bi2-xInxSe3 with different In concentrations [3]. Our results directly demonstrate

the topologically nontrivial phase transition from a topological insulator to a band

insulator. The highlights of these works are shown as follows.

8.1 Thickness-dependent electronic structure of

WSe2

Among the transition metal dichalcogenides (TMDCs) family, tungsten-based

dichalcogenides, such as WSe2, exhibit high in-plane carrier mobility and allow

electrostatic modulation of the conductance [4, 5], which make them promising for
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FIG. 5. (Color online) (a)–(d) Second derivatives of the low-energy valence bands along high-symmetry points of exfoliated 1–3 ML and
bulk WSe2, respectively, generated from the µ-ARPES band maps of Fig. 4. The white lines are the corresponding DFT-calculated bands as in
Fig. 4. The dashed white lines refer to the top valence bands, which illustrate the layer-number dependence of the electronic structure near the
VBM. Here the energy scale is set to zero at the VBM. (e) Layer-number-dependent VBM transition in terms of the energy difference between
K and ! points. The error bars denote the standard deviation of the fittings from all six high-symmetry equivalent directions, and they are well
under the detector error of ±0.10 eV. The theoretical and experimental results are plotted for comparison.

[7,9]. The origin of the discrepancy between experiment and
DFT calculations for the case of a monolayer is uncertain at
this time. Our finite energy resolution does contribute to the
measurement error. However, it is also apparent that there is
an overall difference in band dispersion between our relatively
simple theory calculation and experiment. This reasoning
indicates that the above discrepancy is more complicated
than simple instrumentation limits. Note that our DFT-derived
effective mass value of 0.44m0 for monolayer WSe2 at K̄ is in
reasonable agreement with previous theoretical reports [7–10].
Also, since meff ∝ | ∂2E

∂2k
|−1, slight measurement errors are

accentuated by the flatlike dispersion curve in the vicinity of
!̄. “Renormalization” in bands of other two-dimensional (2D)
dichalcogenides have also been reported [46,47], though the
reason for this remains in question. Other possible explanations
beyond that of an intrinsic nature of WSe2 include effects of
substrate interaction, such as strain, dielectric screening, etc.

In comparison to monolayer MoS2, monolayer WSe2 is
expected to have an even larger spin-orbit splitting in the
vicinity of K̄ , with a theoretically predicted value of ∼0.46 eV
vs ∼0.16 eV of MoS2 [11,48]. The expected splitting of
the valence band along the !̄ − K̄ direction of monolayer
WSe2 is due to the strong spin-orbit coupling originating from
the high mass of the constituent elements and the lack of
inversion symmetry [11,48–50]. The theoretically predicted
value (∼0.46 eV) is larger than our experiment energy
resolution and thus should have been resolved directly in our
measurements. However, despite the presence of an increasing
linewidth of the UVB in the direction of !̄ − K̄ , which may be
attributed to spin-orbit splitting of the bands, we do not see two
clear peaks in the vicinity of K̄ . We conjecture that the sample
roughness, induced in the transfer process, is broadening the
linewidth [51] of the spin-orbit split bands, leading to a broad
unresolved band in our ARPES measurements. We have shown
in previous works [25,47], using an analysis of LEED spot
widths, that the transfer process introduces corrugation in
monolayer MoS2. Thus, resolving the spin-orbit splitting in
monolayer dichalcogenides is demanding in terms of a flat
transfer procedure.

In conclusion, we have probed the surface structure and
occupied electronic bands of one- to three-layer exfoli-
ated WSe2 crystals prepared by transfer to a native-oxide-
terminated Si substrate. LEEM and µ-LEED provided real-
space and reciprocal-space structural measurements of WSe2,
revealing clearly resolved thickness-dependent contrast and
diffraction spot widths, respectively. Our µ-ARPES measure-
ments have probed the occupied valence-band structure and
confirmed the transition of the valence-band maximum from !̄
to K̄ as the thickness is reduced from few-layer to 1 ML WSe2;
this observation provides support for an indirect-to-direct
band-gap transition. For monolayer WSe2, we have found a
lower bound of 1.8 eV for the band gap and measured a hole
effective mass of 1.4m0 at K̄ and 3.5m0 at !̄. We expect that
these results will provide insight for understanding the optical
and electronic properties of monolayer and multilayer WSe2
that is important for devices made from this transition-metal
dichalcogenide material.

