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Abstract

Atomic defects in monolayer transition metal dichalcogenides (TMDs) such as chalcogen
vacancies significantly affect their properties. In this thesis, I provide a reproducible and facile
strategy to rationally induce chalcogen vacancies in monolayer MoS; by annealing at 600 °C
in an argon/hydrogen (95 vol.%/5 vol.%) atmosphere. At sulfur vacancy densities of ~1.8x10'4
cm 2, I observe defect-mediated photoluminescence (PL) at ~1.72 eV (referred to as LXp) at
room temperature. The LXp emission is attributed to excitons trapped at defect-induced in-gap
states and is typically observed only at low temperatures (<77 K). Time-resolved PL
measurements reveal that the lifetime of defect-mediated LXp emission is longer than band
edge excitons, both at room and low temperatures (~2.44 ns at 8 K). My results provide insight
into how excitonic and defect-mediated PL emission in MoS are influenced by sulfur

vacancies at room and low temperatures.

I also show that the LXp peak can be suppressed by annealing the defective MoS: in sulfur or
selenium vapor, which indicates that it is possible to passivate the vacancies. At annealing

temperatures >600 °C in selenium vapor, I observed the filling of sulfur vacancies by selenium.

I extended the defect generation strategy to monolayer MoS: on various dielectric substrates to
investigate the influence of dielectric substrates on defect-mediated emission. The LXp
emission after annealing was observed on SiO; and hBN, but not on HfO,. When the MoS; is
first annealed on Si0; and then transferred onto HfO», the LXp emission is present on untreated
HfO,, but not on annealed HfO,. These results suggest that surface states in dielectric substrates

can influence the defect-mediated emission.
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Chapter 1 Introduction

Three-dimensional (3D) semiconductors (e.g., silicon, GaN, GaAs) are staples of the
electronics industry, with applications that include transistors'?, optoelectronic devices (e.g.,
photodiodes®, solar cells®, light-emitting diodes®), and electro-/photo-catalysts®. For these
applications, an important consideration is the role of defects. Under equilibrium conditions at
room temperature, defects are unavoidable in crystalline semiconductors. These include line
defects (such as dislocations), planar grain boundaries, macroscopic structural defects (such as
voids), and atomic-level point defects such as vacancies and interstitials. Significant efforts
have been made in mitigating the role of defects in materials to achieve optimal performance.”
? For example, record-efficiency in silicon solar cells requires fine control of growth parameters
to remove grain boundaries, reducing impurities and point defects to the parts per billion level,
and passivating defects at interfaces to minimize surface recombination.'®!! However,
although defects are conventionally viewed as detrimental, they can improve performance of
materials in some cases. For example, sulfur vacancies in two-dimensional (2D) molybdenum
disulfide have been extensively studied as active sites to improve catalytic activity by
simultaneously adsorbing reactants and transferring charge carriers to active sites.!? Another
example is the long coherence time at room temperature of nitrogen-vacancy defect centers in
diamond for quantum information processing and quantum sensing as well as room-
temperature solid-state masers.!>!* Understanding the role of defects on functionality of

materials is therefore essential for optimizing device performance.

This thesis aims to develop an understanding of how atomic defects influence the
photoluminescence in semiconducting 2D transition metal dichalcogenides (TMDs), primarily

MoSs.

The remaining Chapter 1 reviews the fundamentals of 2D TMDs, including atomic and

electronic structures that give rise to their interesting optical properties. Since sample quality
significantly affects the properties of 2D TMDs, various synthesis methods used in literature

are also discussed.

Chapter 2 reviews the fundamentals of defects in 2D TMDs. A comparison is made with

traditional 3D semiconductors, with particular emphasis on point defects that are the most
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relevant for 2D TMDs. The role of defects on electronic and optoelectronic properties is also
discussed, including detrimental effects and opportunities that defects offer, and how they can

be engineered to optimize performance of devices.

Chapter 3 describes synthesis methods used in this thesis. The principles of various
characterization methods and relevant cases from literature are discussed. In particular, X-ray
photoelectron spectroscopy (XPS), absorption spectroscopy, photoluminescence (PL)
spectroscopy, Raman spectroscopy, atomic force microscopy (AFM), and X-ray diffraction

(XRD) are described.

Chapter 4 describes my original work on generation of defects by annealing monolayer
TMDs in Ar/Hz (95 vol.%/5 vol.%) atmosphere. By controlling the temperature, duration, and
environment of thermal annealing, it is shown that sulfur vacancies can be reproducibly
generated in 2D MoS,. The sulfur vacancies introduce in-gap electronic states that lead to
defect-mediated PL observed at room temperature (~300 K). The nature of in-gap states is
explored by temperature-dependent, time-resolved, and power-dependent PL spectroscopy. In
this chapter, I also show that defect-mediated PL can be suppressed by passivating the sulfur

vacancies via annealing in sulfur or selenium vapor.

Chapter 5 investigates the influence of different dielectric substrates on defect-mediated PL

and builds on the work in Chapters 4. It shows that strong doping from the surface states on
substrates leads to passivation of defect states of sulfur vacancies that leads to suppression of

defect-mediated emission PL peak.

Chapter 6 concludes the main findings of my research and presents how the findings could

be of broader interest for future investigations. A few projects for future research are suggested.
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1.1 Transition Metal Dichalcogenides (TMDs)

2D materials have received interest since the discovery of graphene. 2D TMDs, such as MoS;
and WSe», have attracted attention because they can be direct bandgap semiconductors at

monolayer thickness with interesting optical and electronic properties.

1.1.1 Atomic Structure

TMDs have a layered structure, in which each unit layer MX> consists of transition metal
cations sandwiched between two chalcogen anions through polar covalent bonds. M represents
a transition metal cation from group IV — X, such as Ti, V, Nb, Mo, Hf, Ta, and W; X represents
a chalcogen anion, such as S, Se, and Te. Adjacent unit layers of MX; are held together by
weak van der Waals (vdW) interactions. Owing to the vdW interactions, bulk TMDs can be
mechanically or chemically exfoliated to atomically thin single layers.!> Depending on the
different coordination of atoms, single-layer TMDs can be categorized into two polymorphs,
trigonal prismatic phase (1H) or octahedral phase (1T). In 1H phase, each metal atom is
covalently bonded to six chalcogen atoms (Figure 1.1).'® The chalcogen atoms in different
atomic planes are aligned along the z-axis with the chalcogen—metal—chalcogen stacking order
of AbA and the hexagonal symmetry (Dsn = E, Cs3, 2C», o, S3, 36v) can be seen in the top view.
E is the identity element, taking the molecule back into the same position it started. C3/C; is a
3-fold/2-fold axis of rotation symmetry. oi/cy is a plane of reflection symmetry in which the
mirror plane is perpendicular/parallel to the principal axis of the molecule. S; is a 3-fold axis
of improper rotation symmetry (rotation-reflection symmetry). Compared to 1H phase, 1T
phase has the same trigonal chalcogen layer on the top but a 180° rotated layer at the bottom.
The stacking order of AbC corresponds to tetragonal symmetry (D3q = E, 2Cs, 3Ca, i, 2Ss, 364).
Here i is a center of inversion symmetry. 64 is a plane of reflection symmetry in which the
mirror plane is diagonal to the principal axis of the molecule. 1T phase also has a

lower-symmetry version phase called distorted octahedral structure (1T").
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Figure 1.1. Typical structures of layered transition metal dichalcogenides with 1H, IT,

distorted IT (referred to as 1T'), 2H, and 3R phases, where the green atoms denote transition

metal atoms and the yellow atoms denote chalcogen atoms. Reproduced from Ref. [16].

