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Since the first isolation of a single-atom-thick carbon sheet, graphene, by mechanical
exfoliation in 2004, layered materials such as transition metal dichalcogenides (TMDs)
and other two dimensional (2D) materials have attracted much attention because of their
potential usefulness in optical and electronic devices at reduced dimension. Atomically
thin TMDs specifically, with the chemical composition of MXz, where M is the transition
metals (either Mo or W typically) and X is the chalcogens (S, Se, or Te), are regarded as
a new class of 2D materials beyond graphene. They illustrate attractive electronic and
optical properties originating from the thickness dependent electronic band structure.
Different from their bulk counterparts, monolayer (1L) TMDs are direct gap
semiconductors that show unique spin-valley coupling properties and strong Coulomb
interactions. Hence, providing a new platform for future fast and energy-saving

optoelectronic technologies.

The optical properties of atomically thin TMDs are dominated by bound electron-
hole pairs (excitons) and/or three body bound state of electrons and holes, which are

known also as charged excitons or trions. The strong Coulomb interaction and reduced



screening effect in atomically thin TMDs enable these excitons and trions to remain stable
even at room temperature. Meanwhile, due to the large specific surface area, the excitonic
properties of atomically thin TMDs are easily affected by various surface interaction
effects. These include interface interactions with other materials or adsorbed molecules,
and carrier modulation by electrical or chemical processing, which takes place in both
wet and dry environments. While oxygen and water molecules are usually the main causes
affecting the usefulness of such ultrathin TMD sheets in realistic condition full of air and
humidity, surface adsorbed organic molecules or integrated materials may also play a

critical role in modifying their physical properties.

In this thesis, by using two typical members of the TMD family, namely MoS; and
WSe,, | first describe the studies conducted on the optical properties of their monolayers
in aqueous solution. A comparison was made between their photoluminescence (PL)
responses observed in distilled water and ambient air to understand the effects of O, and
H>0O. Meanwhile, their PL signals was monitored under different pH conditions. This
offers not only an insight into the underlying mechanism to the O2/H>O and pH effects,
but also an opportunity to utilize/control the PL properties of 1L TMDs in various
conditions. In addition, the photostability of these two materials in ambient air and
aqueous solutions was also studied. A distinct difference was found for MoS; and WSe;

due to the effects of band alignment between 1L TMDs and H2O redox potential.

Motivated by these findings, | explore further on the surface interaction effects on
PL polarization of 1L TMDs in dry condition. This is crucial as it represent a significant
feature for the application of these materials in future optoelectronics, called valleytronics.

In this case, 1L MoS; was treated with p-type chemical dopant FsTCNQ and the



polarization dependent PL property was investigated. A considerable increase of the
exciton attribution was observed after treatment, revealing the electron extraction from
the naturally n-doped 1L MoS: by the dopant molecules. However, despite the lowered
electron density, an increased trions contribution was recorded when the sample was
chilled to a cryogenic temperature. This increment is attributed to the extension of trion
nonradiative lifetime based on the time-resolved PL measurements. The treated sample
retained a high degree of polarization of more than 0.75 even with much improved PL
intensity. An extremely long valley lifetime with an order of at least nanosecond was also

deduced. These are very promising for the valleytronic application.

These systematic studies of surface interaction effects on the PL, photostability and
valley polarization properties in this thesis provide us a useful insight into not only the
surface electrochemical reaction of 1L TMDs in different environments, but also their
impact on the exciton photophysical properties of 1L TMDs. The mechanism revealed
sheds much lights on the development of new electronic, optoelectronic and valleytronic
devices, facilitating the application of TMDs in a diverse range of next generation fast

and energy saving information processing fields.
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Chapter 1.  Introduction

1.1. Background

When the size of a material is significantly reduced, particles or quasi particles in
the material become confined in a small range. This is when the quantum confinement
effect takes place predominating the properties of the material, resulting in the emergence
of new physical features unavailable in bulk. For that, continuous efforts have been spent
attempting to reduce the dimension of the material. In the early 1980s, zero dimensional
(0D) quantum dot was found after the realization of near two dimensional (2D) thin
quantum well. Shortly afterwards, 0D fullerenes and 1D carbon nanotubes, the
nanostructures of carbon, were discovered in 1985 and 1991, respectively. The success
had triggered a tremendous interest among the material scientists, chemists and physicists
to look for atomically thin, low dimensional materials.'~3 At that time, atomically thin 2D

material was still a theory prediction as it was considered thermodynamically unstable.*

7

Figure 1.1 Structures of graphene and graphite.



It was not until 2004, the group led by Novoselov and Geim had first succeeded in
peeling a single-layer carbon sheet from bulk graphite crystal (Figure 1.1) using a simple
mechanical exfoliation method with Scotch tape.® Graphite, being a layered structure
material, is composed of stacked layers of carbon sheets bonded through weak van der
Waals force. When a single-layer sheet is picked up as an isolated layer, it generates a
true 2D material that shows distinctive properties different from bulk due to the strong
quantum effect.>1% This isolated carbon sheet of an atom thick is known as graphene. It

has a 2D hexagonal lattice or the so-called honeycomb structure with sp? orbitals.>*!

Graphene shows a zero gap semimetallic property with massless Dirac valleys
located at K and K" corners of the Brillouin zone as shown in Figure 1.2.11713 Although
it exhibits an extremely fast ballistic electronic transport with a high mobility of ~10* cm?
V1511415 the absence of a finite electronic gap has limited its realistic application in
electronics and optoelectronics. For example, the low on/off current ratio (< 10?) of
graphene based transistor is unfavorable for logic circuits and optical or optoelectronic
devices usually require semiconductors.}*1%17 Meanwhile, a sophisticated conceptual
design for future electronics has been recently proposed. It is called valley-/spintronics,
which makes use of the valley degree of freedom for electrons and spins generation,
producing carriers that aid high speed information processing at great efficiency with low
energy consumption.®° However, it is difficult to realize this new concept in experiment
for graphene because symmetry breaking of two carbon atoms in a unit cell for its

monolayer (1L) or bilayer (2L) is hardly achieved with a simple device configuration.
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Figure 1.2 Electronic band structure of graphene. (Reprinted with the permission from

Ref.11. © 2010 AIP)

Owing to the rising demand for highly efficient materials with low energy
consumption in this era of increasing energy resource shortages, the progress in graphene
research has stimulated a substantial effort to explore other layered materials for their
potentials in next generation devices and energy related field.22%% For example,
hexagonal boron nitride (hBN) is an insulator with a large band gap,?%?’ whereas
atomically thin transition metal dichalcogenides (TMDs) have sizeable band gaps with
thickness dependent band structures.?®? Black phosphorus (BP), on the other hand, has
an in-plane anisotropy and demonstrates strong infrared photoresponsivity.3°3! A diverse
variety of members in the 2D family ranging from insulator, semiconductors, metals,

semimetals to superconductors are shown in Table 1-1.3234

Among these newly emerged 2D materials, TMDs represent a typical class, which

displays layer-dependent electronic band structure.?® They consist of MXz, where M is the



transition metal atoms (either Mo or W typically); and X is the chalcogen atoms (S, Se,
or Te), respectively. When thinned to a monolayer (1L) thick, they transform from an
indirect gap semiconductor in bulk to a direct one. These 1L TMDs show rich electronic
gaps from visible (MoS2 or WSe;) to near infrared (MoTez) regions, with tunable
electronic and optical features by chemical and physical methods. They are, therefore,
considered one of the promising materials for future applications in electronic and
optoelectronic devices. In addition, the intrinsically broken spatial inversion symmetry in
1H 1L TMDs allows selective excitation of the inequivalent pairs of degenerated valleys
in momentum space.®*2¢ This unique property qualifies them as an excellent candidate
for the valleytronic application in next generation (quantum) information processing
technology, which is expected to enable a ultrafast operation with lower energy

consumption than current devices.®-°

Table 1-1 Some typical members in 2D layered material.

Insulator hBN
2D Semiconductor -(I;I;/Is[))set((';leSZ'ReSZ,WseZ' etc.), BP, 111-VI group (InSe,
r|?121¥§:?a1 Metal Mxenes (V2C, MozN, CraTiCz), VO, VSa, etc.
Semimetal Graphene, Ge, Sn, etc.
Superconductor |NbSe,, RbSe, etc.

1.2. Motivation

As mentioned above, TMDs possess useful optical and electronic properties suitable
for various conventional and future applications. These unique properties can be easily
manipulated by different means, such as applying substrate strain,***?> magnetic field,*>-

%5 electrostatic gating*®*” and chemical treatment.*®4° To date, 1L TMDs have been used



to fabricate a diverse range of devices including phototransistors,>*>° photodetectors,>”~
% light-emitting devices,*"° light modulators,®* and solar cells.®%*  Devices based on
2D materials are used in various environments such as ambient air, solvent, aqueous
solutions or in combination with other materials, which can be divided into dry and wet
(liquid) conditions mainly. Due to the large specific surface area of 1L TMDs, their
physical properties can be easily modified. It is thus of utmost importance to understand
the effects of their surface interactions with other materials or molecules, as this may give
an important clue benefiting not only material selection, but also device fabrication and

applications of TMDs.

1.3. Thesis outline

In this thesis, | systemically studied the surface interaction effects on the optical and
photostability properties of 1L TMDs in ambient air and liquid (aqueous solutions), which
resemble the typical environments for device operation. In addition, effect of the
molecular dopant to the valley polarization property of trions in 1L TMD was also
investigated in dry condition at low temperature, aiming to understand the dry surface

effect on valleytronic property.

This chapter will be followed by Chapter 2, in which the fundamental properties of
solids and TMDs are briefly introduced. Experimental methods used and the setups
developed are described in Chapter 3. In Chapter 4, the optical properties of 1L TMDs
(MoS; and WSe;) in ambient air and aqueous solutions are studied. The results are
illustrated showing differences between these conditions and the underlying mechanisms
are explained. In Chapter 5, the stability of MoS2 and WSe; in these conditions are studied.

The differences observed between MoS> and WSe; are discussed, giving an insight into



the device application. In Chapter 6, the chemical dopant effect on the PL and trion valley
polarization properties of 1L MoS: in dry condition at 15 K are studied, and the
mechanism of the observed phenomena is explained. As a summary, the conclusion and
outlook for future research work based on the studies in this thesis are provided in Chapter

7.



Chapter 2. Fundamental properties of
atomically thin layered materials

Atomically thin TMDs, with thickness of ~0.5-0.7 nm, show unique physical
properties dissimilar to their bulk 3D crystals due to the quantum confinement effect. In
this chapter, the fundamental physics of solids will be introduced and the optical and

electronic properties of the TMDs sheets will be briefly explained.

2.1. Basic optical properties of solids
As this thesis focus mainly on the various surface interaction effects on the optical
properties of TMDs, related fundamentals on the optical behaviors of solids will first be

introduced.

2.1.1. Atom, crystal structure and Brillouin zone

An atom is the smallest particle of an element that has the properties of the element.
It consists of a nucleus and negatively charged electrons which follow a random pattern
within defined energy shells from the Niels Bohr’s theory. In bulk, atoms are arranged in

a periodic 3D pattern to form a crystal structure.
Lattice and Wigner-Seitz unit cell

A lattice obtained from three primitive translation vectors a;, a,, az is an infinite
array of points (atoms). Any points in the lattice can be given by n= n,a;+n,a,+n;a;.
A point group is formed by a set of translations of lattice. There are 5 different types of
2D lattices (square, hexagonal, oblique, rectangular primitive, and rectangular centered)

and 14 different types of 3D lattices (cubic, orthorhombic, hexagonal and etc.). From the



lattice point (0, 0, 0), a set of translation vectors can be drawn to neighboring lattice points.
Some planes that are perpendicular bisectors of these translation vectors can be drawn.

The interior of these intersection planes is called the Wigner-Seitz unit cell as shown in

Figure 2.1.%

Figure 2.1 Schematic of a Wigner-Seitz cell of a two dimensional centered rectangular

lattice.

Common crystal structures

In a crystal, atoms are located at specific lattice points forming the different types of
conformation such as cubic, hexagonal, and graphite structures. Figure 2.2 shows the

simple cubic, simple hexagonal and graphite structures.5®

Figure 2.2 Crystallographic unit cell of a simple cubic crystal (a), simple hexagonal

(2) (b)

crystal (b) and graphite structure with a stacking A (c) and B layers (d)



Reciprocal lattice
If the vectors bT b_; E satisfy

where @, is primitive transition vectors, and &;; =0 if i #j; §; =1 if i=j. The
lattice formed by the primitive translation vectors b,, b,, E is called reciprocal lattice,

and reciprocal lattice vector is G = hyb; + hyb, + hsb,.

Brillouin zone

i T S L S

Figure 2.3 Reflection of X-rays with an indecent angle of ¢ by a set of crystal planes

separated by a distance d.

In a reciprocal lattice, the Wigner-Seitz cell is called Brillouin zone, which is the
interior of perpendicular bisector planes of the reciprocal lattice vectors. The central cell

is called first Brillouin zone. The Bloch waves (which will be described further in Section

2.1.2) with a wave vector k that terminate on any of these planes satisfy Bragg’s

diffraction condition, where 2dsin# = nA as shown in Figure 2.3.%° Here, A is the



incident wavelength and n is the integer value. If 6 = g d = a (lattice constant), k =
%, the region of wave vector k between —Z and +§ is the first Brillouin zone, which

has the smallest volume enclosed by the planes. Brillouin zone is a basic essential part in
analyzing the electronic energy band structure of crystals, which dictates the optical

properties of solids. The first Brillouin zone of a hexagonal lattice structure is shown in

Figure 2.4.%
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Figure 2.4 Brillouin zone of Hexagonal lattice.

2.1.2. Electronic band structure and density of state

Electronic band, k space and momentum space

In free atom, electrons are located in discrete quantum energy levels. Meanwhile,
atoms in a crystal are packed closely according to the different types of lattice structures
and the interatomic separation is approximately equal to the atoms’ size. The outer

orbitals of these atoms thus overlap and interact strongly with each other, converting the

10



discrete energy levels into broad bands as shown in Figure 2.5.%7 The state of a single

electron within a periodic crystalline potential V(#) = V(7 + ﬁ) can be stated using the

wave function via the Bloch’s theorem:
o) = ek u(7) 2.2

where u(# + R) = u(7), u(?) is the envelope function that is dependent on the
electronic band which retains some of the atomic character. From the Schrodinger

equation of a single electron in a periodic crystalline potential:

Solid Free atom

\A 4

Y

a
Interatomic separation

Figure 2.5 Schematic diagram showing the transformation of discrete energy levels in

a free atom into the electronic bands of a solid.