The beamline measurements and analyses and the sample
mounting were supported by the Department of Energy, Office
of Basic Energy Sciences, Division of Materials Sciences
and Engineering under Award Contract No. DE-FG 02-04-
ER-46157 and were carried out in part at the Center for
Functional Nanomaterials and National Synchrotron Light
Source, Brookhaven National Laboratory, which is supported
by the U.S. Department of Energy, Office of Basic Energy
Sciences, under Contract No. DE-AC02-98CH10886. The
sample preparation and optical characterization (by D.Z.,
J.T.L., and I.P.H.) was supported as part of the Center for
Re-Defining Photovoltaic Efficiency through Molecular Scale
Control, an Energy Frontier Research Center funded by the
U.S. Department of Energy (DOE), Office of Science, Office
of Basic Energy Sciences under Award No. DE-SC0001085.
The EFRC work is also supported by a matching grant
from the Empire State Development’s Division of Science,
Technology and Innovation (NYSTAR) as well as by the
New York State Energy Research Development Authority
(NYSERDA).

041407-4

Figure 8.1: Valence band maximum shifts from Γ̄ to K̄. (a)-(d) 2D curvature intensity
plots of the low energy valence band of exfoliated monolayer, bilayer, trilayer, and
bulk WSe2, respectively. The energy position of valence band maximum is set as 0.
Red curves are the corresponding DFT calculated bands. (e) Thickness dependence
of the energy difference between VBM at K̄ and Γ̄. The theoretical and experimental
results are plotted together for comparison.
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device applications. In addition, WSe2 in its monolayer form, has been demonstrated

to be the first TMDC material possessing ambipolar, i.e., both p-type and n-type,

conducting behavior [5, 6], thus making it possible to design additional electronic

functionality, such as p-n junctions or complementary logic circuits.

Here, we have studied the evolution of the thickness-dependent electronic band

structure of WSe2. As shown in Fig. 8, our data, taken on mechanically exfoliated

WSe2 single crystals, provide direct evidence for shifting of the valence-band

maximum from Γ̄ (multilayer WSe2) to K̄ (single-layer WSe2). An analysis of the

curvature of the bands from the µ-ARPES measurements also allows us to deduce the

effective mass of monolayer and bilayer WSe2 . For monolayer WSe2, we determined

an experimentally derived hole effective mass of (1.4 ± 0.6)m0 at K̄, and a hole

effective mass of (3.5± 1.8)m0 at Γ̄. For the case of bilayer WSe2, we determined an

experimentally derived hole effective mass of (0.4 ± 0.1)m0 at K̄. These results will

provide insight for understanding the optical and electronic properties of monolayer

and multilayer WSe2, which is important to the development of devices made from

this transition-metal dichalcogenide material.

8.2 Quasiparticle interference in 2H-NbSe2

In this work, we demonstrate that, by combining quasiparticle interference (QPI)

data from STS with additional knowledge of the quasiparticle band structure from

ARPES measurements, one can extract the wave vector and energy dependence of

the important electronic scattering processes thereby obtaining direct information

both about the Fermi surface and the relevant quasiparticle interactions. In

2H-NbSe2, we use this combination to confirm that the important near-Fermi-surface
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CDW wave vector. This is illustrated more clearly in
Fig. 3(a) which presents a line cut of the STS data along
the Γ −M direction for each one of the energy slices of the
STS maps. At the Fermi energy, the QPI signal is separated
from the CDW signal by Δk≃ 1