Extending to multilayers, different stacking orders of 1H layers give rise to either 2H phase
with hexagonal symmetry or 3R phase with rhombohedral symmetry. Most TMD materials
have more than one phase and the thermodynamically stable phase strongly depends on the

d-electron count.

1.1.2 Electronic Structure

Most TMD materials have more than one phase with different electronic properties, for
example in MoS;, 1H-MoS; is semiconducting phase while 1T-MoS> is metallic, with the
corresponding electronic structure shown in Figure 1.2.!7 Since non-bonding transition metal
d orbitals are located close to the Fermi level whereas chalcogen p orbitals are located at much
lower energies, the electronic properties of TMDs are determined by the filling level of
transition metal d orbitals. For 1H MoS,, the orbitals split into three degenerate states: d,z,
dy2_y2 y, and dyy ;. For 1T MoS,, the orbitals split into two degenerate states: dyy, y, 7 (t2g)

and dxz —y2 72 (eg).
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Trigonal prismatic (1H) Octahedral (1T)

A
dxz,yz

d > dx —y:',Z‘? (eg)

x2=y2xy %

c

L
dxy,y7,7x (tzg)

d22 —

Figure 1.2. Schematic of energy levels of transition metal d orbitals in 1H and 1T phase TMDs.

In 1H TMDs, transition metal d orbitals degenerate into three states of d,z, d,2 and

-y%xy’
Ayy yz In 1T TMDs, transition metal d orbitals degenerate into two states of dyy ;7 (t2¢) and
dy2_y2 42 (€g). Reproduced from Ref. [17].

The filling level of transition metal d orbitals determines the thermodynamically favorable
phase of TMDs (Figure 1.3).!% Group-4 TMDs have no d-electron (d°) and show 1T
configuration. For group-5 TMDs, electrons fill d,2 orbital of 1H phase and generate both 1H
and 1T phase. Group-6 TMDs (d?) mostly show 1H phase with a bandgap formed
between d, 2

x2—y2 xy and dz orbitals. Filling above d,2 orbital to d,z_ orbital promotes the

y2xy
transformation of 1H structure into 1T. Therefore, group-7 TMDs (d°) show 1T’ phase while
group-9 (d°) and group-10 (d%) TMDs show 1T phase. The energy difference between 1H and
1T phases is ~1 eV.'® This allows semiconducting 2H MoS; to phase transform into metallic
IT phase by Li-intercalation through electron transfer from n-butyllithium to MoS;, so that

total electron count in d orbital of Mo increases from 2 to 3.1°
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group 4 (IVB) group 5 (VB) group 6 (VIB)  group 7 (VIIB)  group 10 (VIIIB)
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> don. .
SR E—| 2,2
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o D

3d

Figure 1.3. Schematic of the filling level of transition metal d orbitals in group 4 — 10 TMDs.
D3y, represents the hexagonal symmetry for IH phase and Dsa represents the tetragonal

symmetry for 1T phase, respectively. Reproduced from Ref. [18].

1.2 Semiconducting TMDs — From Bulk to Monolayer

The semiconducting behavior of 2D TMDs is determined by their thickness. Taking MoS» as
an example, with decreasing layer numbers, the lowest energy transition (between conduction
band minimum [CBM] and valence band maximum [VBM]) evolves from indirect (CBM and
VBM have different momentum values) to direct (CBM and VBM have the same momentum
value), as shown in Figure 1.4.2° This is due to the lack of sulfur-sulfur interlayer interactions.
Typically, most 2H semiconducting 2D TMDs show direct bandgap in monolayers (1H) and
indirect bandgap in bulk form (2H). This applies to MoS2, MoSez, WS>, WSe», and MoTe:.
Owing to the quantum confinement effect, discrete electronic states exist in 2D TMDs and
provide the basis for controllable electronic spins and valleys of individual carriers. This makes
TMDs promising candidates for spintronic and valleytronic applications, offering the potential
of energy-efficient data storage and logic applications.?!?* The bandgap of TMD monolayers
ranges from near-infrared to visible spectral region, which ensures large optical absorption
coefficient and remarkable quantum efficiency at nanometer thickness.>* These properties
enable TMDs to achieve high solar energy conversion efficiency across the entire visible
spectrum when normalized to their mass or thickness.?> This is critical for applications,

including photovoltaics, electronics, sensors, and light sources for long-distance quantum
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communication.?® Further, vdW interlayer interactions allow the creation of vertical

heterostructures with tunable optoelectronic phenomena.?’

bulk 4L 2L 1L

Energy

7
i \/\> \wavih v

r MK FFMK rr MK rr MK T

Figure 1.4. Energy dispersion in bulk, quadrilayer (4L), bilayer (2L), and monolayer (1L)
MoS>. The red and blue lines denote the conduction and valence band edges, respectively. The
black arrows represent the lowest energy transitions from the valence band maximum to the
conduction band minimum, evolving from indirect to direct (vertical) transitions with

decreasing layer numbers. Reproduced from Ref. [20].

1.3 Photoluminescence (PL) from Semiconducting TMDs

Photoluminescence (PL) is spontaneous light emission from a semiconductor following
photo-excitation. When the photon energy of the light source is larger than the bandgap of the
semiconductor (Figure 1.5a, blue arrow), electrons in the valence band are excited to the
conduction band, leaving holes in the valence band.?® The excited electron relaxes to the CBM
and the energy difference is released as phonons (represented by small grey arrow in
(Figure 1.5a). For a direct-bandgap semiconductor, PL occurs when electrons at the CBM
radiatively recombine with holes in the VBM to release photons (represented as red arrow in
Figure 1.5a). In contrast, PL from indirect bandgap semiconductors undergoes a more
complicated process. Due to the momentum mismatch between CBM and VBM in indirect
bandgap semiconductors, indirect CBM-to-VBM transitions can only occur when momentum

is supplied by phonons (represented as dashed red arrow in Figure 1.5b).?’ This principle
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applies to both photoexcitation and PL emission. For photoexcitation, the direct transitions
from valence band to conduction band (the valley shown in yellow) are also possible but this
requires an excitation photon energy a lot higher than the bandgap energy. However, the hot
carrier would then thermalize to the lowest energy state, and this energy funneling would then
typically still result in electrons and holes at the band-extrema at different points in k-space.
PL emission from these cold carriers would then still have to satisfy the condition of
momentum conservation. PL emission involves multiple processes, the probability of radiative
recombination for achieving PL is very low in indirect bandgap semiconductors. This leads to
low photoluminescence quantum yield (PLQY). That is, the ratio of the number of emitted
photons to the number of absorbed photons is low. As a result, indirect bandgap
semiconductors are not as efficient as direct bandgap semiconductors for light-emitting

devices.