Hp =Eo 2.3

[‘%Vz + V(T)] (1) = E() @i (1) 2.4
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an infinite solution can be obtained:
E,(k),E,(k),Es(k), E,(k), .....
01k (1), P21 (1), P31 (1), Purc () ...
with a set of k values, and the continuous E, (k) formed a band which is called energy

band. Here, Hamiltonian H is composed of two parts, namely the kinetic energy, E =

h2K?
2m

and potential energy, U. The position vectors 7 correspond to the wave vectors K,

which are similar with position space (real space or coordinate space). A set of these wave

vectors k, is called the k space. Similarly, momentum space is another conceptual entity

-

that has a set of momentum vectors p in a physical system. Figure 2.6 shows the

electronic band of free electrons and bulk MoS; in a k space.®®

(a) E (b) °

ZATEN

SR

Energy (eV)

Figure 2.6 A plot of energy versus wave vector for free electrons, known also as E-k
diagram (a). Electronic band diagram of bulk MoS: (b). (Figure b is reprinted with the

permission from Ref.%8. © 2012 APS.)

Density of state
Within an energy range in a continuous band, the number of states directly affects

the absorption and emission properties of solids. The density of state, g(E) means: energy

12



from E—(E + dE), the total state is g(E)dE. g(E) is usually obtained from g(k) using the

following relationship:
dk
9(B) = g(k) g 25

, where g(k) is the density of states in momentum space. It can be calculated from the E-
k relationship stated above and it is strongly size dependent as described later in section

2.1.4.

2.1.3. Energy gap, metal, semiconductor and insulator

Energy gap

Second allowed band

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

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

First allowed band

_ 27
a

ol [F—
o

Figure 2.7 A plot of energy, E versus wave vector, k of a monatomic linear lattice.
Energy gap, Eq is associated with the first Bragg reflection in the first Brillouin zone.

Note: Other gaps exist at higher energies at +nm/a.

As mentioned above, waves are Bragg reflected at the edge of the Brillouin zone.
Standing waves are thus formed within the Brillouin zone. The incident and Bragg

reflected standing waves are described as:%°

13



Y(+) = exp(inx/a) + exp(—inx/a) = 2 cos(nx/a) 2.6

Y(—) = exp(inx/a) — exp(—inx/a) = 2isin(nwx/a) 2.7

The two standing waves pile up at different regions with separate values of potential
energy, and hence the origin of the energy gap. A typical energy-wave vector diagram of
a monatomic linear lattice with the lattice constant, a is shown in Figure 2.7.%° The energy

gap (band gap) is determined the Bragg reflection at the Brillouin zone edge where k =

t+nm/a.
Conduction Band
E
E g
g
Overlapped Overlapped Valence Band
energy gaps energy gaps
Metals Semiconductors Insulators

Figure 2.8 Metal, semiconductor and insulator with different bandgaps.

Metal, semiconductor and insulator

As shown in Figure 2.7, for a crystal with more than one dimension, there remains

some empty states in the lower energy band even when the low energy states of the upper

14



band has started to be filled according to the Pauli’s exclusion principle. The lower filled
and higher empty band in solid are known also as the valence and conduction band,
respectively. The highest filled orbital at 0 K is called the Fermi level. Overlapping
between these bands can be large or nonexistent depending on the magnitude of energy

gap,®>®° by which solids are divided into three main categories shown in Figure 2.8.7

The energy gap in metal is extremely small or equivalent to zero. There is a huge
overlapping between neighboring bands. Semiconductor refers to a material with a small
band gap between 0.1 to 2.0 eV typically. Its electron concentration in the conduction
band varies with temperature: ne = -Eg¢/2ksT, and the conductivity increases with
increasing temperature. Insulator generally has a large energy gap of > 4 eV between

the highest filled and the lowest empty states.

2.1.4. Heisenberg uncertainty principle and quantum confinement

Heisenberg Uncertainty Principle

As discussed above, the wave function can be used to describe the wave-like
property of electrons. In quantum mechanics understanding, an observed quantity is
usually associated with a corresponding operator, which is a rule for building one function

from another. For instance, the position operator, X is

2.8

=
I
=

the momentum operator, p is
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p=—ih— 2.9

the energy operator, E is

=L tv@m)=-22 1y 2.10
m 2m 9x2 ’

~

Mathematically, the position operator, X and momentum operator, p do not commute
with each other, [%,p,] = ih, which means that simultaneous precise measurement of
both position and momentum are unlikely. This leads to an uncertainty relationship

between the position and momentum, which is simplified as:
AxAp, > h/2 211

It quantifies the way in which a precise measurement of the position increases the

uncertainty in the measurement of momentum and vice versa.”
Quantum Confinement

If a free particle with a mass, m is confined within a range of Ax, the confinement

Y
energy, Econfinement IS

_ (Apy)? h?
Econfinement =~ Tom ~ 2m(Ax)? 2.12

When Ax isverysmall, E.onsinement Will be significant, comparable or greater than the

thermal motion induced kinetic energy:®’

h2 1

Econfinement~ W = 5 kBT 2.13
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Figure 2.9 The representation of 3D, 2D, 1D and 0D with their corresponding density

0D Energy

of states for electrons in the conduction bands.

This means, for an electron with an effective mass me* ~ 0.1mo (Mo is the free
electron mass) at room temperature, the confinement effect is strong only when Ax « 5
nm. Generally, the quantum confinement effect is defined by the dimensionality of the
materials. As shown in Figure 2.9, the electron and holes freely move freely in a 3D bulk
semiconductor with a 3 degrees of freedom; whereas in the 2D quantum well they can
move only within the xy direction, thus having 2 degrees of freedom. Similarly, electrons
and holes in the quantum wire have 1 degree of freedom, while they are quantized in all

directions in quantum dot, giving 0 dimensional property.
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The electrons in conduction band have energy above the band gap energy, E4, and

1/2

density of state in 3D semiconductors is given as: g(E) = (Zm")3/2(E E,)

2m2

whereas in 2D: g(E) = ?, and 1D: g(E) = — /m For OD quantum dot, the

electrons have discrete energies and the delta function is used to describe their density of

state, where g(E) = 26(E — Eg). The density of states for 3D to OD structures are shown

in Figure 2.9.%7

2.1.5. Interband absorption, emission and quasiparticles

If electrons are provided with sufficient energy, they can be promoted to the unfilled
upper band and this is called interband absorption. The opposite process is called
interband emission, where these excited electrons relax to the ground state by releasing
the extra energy gained either as light emission or in other forms of energy. The excited
electron leaves its initial state at the lower band, creating of a hole.®” Tightly bound
electron and hole pair, generated as a consequence of interband absorption, is called
exciton. There are several ways by which the interband absorption and emission may take

place, but here we will focus mainly on those involving optical means.
Interband Absorption

As shown in Figure 2.10, the incident photon with an energy, E = hw > E,

absorbed and the electrons are excited from the initial ground state, E; to the final state,

Es:

Er = E + hw 2.15

18



Continuous absorption occurs within the band when the photon energy, E = hw > E,.

Final state sesssnndnnndnnnnnnnnnn| ¥

A J

Initial state penssan@uanaEeannnnnns Ei

Figure 2.10 Excitation of electrons from ground initial state, E; to the final state, E¢

during an event of interband absorption.

Direct Band and Indirect Band

The interband absorption efficiency depends strongly on the band structure of the
solid. As shown in Figure 2.11, the valence band maximum (VBM) and conduction band
minimum (CBM) for a direct band gap material are located at the Brillouin center, where
k = 0. The absorption or emission process involves energy and momentum conservation

as shown in Figure 2.11, where:

Er = E + hw 2.15

ke=k =k 2.16
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0 -k 0 >k

(a) Direct band gap (b) Indirect band gap

Figure 2.11 Interband transition for a solid with (a) direct and (b) indirect band gap.
The red solid lines indicate the electron excitation from the valence to conduction

bands. The wiggly arrow corresponds to the absorption or emission of phonon process.

On the other hand, the CBM of an indirect band material is usually found at/near the
edge instead of the zone center. The wave vector or momentum of the electrons must be

changed from the VBM to the CBM, where a phonon-assisted process is involved:

Ef = Ei + hw i Eph 2.17

kf = ki + kph 218

E; and Ef are the electron energy at initial and final states, respectively. Epy is the
phonon energy. k; and k¢ are the momentum of electron at intimal and final states,

whereas kp;, is the momentum of phonon. Because of the additional phonon process, the

20



optical absorption efficiency in the indirect band gap material is much lower than the
direct one. The typical direct band gap semiconductors are GaAs, InP, and InAs, while

indirect band gap semiconductors are Si, Ge and AlAs.

Interband Emission

E A

Conduction Band

Valence Band
1

0

Y
oy

Figure 2.12 Schematic diagram showing the relaxation of electrons from excited to

ground state via the emission of thermal energy and light.

As shown in Figure 2.12 optically excited electrons or holes relax to the band edge
with the release of thermal energy within a very fast time scale of femtosecond. The
electrons move down and combine with holes in the valence band edge via a light
emission process, called luminescence, with the most common ones being
photoluminescence (after absorbing a photon) and electroluminescence (after running an

electrical current). Meanwhile, the combination of electrons with holes may occur

21



through radiative and nonradiative recombinations (involving trapped state or Auger
recombination) as shown in Figure 2.13. Rate equation for the radiative recombination

is:67

(‘Z—’Z) = —AN 2.19
N(t) = N(0) exp(—At) = N(0)exp(—t/7;) 2.20

where 7, = A™1 is the radiative lifetime and A is the Einstein A coefficient. Taking

nonradiative recombination into consideration, the total rate equation is given as:®’

dN N N 1 1
=-f_ T NG+ 2.21
( )Total (Tr + )

dt Tr Tnr Tnr

Excited state

A

Excitation

Tor s ‘/\/\/\f

OO0 OO O O O | Ground state

Figure 2.13 General schematic of photoluminescence in a semiconductor. 7, and 7,

are the radiative decay/relaxation and nonradiative decay time, respectively.
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X and — correspond to the radiative and nonradiative decay/relaxation rates,

Tr Tnr

respectively. Since quantum efficiency or quantum vyield, n is defined as the ratio

between the populations of radiated excitons and the total created excitons, therefore:®’

n AN ! 2.22

N(1/tr+1/Tnr) 1+7T¢/Tnr

Here, we see that the quantum yield, n is proportional to the nonradiative lifetime, 7,
and the PL intensity, | as AN oc 1.

Quasiparticles

© 00000000000 ® 0000000000
...//‘0...\)\... ® ® 00 0 000 0 0 0 o
R EEEEER 0000000 co0o o
efoooecccoeae AR RS
.’I..........\\. 00000000000
®fe 000000000l ©0e00c00s00o
0 000 00 0 ¢ 0 0o O'OOOCfOéOoooo
o‘\ooocoooooq"c e o0 000000 o
o\ooo....;él. 0o 0000 oo oo
®e og 0000 0 CRY ® 000000000 0 oo
o.o\q\:..o"’... ® 0000000000 o0
e o006 T s oe0o e R R

Free exciton Tightly bound exciton

Figure 2.14 Schematic diagrams of a free exciton and a tightly bound exciton. The red

dots represent an electron and the empty black circles are a hole.

Absorption of a photon excites the electrons to the conduction band, creating
holes in the valence band. Due to the mutual coulomb attraction, an electron and a
hole are bound together forming a neutral quasiparticle called exciton. As

displayed in Figure 2.14, there are two main kinds of excitons, namely the free
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exciton (Wannier-Mott exciton) and the tightly bound exciton (Frenkel exciton).
The free exciton has a very large radius with a small binding energy of
approximately 0.01 eV. It can move freely throughout the crystal. The tightly
bound exciton, on the contrary, is bound to a specific atom in a localized state with
a larger binding energy of 0.1 to 1 eV. Since the thermally excited phonon energy,
keT is ~0.025 eV at room temperature, the free exciton can usually be observed
only at a cryogenic temperature. From the Bohr’s model, the exciton energy, E(n)

can be given by:®’

1R R
E(n) = —miog—n—ﬂ =-- 2.23

where Ry is Rydberg energy of the hydrogen atom (13.6 eV), Rx = migizRH is the
0c<r

exciton Rydberg energy, and n is the principle quantum number. Meanwhile, radius of

the exciton is given by:®’

m
T = T”ernzaHH = nlay 2.24

@ o ® m © d) (@

Figure 2.15 Models of the (a) neutral exciton (X), (b) positively charged trion (X*), (c)

negatively charged trion (X°) and (d) biexciton (XX), respectively.
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where ay (5.29x 10 m) is the radius of hydrogen atom and ay =

ay Is the

exciton Bohr radius.

In heavily doped (n or p) semiconductors, the exciton can combine with an electron
or a hole to form a new quasiparticle, called trion, of either negatively or positively
charged. Two excitons can also interact with each other to form biexciton as showed in
Figure 2.15. In order to differentiate the excitons generated under different formation
mechanism, they are also referred as A, B and C excitons in low dimensional materials,

in which the coulomb interaction and spin orbital interaction become much stronger.

Effective Mass

Although the excited electrons in conduction band and holes in valence band behave
like free particles, but their masses are different from the genuinely free electrons.®” The
modified mass is called an effective mass, which is usually different for electrons and

holes and the value varies depending on the materials.

2.1.6. Basics of Raman scattering

When an incident light strikes on surface of a medium, it will be scattered either
elastically or inelastically. While its frequency is conserved in the former, the inelastic
scattering results in a change of frequency, by which C. V. Raman came up with the
renowned Raman scattering shown in Figure 2.16. The change of incident light frequency

in Raman scattering is due to the molecular vibrations and phonons in a crystal.

As illustrated in Figure 2.17, he scattered light shares similar angular frequency,

and wave vector, k with the incident light in Figure 2.17. Rayleigh scattering. However,
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this is not the case for Stokes and anti-Stokes Raman scatterings. The w and k of the
incident light are changed and the relationships are described below for Stokes and anti-
Stokes, respectively. The change of w and k in Stokes scattering and Anti Stokes

scattering is given by:

w, = w, + 0 2.25
ki=k,+q 2.26
W, = w3 — {1 2.27
ki =ks—q 2.28

Virtual vibrational state
A

Vibrational
state J

y v Electronic

Rayleigh Stokes Anti-Stokes ~ &ound state
scattering  scattering  scattering

Figure 2.16 Schematic diagram showing the principles of Rayleigh and Raman (Stokes

and anti-Stokes) scatterings.
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Stokes scattering
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Figure 2.17 A simple representation of the Rayleigh and Raman scatterings. « and

0 are frequencies; k and q are wave vectors.

