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Molybdenum disulfide (Mo0S2) is a famous material that has been studied to use
in the electronic device because of its interesting electronic properties, which relate to
its electronic structure. Angle-resolved Photoemission Spectroscopy (ARPES) is a
powerful technique that has been used to directly measure the electronic structure of
materials. In this work, the electronic structure variation of MoS: under laser irradiation
in the fresh and doped (by potassium) MoS; samples were studied by using ARPES.
For the freshly cleave MoS: sample, the shift of valence band to higher binding energy
was observed during laser irradiation. This behavior is a result of the electrons being
pumped into the conduction band by optical excitation. For the doped MoS, sample,
we found that the shift of valence band to higher binding energy when compared to the
valence band of fresh MoS; sample. This can be described by the donation of the
electron from potassium to MoS» which corresponds with the presence of conduction
pocket. By irradiated the laser to the doped sample, the shift of valence band to higher
binding was also observed, which indicates that the electrons were also pumped to the
conduction band in the doped sample. All of these behaviors of valence band shifts can
be explained by the model of band diagram with the different located Fermi levels.

These locations related to the Fermi level shifts due to laser irradiation and potassium
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evaporation. According to conductance measurement, the increase of MoS;
conductance under laser irradiation supports the explanation that the electrons are

temporarily pumped from valence band to conduction band during laser irradiation.
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CHAPTER

INTRODUCTION

1.1 Background and motivation

Graphene, the first example of two-dimensional materials discovered in 2004
(Novoselov et al., 2004), has been widely studied because of its excellent properties
such as exceptional high mobility (Novoselov et al., 2004) and transparent conductor
(Nair et al., 2008). From these interesting properties, graphene has been expected to be
used in electronic devices such as sensors (Nag et al., 2017), energy storage (Pumera,
2010), and solar cells (Yin et al., 2013). After the discovery of graphene, many
researchers have found other two-dimensional materials known as materials beyond
graphene, such as semiconducting-transition metal dichalcogenides (TMDs). The few
layers of graphene and TMDs can be easily produced by exfoliating (Bertolazzi et al.,
2011; Li et al., 2014; Mak et al., 2010; Conley et al., 2013; Kang et al., 2018). TMDs
are the layer materials consisting of the hexagonal lattice similar to graphene. As shown
in Figure 1.1, monolayer TMDs form as the layer of transition metal atom (black)
sandwich between the layer of the chalcogen atom (yellow) which is bond by ionic
bonding. For the bulk TMDs, the monolayers of TMDs are bound together by weak van
der Waals force like graphite. From previous studies, it was found that TMDs not only
have high mobility but also possess the unique properties which have been expected to
replace the silicon-based semiconductors (Bhimanapati et al., 2015; Mattheiss, 1973).

The existence of their interesting physical and optical properties is capable of being



used in nanoelectronics and optoelectronics (Choi et al., 2017; Yun et al., 2012).
Among more than 80 TMD compounds, MoS; is one of TMD materials that has been
widely studied because it is robust and stable in the air. Interestingly, the modulation
of their electronic properties, such as the crossover from indirect to direct band gap, can
be observed when it was thinned down from multilayer to monolayer (Figure 1.2).
Moreover, it was found that the optical properties of MoS; are strongly related to its
electronic properties. For example, the enhanced photoluminescent intensity observed
in MoS; monolayer which consistent with the transition of indirect to direct band gap
(Splendiani et al., 2010; Eda et al., 2011). Furthermore, these behaviors are applicable
in such tunable optical platforms including phototransistors (Lee et al., 2012; Yin et al.,

2011), and photodetector (Lopez-Sanchez et al., 2013).

3 22 N D
(a) LA AN AN
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R0 2 20 20 20 2 2n &
b) ’Y"v 4 V”y b3 & 8

Figure 1.1 (a) monolayer TMD structure where transition metal and chalcogen atoms
are black and yellow, respectively. (b) hexagonal TMDs structure from the top view.
(https://en.wikipedia.org/wiki/Transition metal dichalcogenide monolayers#/media/

File:Monolayer TMDC _structure.jpg)
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Figure 1.2 The increase of bandgap which related to the transition from indirect to

direct band gap in MoS,. (Ellis et al., 2011)

From the interesting properties that are related to their electronic structure, the
electronic structure of materials can be probed by using angle-resolved photoemission
spectroscopy (ARPES) (Coehoorn et al., 1987; Jin et al., 2013; Damascelli et al., 2004).
The electronic structure variations by an external stimulus such as light irradiation and
surface doping can also be observed by using ARPES. For example, by using time-
resolved ARPES on the topological insulator Bi>Ses, the population of electrons in the
surface and bulk conduction states of Bi>Se; were observed by pulse laser irradiation.
This behavior indicated that the rich electrons can be excited by optical excitation
(Sobata et al., 2012). Moreover, the effect of light irradiation has also been studied in

several metal oxides (i. e. SrTiO3, KTO3) by ARPES. They suggest that the carrier



densities at the surfaces of these materials can be created and controlled through
ultraviolet irradiation (Meevasana et al., 2011; King et al., 2012). In addition, the effect
of alkali metal doping in TMDs with emerging properties has been studied by ARPES.
For example, the quasi-freestanding monolayer MoS, can be created by potassium
intercalation. As seen in Figure 1.3, the ARPES result shows the existence of
conduction pocket at K(K”) points which is a result of electron donation from alkali
metal. The emergence of these conduction pockets is consistent with the electronic
structure of MoS> monolayer which is caused by the intercalation of potassium atoms
to the bulk MoS, (Eknapakul et al., 2014). Moreover, the negative electron
compressibility and tunable spin splitting (Riley et al., 2015), Holstein polaron (Kang
et al., 2018), and superconductivity (Zhang et al., 2016) have also been found in doped-

TMDs by alkali metal.

10, 05 0.0

k (A)

Figure 1.3 The emergence of conduction pocket at K(K”) and the intercalation of

potassium to the MoS: layer (Eknapakul et al., 2014).