(@) Direct bandgap (®) Indirect bandgap
A E

Conduction band

Conduction band

Electrons

— Indirect transition
(phonon-assisted photon emission)
Valence band Valence band | X

1 |
> k K r

K

Figure 1.5. Schematic of PL process in (a) a direct bandgap semiconductor and (b) an indirect
bandgap semiconductor. In (a), the blue arrow (A) represents photon absorption, red arrow
(e) represents photon emission (PL), grey arrow represents phonon emission, Eq represents the
bandgap of the semiconductor, and k represents the wavevector of electrons and holes.”® The
diagram shows the band structure at K point of 2D MoS> Brillouin zone. In (b), the dashed red
arrow represents phonon that assists an electron to relax from CBM to VBM. I represents the

center of Brillouin zone.”’ Reproduced from Refs. [28,29].
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Bulk TMDs are indirect bandgap semiconductors and therefore are dominated by
phonon-assisted transitions. PLQY for bulk TMDs such as MoS; is low (Figure 1.6a, inset).*
The PLQY increases steadily with decreasing thickness and reaches the highest value
(~4x107%) in monolayers (Figure 1.6a). However, the PLQY in monolayers is still low due to
non-radiative recombination related to impurities, adsorbed layers, vacancies and other defects.
2D semiconducting TMDs exhibit reduced dielectric screening and enhanced Coulomb
interactions. Hence the photoexcited free electron-hole pairs are Coulombically attracted to

form tightly bound quasi-particles called excitons near the band edge and have lower energy

—~
)
~—
—
O
~—"
~N

. 64 { x10 ®
1 1 ® 6lay
= 11 L 57 4 xi0
3 4° o 1 Slay
Pl 84T txs
% - 3 3 1 4lay
£ ] E Ly 3la
] Z 24
e , , 2lay
i — 0 1lay
L] L ] ¥ T L 1 e | L ) i 1 b I v
14 16 1.8 20 22 1.4 1.6 1.8 2.0 22
Photon Energy (eV) Photon Energy (eV)

P

Conduction band *& r/ ) I
B [|A IL

1 N\

/\¢

T
Valence band . /—\

Layer 1 Layer 2

Figure 1.6. Room-temperature (RT) PL spectra of MoS:> samples with layer numbers ranging
from 1 to 6. (a) RT PL spectra of monolayer and bilayer MoS>.>’ Inset: PLQY of thin layers of
MoS>, decreasing with increasing layer numbers. (b) RT PL spectra of thin layers of MoS>,
showing A, B, and I peaks.’’ The spectra are normalized to the intensity of A peak. (c)
Schematic energy band diagram of bilayer MoS> with spin states denoted by black arrows.”!
The intralayer optical transitions of A and B excitons are denoted by green arrows, and the

interlayer optical transition of IL exciton is denoted by red arrow. Reproduced from Refs.

[30,31].
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and ~0.4 eV for W-based TMDs, while the splitting for the conduction band is <0.1 eV.?’ Both
A and B excitons are optically bright excitons with the electron and hole having the same spin
states. In contrast, dark excitons with the electron and hole having the opposite spin states are

spin-forbidden.

The A exciton emission peak in monolayer MoS> shown in Figure 1.6a is typically asymmetric
due to the presence of trions (charged excitons composed of a neutral exciton bound with an
extra electron/hole) at lower photon energies. This is due to doping of semiconductors. If the
majority charge carriers are holes, the trions will be positive; if the majority charge carriers are
electrons, the trions will be negative. In 3D semiconductors, the binding energy of trions (that
is, the energy required to separate a trion into a neutral exciton and an unbound electron/hole)
is small (several meV). Therefore, radiative recombination of free trions and neutral excitons
appears as a single near-band-edge emission peak.’ In contrast, excitonic recombination of
trions and neutral excitons in 2D TMDs are significantly split due to reduced dielectric
screening and enhanced Coulomb interactions, even at room temperature. The binding energy
of trions in 2D TMD semiconductors is found to be tens of meV.*%*7 Javey’s group has shown
that PL emission of neutral A excitons and A~ trions in monolayer MoS» can be tuned by the
application of a gate voltage, as shown in Figure 1.8a.® When more electrons are added into
MoS: at gate voltage of 80 V, the exciton spectral weight is transferred to trions, suggesting
that trions in MoS; are in the negative charge state. As a result, the ratio of the integrated
intensity of A™ trion to A exciton, /(A")/I(A), can be used to illustrate the density of excess free
carriers in MoS,. Suppressing the formation of trions while boosting the formation of neutral
excitons at =70 V in the low exciton density regime, the PLQY reaches the highest
(75% + 10%), as shown in Figure 1.8b.3° This indicates that recombination of neutral excitons
is dominated by radiative recombination, whereas the recombination of trions is dominated by
non-radiative recombination. A similar effect can be achieved in monolayer MoS:» chemically
treated with a strong protonating superacid bis(trifluoromethane) sulfonimide (TFSI).** The

electron counter doping effect of TFSI enhances the PLQY to >95%.
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Figure 1.8. PL features of monolayer MoS: at different gate voltages. (a) PL spectra measured
at gate voltages ranging from —70 V to 80 V.>® Both neutral exciton (A) and trion (A”) features
can be identified, as indicated by the dashed lines. With gate voltage tuned from —70 V to 80 V,
the dominant emission peak is changed from A exciton peak to A trion peak. (b) Color plot of
PLQY as a function of photocarrier generation rates and gate voltage (Vg) for monolayer
MoS>.%° The photocarrier generation rates are varied by the incident pump power. Reproduced

from Ref. [38,39].