2.1.7. Optical anisotropy and polarization

For liquid, gas, glasses and amorphous materials, their optical properties are same in
all directions. However, whereas some crystals may have a proffered preferred physical
axis, resulting which is the origin of optical anisotropy. Although Such anisotropic
behavior can also be induced by an applying strain or electric field in some cases can also
induce optical anisotropy, but we will only introduce focus only on the natural anisotropy
here. The most common manifestation of the natural anisotropy is the birefringence. This
property can be understood through a relationship between the polarization, P and the

electric field, &:%’
P =¢yxe 2.29

where y is the susceptibility tensor. In the matrices:®’
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X11 X12 X13\ [/&x
= €| X21 X22 X23 || &y 2.30
P, X31 X32 X33/ \&z

By choosing x, y and z to correspond to the principle axes of the crystal, and y is given

by:®’
X121 0 0
0 0 Xa3
() (b)
air gap (@) q,
unpolarized ¢ \,'I
light 4 E —
o-ray c-ray input ' © output
optic axi1s @ <—d> polarization

Figure 2.18 Schematic representations of a Glan-Foucault polarizing prism (a) and a
retarder plate (b). (Reprinted from Ref.%” with the permission of the Licensor through

PLSclear.)

Since x11 = X2 = X33 for cubic crystals, and their optical properties are hence
isotropic. Meanwhile, tetragonal, hexagonal, and trigonal crystals such as quartz, calcite,
and sapphire are uniaxial crystals in which there is only a single optic axis. Orthorhombic,

monoclinic, and triclinic crystals such as mica are biaxial crystals.®’

Double refraction is the demonstration of birefringence in a uniaxial crystal. The
crystal separates an unpolarized light into two orthogonally polarized rays, the ordinary

o-ray (one that obeys Snell’s law) and extraordinary e-ray (one that does not obey Snell’s
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law), because the refractive indices, no and ne are different for these rays. The crystals
with this property are widely used in optical components to control the polarization states
of light, such as Glan—Foucault or Glan—-Thompson polarizing prisms and retarder plates
(quarter or half wave plate) shown in Figure 2.18.5” The name of half and quarter wave

plates originates from the phase difference, A¢ between the o- and e-rays, which is given

by:

__2m|neg—neld _ 2m|An|d

A = ZHre el = 25 2.32

where d is the thickness of the plate. A quarter wave plate has A¢ = m/2, where the
phase difference between o- and e-rays is A/4. It turns a linearly polarized light into a
circularly polarized one and vice versa. In contrast, when A¢ = m, it is the half wave

plate which rotates the polarization direction of a linearly polarized light.

2.1.8. Spin injection

The electrons are of either spin up (ms = +1/2) or down (ms = -1/2) under a magnetic
field. When they absorb a o™ (0™) circularly polarized light whose photons carry a
+h(—h) angular momentum, it creates a net electron spin and this is called optical spin
injection. Figure 2.19 shows a typical band diagram of the narrow gap IlI-V
semiconductors with cubic zinc blende structure. The conduction band is the s like anti-
bonding states with an orbital angular momentum quantum number, L = 0. In contrast,
the valence band is the p like states with L = 1. It comprises the degenerated heavy (hh)
and light hole (Ih) bands, and the spin orbit (SO) splitting band at k = 0 as shown in Figure
2.20. Because the electrons and holes have a spin quantum number, S = 1/2, the total

angular momentum, J in the conduction band is 1/2 (J = L + S); whereas, J = 3/2 or 1/2
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in the valence band at k = 0. The energy difference A is from the spin orbit splitting as
shown in Figure 2.20.5” As displayed in Figure 2.20 (b), the transition from the valence
to conduction band by the o™ (o~)-polarized light with +#x(—h) photon momentum

occurs only when AM; = +1 or —1.

= p anti-bonding ------ »
Id
/,,
E_ //’
! ~ ,— santi-bonding ------ » | | conduction band
\;)(, E
S bonding ~ ------ » valence band
§ —ee= HE==E D g
\\\
\\\
“—e— sbonding = ------ >

ATOM  =wssmp  MOLECULE ===  CRYSTAL

Figure 2.19 Schematic diagram of the electron levels in a I11-V semiconductor with
four valent atoms (GaAs). The valence band is the p bonding state, while the conduction
band is the s anti-bonding state. (Reprinted from Ref.%” with the permission of the

Licensor through PLSclear.)

The electron spin polarization, IT can be obtained as follows:

__ N(+1/2)-N(-1/2)
T N(+1/2)+N(-1/2)

2.33

In bulk HI-V semiconductors, IT is -50% (50%) under the o* (o~ ) excitation.

Meanwhile, because of the spin orbit coupling interaction, hole spins are usually
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randomized within an extremely short period of time. Hole spin polarization is thus

considered negligible in general.®’

(a) (b)
E E
conduction band
E,—
o+
0l hh
,A —
valence band
M,
-3/2 -1/2 +1/2 +3/2

Figure 2.20 Band structure of I11-V semiconductor (GaAs) with heavy hole (hh), light
hole (Ih), split off (so) hole band and electron bands (a). Circularly polarized photon
transitions from the valence to conduction band under 0 T magnetic field (b).

(Reprinted from Ref.5” with the permission of the Licensor through PLSclear.)

Nonetheless, the spin polarization is somehow different in low dimensional
materials. Figure 2.21 illustrates the optical transitions for the 2D quantum well of GaAs
with a cubic zinc blende structure. As the material reduces in size, the degenerated heavy
and light hole states are split due to the quantum confinement effect induced difference

of confinement energy. For an incident light with a photon energy of Aw, where

Eg + Eel + Ehh1 S hw < Eg + Eel + Elhl 2.34
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it is hence possible to generate a 100% electron spin polarization. Since the fully spin
polarized heavy hole can also be created at the same time, rather than the individual
electron or hole state, the exciton state should be considered instead in the analysis of spin

relaxation under this circumstance.®’

During relaxation of the excited electrons and holes, the PL emitted is consisted of
the I and I~ components, which correspond to the 6™ and o~ circularly polarized
light transitions, respectively. Similar to the aforementioned spin polarization, the degree

of PL polarization, p is given by:

_It-1-

P =T 2.35
E
conduction band
E A
0 |
N
valence band

-3/2 -1/2 +1/2 +3/2

Figure 2.21 Selection rules for the circularly polarized light in a quantum well of the
I11-V semiconductor with zinc blende structure. (Reprinted from Ref.%” with the

permission of the Licensor through PLSclear.)
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2.2. Basic properties of atomic layered 2D TMDs

TMDs are not new materials. MoS,, for instance, was known almost a century ago.
It is a naturally found crystal, which has been widely used as a dry lubricant because of
its low friction and robustness. Since 2004, the success in graphene isolation has brought
this type of layered materials into attention as they demonstrate useful physical properties
for energy related applications when thinned. The optical properties of atomically thin,

layered 2D TMDs will be introduced in this section starting from their crystal and band

structures.
H sz He
M = Transition metal
Li Be X = Chalcogen B C N 0 F Ne

Rb Sr Y Zr Nb Mo  Tc Ru Rh Pd Ag Cd In Sn Sb Te | Xe
Cs Ba La-Lu  Hf Ta w Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn

Fr Ra Ac-Lr Rf Db Sg Bh Hs Mt Ds Rg Cn  Uut FI  Uup Lv.  Uus Uuo

Figure 2.22 Periodic table showing possible combinations of different elements that
form layered MX.. (Reprinted with the permission from Ref.”?. © 2013 Springer

Nature.)

2.2.1. Crystal and electronic band structures of TMDs

Layered TMDs are composed of MX2, where M is the transition metals and X is the
chalcogens as shown in Figure 2.22.”> The metal atoms are sandwiched between the
chalcogen atoms, forming a layer thickness of approximately 0.6~0.7 nm as shown in

Figure 2.237 With the intra layer M-X bonds being predominantly covalent, these layers
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are stacked and held together by the van der Waals (vdW) forces. This vdW force is
stronger for the tellurides than that in sulphides. As illustrated in Figure 2.23, bulk TMDs
exhibit a wide variety of polymorphs and stacking polytypes, such as 1T (tetragonal
symmetry, one layer per repeat unit, octahedral coordination), 2H (hexagonal symmetry,
two layers per repeat unit, trigonal prismatic coordination), and 3R (rhombohedral
symmetry, three layers per repeat unit, trigonal prismatic coordination) stackings.” For
MoS,, the naturally found polymorph is the 2H phase, which has an AB stacking.
Monolayer (1L) TMDs usually exhibit only the hexagonal or tetragonal symmetry

structure, which belongs to the Dz and Dsqg point groups, respectively.’

Figure 2.23 Schematic representations of the layered TMD MX; structure (a), and its
polytypes with 2H, 3R and 1T stackings (b). The stacking index, c indicates the number
of layers in each stacking order. The lattice constant, a ranges from 0.31 to 0.37 nm
depending on the compound. (Figure a is reprinted with the permission from Ref.”3. ©
2011 Springer Nature. Figure b is reprinted with the permission from Ref.”*. © 2012

Springer Nature.)

The electronic structure of the TMDs is determined by the number of d electron

counts and the coordination of transition metal,’?, rendering a rich variety in their physical
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properties. For example, MoS> with a 2H phase stacking is semiconducting, whilst its 1T
phase shows a metallic property. As shown in Figure 2.24, the TMDs also show a
thickness dependent electronic structure, which arose from the confinement effect as they
are being thinned. While the bulk materials have an indirect bandgap of approximately
1.0 eV, 1L TMDs are direct bandgap semiconductors. The CBM and VBM of these 1L
TMDs are located at the same K point in the Brillouin zone, with an energy difference of
1.1-1.9eV. This pair of CBM and VBM is also referred to as the K valley because of their

valley-like energy dispersion bands.?"®
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Figure 2.24 Calculated electronic band structures of MoS; from bulk to quadrilayer
(4L), bilayer (2L), and monolayer (1L) (a). The experimental PL peak energies in
different layers of MoS; (b). (Figure a is reprinted with the permission from Ref.”. ©

2010 ACS. Figure b is reprinted with the permission from Ref.28, © 2010 APS.)

One of the reasons for the indirect (bulk) to direct (1L) gap transition is due to the
lack of inversion symmetry in 1L hexagonal lattice (Figure 2.23 and Figure 2.25 (a) )
Because of this broken inversion symmetry, the strong spin-orbit coupling effect splits

the valence band with an engergy of ~160 to 450 meV.3*>’® Electrons in these two split
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bands have different spins aligning downward (E;) or upward (E3}) as shown in Figure
2.25 (c). Since E|(k) = E;(—k) in time reversal symmetry, the valley and spin of the
valence band are thus coupled. The degenerated K and K’ valleys of opposite spins located
at corners of the Brillouin zone shown in Figure 2.25 (c) can be selectively excited by a
circularly polarized light. Ideally, the spin or valley polarization (as spin and valley are
coupled) in TMDs is expected to reach 100%. This is an important feature for the next

generation optotronics, the so-called valleytronics or optovalleytronics.

Figure 2.25 The unit cell of a 2H-MoS: (a) and the top view of 1L MoS: (b). Schematic
drawing of the Brillouin zone with degenerated but inequivalent K points (c).

(Reprinted with the permission from Ref.”5. © 2012 APS.)
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2.2.2. Fundamental optical properties of monolayer TMDs
The fundamental optical properties of 1L TMDs will be introduced in this subchapter

by using MoSz and WSe;, the widely studied members of the TMD family, as examples.

Fundamental PL property
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Figure 2.26 PL (a) and normalized PL spectra (b) of 1L to 6L MoS,. Arrows indicate

the indirect band transition. (Reprinted with the permission from Ref.?%. © 2010 APS.)

The PL and quantum yield in TMDs change gradually with thickness due to their
layer dependent electronic structures. As illustrated in Figure 2.26, 1L MoS; lacks an
indirect peak and it has the strongest PL emission among all its other few layer
counterparts. Compared to other direct gap semiconductors, 1L TMDs however, suffer
low quantum yield (~107 — ~107) in general due to the defects in natural crystals. In order
to overcome this, many methods have been developed to improve the quantum vyield,

which we will discuss later.
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Reduced dielectric effect and bound excitons in monolayer TMDs
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Figure 2.27 Schematic illustrations of the excitons in bulk 3D and 2D TMDs (a).
Optical absorption diagram showing the electronic and exciton properties of 3D and

2D TMDs (b). (Reprinted with the permission from Ref.””. © 2010 APS.)

Because of the size effect, the dielectric environment is changed considerably in 2D
TMDs. The electric field generated from the excitons confined in a 2D plane extends out
of the crystal as shown in Figure 2.27 (a). This results in an increased exciton binding
energy with larger bandgap in 1L TMDs as compared to the bulk crystal (Figure 2.27
(0)).”” The electric field results from the electron hole pairs which are confined in a 2D
plane extends out of the plane as shown in Figure 2.27 (a), and this further increase the
exciton binding energy. Consequently, both the bandgap and exciton binding energy

increase in monolayer TMDs compared with bulk crystal as shown in Figure 2.27.”" The
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excitons in 2D TMDs, with a large Bohr radius of ~1 nm and the binding energy of 0.2-

0.4 eV, hence have the properties of both free and localized excitons.”’

Raman spectra
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Figure 2.28 Schematic representation of the in-plane (E'zy and E1,) and out-of-plane
(A1g) phonon vibration modes (a). Thickness-dependent Raman spectra of MoS; (b)
and the corresponding peak position shifts and peak difference for the Elyy and Asg
vibrations as a function of thickness (c). (Reprinted with the permission from Ref.”®. ©

2010 ACS.)

Raman scattering, which correlates to the phonon vibration, has been commonly
applied to confirm the identity of TMDs.”® Two main Raman modes that correspond to
the out-of-plane (Aig) and in-plane (E'zg) phonon vibrations of the MoS: are shown in
Figure 2.28 (a).”®"® They are located at the vicinity of ~402 and ~380 cm?, respectively
in Figure 2.28 (b). With the decreasing of layer thickness, the A1 peak shows a blue shift,
whereas an opposite trend is observed for the E'4 peak. This may be due to the stacking
induced structural change or long range interlayer coulomb interaction. The correlation

between the difference of these two modes and the number of layers is shown in Figure
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2.28 (c). A difference of approximately ~19 cm is usually registered for 1L MoS; on

SiOz.

Valley polarization property
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Figure 2.29 Atomic and electronic structures of 1L(a-c) and 2L (d-f) MoS,,
respectively. The inversion symmetry of 2L MoS: is broken in 1L MoS: (a, d). The
valence band edge is lifted. Spin-valley is coupled in 1L but not in 2L MoS; (b, €). The
A and B excitons at K and K’ valleys are excited equally in 2L MoS: (c, f). However,
the excitation is selective in 1L MoS; under circularly polarized light of an appropriate

wavelength. (Reprinted with the permission from Ref.%. © 2012 Springer Nature.)
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Figure 2.30 PL and valley polarization properties of 1L and 2L MoS; under circularly
polarized light excitation at different photon energies: 1.96 (a, b), 2.33 (g, f), and 2.09
eV (g, h) for 1L MoS;; 1.96 eV (c, d) for 2L MoS,. (Reprinted with the permission

from Ref.%. © 2012 Springer Nature.)