3kCDW. From the QPI
dispersion, it is evident that kQPI would reach kCDW at an
energy well above the Fermi level.
Combining ARPES and STS measurements allows us to

extract important additional information about the nature of
scattering near the Fermi level in the CDW state of NbSe2.
Representative ARPES measurements are presented in
Fig. 3(b). Comparison to similar data obtained on the
pristine material [19,27] revealed no significant changes in
the band dispersion, further confirming that study of the
lightly S-doped system reveals information relevant to
pristine NbSe2. We fit our ARPES measurements in
Fig. 3(b) to a two-band, five nearest-neighbor, tight-binding
model similar to the one presented in Ref. [28] (see
Supplemental Material [14] for details). This fit captures
the primarily two-dimensional Nb-derived bands that are
believed to dominate the physics. In calculated band
structures, an additional Se-derived band is nearly degen-
erate with the Nb-derived bands near the Γ point, but
disperses away as either kz or the in-plane k is increased;
this band is typically not observed in ARPES experiments,
most probably because of broadening associated with
strong kz dispersion and, for the same reason, will make
a much less important contribution to the QPI (see
Supplemental Material [14] for the details of the bands,
parameters of the fit, and discussion of the Se-derived
states). The fit indicates a moderate-strong (factor of 2–3)
renormalization of the observed bands relative to the
calculated [22,23] bands, as previously noted [28].
Using this band structure, we then calculate G and, hence,
Bmnðk; EÞ from Eq. (6). Figure 4(a) shows the result of the
calculation as well as the FT-STS measurements at the
same energies (see Supplemental Material [14] for com-
parisons between FT-STS and B at additional energies). A
highly structured B is found, but the structures have only an
indirect relation to the experimental QPI spectra. In
particular, B exhibits highest intensity near the K point
of the Brillouin zone, where the QPI features are weak, and
does not exhibit significant intensity where the QPI features
are strongest.
To further characterize the differences between the

quasiparticle band structure and the QPI, we assume that
the T matrix couples all states equally [Tmn

k ðEÞ ¼ TkðEÞ
independent of band indices mn] and construct an
experimental estimate of TkðEÞ from Eq. (5) by dividing
the measured jδdIðk; EÞ=dVj by the calculatedP

nmB
nmðk; EÞ. The resulting jTkðEÞj in shown in

Fig. 4(b). The strong and nondispersing peak seen in
TkðEÞ at the CDW wave vector [indicated by the green
arrows in Fig. 4(b)] is similar to the structure factors seen in
electron diffraction experiments [29,30]. It is caused by the

deformation of the band structure due to the periodic
potential arising from the CDW ordering. Its lack of
dispersion shows directly that this feature in our STS
signal does not arise from quasiparticles.
We now consider the structure highlighted as a strong

peak in T near the zone edge in the Γ–M direction indicated
by the purple arrows in Fig. 4(b). All available evidence
suggests that the potential induced by the S dopants is weak
and structureless, so that the enhancement is an interaction
effect. The strong momentum dependence of jTj indicates
that the intensity variation of the STS signal is not
explained by the quasiparticle band structure. However,
it is significant that, at all measured energies, the strong
peak in T lies within the jkj region delineated by the group
of approximately concentric circles seen in the calculated B
[denoted by the black boxes in Fig. 4(a)]. The main
contribution to these circles arises from 2kF backscattering
across each of the Fermi surfaces. This suggests that the
observed QPI arises from an enhancement of backscatter-
ing [31] by a strongly direction-dependent interaction [32].
Available calculations [24,33] suggest that soft acoustic
phonons with wave vectors along the Γ–M direction are
strongly coupled to electrons for a wide range of jkj. By
contrast, the high intensity regions in B near the K point
arise from approximate nesting of the Fermi surfaces
centered at Γ and K; that these are not seen in the measured
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FIG. 4 (color online). (a) Absolute value of FFTof experimental
(left half of image) and theoretical (right half of image) dI=dV
map at E ¼ −50 meV (left image) and E ¼ 50 meV (right
image). Theoretical images calculated as