1.4 Synthesis Methods of TMDs
1.4.1 Bulk

Chemical vapor transport (CVT) is a well-developed technique for growing crystals. The
growth is based on the use of vapor transport agent, usually a volatile halogen substance. The
elemental precursors and transport agent are sealed in a quartz ampoule under vacuum (<1073
Torr). At the hot source end of a sealed transport ampoule, the vapor transport agent reacts with
nonvolatile metal and forms intermediate gaseous substances that can diffuse to the cold growth
end (see schematic in Figure 1.9a,b).*! Under high pressure, the intermediate substance is
dissociated, forming target crystals while releasing the transport agent. CVT can grow large
crystals at high temperatures (>1000 °C) and has become the prevalent technique for producing
bulk crystals of various TMDs. One critical parameter of this method is selecting a suitable
transport agent. For most TMDs, the most common transport agent is iodine, while bromine
has also been successfully used to grow MoS> and MoSe; crystals.**** Bougouma et al. also
reported using TeCls as transport agent to grow MoSe: crystals.* The other key factors include
growth temperatures and the ratio of reactants. Hu et al. reported the growth of high-quality

MoS:> monolayers at low temperatures (300 — 600 °C) with a low defect density.*> However, it
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is difficult to completely remove the transport agent residues even by rinsing with proper
solvents. Another challenge in CVT growth is condensed nucleation that leads to aggregation
of crystals with restricted sizes. To achieve larger crystals, seeded CVT growth has been
developed by adding a seed crystal at the growth end to suppress excess nucleation and promote
lateral growth. Li et al. reported seeded growth of large-sized MoSe; and MoTe; crystals up to

3 mm, and PtSe; crystals with a shortened growth period.*®

(a)

C Tcold

T (C)

-

P TS RN

0 2 4 6 8 10
X (cm)

e k

A

transport agent. R

starting materials crystal

Figure 1.9. Schematic of CVT and flux growths. (a) Temperature profile along a horizontal
sealed ampoule. (b) Schematic of CVT in which volatile transport agent chemically reacts and
transports non-volatile starting materials from the hot source end of the sealed ampoule to the
cold growth end. (c) Schematic of flux growth in which flux dissolves and transports starting

materials from the hot end to the cold end. Reproduced from Ref. [41].

Flux growth method is an alternative liquid transport growth method without chemical
reactions. The flux dissolves starting precursors at high temperatures and diffuses to the cold
end, followed by supersaturation, precipitation, and crystallization (see schematic in
Figure 1.9a,¢c).*! Depending on the choice of flux, this method can be categorized into two
types: exotic-flux method and self-flux method. There are two essential requirements for exotic
flux, low melting point and high boiling point. Zhang et al. reported the growth of MoS> using

Sn flux, obtaining large-sized (3 mm x 5 mm) MoS: single crystals.*” However, the exotic-flux
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method commonly has the same residue removal problem as CVT, making the self-flux method
a better choice. The growth of MoSe> and WSe» assisted by self-flux Se has achieved a defect
density of ~10'! cm™? compared to CVT (>10'? cm2), quantified by scanning transmission
electron microscopy (STEM) and scanning tunneling microscopy (STM) topographic

images.*$°

1.4.2 Thin Film/Monolayer
1.4.2.1 Mechanical/Liquid Exfoliation

The vdW interactions in bulk TMDs can be overcome by applying external mechanical or

chemical force, thereby breaking the vdW bonding and isolating single layers.

Tape mechanical exfoliation of 2D TMD crystals refers to peeling off TMD flakes layer by
layer using adhesive Scotch tape. The adhesive force can break vdW bonds between adjacent
layers of TMD crystals, thereby allowing repeated exfoliation of bulk crystals into few layers
and even monolayers (Figure 1.10).>! Pressing the Scotch tape on a substrate (e.g., SiO2/Si
wafer) with suitable mechanical force allows exfoliated flakes to adhere on the substrate.
However, under the applied mechanical force, the fragile thin exfoliated flakes (few layers and

monolayers) can fragment into smaller pieces, often restricting the lateral sizes to <10 pm.

(b) Folded several times (d) Press

0 1 substrate

(¢) TMDs flakes (€) Remove .

(a) Bulk TMDs crystal

Scotch-tape

Figure 1.10. Schematic of conventional tape mechanical exfoliation process. Reproduced from

Ref. [51].
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Polydimethylsiloxane (PDMS)-assisted mechanical exfoliation uses less-adhesive PDMS
gel film to transfer exfoliated flakes from the Scotch tape to PDMS stamp and then to substrate
(Figure 1.11). The lower adhesive strength of PDMS allows it to be easily separated from both
Scotch tape and substrate, thus minimizing the fragmentation of thin flakes to reach large lateral
sizes (>20 um). However, both tape mechanical exfoliation and PDMS-assisted mechanical
exfoliation are hindered in application by the low exfoliation yield of thin flakes due to weak

vdW interaction between Scotch tape and TMD layers.

(a) Glass slide/ Gel film

(d) Remove

>

Figure 1.11. Schematic of PDMS-assisted mechanical exfoliation process. Reproduced from
Ref. [51].

Gold-assisted exfoliation has been developed to increase the exfoliation yield of macroscopic
(millimeter scale) monolayer TMDs by using Au as exfoliation substrate. Owing to highly
polarizable electron densities, large dispersion attraction is introduced at the Auw/TMD
interface, forming covalent-like quasi-bonding (CLQB) that overcomes the interlayer
interactions between the bottom most layer and its adjacent layer in TMD crystal
(Figure 1.12).3 This facilitates peeling of the bottom most monolayer when Au is removed
from the crystal. Velicky et al. reported that fresh Au substrate that is exposed to air for <6 min
can yield 70 — 80 % monolayer MoS..>®> However, if exposed to air for >15 min then the fresh
Au substrate gradually ages due to adsorption of organic airborne contaminants. This weakens

MoS,—Au adhesion and consequently results in negligible exfoliation yield. This method has
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been applied to other TMDs to produce millimeter-sized monolayers, including MoSez, WS»,
WSe;, MoTe,, and WTey, as well as to other 2D materials, including GaSe, BP, FeSe,
FesGeTez, RuCls, PtSes, PtTes, PdTe, and CrSiTe. Yet, we need to note that although this
exfoliation method itself is contamination-free, transferring the exfoliated flakes from Au to
other substrates (e.g., Si02/Si) requires KI/I; etchant to remove Au due to strong TMD—Au
adhesion. This wet-transfer method is commonly assisted by PMMA support layer that

unavoidably introduces polymer contamination.

Tape

— e
w AufTi MoS, —— '

AUA ’ ’ R —— ‘

Figure 1.12. Schematic of gold-assisted exfoliation process. Reproduced from Ref. [52].