Because of the AB stacking for 2H MoSz, the inversion symmetry is broken in 1L
MoS:. Besides, the strong spin-orbit coupling induces a large valence band splitting. 1L
MoS; thus demonstrates spin-valley coupling Figure 2.29, whereas otherwise in 2L MoS;
due to the presence of spatial inversion symmetry. The two inequivalent valleys (K and
K’) in 1L MoS> can be selectively excited using a circularly polarized light of an

appropriate photon energy. A near unity valley polarization for A exciton is achieved at
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1.96 eV (Figure 2.30). This is not the case for bilayer (2L) MoS: since the spin and valley

are decoupled in 2LTMDs because of the spatial inversion symmetry (Figure 2.29).%

Since the large spin-orbit splitting has also resulted in the generation of spin
polarized holes upon excitation, the electron-hole pairs (excitons) should be considered
instead during relaxation. There are many possible channels or mechanisms for the
relaxation of polarized excitons such as Elliot-yafet (EY) mechanism, Dyakonov-perel

(DP) mechanism and Bir-Aronov-Pikus (BAP) mechanism.®’

Meanwhile, the polarization property of 1L TMDs is greatly affected by many other
effects, which include phonon effect, temperature dependent band edge shift, carrier

density and long range coulomb interaction.

2.2.3. Internal and external effects on the optical properties of
monolayer TMDs

As discussed, 1L TMDs have unique optical properties that are beneficial to the
various fields of application. Nonetheless, because of their intrinsic structures and the
large specific surface area, these properties could be easily modified by either the internal

or external effects described below.

Internal effects on the optical properties

Defects

Naturally found TMD crystals inevitably have many defects and impurities. These
defects and impurities become the possible trap states, which reduce the population of

radiative excitons, converting them into non-radiative ones. From the equation:
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n=—-2 _ -_1 2.36

N(1/t¢+1/Tnr) 1+7r/Tnr

the quantum yield, n is hence extremely low for the natural crystals, which usually on
the order of ~107.8%81 |n addition, due to the presence of these defects, the 1L TMDs are
either n- or p-doped. The optically excited excitons can easily combine with another
electron or hole to form trions in a heavily doped condition. Consequently, the PL of 1L
TMDs at room temperature always contains both exciton and trion components. 1L MoS>

commonly has a trion dominant PL emission at room temperature.*®

Dark states
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Figure 2.31 Schematic of the intravalley and intervalley dark states in 1L WSe> (dashed
lines) (a). Temperature dependent normalized integrated PL intensity profile of the 1L

WSe; and 1L MoS; (b). (Reprinted with the permission from Ref.82, © 2010 APS.)

Optical dark states, which lie above or below the bright states, are another internal
reason for the quenching of light emission from TMDs. As shown in Figure 2.31 (a), the
dark state lying ~30 meV below the conduction band in 1L WSe, will trap the excited

bright excitons to the ground state. The dark states can be identified using a temperature
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dependent PL intensity measurement. In contrast to the 1L WSe,, the PL intensity in 1L
MoS: shows an opposite trend with temperature change in Figure 2.31 (b). This implies

that the dark state of 1L MoS:; is located above the conduction band (about 2~3 meV).8?

External effects on the optical properties

Substrate effects
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Figure 2.32 Substrate effects on the PL (a) and Raman signals (b) of 1L MoS,.

(Reprinted with the permission from Ref.*!. © 2012 Springer Nature.)
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Because the thickness of 1L TMD samples is only ~0.7 nm, the substrate effects
acting upon the material are thus significant. As shown in Figure 2.32 (a), the PL intensity
and peak energy, and the exciton-trion weight ratio are dependent strongly on the
substrate. The Raman peak positon is also affected by the different substrates used as
shown in Figure 2.32 (b). This kind of substrate dependent optical properties is mainly
arose from the surface interference, dielectric environment and local substrate doping.**
For the investigation of their intrinsic optical properties, suspended TMD specimens are

often prepared to eliminate the influence caused by the supporting substrate.®

Strain effects
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Figure 2.33 Strain induced changes in the PL intensity and peak position of the 1L (a,

b) and 2L MoS; (c and d). (Reprinted with the permission from Ref.2*, © 2013 ACS.)
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Interface strain is another effect affecting the optical properties of ultrathin TMDs.
The PL intensity and peak position of 1L and 2L MoS; in Figure 2.33 are greatly
modified due to the strain induced band gap change.®* Based on this strain induced effect,

an artificial atom method has been developed to control the PL property of MoS.%

Electrical effects
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Figure 2.34 PL map of 1L MoSe> under gating (a). Schematic of positively charged
(X"), negatively charged (X°) and neutral excitons (X) (b). PL intensities of charged
and neutral excitons versus gate voltage (c). (Reprinted with the permission from Ref.

8, © 2013 Springer Nature.)

Meanwhile, the PL and valley polarization of 1L TMDs can also be modified
through the electrical approach.®®®” Figure 2.34 shows how carrier density modulation
affects the PL of 1L MoSe>. By changing the applied gate voltage, holes or electrons are
injected selectively into the 1L MoSe,. The PL intensities from the neutral (X) and

charged (positive, X* or negative, X°) excitons can be modulated. This method has also
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been used to control the orbital magnetic moments, Zeeman-type spin splitting and valley-

Hall effect in 1L TMDs.88-%0

Magnetic Effects
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Figure 2.35 Valley polarization maps and PL spectra of 1L MoSe; under ot (a) and
o~ (b) excitations. Zeeman shift for the exciton and trion under ¢* (c) and o~ (d)

excitations. (Reprinted with the permission from Ref.®*. © 2010 APS.)
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Magnetic field can be used to couple with the valley magnetic moments and break
the valley degeneracy in 1L TMDs. As shown in Figure 2.35, the conduction and valence
bands in the inequivalent valleys are lifted oppositely by the magnetic field. The PL
intensity of both the exciton and trion changes to a different extent and their peak energies

are shifted linearly with a g factor of 0.12~0.18 meV depending on the doping level.%
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Figure 2.36 Schematic of surface carrier transfer between the different chemicals and
1L MoS:> (a). PL spectra of the treated 1L MoS; (b). (Reprinted with the permission

from Ref.%2. © 2016 ACS.)
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Solvent or chemical treatment is one of the easiest and efficient means to modify the
optical properties of 1L TMDs. As shown in Figure 2.36, the PL intensity of 1L MoS: is
strongly affected by various types of chemicals. Toluene, acetone and 2-propanol act as
the donor molecules transferring electrons to the 1L MoS», whereas chloroform is an
acceptor to which electrons are donated.??> Depending on the electronegativity of the

chemical used, it results in an overall increase or decrease of the PL intensity.

In a nutshell, because of the confinement effects and large specific surface area, the
optical properties of atomically thin materials is succumbed to the influence of various
environmental effects. Ultrathin TMDs, with their unique optical characters, have been
demonstrating great potentials in photodetectors, transistors, sensors, solar cells and
catalysis. For realistic application, understanding the surface interaction between the
TMD sheets and environment is crucial as devices will eventually work under diverse
conditions consisting of various molecules, gases or solutions.®? It provides an important
key to modulate the fundamental properties of 1L TMDs in such situation, leading to the

controllable physical features with long term device stability.
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Chapter 3. Experimental methods and setup

In this chapter, experimental method and optical setup for the measurements in this

thesis will be introduced.

3.1. Sample preparation

Sample exfoliation and transfer

Figure 3.1 Exfoliated MoS: using a blue tape (a). 1L WSe> on a SiO> substrate (b).
Raman microscope system (c). 1L MoSz2 on a glass substrate (d). Glass substrate

bonded with a glass tube as a liquid reservoir (e). Chemical structure of FATCNQ (f).

Monolayer (1L) TMDs (mainly MoSz and WSe: in this thesis) were mechanically
exfoliated from bulk crystal (from hqg graphene or SPI) using a blue tape (Nitto) as shown
in Figure 3.1 (a). The exfoliated sample was transferred onto SiO2/Si substrate (with SiO>

thickness of 270nm) or Polydimethylsiloxane (PDMS). 1L MoS: on the substrate was
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identified through optical contrast using an optical microscope equipped in a micro
Raman spectroscopy system (Nanophoton) as shown in Figure 3.1 (c). A 532 nm laser
was used to excite the sample, and Peltier cooled CCD equipped with a spectrometer in

the Raman spectroscopy system was used to record the Raman and PL spectra.

The samples used in the following chapters 4 and 5 (MoS2 and WSez) were first
exfoliated using the Nitto blue tape, and then were transferred on PDMS. The transferred
TMDs were identified using optical contrast and confirmed using Raman and PL spectra.
The confirmed 1L MoS: (WSe>) flake was transferred on a transparent glass substrate.
Finally, a glass tube was bonded with the substrate to compose a liquid reservoir for the
following optical measurements in which the samples were immersed in aqueous
solutions. Optical images of the 1L TMDs on SiOz, transparent glass and bound tube are

shown in Figure 3.1 (b) (d) and (e), respectively.

In chapter 6, p-type chemical dopant molecule FATCNQ (2, 3, 5, 6-Tetrafluoro-7, 7,
8, 8-tetracyanoquinodimethane) (Figure 3.1 (f)) was used for chemical doping treatment
on 1L MoSz. 1L MoS; was exfoliate and transferred on SiO2 and then FATCNQ with a

concentration of 0.02 umol/mL was drop casted on the sample at room temperature.

3.2. Optical measurements

Optical measurements in this thesis mainly consist of two steps: First, the samples
were screened via Raman and PL measurements using a commercial micro-spectroscopy
system (Nanophoton) to confirm the layer number, and then measurements of PL spectra

and decay profiles were conducted using a homebuilt optical setup.
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3.2.1. Raman and PL spectra of monolayer TMDs
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Figure 3.2 Raman (a and ¢) and PL (b and d) spectra of 1L MoS; (a and b) and WSe>
(b and d) in the Raman spectroscopy system excited using a 532 nm laser. Eg, E'24 and
Aig Were in plane and out of plane vibration mode, respectively. A and B indicate A-

and B- exciton peaks that are normally observed in as-exfoliated (naturally n-doped)

1L MoS;, respectively.

After identifying the MoS: (WSe2) on SiO2 or PDMS under the microscope through
optical contrast, Raman and PL spectra were used to further confirm the layer number. In
the following chapter, before measurements in homebuilt setup, Raman and PL spectra

of all the samples are measured using the micro-spectroscopy system using a 532 nm laser
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equipped with a high NA lens as shown in Figure 3.1 (c). The typical PL and Raman
spectraof 1L MoS, (WSez) are shown in Figure 3.2. For 1L MoSg, the difference between
in plane (Elyg) and out of plane (Aig) vibration modes is ~19.4 cm™, which is a typical
value for 1L MoS;, and the PL peak is at ~1.90 eV."89-% as shown in Figure 3.2 (a) and
(b). For 1L WSe;, the typical unseparated in plane (Eg) and out of plane (Asg) vibration
modes are near ~251.5 cm™ and the PL peak position is at ~1.67 eV as shown in Figure

3.2 (b) and (c).

3.2.2. Optical setup for measurements of TMDs in liquids

In chapters 4 and 5, 1L MoS> (WSe,) was measured in a homebuilt optical setup as
shown in Figure 3.3 Schematic of homebuilt optical setup for PL and lifetime
measurements. A supercontinuum light source and a monochromator were used to obtain
the output light with a specific wavelength. In the following chapters 4 and 5, visible light
with wavelength of 580 nm was typically used for the measurements. Band-pass and
short-pass filters were used to exclude the directly scattered incident light of 580 nm. A
high NA (1.45) oil immersion lens was used to collect the emission light from 1L MoS;
or WSez. HSO4 and NaOH were used as pH adjustors to modulate the pH of the aqueous
solutions for the measurement in different pH conditions. The sample was first measured
in ambient air condition. After dropping distilled water into the reservoir, the sample was
measured in a distilled water condition, and then was measured in aqueous solutions with
different pH after the pH adjustors were added. Other long-pass filters (633nm or 594 nm
edge filter) were used to exclude the directly reflected/scattered incident light from the
PL signal during the later measurements in the homebuilt setup. A spectrometer equipped

with a liquid nitrogen cooled CCD was used to record the PL spectra. In chapters 4 and
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5, Argon gas (99.99%) was used to degas the distilled water to decrease the oxygen

concentration in water as shown in Figure 3.3 Schematic of homebuilt optical setup for

PL and lifetime measurements, and a gas flow controller equipped with a flow monitor

was used to control the Argon gas flow speed.
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Figure 3.3 Schematic of homebuilt optical setup for PL and lifetime measurements

3.2.3. Time resolved PL measurements

Time resolved PL measurements were carried out in the homebuilt optical setup with

a supercontinuum light source (pulse duration of

~20 ps and frequency of 40 MHz). As

shown in Figure 3.3, near infrared pulse (=1064 nm) from the light source was separated

using long pass filter and collected using an high speed InGaAs photodiode and then the

polarity of the signal was inverted as a trigger
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counting (TCSPC) modular using a passive differential pulse inverter. The optical fiber
was used for the light transmission to an avalanche photodiode. A simple schematic of

the TCSPC technic is shown in Figure 3.4.
Trigger electrical pulse

Pulse light Trigger pulse I\ . |_| ;
TCSPC
h Modules

Sample . :. H .
Single photon pulse Histogram

Photon electrical pulse

Figure 3.4 Simple schematic of a classic TCSPC measurement.

3.2.4. Valley polarization measurements

The valley polarization property measurements were carried out in a homebuilt
confocal optical system with a 633 nm He-Ne laser as shown in Figure 3.5. A linear
polarizer and a quarter wave plate were used to obtain ¢* circularly polarized excitation
light. 633 nm edge filters were used to exclude the directly reflected/scattered laser light
from the PL signal. A pin hole was used to get the center signal from the excited spot. A
polarizing beam displacer was used to separate the mixed linearly polarized light into two
orthogonally polarized beams. A depolarizer was used to remove the polarization of the
two beams, and focus lens was used to generate an image of two separated spots at the
entrance the slit plane of the spectrometer. Finally, a spectrograph equipped with a liquid
nitrogen cooled CCD detector was used to record the PL spectra of ot and o~

circularly polarized emission components from the sample at the same time. Different
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regions of the CCD plane were used to detect the polarization-separated signals

simultaneously.