P
mnB

mnðk; EÞ using
Eq. (6) with tight-binding model bands obtained from fits to
ARPES measurements as described in the Supplemental Material
[14]. The dotted line is the edge of the first Brillouin zone. The
black boxes indicate the areas in k space where the T matrix is
strongly peaked. (b) jTkðEÞj calculated from the STS data using
Eq. (5) for −100 meV (left), Fermi energy (center), and 100 meV
(right). The green arrow points to the position of the CDW wave
vector, the purple arrow points to the dispersing feature in the T
matrix.
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by the substitution Se → S is weak. We have estimated the
S-defect concentration to be approximately 1% from STM
topographic images. In Fig. 1(a), we show a typical
topographic image taken at 27 K (T < TCDW) that displays
the S defects as well as a few Se vacancies. In Fig. 1(b), we
show a topographic image of pristine NbSe2 in the CDW
state for comparison. The CDW persists in the S-doped
material as evidenced by its coverage across the entire
sample, although the doped material is clearly less homo-
geneous than the pristine sample. This is also evident in the
2D fast Fourier transform (FFT) of the topographic images
for the doped [Fig. 1(c)] and pristine [Fig. 1(d)] samples.
Well defined CDW peaks at kCDW ¼ kBragg=3 are seen in
the FFT for the pristine sample. These peaks broaden in the
doped material, though the periodicity of the CDW does
not change. Interestingly, in both materials, the CDW is
enhanced in the neighborhood of the Se vacancies, and the
S defects do not affect either the phase or amplitude of the
CDW [see inset in Fig 1(a)].
Figure 2(a) shows a typical STS map ðdI=dVÞðr; EÞ in

real space. Figure 2(b) shows the square root of the Fourier
power of the dI=dV maps, jðdI=dVÞðk; EÞj at four different
energies. These Fourier transforms (FTs) have been sym-
metrized to reflect the sixfold symmetry of the system. Two
important features are present in the Fourier transforms for
all probed energies. First, there are peaks at k≃ kBragg=3
[black arrows in Fig. 2(b) at all energies measured by STS,
see Supplemental Material [14]]. This feature has been seen
before in the pristine sample [26] and is a consequence of
the CDW order. A second feature occurs along the same

direction as the CDW wave vector but at an energy-
dependent position. Since this feature disperses in k as
E is changed, we identify it as a QPI signal. Thus, the light
doping introduced in the system successfully enhances the
QPI signal while not altering the electronic structure of
NbSe2. The QPI dispersion is not completely linear, and the
subtle kinks in the dispersion could indicate coupling to
electronic scattering channels near the Fermi level. The
presence of these kinks does not affect our main con-
clusions and future measurements will focus on quantifying
these nonlinearities and distinguishing them from the bare
dispersion of the bands.
From Fig. 2(b), we see that the QPI peaks are located