Liquid exfoliation provides a simpler and faster method of producing mass-scale 2D TMD
materials. The bulk crystal is immersed into suitable solvents or surfactants to allow ions to
intercalate between layers, weakening the interlayer interactions in TMD crystal. By applying
external force, e.g., ultra-sonication, the exfoliation process is initiated with adjacent layers
detaching from each other (Figure 1.13).>* Choosing proper solvents and surfactants with
surface energy matching with TMDs, the exfoliated nanosheets form stable dispersion with
limited reaggregation. Amine-based solvents, including N-methylpyrrolidone (NMP) and
N,N-dimethylformamide (DMF), are the most effective for liquid exfoliation of TMDs, while
ethanol and water have also been explored.>> However, the quality of liquid-exfoliated flakes
is significantly limited by defects, yield of monolayers, and doping introduced during the

exfoliation process.
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Intercalation}

Agitation

Figure 1.13. Schematic of the liquid exfoliation process. Reproduced from Ref. [54].

1.4.2.2 Bottom-Up Growth

To produce large-scale TMD monolayers, “bottom-up” growth methods have been developed,
including chemical vapor deposition (CVD), atomic layer deposition (ALD), metal-organic

CVD (MOCVD), and physical vapor deposition (PVD).

CVD is based on chemical reactions between transition metal and chalcogen precursors that
grow thin films on suitable substrates. The growth rate depends on several key factors including
growth temperature, gas flow, and type of substrate. There are two typical processes: (1) Direct
chemical vapor phase reaction by co-evaporation of transition metal and chalcogen precursors

).5¢ Lee et al. synthesized large-scale

under high temperature (see schematic in Figure 1.14
MoS; layers at 650 °C using MoOs; and sulfur powders with the reaction: MoO3(s)+S(g) —
MoO;-x(s)+SOx(g); MoO3-x(s)+S(g) — MoSz(s), but this recipe fails to achieve full coverage
of the substrate.>’ Yu et al. reported growth of continuous MoS; films using MoCls and sulfur
precursors.”® (2) Vapor phase chalcogenation of transition metal precursors that are pre-
deposited on substrates. Zhan et al. reported MoS; film in which Mo film was pre-deposited
on a SiO»/Si wafer and annealed in sulfur vapor.>® The lateral size and thickness of the resulting
MoS:; thin film can be controlled by the thickness of pre-deposited Mo film. However, CVD
growth for atomically thin 2D TMDs is limited by the by-product of few-layer flakes, making

it difficult to selectively produce monolayer TMDs.
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Figure 1.14. CVD growth of MoS> nanosheets based on the direct chemical reactions between
different precursor materials. Reproduced from Ref. [56].

ALD in principle can achieve layer-by-layer growth of TMDs by alternately exposing
transition metal precursor and chalcogen precursor to the substrate. The process consists of
repeating cycles of two half-reactions. During each half-reaction, one precursor is pulsed to
deposit one atomic layer. Every half-reaction is followed by subsequent purging with an inert
carrier gas to eliminate unreacted precursors and reaction by-products. Thus, the number of
TMD layers can be controlled by tuning the number of ALD cycles. Song et al. reported
conformal ALD growth of WS, using WO3 and H»S, shown in Figure 1.15.%° Their growth
achieved 1-layer, 2-layer, and 4-layer over 20, 30, and 50 ALD cycles, respectively. However,
due to the random adsorption of precursors in one cycle, random nucleation, and low diffusivity

of precursor adsorbates, it is challenging to produce wafer-scale monolayers.!

2% M« 7
% % 24,0 o

ALD ) q 3 }t{{/[" \
1 cycles®e sy - Seide e
WS i WO, ws,

Figure 1.15. Schematic of ALD growth of WSz nanosheets. Reproduced from Ref. [60].

MOCYVD has been reported for achieving wafer scale growth, using metal-organic precursors
such as Mo(CO)s, W(CO)s, and chalcogen-organic precursors such as (C2Hs).S and (CH3).Se.
During the growth, organic precursors are thermally decomposed to deposit transition metal

and chalcogen atoms on substrate. Similar to ALD, MOCVD can also achieve precise
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stoichiometric control of precursors by regulating the partial pressure of each reactant. This
offers an ideal environment to minimize the formation of nuclei and maximize the lateral
growth of monolayers. However, the decomposition of carbon-based precursors can introduce
carbon contamination to TMD products. Kang ef al. reported the uniform growth of monolayer
MoS; and WS, films on a 4-inch wafer by using Mo(CO)s, W(CO)s, and (C2Hs)2S precursors,
shown in Figure 1.16.%* In this process, Hz is used to remove impurities and by-product
carbonaceous species, ensuring excellent structural and electrical uniformity over the entire

films.

H, and Ar 1 . ® /

Figure 1.16. Schematic of MOCVD growth of continuous wafer-scale monolayer MoS> film.
Reproduced from Ref. [62].

PVD, including sputtering, pulsed laser deposition (PLD) and molecular beam epitaxy, has
been investigated to produce TMD thin films over large areas. Sputtering is usually performed
by using energetic gaseous ions that can be accelerated from plasma to bombard the surface of
the target material. With sufficient energy, the surface atoms are ejected out of the target
material and then deposited on a substrate. Tao et al. reported one-step reactive sputtering
deposition of MoS» by sputtering Mo on pre-heated c-plane sapphire (Al2O3) or SiO»/Si, and
sulfurizing Mo with gaseous sulfur atoms (Figure 1.17a). The produced MoS: thin films
were homogeneous across an area of centimeters. By adjusting key parameters including
deposition time, substrate temperature, gas pressure, and sputtering power, the layer thickness
of MoS; can be controlled. However, as sputtering and deposition are performed in the same
chamber, re-sputtering of deposited material cannot be avoided. This has led to the

development of two-step sputtering deposition that consists of non-reactive sputtering
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deposition of target material in amorphous form and post-annealing to transform it into
crystalline state. Krbal ef al. reported deposition of amorphous MoS> film at room temperature,

).* This method produced single crystalline MoS;

followed by post-annealing (Figure 1.17b
along the (002) plane. However, the high post-annealing temperature of 800 °C tends to cause
sulfur deficiency in MoS». To compensate for the loss of chalcogen during high-temperature
annealing, additional chalcogen source is required. Zeng et al. sputtered WS, precursor film
onto a substrate and post-annealed the amorphous sample in sulfur vapor to crystalize WS>

while maintaining its stoichiometry.®
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Figure 1.17. Schematic of sputtering deposition of TMD thin films. (a) Schematic of one-step
reactive sputtering deposition. (b) Schematic of two-step sputtering deposition that consists
of non-reactive sputtering deposition of amorphous MoS> and post-annealing for transforming