In chapter 6, valley polarization mapping methods was used to obtain the PL
property of the sample at 15K. Liquid Helium cooled cryostat was used for the low
temperature measurements. The cryostat was fixed with a xy motored stage, which can be
controlled using a software (Winspec with a fast mapping function) for the spatial
mapping measurement. The whole sample was excited point by point through the
scanning of the stage, and the PL signals from more than 700 points were collected.
Finally, MATLAB (Mathworks) was used to generate the PL and valley polarization

images from the measured data at all the points for further data analysis.
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He-Ne laser Linear Polarizer /
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Figure 3.5 Schematic of the optical setup for valley polarization measurements at low

temperature.
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Chapter4. PL  property of monolayer
transition metal dichalcogenide in aqueous
solutions

4.1. Introduction

Because of their unique optical and electrical properties, 1L TMDs show high
potential in future electronic and optoelectronic applications, such as phototransistors,>*
light emitting devices*’ and solar cells.%® The optical and electronic properties are easily
affected by many external effects or methods such as electrical gating,® chemical
treatment*® and applying magnetic field,%* because of their 2D natures with a large
specific surface area. Among these, the chemical treatment is one of the facile and
effective methods to modify and control their properties of 1L TMDs. Recently,
modulation of optical and electrical properties were demonstrated using various methods,
such as covalent bonding,®”*® chemisorption and physisorption doping, 4899100
electrostatic doping,*®* and chemical doping methods.'%? These studies showed that the
optical and electrical properties of 1L TMDs could be easily modulated through the
electron extraction form or injection into 1L TMDs via surface charge transfer®® and/or
by defect passivation effects.**% Furthermore, water or oxygen molecules are easily
absorbed on low dimensional materials such as carbon nanotube, graphene and MoS: in
ambient air or humid conditions, which strongly affects their optical or electronic

properties, 99103104

As one of the typical environments for device fabrication or application based on 2D

materials, ambient air, is full of water and oxygen molecules. The effects of oxygen and
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water are inevitable for 2D materials because of the very large specific surface area. Since
the various electrochemical phenomena occurring at the interfaces of aqueous solutions
and 1L TMDs might considerably affect their physical/chemical properties and usefulness
of 1L TMDs in future applications, it is important to clarify the impact of the surface
electrochemical phenomena on their optical properties. 1L TMDs in the environment of
aqueous solution is appropriate system to study these effects; however, knowledge of
optical properties of 1L TMDs in the aqueous solution condition is still limited. Here, the
PL properties of 1L MoS: in ambient air and aqueous solutions with various pH were

studied in this chapter.

4.2. PL property of monolayer MoS: in air and aqueous
solutions

The PL properties in ambient air and water condition were studied. The 1L MoS;
was transferred on a transparent substrate which was bound with a glass tube later for
keeping aqueous solution, as shown in Figure 4.1 (a) and (b). The measurements were
carried out in ambient air and then in water as shown in Figure 4.1 (b). Figure 4.1 (c)
shows the PL spectra of 1L MoS: in air and water condition. After immersed into distilled
water, the PL intensity dramatically increased almost 5 times. Moreover, the PL spectral
shape of normalized PL spectra also show considerable difference between the air and
water condition as shown in Figure 4.1 (c) and (d). To further understand these
differences, the normalized PL spectra in air and water were decomposed into trion (X",
~1.85 eV) and exciton (X, ~1.90 eV) peaks using the peak fitting procedures, as shown
in Figure 4.1 (e) and (f).*® The spectral fitted results showed that the trion peak is the

main component of PL spectrum in ambient air, whereas the exciton became dominant in
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water condition, which is consistent with previous reports that 1L MoS: is an n-doped
material. The PL intensity ratio of exciton and trion (X/X°) increased in the water
condition in comparison with that in ambient air condition, suggests that the trion
formation is suppressed, and the carrier density dramatically reduced after the sample was

immersed into water.
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Figure 4.1 1L MoS; on transparent substrate (a). Simple schematic of 1L MoS: in
aqueous solution (b). PL properties of 1L 1L MoS: in air and water, (c): PL spectra,
(d): normalized PL spectra, (e) and (f): decomposition of normalized PL in air and

water, respectively. Reproduced in part with permission from Ref.1%. © 2018 ACS.
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4.3. Oxygen effect on the PL property of monolayer MoS: in
aqueous solutions

The oxygen effect in water might be one of the reasons for the considerable
modulation of PL intensity and carrier density of 1L MoS; after immersing sample into
the water because the oxygen centration in distilled water is strongly different with
ambient air. To confirm this, 1L MoS> was immersed in a degassed water condition that
Argon gas was used to bubble the water to decrease the dissolved oxygen concentration

in distilled water. The PL spectra were measured in these conditions.

Figure 4.1 (a) shows the PL spectra of 1L MoS; in air, distilled water, and degassed
water condition. The PL intensity of 1L MoS, dramatically decreased in the degassed
water after bubbling the distilled water using Argon gas for 30 minutes, and this is even
lower than the original PL intensity in ambient air. Noted that the normalized PL spectra
as shown in Figure 4.1 (b) showed that the spectral shape recovered back to the original
air condition after the gas bubbling. Figure 4.1 (c), (d) and (e) show the decomposition
of PL spectra in air, distilled water, and degassed water condition, respectively.'®® The
spectral shape decomposition results suggested that the exciton and trion PL intensity
ratio significantly increased after the sample immersed into distilled water, and decreased
once again in degassed water with a continuous Argon gas bubbling, which suggests that
the trion formation is suppressed in distilled water and increased again in degassed water
condition. These results showed that the oxygen in water plays an important role in the
exciton/trion formation process which induced in the modulation of PL intensity and
spectral shape, which can be explained by the effect of oxygen in water redox at the

interface of 1L MoS; and liquid. Furthermore, it is expected that this electrochemical
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effect could be easily modulated by changing the pH of the solution, in which the redox

potential strongly depends on the pH condition.
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Figure 4.2 PL spectra of 1L MoS> in ambient air (black), distilled water (red) and

degassed water (green) (a). Normalized PL spectra for comparison (b). The

decomposition of PL spectra with trion (X) and exciton (X) in air (c), water (d) and

degassed water (e).

4.4. pH effect on the PL property of monolayer MoS: in
aqueous solutions

As discussed above, it is necessary to confirm the effects of pH on the PL properties

after the oxygen effect was observed in distilled water. The H,SO4and NaOH were used

as the pH adjustors adding into water for changing the pH of the solution. The PL spectra

of 1L MoS; was measured in different pH from acidic (pH~3) to basic (pH~12) condition.
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Figure 4.3 shows the PL spectra and integrated PL intensity in various pH conditions. As
shown in Figure 4.3 (a) and (b), the PL intensity strongly depended on the pH of solution.
In the lower pH conditions, the PL intensity considerably increased whereas the PL
intensity decreased in higher pH conditions. The integrated PL intensity in low pH (acidic)
condition (pH~3) showed almost one order larger than that in high pH (basic) condition
(pH~12) as shown in Figure 4.3 (c). To further understand these pH dependent behaviors
clearly, the PL spectra in various PH conditions were normalized as shown in Figure 4.4,
The considerable difference of PL spectra between the basic condition and acidic
condition were clearly observed, however, the almost no differences in lower pH
condition (pH < 7) was observed. The pH dependent spectral shape of PL spectra mainly

comes from the exciton/trion intensity ratio that induced by the change of carrier density.

() (b) (€)
3200 — pH12.2 2000 > 250 @ Increasing pH
= — pH9.5 = @ ° @ Decreasing pH
: — pH6.8 : 2
\E 2400F — pHa.s E 1500 _‘g 0
ﬁ — pH3.0 *U;)' i 150 o
S 1600 S 1000 ?
£ 2 2 100 °
- - 9 8
Z 800 & 500 5 50 8,
5 0 °8 9 g4,
0 0
1.7 1.8 1.9 2.0 1.7 1.8 1.9 2.0 2 4 6 8 10 12
Photon energy (eV) Photon energy (eV) pH

Figure 4.3 PL spectra of 1L MoS; in aqueous solution with increasing pH (a), and

deceasing pH (b). Integrated PL intensity as a function of pH from the data of (a) and

(b).

The carrier density is evaluated from the integrated intensity ratio of exciton and

trion peak corresponding to their population according to the mass action law, as follows:

62



Etr

Nxne _ (4mxme ) kBTe_kB_T 4.1
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where the n,, Nx, and Nx- are the electron density, exciton and trion population
respectively, and m,, myg, mg- are the effective mass of electron, exciton and trion,
where kg, T,and E. are the Boltzmann constant, temperature and trion binding energy,
respectively*38 Normally, the effective radiative decay rate of the exciton in 1L TMDs
is almost one order of magnitude larger than that of the trion.*8# With this assumption,

n. is evaluated to be on the order of ~10'2 cm™2 in acidic condition (pH < ~7) and ~10%
cm 2 in basic condition (pH > ~8). The higher PL intensity in the acidic condition can be

explained, since the lower electron density reduced the exciton carrier collision rate which
induced in a lower nonradiative relaxation rate into the trion formation from exciton in

the condition of pH < ~7, and the exciton PL intensity is strongly enhanced.
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Figure 4.4 Normalized PL spectra of 1L MoS: in acid, neutral and basic conditions.
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Figure 4.5 Electron transfer mechanisms with the Marcus—Gerischer (M-G) model: at
low pH (a) and at high pH (b). Left, density of states (DOS) around the band edge of
MoS: vs vacuum level. The conduction and valence bands of 1L MoS: with a direct

band gap of ~1.9 eV. Right, DOS of the O2/H20 redox system. eEredox is the energy of

solution at which oxidizing and reducing species are equal, Dox = Dred, Where D is the
DOS. eEox and eEred are the mean energies for unoccupied and occupied states
respectively. The red (a) solid and (b) dashed arrows indicate the direction of charge

transfer.

To understand the mechanism of this electrochemical effect on the PL properties of
1L MoS;, Marcus-Gerischer (M-G) model was used to understand the possible
mechanism.% The M-G model has been applied to explain the interface reaction between
a semiconductor or metal and a water redox system in previous reports.%-1%° |n a standard

atmospheric pressure at room temperature, oxygen molecules can be dissolves into water
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with an amount of 9-10 ppm. After the sample was immersed into water, the surface

charge transfer may occur from 1L MoS; into the O2/H20 redox system, as follows.
0,(g) + 4H" + 4e'(MoS,) = 2H,0 4.2

According to the M-G theory, molecules or ions in the aqueous solution have
discrete energy levels that fluctuate with time.1° Then, the electrons transfer occurs from
the occupied states of MoS; to the unoccupied states of Oo/H20 redox system if the Fermi
energy or chemical potential of 1L MoS: is higher than the redox potential of the redox
system, where the reverse transfer will occur while the potential levels are opposite as
shown in Figure 4.5. As a result of the electron transfer, the O2/H.O redox system is
regarded as the electron acceptor or donor depending on the direction of electron transfer
which is determined by the relative value between the Fermi Level and the redox potential.

According to the Nernst equation,'!! the potential E is described by:
_ 0 _RT
E=E°-2InQ 4.3

where Q is the reaction quotient, and R, T and F is the ideal gas constant, temperature,
and faraday constant, respectively. The EC is the standard potential and z is the mole of
transferred electrons as shown in Equation 4.2, in which z is 4. In a perfect gas condition,

Nernst equation is given by:

E=E"-%nt 4.4
zF PO '
and the redox potential of a O2/H,0 redox system can be determined as:08110111
2.303RT
Eredox = He(SHE) + Elpedox T TaF [log(Poz) - 4'pH] 4.5
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in an slightly acidic condition, whereas in the basic condition it can be written as: 08110111

2.303RT
nF

Eredox = He(SHE) + Eroedox - [4pOH + log(poz)] 4.6

The pe(sug Iis the electrochemical potential of an electron in the stand hydrogen

electrode (SHE) relative to the vacuum level which is about -4.44 V; EP,4., is the stand

electrode potential of the reaction relative to the vacuum which is different for acidic (~-

1.229 V) and basic (~-0.401 V) condition. n or z is the mole of transferred electrons as

shown in Equation 4.2, in which n or z is 4; and 2'32% = @ V, here; po, is the

partial pressure at room temperature that is ~0.21 bar and pH + pOH=14108.110

At room temperature, the redox potential strongly depends on the dissolved oxygen
and pH value of the solution. Without any dissolved oxygen modulation at room
temperature, E..q0x IS €Stimated as ~-5.27 V at pH 6.5. The VBM and CBM is about -
5.27 eV and -4.1 eV relative to the vacuum level.1*2® The Fermi level is near the CBM
because 1L MoS:; is the natural heavily n-doped material. After immersing of 1L MoS;
into distilled water with a pH of ~6.5 that redox potential lies below the Fermi level of
1L MoS,, the difference between the Fermi level and eE,..q0x gives a driving force for
the electrons transferring from MoS: into the surrounding redox system until the
equilibrium reached. Thus, the trion formation is strongly suppressed and the exciton PL
intensity increases (Figure 4.3). When the pH is tuned to lower, the redox potential shifts
down from -5.27 at pH 6.5 to -5.66 in pH 0. The increased difference between the Fermi
level and eE,..q0x €Xtracts more electrons from 1L MoS; which induced in a further
suppression of trion formation because of the reduced carrier density in 1L MoS; as

shown in Figure 4.5 (a) and Figure 4.3. In contrast, as shown in Figure 4.5 (b) and
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Figure 4.3, when the pH is tuned to basic condition, the redox potential increased from -
5.27 V (pH 6.5) to -4.83 V (pH 14) and the electron extraction from 1L MoS; is
suppressed or transferred oppositely. This opposite electrons transfer results in a trion
formation increase because of the increased carrier density in 1L MoS; and a further

spectral shape modulation (Figure 4.4).

Furthermore, the M-G theory also can be used to explain the oxygen effect in water
condition. During the Argon gas bubbling, the oxygen concentration in distilled water
dramatically decreased, and the redox potential is lifted. Thus, difference between the
redox potential and Fermi level of 1L MoS; became smaller and electron extraction from
1L MoS:; is suppressed or oppositely injected into 1L MoS> which result in a modulation

of both PL intensity and spectral shape (Figure 4.2).

4.5. Time resolved PL of monolayer MoS: in aqueous
solutions

As discussed above, the changes of PL intensity and spectral shape with increasing
or decreasing pH can be understood through M-G model. It is also noticed that, in the low
pH condition, the PL intensity enhanced a lot whereas the spectral shape almost does not
show considerable difference. This suggests that the PL intensity enhancement under low
pH conditions might be not only attributable to the reduced exciton decay rate into trion
states due to the decreased carrier density. To further understand this phenomenon, the
time resolved PL decay measurements were carried out in aqueous solutions with various
pH as shown in the Figure 4.6. The time resolved PL profile became slower in low pH
condition, whereas the lifetime became faster in the high pH condition. For better

comparison, the time resolved PL profiles were fitted using convolutions of the
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biexponential function I(t) = C, exp(—t/7,) + C, exp(—t/7,) and the instrumental
response function (IRF). The effective decay time (r) was obtained using the relation

dEmed as, <T) = (C1T1 + CZTZ)/(C:[ + Cz)
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Figure 4.6 Time resolved PL of 1L MoS; with increasing pH (a) and decreasing (b) the

pH of aqueous solutions.