Another one interesting effect of light in a semiconductor material is the

changing of conductance. In a semiconductor, its conductance will be increased when



the light is shined into the sample as shown in Figure 1.4 (Fang et al., 2009). This
property of semiconductors can be used in a light sensor (Hullavarad et al., 2009).
Furthermore, the increase of the conductance under UV irradiation in SrTiO> was
studied which is caused by the UV inducing the oxygen vacancies at its surface. The
inducing of oxygen vacancies related to the creation of 2DEG states which are
consistent with the ARPES result of the work that was mentioned before (Suwanwong

etal., 2015).

N UV ON

Current (pA)

gy —_—CRELANN

s
UV OFF
G

T — r -
0 100 200 300 400 500 600
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Figure 1.4 The changing of current under UV irradiation (Fang et al., 2008).

In this work, the electronic structure variation of bulk MoS; under light
irradiation and potassium evaporation were studied by using ARPES. The variation of
MoS: conductance under light irradiation has been measured by 4-wire sensing. The
model of MoS: band structure with different located Fermi levels is used to describe

overall results.

1.2 Objectives of research

1) To study the variation of electronic band structure of MoS: under laser



irradiation by ARPES.

2) To study the effect of potassium evaporation at the MoS> surface by ARPES.

3) To study the change of electrical conductivity of MoS: under laser
irradiation.

4) To understand the mechanism that drives the change of MoS; band structure
upon laser irradiation and potassium evaporation.

5) To understand the relationship between electronic structure and electrical

conductivity of MoS: upon laser irradiation.

1.3  Outline of thesis

The thesis is separated into 5 chapters. Chapter I is the introduction part which
includes the background and motivation, the two-dimensional materials, and their
interesting properties. Chapter II presents the literature review and relating theoretical
aspects. For the literature review, we explain the interesting optical properties of MoS,,
the study of the effect of light in matter, and the effect of alkali metal evaporation at the
surface of MoS> by ARPES. For the relating theoretical aspect, we demonstrate the
reciprocal space, the Fermi surface and charge carrier density, the interaction of light
in matter, and the extrinsic semiconductor. Chapter III discussed the principle of
APRES and 4-wire sensing as well as the explanation of sample preparation and
experimental setup. In chapter IV, the effect of laser irradiation and potassium
evaporation at the surface of MoS; will be discussed. The study of MoS: conductance
during laser irradiation and the model of MoS: band diagram with different located
Fermi levels used to explain overall mechanisms will be described in this chapter.

Chapter V includes the conclusion and future direction.



CHAPTER 11

LITERATURE REVIEWS & THEORETICAL ASPECTS

This chapter will be separated into two parts. The first part is a literature review
of the interesting optical properties in MoS», the effect of light irradiation on the
electronic structure in matter, and the effect of alkali metal evaporation in MoS;. The
second part will explain the relating theoretical aspects which consist of the relationship
between real and reciprocal space lattice systems, the Fermi surface and charge carrier
density, the electron excitation during light irradiation, and the effect of doping in

semiconductor.

2.1 Literature reviews

2.1.1 Interesting optical properties of MoS:

MoS: is one of TMDs which possesses many interesting optical properties. In
2012, the tunable bandgap in the ultrathin MoS: based-phototransistor was studied as
shown in Figure 2.1 (Lee et al., 2012). They reported the fabrication of the top gate
phototransistor based-MoS> nanosheet. They found that the device consisting of the
MoS: triple layer can detect the red color while the double and single layers responded
to the green color. The different photo response has been described by the tunable band
gap of MoS; by varying numbers of MoS: layers whose band gap is corresponded to

1.8, 1.65 and 1.35 eV for MoS; single, double and triple layers, respectively.
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Figure 2.1 Schematic 3D view of single-layer transistor with hexagonal structure MoS;
nanosheet, 50 nm-thick Al,O; dielectric, and ITO top-gate under monochromatic light.

(Lee et al., 2012)

Recently, the study of the blinking effect in the 2D TMDs based-heterostructure
(i.e. MoS>, MoSe>, WS, WSe») was reported (Xu et al., 2017). This property has
recently been reported to occur specifically in 0D or 1D materials (Nirmal et al., 1996;
Dickson et al., 1997). They found that the blinking effect in TMDs heterostructure is
different from those cases which exhibit only bright and dark states. In 2D TMDs
heterostructure, this phenomenon randomly appears as bright, neutral, and dark states
as shown in Figure 2.2. This behavior was explained by different charge transfer
mechanisms between a gap of heterojunction as a result of different energy band

alignment at heterojunctions, which corresponding to bright, neutral, and dark states.

Bright (B) Neutral (N) Dark (D)

Figure 2.2 The switching between bright, neutral, and dark state of the TMDs

heterostructures. (Xu et al., 2017)



2.1.2 Effect of light irradiation on the electronic structure

In 2012, the effect of optical excitation in the topological insulator Bi>Ses was
studied by ARPES (Sobata et al., 2012). By using pulse-laser irradiation, as shown in
Figure 2.3(c), it shows that electrons are excited to the high-lying state and then
scattered to the bulk conduction band (BCB) and surface state (SS) (Figure 2.3(d)).
After that, the electrons are gradually relaxed to SS and BCB. The increase of electron
population in these states indicates that electrons are generated and donated to the CB
upon optical excitation.

Furthermore, the effects of light irradiation have been studied in several metal
oxides. In 2011, Meevasana et al. found that the two-dimensional electron gas (2DEG)
state can be created at the bare surface of SrTiOs by ultraviolet light irradiation
(Meevasana et al., 2011). Figure 2.4 shows that the 2DEG density increases and the
band move downwards upon increasing irradiation doses which suggest the control of
2DEG by UV irradiation. This behavior can also be observed in the surface KTaO;
(King et al., 2012).