the amorphous MoS: into crystalline. Reproduced from Refs. [63,64].
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PLD is performed using high-power laser pulses to ablate target material, producing a plasma
plume that expands rapidly away from the target surface (see schematic in Figure 1.18).°¢ A
high supersaturation of ablated material condenses on an appropriately placed substrate in tens
of microseconds, thereby providing high nucleation density that can increase the coverage of
product film. By adjusting the laser fluence and repetition rate of the laser pulse, the thickness
of TMD thin films can be regulated. Compared to other methods, PLD offers a primary
advantage of transferring the stoichiometry of target material to product film by adjusting the
laser fluences. At low laser fluences, target materials are locally heated and thereby evaporated
by absorbing the laser energy. At high laser fluences, PLD induces ablation that can better
transfer stoichiometry of target material than pure evaporation. However, too high laser
fluences may cause self-sputtering that worsens the stoichiometry of product film. This
self-sputtering of the product film can be reduced by adding a background gas to modulate the
deposition pressure. To further improve the film quality, reactive gases can be added to
background gas. Serrao et al. reported the PLD synthesis of thin MoS: films (1 — 15 layers) on
ADOs, GaN, and SiC-6H substrates using targets composed of MoS, and excess sulfur
powder.%” Despite high uniformity and crystallinity, the film shows a Mo:S atomic ratio of 1:4
that corresponds to a sulfur-rich product. To improve the film quality, Serna et al. optimized
the target composition of PLD growth and achieved a better Mo:S ratio close to 1:2 for

large-area MoS: with layers ranging from 1 to 10.8

gas inlet

target holder

KrF laser 11
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Figure 1.18. Schematic of a typical PLD system. Reproduced from Ref. [60].
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Chapter 2 Defects in 2D TMDs

To better understand how TMD-based devices can be optimized, it is essential to understand
the role of defects. Three critical questions arise. The first is type of defects that occur in
two-dimensional (2D) TMDs. The second is how these defects affect the electronic structure.
The third is how to identify these defects. Answers to these questions can provide insights into
how to engineer the defects to optimize the properties of 2D TMDs. This chapter describes
defects in 2D TMDs.

2.1 Type of Defects and Their Formation Energy in 2D TMDs

Generally, defects in crystalline materials can be categorized into three types according to their
dimensions: zero-dimensional (0D) point defects, one-dimensional (1D) line defects
(dislocations), 2D planar defects (grain boundaries, phase boundaries), and 3D volume defects
(pores, cracks, voids). Owing to the reduced dimensionality of the 2D crystals, the number of
defect types that can exist is reduced compared to 3D semiconductors. Only point defects, line
defects (grain boundaries and edges), and planar defects (wrinkling, folding, and scrolling) can

exist in atomically thin 2D crystals.

Due to the high surface-to-volume ratio, point defects in 2D TMDs have significant influence
on their optoelectronic properties. Therefore, I focus on them in this chapter and remaining
thesis. Point defects refer to atomic defects within lattice sites that locally break the crystal
periodicity, regardless of the crystal dimension. They are usually classified as intrinsic point
defects (i.e., vacancies, interstitials, and antisites) and extrinsic point defects (i.e., impurities,

which could occupy substitutional or interstitial sites).%’

When different types of point defects
are generated in a crystal, these defects may combine to form defect complexes. In 2D TMDs,
intrinsic point defects include abundant chalcogen vacancies (Vx) while transition metal
vacancies (V) are rarely found with a lower defect density. Extrinsic point defects include
oxygen substitution for chalcogen atoms (Ox) and other metal substitution (Al, Fe, Si, Cu, Mn,

Cr, Ni, and V) for transition metal atoms (Ay), as shown in Figure 2.1.
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Figure 2.1. Schematic of point defects in 2D MoS>.

The formation energy of point defects (Ef.) depends on the chemical potential of point defects
that is often defined by experimental growth conditions.”” With a given set of chemical
potentials, the concentration of defects has an exponential dependence on formation energy.”!
The dominant defects are those with the lowest formation energy. For example, the Ef, for
atomic vacancies in TMDs can be calculated as:

Efe = Evac — [Eundef — MMy — nxMx — q(Er + Eypm)] (2.1)
where E\;,qer and Ey . are the energies of the defect-free supercell and defective supercell with
vacancy at charge state g, respectively.’? Eg corresponds to the Fermi level and Eygy is the
energy of the valence band maximum. ny; and ny are the numbers of metal and chalcogen
vacancies, respectively. my; and my are the chemical potential of the displaced metal and
chalcogen atoms, which are taken as the partial derivative of Gibbs free energy of the isolated
atoms. In particular, both my; and my in TMDs depend on the thickness of nanosheets and are
smaller for monolayers than for bulk as a result of the limited available space around vacancies
in monolayers.”® Consequently, the formation energy of vacancies is smaller for free-standing
monolayer TMDs than for bulk TMDs. Calculated formation energies of typical intrinsic point
defects in monolayer MoS; as a function of chemical potential of sulfur are shown in Figure
2.2.7* There are eight types of possible intrinsic point defects in MoS;: single sulfur vacancy
(Vs), double sulfur vacancy (Vs,, vertically aligned), single Mo vacancy (Vy,), vacancy
complex (Vmosz> VMos3> VMose), and antisites (S2y, and Mog,). By comparing the formation
energies of all possible intrinsic point defects, the Mo-related intrinsic defects (Vo > VMos2s
VMos3> VMose» S2Mo0»> and Mog,) are found to have high formation energies above 4 eV in both
Mo-rich and S-rich growth conditions, while sulfur vacancy defects (Vg and Vg,) have lower
formation energies. Thus, density of Mo-related intrinsic defects in MoS> monolayers is low

while the density of sulfur vacancy defects is higher.
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Figure 2.2. Calculated formation energies of intrinsic point defects in MoS> monolayer as a
function of chemical potential of sulfur (ug). Single sulfur vacancy (Vs) has the lowest

formation energy among all possible point defects. Reproduced from Ref. [74].

2.2 Influence of Defects on Electronic Structure of 2D TMDs

In defect-free semiconducting crystals, the photoexcited free electron-hole pairs or excitons
can undergo band-to-band radiative recombination that contributes to optical emission. In
Figure 2.3a, the energy vs density of states of a semiconductor with a bandgap (E;) is shown.”
The conduction band (CB) and valence band (VB) along with shallow and deep trap energy
levels are indicated. Radiative and non-radiative processes are also shown. In Figure 2.3b,
various recombination processes of photoexcited carriers are shown.”® In radiative
recombination, photoexcited electrons in the conduction band recombine with holes in the
valence band, releasing excess energy as photons. When defects are present, extra electronic
states may be created inside the bandgap that act as photocarrier traps to mediate
radiative/nonradiative recombination. After photoexcitation, electrons in the conduction band
(CB) can directly recombine with holes in the valence band (VB) (1). A fraction of
photoexcited electrons can get trapped by the unoccupied defect levels (electron trap states)

(2). The trapped electrons can undergo recombination with holes in VB (3). Similarly, holes
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can get trapped by the occupied defect levels (hole trap states) (4) and then recombine with
electrons from CB (5) or the trapped electrons (6).
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Figure 2.3. (a) Schematic of shallow and deep traps in the energy band diagram.” (b)
Transition of electrons and holes induced by defect level. The electrons are shown in orange

and the holes are shown in emerald.”® Reproduced from Refs. [75,76].