Figure 4.7 (a) shows the effective life time as a function of pH of solution. The
effective lifetime dramatically increased at low pH condition, whereas decreased at high
pH conditions and this result can be reproduced in both direction decreasing and
increasing pH. Figure 4.7 (b) shows the correlation between the integrated PL intensity
and effective lifetime. The strongly correlation between pH and effective lifetime
suggests that the observed PL intensity change in low pH conditions is mainly attributable
to the changes of the PL decay time. This suggests that the modulation of pH strongly
affects the nonradiative relaxation processes in 1L-MoS; because the PL decay is
dominated by non-radiative relaxation pathways in the as-prepared 1L-MoS; with very
low PL quantum yield.*>!1* Note that the effective decay time at pH higher than 9 reached

to a limitation of our detection system (~20 ps). The increased effective decay time at low
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pH condition (< pH ~7) does not change the PL spectral shape (shown in Figure 4.4),
which means the negligible change in intensity ratio of X and X". This implies that the
nonradiative recombination rate of excitons still reduced when the trion formation rate
was unchanged at low pH conditions. This is similar with the previous reports that the PL
can be brightened through the defect passivation by the super acid treatment.*® The energy
level of sulfur vacancy lies blow the conduction band edge of ~0.45-0.7 eV,'*>" and it
may be partially passivated by H* ions whose concentration is extremely high under low

pH conditions.
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Figure 4.7 Effective decay time of 1L MoS: under different pH (a) and the effective
decay time plotted as a function of the integrated PL intensities (b) with increasing and

decreasing pH of aqueous solution.

4.6. Chapter summary

In this chapter, the PL properties of mechanically exfoliated 1L MoS; was
investigated in ambient air, distilled water, degassed water and aqueous solutions with

various pH. The PL properties were considerably changed after immersing 1L MoS; into
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distilled water. Furthermore, the pH in aqueous solutions strongly affected the PL
intensity, spectral shape and effective decay time. Both the PL intensity and effective
lifetime increased as the pH of the aqueous solution decreased from basic to acidic
condition, and the same results were obtained from acidic to basic condition. These
strongly pH dependent PL properties can be understood that the carrier density in 1L
MoS; was considerably modulated through electrochemical reactions at the interface of
1L MoS; and an O2/H>0 redox system because of the pH dependent electrochemical
potential. The increased exciton lifetime and the unchanged PL spectral shape at low pH
conditions (< pH ~7) suggests that the passivation of local defects with H* ions may also
contributes to the PL intensity enhancement when the concentration of H* is high at the
lower pH conditions. These experimentally observed results and their mechanism might
provide a new insight into the effects at the interface of the atomically thin
semiconductors and oxygen/water redox system, which are important and unavoidable

when the 1L material is in ambient air with finite humidity and in aqueous solutions.
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Chapter 5.  Photostability ¥ of  monolayer
transition metal dichalcogenide in aqueous
solutions

5.1. Introduction

In the last chapter, it was observed that PL properties of 1L MoS, were strongly
modified in aqueous solutions because of the electrochemical reactions at the interface of
atomically thin TMDs and oxygen/water redox system, which gave us an insight into the
environmental effect on the PL properties of 1L TMDs in real applications. Meanwhile,
the electrochemical etching!81'® and oxidation reactions'?%!2! of atomically thin TMDs
under the photoirradiation, ambient air and ozone exposure conditions were also reported.
As introduced, thin layer TMDs showed high potential in applications of
phototransistors,*?212% photodetectors,® light-emitting devices,*”®° light modulators,?*
and solar cells®? because of their unique electronic and optical properties. With
consideration of realistic application environment such as ambient air and wet conditions,
it is important and necessary to give a deep understanding of the influence of these
interface reactions between oxygen, water and 1L TMDs on their stability as well as
physical or chemical properties of 1L TMDs. However, until now, knowledge of the
stability of 1L TMDs under such conditions is still limited. Here, the surface interactions
on the photostability of 1L TMDs under a continuous light irradiation condition by
monitoring the PL properties will be studied. The findings in this chapter may give us an
important understanding of surface environmental effect on the sample fabrication,

storage, and future applications.
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5.2.  Optical property of monolayer MoS; and WSe: with light
irradiation
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Figure 5.1 Power dependent PL spectra and PL intensity of 1L WSe, under a
supercontinuum laser irradiation with a typical viable wavelength of 580 nm.

Reproduced in part with permission from Ref.1%. © 2019 ACS.

The photostability of PL properties of two typical TMDs (MoS, and WSe2) were
investigated by using a supercontinuum light source with a typical visible wavelength of
580 nm. Other different visible lights with a wavelength of 532 nm and 594 nm were also
used to compare the wavelength effects. The experimental condition of light intensity
(800 W cm) was kept in the linear power dependence region of PL intensity as shown
in Figure 5.1 (a) and (b), and the same power density was used for the PL
measurements.*?® The PL measurements were performed at regular intervals (5 min) with

a signal acquisition time of 5 seconds.

Before the photostability measurement, the exfoliated 1L TMDs were confirmed

using a microscope with a Raman system whose details have been introduced in Chapter
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3. The optical images and PL spectra of 1L TMDs on transparent glass substrates under
a 532 nm semiconductor excitation laser are shown in Figure 5.2. The regions indicated

by the orange dotted curve correspond to the monolayer parts.
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Figure 5.2 Optical images and PL spectra of 1L TMDs on transparent glass substrates.
Optical image (a) and PL spectrum (b) of 1L WSe>. Optical image (c) and PL spectrum

(d) of 1L-MoS,.

5.2.1.  PL of monolayer MoS; and WSe: under with irradiation
in ambient air

The experiments for the photostability property was first carried out in ambient air,
corresponding to the most typical environment for devices application. Figure 5.3 shows
the PL spectra and PL intensity at different light irradiation time. The PL intensity of 1L
WSe;, showed a slightly decrease within ~200 minutes, whereas 1L MoS, showed a

negligible change in PL intensity as shown in Figure 5.3 (a) and (d). Because 1L WSe;
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and MoS; at 580 nm show a similar order of optical absorption coefficient (1x10° to
2x10° cm™1),126127 the similar photogenerated number of electron and hole in 1L WSe;
and MoS; by the photo irradiation was expected. These results suggested that the
photostability of 1L WSe: is slightly lower than that of MoS; under the photoirradiation
in ambient air. The normalized PL spectra showed an undetectable shape change in both
1L WSe; and 1L MoS3, as shown in Figure 5.3 (b) and (e), which implies that the exciton
and trion ratio of both 1L WSez and 1L MoS: did not change during the photoirradiation.
The time dependent PL intensity as shown in Figure 5.3 (c) and (f) clear shows the PL
stability of 1L WSe; and MoS; at different time. Thus, the PL properties including their

intensity could be used to evaluate the photostability of monolayer material.
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Figure 5.3 Time dependent PL spectra and PL intensity. PL spectra (a) and (d),
normalized PL spectral shape (b) and (e) of 1L WSe> and MoS; at different time. Time

dependent PL intensity of 1L WSe; (c) and MoS; (f), respectively.
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5.2.2.

PL of monolayer MoS: and WSe; with light irradiation in

water
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Figure 5.4 PL spectra and normalized PL spectra of 1L WSe: (a) and (b), and MoS;

(c) and (d) in distilled water.

As discussed in the previous chapter, the properties of 1L TMDs are easily affected
by the electrochemical effects of oxygen and water at the interface of 1L TMDs and
environment with ambient air or other liquid. For the realistic applications of
photodetectors, sensors and catalysts, it is important to understand the photostability of

1L TMD:s in various environment including liquid or solutions. The aqueous solution is
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one of the appropriate platforms for studying these interface effects. The photostability
of 1L TMDs in distilled water under light irradiation was investigated, where water and
the dissolved oxygen molecules are adsorbed onto the surface of TMDs and

electrochemical effects became important.

Figure 5.4 (a) and (c) show PL spectra of 1L WSe> and MoS; in distilled water
during photoirradiation, respectively, and the normalized PL spectra are shown in Figure
5.4 (b) and (d). The PL intensity of 1L WSe in distilled water gradually decreased within
60 minutes under a continuous light irradiation with a power density of 800 W cm?,
whereas the PL intensity of 1L MoS; showed a negligible change within 150 minutes,
which suggests that the photostability of 1L MoS; is much more stable in distilled water
in comparison with 1L WSe». The normalized PL spectra showed that the spectral shape
of both WSe> and MoS; did not have any spectral shape changes during the irradiation

time, which excludes the effects of carrier density modulation during the photoirradiation.

To further understand the observed results of 1L WSe;, the PL line mapping method
was used to evaluate the photostability by laser irradiation of 532 nm. As shown in Figure
5.5 (a), the optical image of 1L WSe> before the light irradiation in water showed a
complete shape, whereas the irradiated point in the center of sample was broken after the
irradiation. After removing the sample from distilled water and drying in ambient air, the
broken part in the center of 1L WSe> was clearly seen as shown in Figure 5.5 (a). The
PL mappingS in Figure 5.5 (b) strongly support the observed results of optical images
and the PL became completely dark in the irradiated part after the continuous light
irradiation. Figure 5.5 (c) showed that after the PL intensity decreased to O at the spot

after the light irradiation. This darkened PL intensity keeps same after the water was
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removed and 1L WSe, was exposed in ambient air again. Thus, it is concluded that the
photoinduced PL intensity decrease mainly comes from the photoinduced degradation or
decomposition of 1L WSe;, which means that 1L WSe> is easily photodegraded in

distilled water, whereas 1L MoS: is much more stable and hardly degraded.
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Figure 5.5 Optical images (a) and PL mappings (b) before and after the laser irradiation

of 1L-WSe». (c) PL spectra measured at the irradiated spot.

To elucidate the mechanism of degradation and considerable difference between 1L
WSe; and 1L MoS,, the O2/H.O redox couple and electrochemical reaction at the
interface between 1L TMDs and aqueous solution were considered. The O2/H.O
molecules absorbed onto 1L TMDs and photogenerated electrons or holes might be the
main factors for the degradation of 1L TMDs in the O2/H20. Photogenerated holes (h*)
could facilitate the oxidation of compound semiconductors (AB) and destruct their

original structure,*?® as follows,

AB + zh* + solv - A(oxidation) + B#* - solv 5.1

where A and B are the transition metal and chalcogen atoms that compose the

semiconductors. z is the number of holes and solv means solvent.
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Figure 5.6 Band alignment of 1L WSe: (a) and 1L MoSz (b) with the water redox

potential.

Considering the effects of the photoinduced electron or hole, the band alignment of
1L TMDs and water redox system is important. Depending on the material, the band
alignment of semiconductors with oxidation/reduction potentials of O2/H,0O is different
as shown in Figure 5.6. The CBM of 1L WSe: is near -3.6 €V, which lies above the H*/Hz
reduction potential (-4.83 eV).10%11312% Thys, part of the photogenerated electrons can
relax to the H*/H energy level and reduce H* to H; in the solutions. The similar process
can occur for 1L MoS; with a CBM near -4.1 eV, as shown in Figure 5.6 (b), however,
the smaller energy difference between CMB and ¢(H*/H>) in comparison with 1L WSe;
results in a smaller electron driving force/rate to reduce H* to H2.2*%%3! The VBM of 1L
WSe; is about -5.2 eV,!3132 which lies above the O2/H,O potential (-5.66 eV). The
photogenerated holes from 1L WSe> cannot totally recombine with the photogenerated

electrons because the parts of the electrons which relaxed to the H*/H; level and reduced
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H™ to H, have been consumed which relaxed to the H*/H. level and reduced H* to H: as
shown in Figure 5.6 (a). Thus, the residual holes degrades the 1L WSe> rather than
generating Oz from H2O which is energetically unfavorable for holes.'?813 These

electrons and residual holes involved the reactions are:1341%

2H* +2e~ - H, 5.2

and

2WSe, + 8h* + 8H,0 + 70, = 2WO0, + 45e0,%™ + 16H* 5.3

Moreover, WOjs is thermodynamically unstable'®>2¢ in aqueous solution, which will
induce a second reaction of dissolution, and this will be discussed in the next subchapter.
The VBM of 1L MoS; is about -6.0 eV which lies below the potential of O2/H20 and
parts of photogenerated holes might oxygenate H>O to O, as shown in Figure 5.6 (b).
Thus, 1L MoS; does not tend to be degraded within a short time, which well explained

the photodegradation difference between 1L WSe, and MoS; in distilled water condition.

5.2.3. Photon energy effect on the PL property in distilled water

1L WSe; is easily photodegraded in distilled water because of the band edge
alignment between 1L WSe; and O2/H20 system. The excess photon energy of irradiation
light could affect the photodegradation. Hence, the effects on the photodegradation of 1L
WSe; by various laser wavelength (532, 550, and 594 nm from supercontinuum light
source, and 594 nm from CW He-Ne laser) in water is also studied, where the irradiation
density was kept in the same power density. Figure 5.7 shows the degradation rates as a

function of irradiation wavelength (photon energy), in which the degradation rate was
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simply calculated using the PL intensity difference in a fixed time interval (10~15 min.).
The longer light wavelength showed a lower degradation rate, which is attributable to the
wavelength dependent photocarrier density because of the differences in the absorption
coefficient and the photon flux. The CW laser with the same wavelength showed a higher
degradation rate compare with the pulse laser. This can be explained that the photo
generated carrier density is high only within a very short time (on the order of the pulse
duration of ~20 ps) in pulsed excitation whereas the CW excitation provides a time
independent average photocarrier density. Thus, the total time allowed for photo induced

chemical reactions induced a difference for the CW and pulse excitation.
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Figure 5.7 Photo induced degradation rate of 1L WSe; in distilled water with the pulse

laser irradiation of 532, 550, 594 nm and CW laser irradiation of 594 nm.

80



5.2.4. pH effect on the PL property of monolayer WSe: under
light irradiation in aqueous solution
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Figure 5.8 PL spectra (a) and (c) and normalized PL spectral shape (b) and (d) of 1L

WSe; and MoS: in basic condition under a 580 nm light irradiation.