Suwanwong et al. further studied the effect of ultraviolet irradiation on the
SrTiOs single crystals (Suwanwong et al., 2015). They suggested that the 2DEGs
induced by oxygen vacancies upon ultraviolet irradiation can be contributed to the
changes in surface resistivity/conductivity. As seen in Figure 2.5, the modulation of
SrTiO; resistance can be found during light on/off which is related to the creation of

the 2DEG state.
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Figure 2.3 Schematic of the electronic band structure for Bi>Ses. (a) Grey, shaded
regions represent the bulk valence band (BVB) and bulk conduction band (BCB). Lines
represent the SS with spin texture indicated. (b) The time-resolved-ARPES spectra of
BixSes near the I' point, the Bulk conduction band before the excitation (c) The bulk
conduction band after optical excitation (d) Initial optical transition to high-lying bulk
state (¢) The SS and BCB are populated by scattering from higher-lying states. (f)
Energy relaxation of the SS and BCB populations are mostly completed. (g) A

metastable population in the BCB. (Sobata et al., 2012)
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Figure 2.4 Variation of 2DEG charge density with exposure to different UV irradiation

doses. (a)-(e), (g), and (h) show ARPES data for different irradiation doses. (Meevasana

etal., 2011)
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Figure 2.5 The measured resistance of the SrTiO3 surface where the on-off process of
the UV irradiation is as indicated. The inset shows the schematic diagram of the

measurement setup. (Suwanwong et al., 2015)
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2.1.3 Effect of alkali metal evaporation in MoS;

Next, the electron donation achieved by alkali metal evaporation in MoS; has
been studied. In 2014, Eknapakul et al. reported the effects of potassium evaporation in
bulk MoS; by ARPES (Eknapakul et al., 2014). After the potassium evaporation, the
ARPES results show that the valence band moves to higher binding energy as shown
in Figure 2.6. This behavior can be described by the electron donation from potassium
to MoS, which is consistent with the report from the efficient n-type doping by
potassium deposition on a few-layer MoS; (Fang et al., 2013). In 2014, the effect of
sodium evaporation on MoS; was also studied by ARPES (Komesu et al., 2014). They
also found the shift of valence band of MoS; to higher binding energy is caused by the

MoS:; surface electron transfer as shown in Figure 2.7.

a)
Bulk calculation

=== Curve fit
X MDC peak

0.00

E-Eg(eV)

-0.104

Figure 2.6 (a), (b) Valence band measured along the I'-K direction for bulk and

monolayer MoS», and (c) conduction band of monolayer MoS,. (Eknapakul et al., 2014)



13

Binding Energy (eV)

0 02 0 02
k// (A'l)

Figure 2.7 The experimental band structure of MoS; along the high symmetry lines.

The panels (a) and (c) are for clean MoS,, while (b) and (d) following Na exposure to

MoS,. (Komesu et al., 2014)

2.2 Theoretical aspects

2.2.1 Reciprocal lattice

The electronic structure of materials taken from ARPES was represented in the
reciprocal space. Thus, the knowledge about the transition from real space to reciprocal
space is required to understand the measured data. Lattice is an orderly set of points in
a three-dimensional space in crystal. Obeying the fact that any points in the lattice will
look the same. Lattice can be represented by three non-parallel primitive vectors (a,
a, and a3). The angles between those primitive vectors are written as @ , 8, and y
(Figure 2.8(a)). The translation between any two lattice points is demonstrated by the

translation lattice vector (T)
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T = U1 a7 + Uy Az + uzag
where u,, u, and u; are integers. This means that moving the position in the lattice
from one point to another point with the translation vector T, the end point will be the
same as the starting point. This is called ‘translation invariant’ which is the main
property of the lattice system. The plane in real space lattice can be defined by using
the Miller indices which are written as three integers in the bracket (hkl). The numbers
in the bracket (hkl) refer to the points that the plane cut along the x-, y-, and z-axis,
respectively. For example, the (110) is the plane that is parallel to the z-axis and cut
along x- and y-axis as shown in Figure 2.8(b). Note that the Miller indices are used to

indicate the orientation of the sample.

(a) z (b)

Figure 2.8 (a) The unit cell with primitive vectors, dy, a, and a; and angle a , B, and

y. (b) The plane that has Miller indices (110).

In order to translate the real space to reciprocal space, the reciprocal lattice
vector G was defined which could be written as

G = hb, + kb, + lb;
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where hkl are Miller indices of the plane, b—l, E and b—3 are primitive lattice vectors in
reciprocal space.
Due to the periodic structure, the relation between real space lattice vector

(R_)) and (G_)) follows this equation

ei(-f-ﬁ =1
That implies G - R = 21N where N is integer and R is equivalent to T. The primitive

lattice vector in reciprocal space (E:, b—z) and _l;;) can be written as following.

— a, X a;
b1=2ﬂﬁ

a, - (a; X az)
i az X a;
bz_ N —_

a, - (az X a)
— a; X a,
b3:27T

a3 (a] X ay)
The reciprocal space can be used to explain the electronic structure of the

materials which will describe in the next section.

2.2.2 Fermi surface and Charge carrier density

In this topic, we will explain the advantage of momentum space which has been
used to calculate the charge carrier density. The Fermi surface and charge carrier
density can be calculated from the electronic structure in momentum space. Figure 2.9
shows the energy level of the occupied and unoccupied state of the electron in
momentum space. As seen in Figure 2.9, the momentum that the Fermi level cut the

band was defined as Fermi momentum (k).



16

=Y ~—>—>—~—~~—~— Fermi level

Energy

kg 0 kg

Momentum

Figure 2.9 Fermi level and Fermi momentum with the occupied and unoccupied state.

The volume enclosed by the Fermi surface is defined as Luttinger volume which
relates to the charge carrier density. If the Luttinger volume is equal to the volume of a
Brillouin zone, it will be assumed that there are two electrons in a Brillouin zone
because one energy band can be only two electrons. The decrease of Luttinger volume
proportional to the electron density. Therefore, the electron density (nzp) which is the
number of electrons per volume of the unit cell can be written as

VLuttinger 1

Ngp = 2
Vk,cell VR,Cell

where Vi ttinger 18 the Luttinger volume.
Vi cen 18 the volume of the Brillouin zone.