Depending on the energy difference between trap states and band edges, defects can be
classified as shallow or deep traps.”’ If the energy difference is smaller (or larger) than the
thermal energy of kzT (~26 meV at room temperature), the traps are shallow (or deep) traps.
For shallow defect states, the defect states close to conduction band easily trap electrons while
defect states near valence band easily trap holes.”® These shallow trapped electrons/holes tend
to be easily excited back to conduction band/valence band. The deeply trapped carriers are less
likely to be de-localized. Deep defect states typically serve as dominant recombination
centers.”” For electron trapping, the electron trapping rates (R.,) and thermal emission rates
(Rep) can be written as®’:

Ren = CaNe[1 — f(ED]In, Ren = EnNef (B 2.2)
where C,, and E,, are the trap capture and thermal emission coefficients, in units of cm®/s. N, is
the number of trap states. f(E}) is the probability that a trap of energy E; is occupied. 1 —
f(E,) is the probability that a trap of energy E; is empty. n is the concentration of free

electrons. C, and E, can be calculated by:
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Ec—E
Ch = VnOn, E, = CyN¢ exp(ﬁ) (2.3)

V4, 1s the thermal velocity of carriers, g, is the electron/hole capture cross section. N¢ is
effective density of states for electrons. E¢ is conduction band energy, and E; is trap state
energy, relative to vacuum level. kg is Boltzmann constant and T is temperature.

At thermal equilibrium, f(E}) is given by the Fermi-Dirac distribution:

1
f(E) =
E —E
1+ t__—F
exp( T )

Whether a defect is deep or shallow can be identified by its charge transition levels. That is,
Fermi energy levels where transitions between two different charge states of a localized defect
occur with the same formation energy. For MoS;, sulfur vacancies have two energetically
favorable charge states: neutral and —1, as shown in Figure 2.4.3! In Kroger—Vink notation,
sulfur vacancies (Vs) can be written as V¢ (neutral state) and V¢ (—1 charge state). The charge
states of the defect depend on the Fermi level of the system. For sulfur vacancies in monolayer
MoS,, when the Fermi level is located close to the valence band, the dominant charge state is
the neutral state, whereas the —1 charge state is favorable when the Fermi energy is close to the
conduction band. Molybdenum vacancies (Vy,) and molybdenum interstitials (Mo;) also have
one stable neutral state and another stable charged state, that is, Vi, /Vy, for Vi, and
Mo /positively charged Mo; for Mo;. Vg has 0/—1 charge transition level at Epermi = +1.7 €V,
therefore Vg is a deep defect in MoS,. Similarly, Mo; with +1/0 charge transition level at Eperm;i

=+0.3 eV and V), with 0/—1 charge transition level at Egorpi = +1.1 €V are also deep defects.
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Figure 2.4. Calculated formation energies of isolated intrinsic point defects in a MoS>
monolayer in various stable (energetically the most favorable) charge states as a function of
the Fermi level inside the bandgap in the (a) Mo-rich and (b) S-rich limit conditions. Only the
charge states that are the most energetically favorable at a given Fermi level are shown for

each geometrical defect. Reproduced from Ref. [81].

2.3 Visualization of Defects

Scanning transmission electron microscopy (STEM) and scanning tunneling
microscopy/spectroscopy (STM/STS) have been extensively used to image and identify
atomic-scale defects in 2D TMDs. Figure 2.5 shows high-angle annular dark-field (HAADF)
STEM image of monolayer MoS, with various atomic vacancies created by helium ion
irradiation.®? In HAADF-STEM images, heavier atoms show higher contrast, therefore the
brightest atoms in Figure 2.5a are Mo atoms (Z = 42) while sulfur atoms show darker contrast
(Z = 16). Three types of vacancies can be seen: Single sulfur vacancy, double sulfur vacancy
(two single sulfur vacancies vertically aligned), and single Mo vacancy. Figure 2.5b shows
contrast intensity profile extracted along 4 lines from Figure 2.5a. Taking the intensity profile
of line 1 (shown in black) without any vacancies as reference, single sulfur vacancies show
relative reduction of contrast intensity by ~30% while double sulfur vacancies show a
reduction of ~45%. It can also be seen that the contrast intensity on Mo vacancy sites becomes

0%.
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Figure 2.5. (a) HAADF-STEM image of defective monolayer MoS:> showing three types of

vacancies. Single sulfur vacancy (Vs, yellow circles), double sulfur vacancy (V,s, orange

circles), and single molybdenum vacancy (Vy,, green circle). (b) ADF intensity line profiles

taken along dotted lines 1 — 4 in image (a). Reproduced from Ref. [82].

ADF-STEM imaging can also be used to characterize metal impurities. It can be co-used with
atomic-scale energy dispersive x-ray spectroscopy (EDS) and electron energy loss
spectroscopy (EELS) mapping to identify elemental nature of impurity metal atoms. EDS and
EELS are useful in distinguishing atoms with similar atomic number and consequent similar
contrast. Figure 2.6 shows ADF-STEM images and corresponding EELS maps of CVD-grown
monolayer MoS.%* In Figure 2.6a, it can be seen that some Mo sites show darker contrast,
indicating the presence of low contrast atoms on Mo sites. EELS map for the blue square in
Figure 2.6b indicates the presence of Cr in the low contrast region. This is inferred from EELS
intensity map in Figure 2.6¢c, which shows higher intensity between 570 — 590 eV,
corresponding to L3 edge (transitions from 2p to 3d) of Cr. EELS from red square in
Figure 2.6d shows that the low contrast region (indicated by yellow arrow) corresponds to V
atom as indicated by EELS intensity map in Figure 2.6e. The actual EELS peaks from V and

Cr are shown in Figure 2.6f.
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Figure 2.6. (a) ADF-STEM image of MoS> with low contrast single atoms on some Mo sites,
indicated by yellow arrows. Scale bar = 1 nm. (b,d) ADF-STEM image of two regions for EELS
mapping. Scale bar = 0.5 nm. (c,e) The integrated EELS intensity maps acquired in the energy
range of (c) Cr L3z edge (570 — 590 eV) for blue region in image (b) and (e) V L3> edge (505
— 525 eV) for red region in image (d). Higher red squares correspond to higher integrated
EELS intensity. (f) EELS spectra showing Cr L3> and V L3 > edges. Reproduced from Ref. [83].