As described in Chapter 4, the pH of aqueous solution strongly affects the optical
properties of 1L TMDs because of the surface electrochemical reactions resulting in
considerable carrier modulation. The pH effect on photostability is also necessary to be
studied. Figure 5.8 shows the change of PL spectra of 1L WSe, and MoS; measured in
basic condition (pH ~12): (a) and (c); and in acidic condition (pH ~2): (b) and (d),

respectively. In the acidic condition, the PL intensity of 1L WSe> dramatically decreased
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within 45 minutes, whereas the 1L MoS; did not show any changes within 140 minutes.
The normalized PL spectra shape showed that both the 1L WSe, and MoS; did not show
any changes of spectral shape during the photo irradiation time, which suggests that the
carrier density in 1L TMDs keeps constant during this process and the changes of PL

intensity is not from the carrier injection or extraction into/from 1L TMDs.
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Figure 5.9 PL spectra (a) and (c), and normalized PL spectral shape (b) and (d) of 1L
WSe: ((a) and (b)) and MoS: ((c) and (d)) in basic condition under a 580 nm light

irradiation.
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Similar results were observed in basic conditions. As shown in Figure 5.9, the PL
intensity of 1L WSe; in basic condition rapidly decreased within 15 minutes with an
amount of more than ~75%, which is much faster than that in acidic condition (~30%).
The normalized PL spectral shape of both 1L WSe> and MoS; as shown in Figure 5.9 (b)
and (d) kept unchanged during the photoirradiation, which is similar with the behaviors
in acidic and distilled water conditions. These results can be explained that the
photogenerated electrons and holes are energetically committed to the water redox

reactions and not likely to involve into trion formation from exciton.
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Figure 5.10 Time dependent PL intensity of 1L WSe, (a) and MoS; (b) in acidic,

neutral and basic condition, respectively.

The decreasing speeds of PL intensity of 1L WSe within the same time interval are
different in acidic, water and basic condition, which means that the degradation rate is
different in these conditions. For better comparison and understanding the mechanism,
the normalized PL intensities of 1L WSe> and MoS: in acidic, water (neutral) and basic

conditions were plotted in Figure 5.10. The PL intensity of 1L WSe: in all conditions
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showed a rapidly decrease with increasing the photoirradiation time, whereas the 1L
MoS; showed a stable PL intensity in all the conditions as shown in Figure 5.10 (a) and
(b), respectively. In addition, the main decrease of PL intensity for 1L WSe; in all the
conditions occurred within the first 10—-15 min and then the decrease slowed down, which
is likely because the increased concentration of the degradation products from 1L WSe>
slowed down the degradation reactions. The PL intensity plot (degradation curve) is
considerably different for 1L WSe; in all the conditions. 1L WSe; showed a relatively
moderate degradation rate (PL intensity decrease) in acidic condition, whereas faster
degradation was observed in neutral and basic conditions. Within the first 10 minutes, the
original PL intensities showed a decrease by approximately 15, 40, and 55% in acidic,
neutral, and basic condition respectively. This large difference of degradation rate mainly
comes from the easily dissolved WO3 that is one of the degradation products of WSe; in
aqueous solutions. It has been well know that the WO3 showed a thermodynamic

instability*>¢ in aqueous solution,

WO, + H,0 2 W0,*™ + 2H* 5.4

whose reaction rate also strongly depends on the pH of aqueous solution. This second
degradation reaction in Equation 5.4 can well explain the pH dependence of
photodegradation rate. The dissolution reactions of WOz become faster because of the
higher concentration of OH" in basic condition than that in acidic condition. Thus, the
oxidation reaction and the dissolution reaction of WSe; and WO3 induced a fast
degradation in basic condition, in which more defects and edges on 1L WSe; flake were
generated. 10 This is supported by the fitting of time dependent PL intensity plot as

shown in Figure 5.10. In acidic condition, the PL intensity in the time trace is well fitted
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by a single exponential function, whereas a much faster initial degradation was observed
in basic condition that cannot be reproduced by a single exponential function, which
implied that an additional electrochemical process was involved with a different time
scale. Consequently, the degradation species of WSe; differ among the acidic (WO3 and
Se04*"), neutral, and basic conditions (WO4*~ and SeO4*"). This experimentally observed
pH dependent degradation properties are also consistent with the pH dependent Gibbs

free energy of WSe; as reported recently.*#

Moreover, the rate equation was introduced to describe the degradation of 1L WSe>

in acidic condition,

dA/dt = —aA 5.5

where A is the undegraded area of 1L WSe: at time t, and « is a rate constant. From
equation above, A = Aye~ ¢ is obtained, where A, is the original area of 1L WSe:.
The undegraded area of 1L WSe> exponentially decreases with time, which also support

the single exponential PL intensity decrease in acidic condition as shown Figure 5.10 (a).

5.2.5. Oxygen effect on the PL property of monolayer WSe: with
light irradiation in distilled water

As introduced in Equation 5.3, 1L WSe, was degraded by the photogenerated holes,
and the oxygen also played an important role during the degradation reaction. To further
confirm this oxygen effect, the PL properties of 1L WSe: in the dark (not light illuminated
except the PL measurement time) and in degassed water condition were measured. As
shown in Figure 5.11, the degradations corresponding to the PL intensity decrease in dark

(~46%) and degassed water (~38%) are much slower than that in distilled water (~38%)
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within 30 minutes. Furthermore, the degradation in degassed water is slightly smaller in
comparison with that in dark condition. These results strongly support the conclusion
described above that the dissolved oxygen and photogenerated holes are key elements for

the degradation of 1L WSe; in aqueous solutions.
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Figure 5.11 Time dependent PL intensity of 1L WSe; in distilled water, water in dark,
and degassed water. The solid curves are the results of fitting using single exponential

functions.

5.2.6. Photoexcited carrier density effect on degradation of
monolayer WSe; in distilled water

As discussed above, the photoexcited holes is one of the key elements for
degradation of 1L WSe> in aqueous solutions. The photoexcited holes density strongly
depend on the irradiation power density, by which the photogenerated carrier density was

directly modulated. Figure 5.12 shows the power dependent PL intensity of 1L WSe> in
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water in acidic, neutral and basic conditions, respectively. The degradation (PL intensity
decrease) speed in acidic, neutral and basic conditions strongly depends on the irradiation
power density. In all conditions, the higher power density results in a faster degradation
speed, which supports the above discussion that the photogenerated holes degraded 1L

WSe; in aqueous solutions.

Furthermore, the time trace of PL intensity in acidic condition are well fitted using
a single exponential function, whereas those in neutral and basic conditions are
reproduced by biexponential function, which also supports the above discussion that an
additional electrochemical process was involved with a different time scale. For better
comparison, the degradation rate was used to estimate the degradation speed of 1L WSe>
that was calculated using PL intensity decrease at a time interval, and the power density
was used to calculate the photogenerated carrier density, in which the photon number is

proportional to the photo generated election hole pairs.
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Figure 5.12 Power dependent PL intensity of 1L WSe, with time increasing in acidic
(a), neutral (b) and basic (c) conditions. The solid lines are the fitting curve using single

(a) and biexponential functions (b and c).
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Figure 5.13 showed the degradation rate as a function of photogenerated carrier
density in the acidic, neutral, and basic conditions. The degradation rates in all conditions
are nearly proportional to the density of photogenerated electrons/holes. Moreover, the
degradation rate in basic condition is almost one order of magnitude larger than that in
acidic condition with a photocarrier density of 6x10'° cm? s?. The degradation rate in
neutral condition is between the acidic and basic condition, which support the above
discussion that the second dissolve reaction in Equation 5.4 increased degradation speed

of the 1L WSe; in neutral and basic conditions.

From the calculated results, the degradation rate (PL intensity decrease rate) of 0.1
~0.3x10~3s ! was extrapolated when the photocarrier density is zero as shown in Figure
5.13, which is consistent with the calculated degradation rate of ~0.3x103s ! in the

dark condition (Figure 5.11).
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Figure 5.13 Photocarrier density dependent degradation rate in acidic, neutral, and

basic conditions, respectively. The dashed lines are the trend fitting lines.
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5.3. Chapter summary

In this chapter, the photostabilities of 1L WSe, and MoS; in ambient air, aqueous
solutions with pH were investigated by PL spectroscopy. Under a continuous irradiation
using a light with visible wavelength, 1L WSe; was readily degraded whereas 1L MoS;
was relatively stable in both ambient air and aqueous solutions. This considerable
difference between two 1L TMDs was mainly ascribed to the difference of oxidization
reaction at the interface of 1L TMDs and the O2/H20 redox system induced by band
alignment. The photogenerated holes and dissolved oxygen played important roles in
degradation reactions. These are strongly supported by the further observed results that
the degradation rate of 1L WSe> is much lower in dark and degassed water in comparison
with distilled water and the results of photogenerated carrier density dependent
degradation rates in acidic, neutral and basic conditions. Furthermore, the degradation
rate showed a strong pH dependent behavior that the degradation in basic condition is
faster than that in acidic conditions. This is attributed to the oxidation/reduction potential
of the 1L WSe, and the dissolution reaction of degraded species, both of which are

strongly pH dependent.

The experimental findings and revealed mechanism in this chapter might provide an
insight into the electrochemical reactions at the interface of atomically thin
semiconductors and an O2/H>O redox system on their photostability. This is one of the
key factors for the device fabrication and applications in realistic environments with finite

humidity or liquid conditions.

89



Chapter 6. Chemical doping effect on the

trion valley polarization property of monolayer
MoS;

In the liquid (aqueous solution) condition at room temperature, the modulations of
photophysical properties, which mainly induced by surface electrochemical reactions on
1L TMDs, was observed as discussed in the previous chapters. In this chapter, the impacts
of chemical doping treatment at a dry condition on the valley polarization properties of

1L MoS; at low temperature will be discussed.

6.1. Introduction

Monolayers of TMDs have emerged as a new class of 2D semiconductors promising
for future electronics and optoelectronics applications beyond graphene, not only because
of their finite direct bandgaps and readily tunable physical or electrical properties, but
also because of their two degenerated valleys K and K’ at the corners of the hexagonal
Brillouin zone. The strong spin orbit interaction and the broken structural inversion
symmetry in these 1L TMDs enable a selective generation of excitons and trions in one
of these valleys using circular polarized light, which results in a unique excited state with
“valley polarization.” This makes these materials quite attractive for exploiting
optoelectronics called valleytronics, where the valley degree of freedom is used as
information carriers in information processing technology with high speed and low

energy consumption.

Excitons and trions are two important quasiparticles that dominate the optical
properties of 1L TMDs. Various methods for modulating exciton valley polarization have

been proposed, such as using a magnetic field,*34550142  photon-upconversion
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process, #3144 carrier density tuning,4>-*® and van der Waals engineering.*>*1* However,
bright excitons in 1L TMDs, which can potentially show high PL intensity necessary for
their realistic applications, have a very short intrinsic valley lifetime on the order of 10
ps, and this is considered as a major limitation for their applications.’>>1%7 In contrast,
trions can potentially show a longer valley lifetime than excitons,**®1%% which can be an
alternative for carrying information in valleytronics.®8° However, trion emission is
normally weak and show spatially heterogeneous valley polarization, which prohibits the

realistic application of trions in these materials.

Many methods have been used to enhance the PL emission efficiency such as using
hBN substrate,*6161162 or chemical treatment,*®4%124 and to increase the valley lifetime
using heterostructure method.'5*-154163164 Among various methods, chemical doping
treatment is one of the easy and efficient methods to modify the exciton or trion PL
properties.*®4° At room temperature, p-type dopant F,TCNQ has been proved as an
effective molecule to modify the exciton/trion PL emissions.*® However, the effect of the
F4sTCNQ treatment on valley polarization property at cryogenic temperature remains to
be revealed. In this chapter, the typical p-type dopant FATCNQ was used to treat the 1L
MoS: on SiO2/Si substrate. The valley polarization property of trions was measured at
15K after the doping treatment using a PL mapping method to obtain the information of

the whole sample.

6.2. Adsorption effect of chemical dopant F4sTCNQ on the PL
properties of excitons and trions

In this subchapter, the effect of FATCNQ adsorption on the PL properties of excitons

and trions for as-prepared 1L MoS; on SiO> substrate at 300 K and 15 K will be discussed.
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6.2.1. Chemical dopant effect on PL properties of monolayer MoS: at
300 K
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Figure 6.1 PL spectra (a) and normalized PL spectra shape (b) before and after the
F4TCNQ doping treatment with 532 nm laser exciton. Decomposition of the normalized

PL spectra with exciton and trion peaks before (c) and after (d) the treatment.

The drop cast method was used for the FATCNQ chemical doping treatment of as
prepared 1L MoS; on SiO,.*® The PL properties before and after the treatment were
measured under a 532 nm CW laser excitation. As shown in Figure 6.1 (a) and (b), PL
intensity increased almost 10 times after the treatment. Normalized PL spectra showed

that after the treatment, there is a considerable change in the spectral shape and peak
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position. For better comparison, the normalized PL spectra were decomposed into
negatively charge trion (X) at ~1.85 eV, neutral exciton (X) at ~1.89 eV (A exciton), and
B exciton (B) at ~2.03 eV.*® As shown in Figure 6.1 (c) and (d), before the treatment, the
PL intensity ratio of A excitons and trions Ix/ Ix- was ~0.06, and increased to ~4.2 after
the treatment by a factor of ~70 times. This considerable modulation of Ix/ Ix- suggests
electron extraction from heavily n doped MoS;,. This also explained the peak shape
change and shift in Figure 6.1 (b): before the treatment, the main PL component of 1L
MoS:; is attributed to trions, while exciton PL is the main component after the treatment.
This result is consistent with the previous report that the carrier density in as-prepared 1L
MoS:; strongly reduced after the p-type dopant F,TCNQ treatment.*® The peak labeled as

B is from the B exciton hot luminescence and will be not discussed at the present stage.

6.2.2. Trion PL properties of monolayer MoS: at 15 K

To further examine the chemical doping effect on the valley polarization properties
of 1L MoS;, the PL spectra were measured at 15 K. As shown in Figure 6.2, the exciton
peak was cut by the edge filter because the A excitons were resonantly excited using 633
nm (1.96 eV) light. The trion PL intensity showed a considerable increase at 15 K after

the F4,TCNQ treatment as compared in Figure 6.2 (a) and (b).

To further understand this increase of trion PL intensity after the treatment, time
resolved PL spectroscopy was carried out. As shown in Figure 6.3, the time resolved PL
profiles before the treatment is almost undistinguishable with the instrumental response
function (IRF), whereas the decay profile after the treatment is considerably extended.
The effective lifetime of trion, (z,) was deduced from the time resolved PL decay curve

using convolutions of a biexponential function I(t) = C, exp(—t/7,) + C, exp(—t/7;)
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and the IRF, then was calculated using (z,-) = (C;t, + C,75)/(C; + C,). This quantity
is proportional to the trion photoluminescence quantum yield 7y as 7y = Tt %ir)s
where 7,._. is the radiative lifetime of trions. Before the treatment, () could not be
rigorously determined because of the limitation of the detection system (~ 20 ps), whereas
~70 ps was obtained after the treatment. With consideration of the low PL quantum yield
of trions in 1L MoSy,, this result suggests that the observed enhancement of the trion PL
intensity after the FaTCNQ chemical treatment is owing to the considerably extended
trion effective lifetime, mainly due to the increased nonradiative lifetime of trions. The
increase of the nonradiative lifetime may be from the passivation of sulfur vacancy

defect49:98:117.165 by the F, TCNQ molecular absorption.