VR ceu 15 the volume of the unit cell.
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From the relation between Vi ey and Vi cors Viecen * Vacen = (2m)3 . nzp can be
modified as

VLuttinger

N3p = 2 (2n)3

For the 1D and 2D system, the charge carrier density can be written as

ALuttinger
Nap = 2—(2 )2
And
L .
nyp = 2 legr;:jger

where Apy¢tinger 18 the Luttinger area and Liyiringer 18 the Luttinger length. The

Viuttingers Aruttinger a0d Liy¢tinger €an be calculated from the Fermi momentum (k).

2.2.3 Light Interaction in semiconductor

Electrons can be excited by the external sources of energy, i.e., laser, arc-
discharge, or tungsten-halogen irradiation. Electron excitation is the phenomenon that
electrons were excited from their ground states to the higher energy states by absorbing
external energy matched with the energy separation between two levels. In atoms, the
valence electron is the easiest electron which can be excited to the higher energy level.
In solids, electrons in the valence band located near the Fermi level can be excited easier
than the electrons in the deeper band, e.g. core level. In metals, no energy is required to
excite electrons in metals because of their zero band gaps. For the insulators and
semiconductors, the insulators require more energy than semiconductors to excite
electrons because of their larger band gap (Paudel, 2014). The transition of electrons to

higher energy can be separated by two mechanisms. The first one is the transition of
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electrons at the same level, e.g. in the conduction band or valence band themselves.
This process is called “intraband transition” which is shown in Figure 2.10(a). Another
mechanism is the transition of an electron to a different energy level which is called
“interband transition” (Figure 2.10(b)). Thus, we will consider the most possible
transition.

From the conservation of energy,

Final Energy = Intial Energy + Photon energy
Let’s consider the electron with the initial momentum E and energy E, (E))
which absorbs the photon energy Aiw and transfers to a state with final momentum k_f)
and energy E,, (_I;;). The conservation of energy is then followed the equation
En(15) = Ea(R) + e
In addition to the conservation of energy rule, the momentum should be conserved as

shown in the following equation

—

ke = kit
where ¢ is the momentum of the photon.

From the parabolic-like band dispersion, the intraband transition is not allowed
because it cannot follow both conservation rules. The conservation of momentum is
broken in the transition in the same band. Therefore, the interband transition is only

allowed to occur which is the transition of electrons from initial to final state in the

different bands (Rana, F.).
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(a) E (b) E
CB CB
¢ | ¢
VB VB
Intraband transition Interband transition

Figure 2.10 (a) The transition of an electron in the same band (intraband transition) (b)

The transition of an electron in the different bands (interband transition).

In semiconductors, when electrons absorb energy which is higher than their
energy gap, the electrons will be excited to the conduction band. The empty state in the
valence band is assigned as a positive charge particle which is called a “hole” with its
own mass. The coupling between electron and hole was called “electron-hole pair”. The
electron and hole could be bound due to the Coulomb interaction which is called
“exciton” as shown in Figure 2.11. From the excitation of electrons, the conduction
band was filled by the number of electrons, which is resulted in the increase of
conductance in semiconductors. The changes of conductance induced by light have
been widely used in optoelectronic devices such as photoresistors, phototransistors, and

photodetectors.
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Coulomb
interaction

Figure 2.11 The generating of the electron-hole pair and the exciton by light.

2.2.4 Extrinsic semiconductor

An extrinsic semiconductor is a conventional semiconductor that is doped by
other atoms whereas the undoped semiconductor was called ‘intrinsic semiconductor’.
Extrinsic semiconductors were established to modify their electrical properties which
are widely used in nowadays electronic devices such as diodes and transistors. The
extrinsic semiconductor can be separated into p- and n-type depending on their impurity
dopant. For p-type semiconductors, the intrinsic semiconductors are doped by an
electron acceptor element (e.g. Boron or Gallium in Silicon). The p-type
semiconductors possess higher hole concentration than electron concentration. Thus,
holes are major carriers while electrons are minor carriers in p-type semiconductors.
On the other hand, n-type semiconductors can be created by doping an intrinsic
semiconductor with an electron donator element (e.g. Phosphorus or Arsenic in
Silicon). The donation of electrons from the dopants leads to higher electron density

than holes density, therefore, electrons are major carriers in n-type semiconductors. In
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doped semiconductors, the Fermi level (Er) or chemical potential can be shifted toward
conduction or valence bands depending on dopants which is related to this following
equation

E.+E, np
Er =——+ kTIln(—
F ) + n(nA)

where E. and E,, are the conduction band and valance band energy positions. np and
n, are the donator and acceptor density, respectively.

From the above equation, it is seen that the Fermi level of extrinsic
semiconductors moves toward the conduction band in n-type semiconductors while
moves toward valence band in p-type semiconductors. Hence, doping is a crucial

parameter that can modify the electronic property of semiconductors.



CHAPTER II1

METHODOLOGY

In this section, we will talk about the experiment which is separated into two
main parts. The experiment consists of the measurement of MoS; electronic structure
by ARPES and the conductance measurement by 4-wire sensing. In the first part, the
principle of ARPES will be discussed which will be started with the photoelectric
effect. The photoemission spectroscopy will be clarified in the topic of ARPES and
Photoemission process. Furthermore, the sample preparation and ARPES experimental
setup will be explained. In the second part, the principle of 4-wire sensing which is the
development from 2-wire sensing to 4-wire sensing will be discussed with their
advantage and disadvantage. Finally, the sample preparation and the setup of

conductance measurement will be illustrated below.