at wave vectors close to the Brillouin zone edge for
E ¼ −110 meV and move towards the zone center with
increasing energy. We see, however, that, for all energies
presented in this Letter, the QPI peaks remain far from the
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FIG. 1 (color online). (a) Large area topographic image of
NbSeð2−xÞSx below TCDW, showing inhomogeneous patches of
CDW. Zoomed-in region (inset) shows a sulfur dopant (purple
arrow) and a vacancy (white arrow); the CDW amplitude is
strongly enhanced near the vacancy. (b) Topographic image of
pristine NbSe2 where the CDW is seen in all the field of view.
(c) FFT of the topographic image shown in (a). The inner peaks
(arrow closer to origin, blue online) correspond to the CDW, the
outer peaks (arrow closer to zone boundary, red online) are the
atomic Bragg peaks. (d) FFT of the topography of the image
shown in (b).
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FIG. 2 (color online). (a) Real space dI=dV map at
E ¼ −110 meV. The readily visible triangular lattice arises from
the charge density wave (additional real space STS images shown
in the Supplemental Material [14]). (b) Absolute value of the FFT
of dI=dV maps at different energies showing nondispersing
CDW peak (heavy arrow, black online) and QPI peaks dispersing
with energy (light arrow, red online). Maps have been rotationally
symmetrized as described in the main text.
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FIG. 3 (color online). (a) Line cut of the dI=dV maps in Fourier
space along the Γ −M direction. The dashed line is a guide for
the eye highlighting the position of the CDW ordering vector
while the heavy line and shading (pink online) highlights the
separation between the QPI intensity and the CDW wave vector
at the Fermi energy. (b) ARPES (photon energy ≃23 eV) line
cut along the K −M − K direction. The dotted line is the
tight-binding fit to the data.
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Figure 8.2: Comparison between the STS and ARPES data. (a) ARPES (photon
energy = 23 eV) line cut along the K-M-K direction. The dotted line is the tight-
binding fit to the data. (b)-(c) Absolute value of FFT of experimental (left half of
image) and theoretical (right half of image) dI/dV map at E=-50 meV and E=50
meV, respectively. Theoretical images are calculated using tight-binding model bands
obtained from fits to ARPES measurements. The dotted line is the edge of the first
Brillouin zone.
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electronic physics is dominated by the coupling of the quasiparticles to soft mode

phonons at a wave vector different from the charge density wave ordering wave vector.

Combining ARPES and STS measurements allows us to extract important

additional information about the nature of scattering near the Fermi level in the

CDW state of NbSe2. Figure. 8.2(a) shows the ARPES bandmap of NbSe2 [7, 8].

We fit our ARPES measurements to a two-band, five nearest-neighbor, tight-binding

model [9]. This fit captures the primarily two-dimensional Nb-derived bands that are

believed to dominate the physics. Figure. 8.2(b)-(c) shows the fast Fourier transform

(FFT) of the STS data (left half of the image) as well as the theoretically calculated

dI/dV (right half of the image). The theoretical image here is calculated using

the tight-binding model extracted from the fit to ARPES bands. The comparison

between the measured and calculated dI/dV images exhibits highest intensity near

the K point of the Brillouin zone, where the QPI features are weak, and does not

exhibit significant intensity where the QPI features are strongest. Our combination

of STS and ARPES measurements identified an important quasiparticle interaction,

most likely of electron-phonon origin. We expect this approach can be extended to

many other systems.

8.3 Topological phase transition in Bi2-xInxSe3

To date, the underlying mechanism of non-magnetic-impurity-induced topo-

logical phase transition (TPT) [10] still remains elusive [11, 12]. In order to

obtain a much clearer insight into the mechanism, we performed systematic high-

resolution ARPES measurements on Bi2-xInxSe3 single crystals, focusing on the

detailed evolution of both the bulk bands and the surface states (SS) during the TPT.
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FIG. 2. (Color online) (a) ARPES intensity plots and (b) the corresponding second-derivative plots of Bi2−xInxSe3 along the !̄M̄ direction
(hν = 20 eV). The nominal composition value is noted above each representative plot. The CBM, VBM, DP, valley, and δk’s are marked
by green, blue, red, and white dashed lines, and solid arrows, respectively; the red dashed curves represent the bulk bands. Band dispersions
are quantitatively determined by energy-distribution curve (EDC) and momentum-distribution curve (MDC) analysis and overlaid with the
second-derivative plots. (c),(d) The corresponding MDC plots of x = 0.175 and 0.225 from (a), respectively. Spectra at the binding energies of
−0.248, −0.297, −0.366, and −0.460 eV, as indicated by black dashes in (a), are highlighted by thick black curves. Blue dots in (c) are guides
to the eyes for the valley structure.

effect of both SOC and interactions upon band hybridization
should be taken as the determinant during the TPT.