(a) . (b) —
s Before § ° After
—~ —~ % 3°
& 1000} 3 1000} $°s g0
b b 30 ‘ .
= £
: : v
£ 500¢ £ 500} °
a N a :
o o °
0 * * . 1 0 : " s N ;nﬁm-n-
16 17 18 19 20 21 16 17 18 19 20 21
Photon energy (eV) Photon energy (eV)

Figure 6.2 PL spectra of 1L MoS; before and after the treatment at 15 K under the near
A-exciton resonant excitation at 633 nm (1.96 eV). The PL feature around 1.9 eV
corresponds to the trion PL, and the broad lower energy feature has been attributed to
localized exciton state.%® The abrupt cut off at ~ 1.95 eV is because of the edge pass

filter which was used to cut the direct scattering/reflection of the excitation light.
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Figure 6.3 Time resolved PL decay profiles of 1L MoS; at 15 K before and after the

F4TCNQ treatment with a 580nm pulse laser exciton.

6.2.3. Trion PL map of monolayer MoS; at low temperature

To further examine the PL and valley polarization properties throughout the sample,
spatial PL mapping method was used to obtain valley polarization resolved PL spectra at
all the points on sample. The PL images reconstructed from the data before and after
FsTCNQ treatment at room temperature are shown in Figure 6.4. The average PL
intensity considerably increased after the treatment, however, the heterogeneity of PL
intensity was still observed after the treatment. This result suggests that the FAaTCNQ
chemical treatment is effective for enhancing the PL intensity, but ineffective for

improving the PL heterogeneity of 1L MoS2 on SiO2/Si substrate.
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Figure 6.4 Optical image (a) and PL mapping images of 1L MoS: before (b) and after

(c) the FsTCNQ chemical treatment.

6.2.4. Position dependent trion lifetimes after the doping treatment

To further understand the PL property of the whole sample, we measured time
resolved PL profiles at typical points showing different PL intensities. As shown in
Figure 6.5 (a), the time resolved PL profiles are considerably different among the
measured points with various PL intensities. The effective lifetime was obtained through
a fitting procedure as introduced above. Strong positive correlation was obtained between
the effective lifetime of trions (z,) and the corresponding PL intensity | of 1L MoS; as
shown in Figure 6.5 (b). This result also suggests that nonradiative relaxation pathways

mainly dominate the trion PL lifetime. The spatial variation in the local defect density,
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local carrier density, and/or local condition of passivation are presumably be the potential

causes of spatial heterogeneity in the trion PL intensity on the sample.
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Figure 6.5 Time-resolved PL profile at points with various PL intensities 1o, where o
is the corresponding PL intensity at the same position (a). Effective PL lifetime of trions

at various points plotted as a function of the corresponding PL intensity (b).

6.3. Effects of chemical dopant Fs TCNQ adsorption on valley
polarization properties of monolayer MoS:

6.3.1. Trion valley polarization of monolayer MoS:

To statistically compare the valley polarization property throughout the sample, the
trion valley polarization maps were obtained using the circular polarization resolved PL
spectra measured at each point under o* excitation light as:

_It-r-

TIt+I-

6.1

p
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Figure 6.6 Valley polarization map of 1L MoS, measured before and after the FaTCNQ
treatment at 15K (a). Valley polarization at various spots plotted as a function of the
corresponding PL intensity at the same spots before and after treatment (b). Valley
polarization histogram with distribution curve before and after the treatment (c).

Comparison of the distribution curves of the valley polarization in (c) (d).

where I* and I~ are ot and o~ polarized trion emission intensity, respectively. The
PL data from the sample edges were excluded for generating the valley polarization maps
to avoid possible edge effects, such as residual strain, folding, insufficient substrate

contacts, and insufficient excitation.®”-1"* As shown in Figure 6.6 (a) and (b), the degree
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of trion valley polarization did not show considerable change after the treatment, while
the uniformity became slightly improved. To statistically compare, the histograms and
distribution curves were plotted in Figure 6.6 (c) and (d). The valley polarization became
closer to a well normal distribution with a narrower spread after the treatment than that
before the treatment as shown in Figure 6.6 (c). The trion valley polarization before the
treatment exhibited an average value of 0.76 with a standard deviation (STD) of 0.03, and
the value of 0.75 with an STD of 0.02 after the treatment. The normalized distribution
curve after the treatment showed a small decrease of the mode value (of the order of 0.01)
which is a negligible decrease compared to the high trion valley polarization of ~0.75.
These results suggested that the F4sTCNQ chemical treatment only yields a considerable
enhancement of the PL intensity with a negligible decrease of the trion valley polarization

of 1L MoS: at 15 K.

6.3.2. Trion valley lifetime in monolayer MoS;

To further understand the mechanism of the PL intensity enhancement without large
modulation in the valley polarization, the valley polarizations of trions at typical positions
on the sample were plotted against the PL lifetimes measured at the same positions in
Figure 6.7. High uniformity of the trion valley polarization was observed regardless of

the various trion effective lifetimes (z..) at each point.

Under the direct excitation of A excitons and successive trion generation from
excitons and excessive electrons, the valley polarization of trions p,. can be

phenomenologically expressed as:

1

1H(Ttr)/Tv—tr

Ptr Pex 6.2
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where (t.), Ty_tr and pey are effective trion lifetime, trion valley lifetime and exciton
valley polarization, respectively.®>72 Equation 6.2 suggests that the (r,.) and p. are
correlated in principle. However, the effective lifetime (z..) is independent of p. as
shown in Figure 6.7 and this implies that almost no strong correlation between these
parameters, which is considerably different from the case of neutral bright
excitons. 3149157 With regard to neutral bright excitons in 1L TMDs, the extension of
exciton PL lifetime normally results in a strong reduction in their valley polarization
because the valley relaxation is dominated by electron-hole exchange interaction occurs
within a time scale of picoseconds, which is much shorter than or is at most comparable
to the exciton lifetime in 1L TMDs.34°%7 According to the Equation 6.2, the correlation
between p,. and (z,) was simulated by setting 7,_. as a constant value as shown in
Figure 6.7. From the comparison of the experimental and simulated results, valley
lifetime 7,_.,. at least with an order of at least nanosecond was deduced. The condition
(7r)/Ty—tr < 1 implies that the trion valley lifetime ,_.. is much longer than typical
values of (7). This is consistent with previously reported values.**1"® The long trion
valley lifetime, 7,_., IS @ manifestation of the lack of an efficient intrinsic valley
relaxation pathway for trions at low temperatures,®® which results in a high valley
polarization of trions that is insensitive to the local fluctuations in (z..). Thus, the valley
polarization of trions p.. could be kept high, despite (z,) increased several times after

the F4sTCNQ treatment.
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Figure 6.7 Trion valley polarization of F4TCNQ-doped 1L MoS; at various positions
plotted against the corresponding effective lifetime measured at the same positions. The
dashed lines are simulated curves based on Equation 6.2 with various t,_... Exciton

valley polarization p., is estimated as ~0.8.

6.4. Chapter summary

In this chapter, the effects of FAsTCNQ chemical dopant treatment on the valley
polarization properties of trions in as-exfoliated 1L MoS; was studied. The valley
polarization properties of trions at a cryogenic temperature was measured using the
polarization resolved PL mapping method before and after the treatment. The PL intensity
of 1L MoS; showed a considerably increase after the p-type dopant F4sTCNQ adsorption

at 300 K, which results from the carrier extraction from heavily n-doped 1L MoS;. This
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was confirmed by observing the change in the exciton and trion PL intensity ratio
modification at room temperature.*®’® At 15 K, the trion PL intensity considerably
increased after the treatment, and this is attributed to the extension of trion lifetime from
< ~20 ps to ~70 ps based on the results of time-resolved PL decay measurements. In
contrast to the considerable increase of trion PL intensity, the trion valley polarization
evaluated from more than 700 mapping points showed a high and quite uniform (~0.75)
values regardless of the dopant treatment, local PL intensities, and local PL lifetimes.
This insensitivity of the trion valley polarization to the trion lifetime suggests a very long
valley lifetime at least of the order of at least nanoseconds, which is considerably different
with excitons dominated by electron hole exchange interaction. This finding of the
brightened and highly valley polarized trions in 1L MoS; after the FaTCNQ chemical
doping treatment offers an opportunity to improve the trion PL brightness in 1L MoS>
with retaining their valley polarization as high as ~0.75. Thus, the trions in the chemically
doped 1L MoS; are one of the unique candidate as the information carriers for realizing

future optovalleytronics based on 1LTMDs.
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Chapter 7. Summary and Future outlook

7.1. Summary

In this thesis, the effects of various surface interactions on the optical, photostability,
and valley polarization properties in 1L TMDs were studied in liquid and dry conditions
using various optical spectroscopy methods. In the liquid (aqueous solution) conditions,
the PL properties of 1L MoS; were strongly modulated depending on pH of the solutions.
The mechanisms of these modulations were revealed and confirmed using an
electrochemical model. The effects of pH, oxygen, water and their redox potential on the
PL properties were understood. Based on the understanding of these surface interaction
effects on the PL properties, the photostability of 1L MoS, and WSe; was further studied.
The effect of the bandgap alignment, oxygen, solution pH, and photogenerated carriers
on the stability of 1L TMDs was clarified. The difference of the photostability of 1L MoS;
and WSe> was experimentally found and the mechanism of this difference was explained
based on the relative alignment of the valence and conduction band levels and the pH-
dependent water redox potential. These experimental results and the revealed
mechanisms in ambient air and aqueous solutions gave us a fundamental understanding
on the surface electrochemical interactions effects on optical properties of 1L TMDs in
various humid or full of water molecules conditions. This understanding also gave us an
insight on future optical, electronic, and optoelectronic device fabrications and
applications which relies on the optical or electronic properties of 1L TMDs that are easily
affected by various interface effects in ambient air with humidity or in aqueous solution

conditions.
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Inspired by the finding and understandings of the strong surface interaction effects
on 1L TMDs clarified in chapters 4 and 5, the chemical surface treatment effects on the
trion valley polarization properties of 1L MoS: in dry condition were also studied. The p-
type dopant FsTCNQ was used to treat 1L MoS; to extract heavily doped excess electrons
from 1L MoS,. The strong modulation in PL intensity ratio of excitons and trions was
observed at 300 K. Then, the valley polarization property of trions at a cryogenic
temperature was studied. The considerable enhancement of the PL intensity of trions after
the chemical doping treatment was observed at 15 K. The origin of the trion PL
enhancement is attributed to the extension of the nonradiative lifetime of trions after the
treatment. In contrast to the considerable change in the PL intensity and lifetime before
and after the treatment, the trion valley polarization with a high value (~0.75) and high
spatial uniformity was found regardless of the treatment. From the relation between the
trion lifetime and the trion valley polarization, the long trion valley lifetime with an order
of at least nanosecond was deduced. The brightening of the trion PL with retaining the
high valley polarization suggested that the chemical treatment using p-type dopant
F4sTCNQ is one of the effective methods to achieve both high PL intensity and valley
polarization of trion at the same time. The observed results and the revealed mechanisms
of trion at 15 K suggested that trions are one of the unique alternatives as the valley
information carrier which has high potential in optovalleytronics for fast information

processing or information storage technology with low energy consumption.

The effects of oxygen, water, photogenerated carriers and chemical dopant
molecules on the PL property, photostability and valley polarization property of on 1L

TMDs in liquid and dry conditions were systematically studied. The observed results and
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revealed mechanisms gave us a deep understanding of the surface interaction effects on
excitonic physical properties of 1L TMDs, which is very useful and an important

information for future device fabrication and applications using 1L TMDs.

7.2. Future outlook

In this thesis, the surface interaction effects on PL, photostability and valley
polarization properties of two typical 1L TMDs were studied. In chapters 4 and 5, the
experimental results suggest that 1L MoS: is one of the promising materials for device
application using its PL properties in aqueous solutions because of its electrochemically
tunable PL through carrier density modulation and high photostability. Highly sensitive
electronic or optoelectronic devices based on the pH dependent modulation of PL
properties or carrier density of 1L MoS; in water or aqueous solutions may open a new
sensor application field of 1L TMDs. The high stability of 1L MoS; in aqueous solutions
suggested that it is also a better candidate for water splitting or photo catalyst in aqueous

solutions.

The experimental results in chapter 5 showed that the photostability of 1L WSe; is
much lower in aqueous solutions than that in dry air conditions. This suggests that 1L
WSe; should be kept in dry condition to avoid the photodegradation, which is important
for optoelectronic device applications of 1L WSe; in in realistic environments taking
advantage of its relatively high quantum yield compared to 1L Mo0S2.4*'"" Covering 1L
WSe; using layers of thin hBN and/or AlOxagainst the oxidation!’8-81 will be a possible
solution to avoid the photodegradation of 1L WSe; in ambient air with humidity or in
aqueous solution, this may show high potential in electrical and optoelectronics device

applications based on PL properties of 1L WSe;.
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In chapter 6, the enhanced PL emission and high valley polarization of trion after
the F4aTCNQ chemical dopant treatment suggested that this is an effective way to improve
the brightness of trion PL and without losing its high valley polarization. This chemical
method is easily extendable for the trion PL enhancement in 1L MoS: with large area.
The deduced long valley lifetime of trion suggested that the trion in 1L MoS: is one of
the unique candidates as a valley information carrier which is important for future fast
information processing or information storage in optovalleytronics. The manipulation of
the trion valley polarization based on these findings is one of next important projects to
be continued which is also important for real applications. However, after the chemical
dopant treatment, the spatial inhomogeneity in the PL intensity was still observed.
Recently, the atomic layered materials such as hBN and multilayer graphene were used
to improve the PL or valley polarization properties of 1L TMDs. 4918 Therefore, the
devices based on trion valley polarization properties of 1L TMDs on these atomically thin

substrates may have an improvement in PL or valley polarization properties.

The systematical studies in this thesis not only gave a deep understanding of various
surface interaction effects on exciton photophysical properties of 1L TMDs in the liquid
and dry conditions, but also gave us an insight for robust device fabrication and
applications of 2D semiconductor TMDs. This may offer an opportunity for resolving the

problems of growing consumption of energy resources indirectly or directly in near future.
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