3.1 Electronic Structure measured by Angle-resolved Photoemission

Spectroscopy (ARPES)

3.1.1 Photoemission spectroscopy (PES)

Photoemission spectroscopy (PES) is a direct and powerful technique to probe
the electronic structure of the materials. The technique is based on the photoelectric
effect. Firstly, Photoelectric effect is the phenomenon that was discovered by Heinrich

Hertz in 1887. After that Albert Einstein can explain this phenomenon by using
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Planck’s idea that light can be a particle (called “photon”). In the photoelectric effect,
the light or photon in which known energy is shined to the sample. If the energy of the
photon is higher than the binding energy (Eg) and the work function (¢), the electrons
will be knocked out of the sample that are called “photoelectron”. In photoemission
spectroscopy, the kinetic energy (Ex) of the electrons are measured by the detector as
shown in Figure 3.1. And the kinetic energy of the photoelectron can be converted to

the binding energy as the following equation

Ex=hf —Ep— ¢ (3.1

Normally, the work function of the analyzer is higher than that of the sample.
Hence, the work function for PES can be used the work function of the analyzer as the

reference.

")
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¥

L 4
'\ 4
| 74
Photon-in
Photoelectron-out
<

Figure 3.1 Schematic diagram of Photoemission Spectroscopy technique.

(www.slri.or.th)

3.1.2 Angle-resolved Photoemission Spectroscopy (ARPES)
For Angle-resolved Photoemission Spectroscopy (ARPES), the analyzer can

measure the angle (0) of the photoelectrons that were ejected from the surface of the
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sample as shown in Figure 3.2. In crystal surface, in-plane momentum k,, is conserved
because of the translation symmetry in the x-y plane. The k,, can be converted from
the angle of the photoelectron (0) as following the equation.

2meEg

k// = PP sin@ (32)

For the perpendicular plane momentum, k, becomes more complicated because the

surface potential (V) appears in the equation. k, is written as

k, = /%ﬁ” cos@ (3.3)

When electrons travel through the sample surface interface, k| is not conserved because
of the lack of translation symmetry along the perpendicular surface. Thus, k, cannot
be directly measured from ARPES. In two-dimensional materials, the problem of k
is not effective due to the no dispersion along the z-direction. The relation between the
Ex and k,, from equation (3.1) and (3.2) are related to the electronic band structure.
Therefore, we can get the electronic band structure of the materials from ARPES. And
the rotation of the sample relates to the measurement of the band structure at other

interesting points in the Brillouin zone.

X Sample

Figure 3.2 The schematic diagram of APRES system, consisting of incident photon

light, sample, and analyzer.
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3.1.3 Photoemission Process

To understand more about the photoemission process, the behavior of electrons
can be explained by using a three-step model and one-step model. The one-step model
describes the whole photoemission process as one single step. As shown in Figure
3.3(right), when the electron absorbs the energy, the photoelectron was excited and
formed the damp final state near the surface. The damping state of the electron takes
care of the whole process traveling through the surface with a short mean free path. The
surface excitation has to be considered the phase matching of the wavefunction at the
surface. The complexity of this one-step model makes it difficult to calculate.
Therefore, the three-step model has been widely used to explain photoemission. The
three-step model explains the photoemission process by separating into 3 steps as
shown in Figure 3.3 (left): (i) The excitation of the photoelectron inside the sample.
This step explained the excitation of the electron from the initial state to the final state
when the electron absorbs the photon energy and generates an electron-hole pair inside
the crystal. The transition probability of the electron in the ground state to the possible
final state was given by Fermi golden rule, which will be discussed later. (ii) The
transport of photoelectron to the surface. This process described that the electrons travel
to the surface without scattering in the crystal. It can be explained in the term of the
probability proportional to an effective-mass-mean-free-path of the materials. In this
process, if some electrons interact in-elastically to the system, they will give some
inelastic electron which will add to the background spectra. This needless background
is usually subtracted. (iii) The escape of photoelectron into the vacuum. The electrons

will be escaped from the surface if their energy is higher than the work function of the
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materials. In this process, k; is changed depending on the excitation energy and the

surface of the sample.

three-step model one-step model
E 4 excitation travel transmission E 4 excitation wave matching
into a bulk to the through the into a damped at the surface
final state surface surface final state
hv
E| o /\/\/\f .......... E|
} A + -7
0 0

Figure 3.3 Thee-step model and One-step model of photoemission process. (Hiifner,

1995)

Here, we will consider the ARPES intensity which relates to transmission
probability in the three-step model of the photoemission process. From the Fermi’s
golden rule, the transition probability of N-electron ground state into one possible final

state by photoexcitation can be written as
2 2
Wri = 7”|<¢}V|Hint|¢£v>| (Eff —El' —hv) (3.4)

where 1 and yf are the initial state and final state energies of N particle system,

respectively. The Hamiltonian of electron-photon interaction can be written as

Hit = =5 —(A"p+p-A) (3.5)
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Where p and A are the electronic momentum operator and electromagnetic vector
potential, respectively. Assuming the photoemission process suddenly happened, the

initial and final state can be written as
Pl = Ap; ()} (3.6)
P = App (k) (3.7)

where A is the proper N electron wave function antisymmetric operator. ¢; (k) and

¢ (k) are the wave function of photoelectron in the initial state and final state,
respectively. 1) "1 is the wave function of the remaining (N-1) electrons and 1/;}" “1is

the wave function of the (N-1) electron left behind. The ARPES intensity is a

summation over all states which can be written as
2 2
Ik, Ex) = Xy g = X i [(@F Hine W) "6 (B} — EY — hw) (3.8)
Substitute 1}’ and YF to (Y [Hine|1h1), we will get

(W [Hine| 1) = ME QYY) = Mf e (3.9)

The ' ~*is replaced by cigenstate 1Y ~*. Thus, the total intensity is
2 Y
10k, E) = NpilMFi| Xsles|? 6(Ey + EY =" = EY — hv) (3.10)

where |cs|2 = [(p¥ =[N )| is the probability of the electron in the initial state i can
be left to the final state s. In non-interacting system, _1=‘/’£¢I) ~1, ¢, become 1 for one

particular state, s = s,, and all other become zero. From this result, all peaks in the