It is possible to estimate the relative contribution from SOC
and band hybridization. The overlap ratio ($S) between the
CB and VB after turning on the SOC is $S = |Eg − ESOC|,
where Eg is the energy gap between the CBM and VBM
before turning on the SOC and proportional to the covalent
bonding strength within the quintuple layer [32], and ESOC is
the total-energy shift of the CB and VB caused by the SOC.
The δk’s of VB are exactly the momentum of the crossing
points between the CB and VB when overlapping; thus, after
the reopening, the indirect gap between the CBM and VBM
[as shown in Fig. 2(a)] is defined as the hybridization gap
($H ). Therefore, we suggest that $S , which corresponds to
the relative strength of SOC, and $H , which characterizes
the interactions within the overlap, together modulate the
evolution of the bulk gap in the topologically nontrivial
region. In the topologically trivial region, the band inversion
vanishes, along with the band hybridization ($H ≡ 0). As
a consequence, the increase of the bulk-gap size is directly
attributed to the decrease of SOC strength, i.e., $S , upon In
doping [17,18].

As is schematically illustrated in Fig. 3(b), we estimate
$S as follows: first, extracting the δk’s of VB, shown as
black vertical arrows; second, extrapolating the high-energy
band dispersion to recover the unperturbed VB, and fitting
the valley structure to get the unperturbed CB, shown as
red dashed and purple solid curves, respectively; and last,
by shifting the unperturbed CB upward and matching the

crossing points, δk’s, between the unperturbed CB and VB,
we recover the overlap as the shadow area in the left panel.
The energy difference between the extreme values of the red
and green dashed curves is defined as $S . (See more details
in the Supplemental Material, Part 2 [31].)

In Fig. 3(c), the evolution of $S and $H is plotted as a
function of In concentration. They have remarkably different
tendencies in the topologically nontrivial phase, in which, upon
In doping, $S decreases monotonically, while $H shows no
noticeable change. We now discuss the possible combination
of $S and $H in determining the bulk-gap size and thus
try to understand the underlying mechanism of TPT. From
a simple perspective, the bulk-gap value is the summation
of $H and the difference between the VBM and the valley.
Therefore, a reasonable estimate of the bulk gap ($E) using
the experimental $S and $H values is $E ≈ λ · $S + $H ,
in which the factor λ characterizes the contribution from
SOC. In the topologically nontrivial region, λ = 0.4, and
in the topologically trivial region, λ = 1.0. By noticing that
$H ∼ 0.4 eV and $S ∼ 0.1–0.2 eV in the topologically
nontrivial phase, the gap size is seen to be dominated by
$H according to this formula. As a result, although $S

decreases faster along with increasing doping, the gap size
changes slightly [as presented in the inset of Fig. 3(c)] at low
In concentrations until the band inversion vanishes. Beyond
the critical point, $H vanishes, and thus the bulk gap is
directly determined by the SOC strength, which decreases
monotonically along with the increasing In concentration.
This scenario reasonably addresses our observed bulk-gap

115150-3
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FIG. 3. (Color online) (a) The evolution of the bulk-gap size
at the !̄ point. The definition of the bulk gap in two phases is
shown in the insets. The critical point is within the shadow region.
(b) A schematic picture of bulk bands in band hybridization (left
panel) and gap reopening (right panel) in the topologically nontrivial
phase. The δk’s (black vertical arrows), unperturbed VB (red dashed
curve), unperturbed CB (purple solid curve), and shifted CB (green
dashed curve) are indicated to enable an estimate of #S . (c) #S

(red solid square) and #H (blue open circle) as a function of x in
the topologically nontrivial phase. The evolution of the estimated
bulk gap, #E ≈ λ · #S + #H (λ = 0.4) (green open triangle), upon
doping is shown in the inset. (d) The doping dependence of the ratio
of the enclosed FS area to the whole BZ.

evolution, and offers an important insight into the mechanism
of TPT. Considering the behavior of #H , we give a reasonable
speculation here. According to the first-principles calculations
of Bi2−xInxSe3 proposed in Ref. [33], in the topologically
trivial region, the CBM is composed of the Bi 6p and
In 5s orbitals. Both of these orbitals are involved in the
overlap between the CB and VB in the topologically nontrivial
region. As the interactions upon band hybridization are
proportional to the density of states (DOS) within the overlap,
and considering the DOS is intimately connected with the
overlap ratio, #H may be expected to decrease along with
the decreasing #S . However, our observed nearly invariant
#H possibly indicates the non-negligible contribution of the
increasing In 5s orbital in modulating the DOS within the
overlap.