ARPES spectrum are formed as a delta function and have a zero width. On the contrary,

in a strongly correlated system, many of |cg|? are not equal to zero due to the
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overlapping of ¥~ ~! with many eigenstate Y. Therefore, the ARPES spectrum is
not only the single delta function but it also consists of many delta functions related to
the number of excited states. The ARPES intensity for a 2D single-band system can be

written as
I(k,w) = Iy(k,v,A)f(w)A(k, w) (3.11)

where k is the in-plane electron momentum. w is electron energy related to the Fermi
level. A is the polarization of the incoming photon. The term f (w) is the Fermi Dirac
function which can be probed only occupied state. In 2D system, I,(k, v, A) ,which
2
il

related to the matrix element |M , is slowly varying. Thus, the photoemission can be

directly probed the spectral function A(k, w) which comes from the Green’s function

formalism. The total spectral function can be written as

Ak, w) = —@ (3.12)
The Green’s function in this case can be represent as
Gk, w) = L (3.13)

w—¢e—X(kw)

where Y.(k,w) is term of electron self-energy X(k,w) = Z'(k, w) + iZ''(k, w) .
X' (k,w) and 2" (k, w) are related to the renormalization of the bare band dispersion
(&x) and scattering rate, respectively. Substituted (3.13) to the spectral function (3.12),

we will get the expression of spectral function as

_ 1 Imz(k,w)
Ak, w) = T [w—ex—Re L(k,w)]?+[Im L (k,w)]?

(3.14)
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From this expression, the spectral function is given a form as a Lorentzian function. In
general, the electron-electron correlation appears in many systems. Adding one electron
to the system is related to the whole system. To make its simplification, the
quasiparticle has been used to explain. The quasiparticle describes that correlated
electrons are composed of virtual excitation and continuous movement with the
electrons through the crystal. Therefore, in the correlates system, the spectral function
can be expressed as the Lorentzian function related to the energy and lifetime of

quasiparticle.

3.1.4 Operation at Synchrotron Light Research Institute (SLRI), Thailand

ARPES results will be measured at Beamline 3.2a at SLRI using SCIENTA
R4000 hemispherical analyzer. Preparation of the MoS: sample for ARPES
measurement was shown in Figure 3.4, the bottom of the sample was attached to the
holder by silver epoxy. The face of the sample was glued with the ceramic top post by
silver epoxy, which is ready for cleaving the surface of the sample. For ARPES
measurement, firstly, the sample was loaded to the load lock. When the pressure in the
load lock under 10-7 mbar, the sample was transferred to the manipulator in the
preparation chamber. After that, the sample was cleaved in ultrahigh vacuum at
pressure better than 9x10-° mbar to provide a pristine surface. Then, the sample was
measured in the main chamber under pressure better than 10~ mbar. Measurements
were carried out using the photon energy 60 eV that were produced from the
synchrotron light source. The temperature of the system was cooled down to 80 K. The
laser with a wavelength of 450 nm (corresponding to 2.75 eV) was used as an irradiation

source throughout the ARPES experiment.
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Potassium Evaporation

Potassium is the chemical element in group1 alkali metal known as the material
that is easy to donate electrons to the other material. The potassium depositions were
achieved by biasing the SAES Getter evaporation source. The potassium source was
equipped at the preparation chamber. Firstly, the potassium source was heated by
biasing the current 3 A (increasing step by 0.2 A) for degassing the source. After that,
the sample was moved to the preparation chamber and turned the sample face to the
evaporating source. The current was increased to 5.5 A that higher than the boiling
point of potassium. The increase of the pressure in the preparation chamber confirms
that the potassium was transpired from potassium source and evaporated to the surface

of the sample. The evaporated process was held at biasing current 5.5 A for 10 minutes.

Ceramic top post
\ o

—
MoS, sample /

Silver epoxy

Sample holder

Figure 3.4 MoS; sample preparation for ARPES measurement shows that the silver

epoxy stuck between the sample holder, MoS,, and ceramic top post.
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3.2 Conductance measurement by 4-wire sensing.

3.2.1 Principle of 4-wire sensing

In this section, the principle of 4-wire resistance measurement will be explained.
We will start with the development from 2-wire sensing to 4-wire sensing. Normally,
2-wire system has been widely used to measure the electrical conductance of the
sample. It is suitable for the sample with high resistance, but it is inaccurate for the low
resistance sample. For the resistance of the sample is very higher than that of the wire,
we can ignore the resistance of the wires in the circuit as shown in Figure3.5(a). The

resistance of the sample is following the equation

— Vmeasure _u
Rmeasure - I | Rsample (3)

However, If the resistance of the sample is close to that of the wires, the
resistance of the wire will affect the system. Thus, the resistance that was measured

from the 2-wire system was following the equation

_ Vmmeasure __
Rmeasure - I - Rsample + 2Rwire (4)

Nowadays, 4-wire sensing has been developed for measuring the resistance in
the low resistance sample. 4-wire sensing is a technique to precisely measure the
electrical conductance. The 4-wire resistance measuring is also known as Kelvin

sensing. This technique was invented by Lord Kelvin and William Thomsom in 1861.

The system consists of 4 electrical wires, two wires are contacted to the voltmeter
whereas another two wires are contacted to the current source as shown in Figure 3.5(c).
From this setup, the current flow through the two outer connectors and generate the
voltage across Ri, R4, and Rsample. Due to the voltmeter has a drastically high

impedance, the current does not go through the R> and R3. The voltage measured from
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the voltmeter was only the voltage across the sample. Thus, the Rsample can be calculated
following the equation.

—_ Vmeasure —
Rmeasure - I - Rsample (5)

Therefore, four-wire resistance measuring can be used to eliminate the

resistance from the electrical wires to get the accurate resistance of the sample.

(a) @ (b) @ (c) D

Rl% R, é Ra

Rsample Rsample Rsample

Figure 3.5 Schematic diagram of resistance measuring circuit of (a) 2-wire system
when the resistance of the sample is very high (b) 2-wire system when the resistance of

the sample closes to the resistance of the wires. (c) 4-wire resistance measuring circuit.

3.2.2 Set up of the conductance measurement

In this work, the MoS, conductance was measured by the 4-wire system. Figure
3.6 shows the schematic diagram of the 4-wire resistance measuring setup. For the
sample preparation, the MoS. with a diameter approximately of 0.5 mm were
electrically contacted by using silver epoxy as shown in Figure 3.7(left). The MoS;
conductance was measured as a function laser source with energies of 2.75, 2.33, 1.9
eV, respectively, as shown in Figure 3.7(right). The conductance measurements were

repeatedly performed during each laser on and off every 10 seconds for several cycles.
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The laser sources were fixed with the 80 mW power. The conductance was calculated

from the measured current at a fixed bias voltage of 10 V (e.g. C=I/V).

O

Silver epoxy
MOSZ

Figure 3.6 Schematic diagram of 4-wire conductance measuring setup.

o o~

1@ G
e
— lﬂl - 211 !

Silver epoxy

Figure 3.7 (Left) The MoS; sample and conductance measurement setup. (Right) The

conductance measurement during laser irradiation.



CHAPTER 1V

RESULTS AND DISCUSSION

In this chapter, the results and discussion of this work will be explained. we will
start with the MoS, band structure results that were measured from ARPES. Then, we
will talk about the shift of MoS: band structure during laser irradiation. Furthermore,
the doped MoS: by potassium evaporation was studied by ARPES and the shift of the
doped MoS: by laser irradiation was also studied. We purpose the model of MoS; band
structure with different located Fermi levels to explain the change of MoS: electronic
structure under laser irradiation and potassium evaporation. The conductance
measurement under light irradiation measured by the 4-wire technique will also be

demonstrated.

4.1 Electronic structure of MoS: by ARPES

MoS: is the two-dimensional material that has the hexagonal Brillouin zone
which consists of 3 high symmetry interesting points (I', K, and M). As shown in Figure
4.1(a), I', K, and M are the points that locate at the center of the Brillouin zone, hexagon
corner, and hexagon edge center, respectively. The electronic band structure of MoS;
was carried out using ARPES located at Beamline 3.2a, SLRI. Figure 4.1(a) shows the
ARPES result of the valence band maximum near the I" point. This is consistent with

previous experiments (Eknapakul et al., 2014). Further measurements including the
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variation of MoS;, valence band was studied as a function of laser irradiation and

potassium evaporation.

@ J— (b)

.5 -1.0 | -0.5
k(A
Figure 4.1 (a) The hexagonal Brillouin zone of MoS; which consist of 3 high symmetry

point, I', K and M. (b) The valence band of MoS; at " point that was measured from

ARPES.

4.1.1 Shift of valence band under laser irradiation in MoS; fresh sample

In this work, the electronic structures of MoS, samples excited by laser
irradiation were studied by APRES. Figure 4.2(a) and (b) show the valence band at I"
point of MoS> fresh sample and valence band during the laser irradiation, respectively.
Figure 4.2(c) and 4.2(d) represent the magnified ARPES images of the fresh and
irradiated samples inside the rectangle region of Figure 4.2(a) and 4.2(b). From these
figures, when we compare Figure 4.2(c) and (d), the shift of the valence band to higher
binding energy in the irradiated sample has been observed.

We can find the magnitude of MoS: valence band shift by using energy
dispersive curves (EDCs), the integration of intensities along energy scale within the

red rectangle shown in Figure 4.3(a). The EDCs extracted from the fresh (blue curve)
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and irradiated samples (red curve) are shown in Figure 4.3(b). We found the shift of
the valence band to higher binding energy was around 140£10 meV in the irradiated
sample. As shown in Figure 4.4, the valence band was returned to the starting point
when the laser was turned off again. We note that this effect can be reversible by turning
on and off the laser. The shift of MoS» valence band during the laser irradiation can be
explained that the electrons in the valence band were temporarily pumped to the

conduction band by the excitation from laser irradiation (Sobata et al., 2012).

50 <10 05 1§ . “aL0, 05
k(A
Figure 4.2 (a, b) The electronic band structure near the I" point of fresh and irradiated

MoS; sample, respectively. (c, d) The comparison of the magnified valence band at I"

point of fresh and irradiated samples.
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Figure 4.3 (a) MoS; electronic structure, red rectangle indicates the region using to
calculate the EDCs. (b) The extracted EDCs near the I" point of MoS; between laser off

and on.
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Detector Angle (deg)

Figure 4.4 The valence band near the I" point of MoS; when the laser was switched

between off and on.
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4.1.2 Doped MoS; sample by potassium evaporation

In this work, the effect of potassium evaporation at the surface of MoS; was also
studied. Figure 4.5(a) and 4.5(b) show the valence band at I" point of MoS; fresh and
doped samples, respectively. After potassium evaporation, the shift of valence band to
higher binding energy around 280420 meV was observed as shown in Figure 4.5(c). As
shown in Figure 4.6, the pocket of electrons was measured, which is the result of
electron donation from potassium to the MoS; sample (Eknapakul et al., 2014; Fang et
al., 2013). In a similar way, we also studied the effect of laser irradiation on the doped
sample. The valence band of the doped with irradiation sample was shown in Figure
4.7(b). We found that the shift of the valence band with the laser irradiation was around
40 £10 meV to higher binding energy in the doped sample, as shown in Figure4.7(c).
This result can be suggested that electrons were also pumped to the conduction band by
laser irradiation in the doped MoS: sample. Figure 4.8 shows all EDC spectrum of fresh,
irradiated, doped, and doped-with-irradiation samples which represent the shifts of the
valence band to higher binding energy in various conditions. We found that the shift of
valence band under laser irradiation is smaller than that of potassium evaporation and
we also found a little bit shift in the doped sample under laser irradiation. The behaviors
are the results of the optical excitation by laser and electron donation by potassium

evaporation which related to the Fermi level shift (will be explained in the next section).
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Figure 4.5 The comparison of valence band at I" point between fresh (a) and doped

sample (b). (c) The comparison of EDCs between fresh and doped sample.

1.5 -1.0 ' 15 -1.0
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Figure 4.6 The emergence of electron pocket at conduction band of the doped MoS;

sample.
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Figure 4.7 The comparison of valence band at I" point between doped (a), doped-with-

irradiation sample (b). (¢) The comparison of EDCs between doped and doped-with-

irradiation sample.