We estimate the carrier concentrations of our samples, by
calculating the ratios of the enclosed FS area to the whole
BZ, and present them in Fig. 3(d). This ratio decreases
monotonically with increasing doping, agreeing well with the
transport results proposed in Ref. [26].

FIG. 4. (Color online) A schematic picture of the band structure
evolution of Bi2−xInxSe3 as a function of In concentration. The
different colors of the bulk bands represent different orbital characters
and parities.

A schematic picture of the band structure evolution during
the TPT is conceptually sketched in Fig. 4. In the topologically
nontrivial region (x < xc), the band inversion exists, and thus
the interactions upon band hybridization and SOC together
modulate the bulk-gap size. As a result, the bulk gap shows
no significant change. With the increase of In doping, the
overlap ratio between the CB and VB decreases. At the critical
point (x = xc), the band inversion vanishes, as does the band
hybridization, and the bulk gap collapses, accompanied by the
vanishing of the SS. In the topologically trivial region (x > xc),
the further decreasing SOC strength separates the CB and VB,
giving rise to the increase of bulk gap. The DP moves toward
the CBM with the increasing doping, and the extrapolated
merging point is at the vicinity of xc. This behavior can be
explained as a result of the reduction of the inverted band
overlap ratio between the CB and VB.

To summarize, we have performed ARPES experiments
on Bi2−xInxSe3 single crystals to study the band structure
evolution of the TPT induced by nonmagnetic impurities. We
report the evolution of the bulk bands throughout the transition
and propose a sudden gap-closure behavior across the phase
transition, instead of the linear gap-closure scenario dominated
by SOC alone. Our study suggests that the interactions upon
band hybridization and SOC together determine the TPT, pro-
viding a different perspective on the underlying mechanism.
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Figure 8.3: (a) ARPES intensity plots and (b) the corresponding second-derivative
plots of Bi2-xInxSe3 along the Γ̄-M̄ direction (photon energy = 20 eV). The nominal
composition value is noted above each representative plot. (c) A schematic picture
of the band structure evolution of Bi2-xInxSe3 as a function of In concentration. The
different colors of the bulk bands represent different orbital characters.
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Figure. 8.3(a)-(b) shows the ARPES bandmaps and the corresponding second-

derivative plots of Bi2-xInxSe3, respectively. The robust surface state and the bulk-

gap size (∼0.50 eV) show no significant change upon doping for x = 0.05, 0.10, and

0.175. At x ≥ 0.225, the surface state completely disappears and the bulk-gap size

increases, suggesting a sudden gap closure and topological phase transition around

x ∼ 0.175-0.225. We propose that this TPT is governed by the combined effect of

spin-orbit coupling (SOC) and interactions upon band hybridization. A schematic

picture of the band structure evolution during the TPT is conceptually sketched in

Fig. 8.3(c). In the topologically nontrivial region (x < xc), the band inversion exists,

and thus the interactions upon band hybridization and SOC together modulate the

bulk-gap size. As a result, the bulk gap shows no significant change. With the

increase of In doping, the overlap ratio between the conduction band and valence

band decreases. At the critical point (x = xc), the band inversion vanishes, as does

the band hybridization, and the bulk gap collapses, accompanied by the vanishing of

the SS. Our results suggest a sudden gap-closure behavior across the phase transition,

instead of the linear gap-closure scenario dominated by SOC alone.
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