1.2 —

Intensity (arb. unit)

0.0 |

— Fresh
- Fresh-with-irradiation
—— Doped

Doped-with-irradiation

-2.0
E-Ey (eV)

-1.5 -1.0

Figure 4.8 The comparison of all EDCs between fresh, fresh-with-irradiation, doped

and doped-with-irradiation MoS; sample.
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4.1.3 The model of MoS; band structure with different located Fermi levels.

In this section, we created the model by using the calculated MoS, band
structure (from Eknapakul et al.,, 2014) to explain the behaviors. According to the shift
of valence band, the Fermi levels of fresh, fresh-with-irradiation, doped, and doped-
with-irradiation samples were assumed to locate at different energies denoted as Eri to
Ers4 as shown in Figure 4.9. For the fresh sample, the Fermi level located at Er1 below
the conduction band, which consistent with the experimental result that is seen that no
state in the conduction band. This suggests that no electron has been occupied in the
fresh sample. The shifts of Fermi levels above the conduction band were observed in
the modified MoS> (Er2 to Ers). This model indicates that electrons could be
accumulated at the conduction band after laser irradiation and potassium evaporation.
Figure 4.10 shows the relation between the two-dimensional electron density (n,p) and
the shifts of Fermi level. The calculated n,, can be calculated from n,, = ggk2/2m
where kj is Fermi wave vector and gz=2 which is represented by the cyan curve as a
function of E-Ecswm in Figure 4.10. The Fermi level positions of modified MoS:» were
assumed to be located in the blue, red, green, and yellow regions. This suggests that the
Fermi level position is related to the higher number of electron density which are the
results of optical excitation and electron donation (Sobata et al,, 2012; Eknapakul et al.,

2014; Fang et al., 2013).
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Figure 4.9 The model of MoS; band structure with different located Fermi levels. The
cyan curve represents the calculated MoS; band structure (from Eknapakul et al., 2014).
The Fermi level positions of fresh, fresh-with-irradiation, doped and doped-with-

irradiation sample were assumed to locate at Er; to Ers, respectively.
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0.0
E-Ecpy (eV)

Figure 4.10 The n,j estimated from the calculated band structure (cyan curve). The
Fermi levels of fresh, fresh-with-irradiation, doped and doped-with-irradiation sample

are highlighted with blue, red, green, and yellow, respectively.

4.2 The increase of conductance measurement results

In this work, the conductance measurement of MoS: under laser irradiation was
observed to support our assumption. The conductance of MoS, sample was measured
by the 4- wire technique. As shown in Figure 4.11, the initial conductance was around
12 M. After we turned on the laser, the conductance was suddenly increased to 14
MQ! then gradually increased to 16 MQ! for violet and green laser (2.75 eV and 2.33
eV, respectively) and 15 MQ! for red laser (1.9 eV). After the laser was turned off, the
conductance was sudden decreased to 12 MQ-!. This process is switchable as shown in
Figure 4.11. From the simple equation of conductivity is 0 = neu where n is the

number of electrons, e is the charge of an electron which is constant, and u is electron
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mobility. Hence, the conductivity is directly related to the number of electrons and the
electron mobility. The ARPES results indicate that the electron can be excited to the
conduction band during laser irradiation which consistent with the result of conductance
increasing due to the higher number of electrons. This behavior can be described by the
photoexcitation mechanism where electrons can be excited to the conduction band by
irradiating photons with higher energy than the band gap of MoS; (band gap of around
1.1-1.8 eV (Bertolazzi et al., 2011; Mak et al., 2010; Li et al., 2014). A slightly lower
conductance enhancement found upon red laser irradiation may indicate that some
electrons are hard to be excited if the incident energy is a little higher than the MoS;
band gap. Overall, the increase of conductance in MoS: is one evidence which supports

our ARPES results and the role of optical excitation.
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Figure 4.11 The switching of MoS: conductance as a function of various color laser

irradiations every 10 seconds.



CHAPTER V

CONCLUSIONS

5.1 Conclusions

In this work, we study the electronic structure of MoS: under laser irradiation
and potassium evaporation by using Angle-resolved Photoemission Spectroscopy
(ARPES). By irradiated the violet laser on the surface of the fresh MoS, sample, the
shift of valence band at I point was observed around 14010 meV to the higher binding
energy. The shift of valence band was observed to be a switchable effect during on and
off the laser. This behavior suggests that the electrons were temporarily pumped to the
conduction band by optical excitation. By using potassium evaporation, the shift of
valence band at I" point was observed around 280120 meV to higher binding energy as
well as the emergence of the conduction pocket. The behaviors can be explained that is
the result of electron donation from potassium to MoS; sample. Moreover, the valence
band shift under laser irradiation was also found in the doped MoS; sample, which is
again indicated that the electrons were excited to the conduction band by using the laser
in the doped sample. The model of MoS; band structure with different located Fermi
levels was used to describe these behaviors. The overall mechanism related to the shift
upward of Fermi level in the various conditions which are the results of optical
excitation and electron donation at the surface of MoS, sample. Lastly, the increase and
switchable conductance of MoS: sample under laser irradiation strongly supports the

role of nonequilibrium electron pumping by optical excitation. From the properties of
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conductance can be changed by light irradiation, MoS; is promising to be used in the

electronic device, such as the light sensor.

5.2 Future direction

For the next study, we will study the more effect of light irradiation in MoS>
sample. From the other results, we found that the shift of photoemission spectrum and
conductance increasing are involved to the intensity of the laser, we will study the
relationship between the dosing intensity and the size of the valence band shift and
conductance increasing. Besides, we also found the change of MoS> work function
under laser irradiation in PES measurement. Thus, we will further study the changing
of its work function by laser irradiation. Moreover, MoS: consists of the valleytronics
property which is the different responding to circularly polarized light at K and K’
point. Therefore, the study of the effect of left and right circularly polarized light to

MoS: by using ARPES would be my future plan.
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