One aspect of STEM imaging that must be considered is that high-voltage electron beam can
generate knock-on damage and create additional defects in 2D TMDs. As Qiu et al. reported,
there was no obvious new sulfur vacancy observed in a 12x12 nm MoS; monolayer within 44 s
exposure under 80 keV electron beam irradiation.®* After 62 s exposure, the number of sulfur
vacancies increased from 65 to 70, and the average vacancy generation rate was calculated to
be 5.6x10' cm™2 s™!. When the irradiation time was long enough, other defects such as line
defects and nanopores also appeared. Therefore, great care needs to be taken in STEM
measurements to minimize defects produced by the electron beam. For example, the electron

beam energy needs to be minimized, as well as the irradiation time. This can be achieved by
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testing the imaging conditions on one area and then quickly moving to an adjacent area to

capture images.

Oxygen substitution for chalcogen in 2D TMDs is difficult to image and characterize with
STEM because of low contrast. However, oxygen can induce changes in electronic structure
of 2D TMDs. Therefore, Scanning tunneling microscopy/spectroscopy (STM/STS) can be used
to image oxygen and its local electronic structure, respectively. STM measures tunneling
current between a metallic tip and a conducting sample. When it is performed in constant height
mode, plot of tunnelling current as a function of tip position is generated; In constant current
mode, plot of tip height as a function of tip position is generated. STM plot typically matches
sample surface structure, while STS differential conductance (d//dV) spectra provide
information about local electronic structure of the sample. In STM imaging, atomic resolution
can be achieved using atomically sharp tips. Figure 2.7 shows STM images and STS spectra
of MoSe> monolayer grown by molecular beam epitaxy (MBE).®> STM images of oxygen
substitution for top and bottom Se atoms in MoSe> are shown in Figure 2.7a,b. In Figure 2.7a,
oxygen substituted for top (left side of image) and bottom (right side of image) Se atoms are
shown. The sample voltage (Vs) in Figure 2.7a is —1.55V, which means that states near the
valence band edge are probed. It can be seen that Og, top site appears darker and oxygen
substitution for bottom Se (Og. bottom) appears brighter. This is also true for states near the
conduction band edge, as shown in Figure 2.7b. Figure 2.7¢ shows d//dV spectra measured on
pristine MoSe> and oxygen substitution for top Se (Oge top), respectively. The Og, top site

shows an additional defect resonance peak below the valence band edge.
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Figure 2.7. (a,b) STM images of MoSe> monolayer with oxygen substitution for top sulfur
(Os, top) and bottom sulfur (Os, bottom) measured at (a) valence and (b) conduction band
edges. Se (vellow dots), Mo (blue dots), and O (red dots) are shown. (c) Differential
conductance (dl/dV) spectra acquired on pristine MoSe:> and Os, top site, showing an

additional defect resonance peak below the valence band edge. Reproduced from Ref. [85].

STM/STS can also be extended to characterize vacancies and metal impurities. Figure 2.8
shows atomic resolution STM images and STS spectra of CVD-grown MoS; monolayer with
single sulfur vacancies under different biases.®® Figure 2.8a,b shows STM images taken under
+0.7 V bias, in which a single sulfur vacancy appears as a dark spot. The d//dV spectrum of the
single sulfur vacancy shows valence band maximum (VBM) at around —1.6 V and the
conduction band minimum (CBM) at around +0.7 V. This corresponds to a bandgap
of E; = Ecm — Evem = 2.25 eV. The single sulfur vacancy introduces an additional sharp peak

at around +0.35 eV that arises from in-gap defect states.
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Figure 2.8. STM imaging of MoS> monolayer with single sulfur vacancies generated by thermal
annealing in Ar/H> (50 sccm: 5 sccm). (a,b) STM images of MoS> monolayer with a single
sulfur vacancy recorded under £0.7 V bias. (c) Differential conductance dl/dV spectrum

obtained at the single sulfur vacancy. Scale bar is 0.6 nm in (a) and 0.5 nm in (b). Reproduced

from Ref- [86].

However, both STEM and STM measurements have several practical disadvantages, including
time-consuming and very small probing regions. Additionally, STEM requires ultrahigh
vacuum (UHV) and suffers from beam-induced defects. The current maps measured by STM
sometimes also deviate from the real surface structures due to current fluctuations caused by a
rough topography. These hinder the identification of defects. Recently, conductive atomic force
microscopy (CAFM) that can be operated under ambient conditions has been explored for
atomic-resolution imaging of defects in 2D TMDs. Similar to STM, CAFM also measures
current as a function of tip position to produce current maps while measuring topography
simultaneously but independently. Therefore, CAFM can more accurately distinguish whether
a current change is a real change or not. When the conductive tip is in contact with sample
surface, a bias can be applied to sample and cause current to flow from sample to tip, as shown
in Figure 2.9a.%" Using this setup to measure exfoliated WSe> monolayer with a sample bias

of 0.05 V, an atomic-scale defect can be identified with lower conductance (Figure 2.9b).
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Figure 2.9. CAFM image of defects in exfoliated WSe> monolayer. (a) Experimental setup for
CAFM measurement. (b) Atomic resolution CAFM image of WSe> monolayer, showing an
atomic-scale defect. Reproduced from Ref. [87].

Since STEM, STM, and CAFM imaging are all limited to microscopic scale and subsequently
not available for locating and identifying point defects at macroscale scale, dark-field optical
microscopy has been proposed to analyze macroscopic distribution of point defects. Compared
with bright-field optical microscopy, dark-field optical microscopy may show stronger contrast
on defects arising from enhanced light scattering at defects. To further increase the contrast,
defect sites are often anchored with metal nanoparticles such as Ag nanoparticles (size of
several hundred nanometers). In Figure 2.10a, it can be seen that when MoS> monolayer is
decorated with Ag nanoparticles, various defects are clearly visible in dark-field optical
microscope image, including what the authors claim to be atomic-scale defects, grain
boundaries, and edges. Multilayer regions can also be clearly distinguished from monolayer
regions.®® Similarly, point defects (bright spots in the basal plane of flakes) and grain
boundaries can also be observed in WS, and WSe> monolayers (Figure 2.10b,c¢). Compared to
MoS; and WS> monolayers, less bright spots are observed in WSe; flakes, indicating a smaller
density of point defects. Hence dark-field optical microscopy can be potentially used as a
complementary technique to locate and identify defects in macroscale for 2D TMDs. However,
it is unclear whether defects labelled as “point defects” in Figure 2.10a are real atomic defects
such as those identified using techniques described above. Further study is required to
understand whether anchoring of Ag atoms on atomic defects can render them visible in optical

microscopy.
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Figure 2.10. (a) Dark-field optical microscope image of MoS> monolayer decorated with Ag
nanoparticles, showing defects. (b—c) Dark-field optical microscope images of defects in WS>
and WSez> monolayers. Scale bar is 20 um. Reproduced from Ref. [88].
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Chapter 3 Experimental Methods: Synthesis &

Characterization

This chapter describes the material synthesis and characterization methods used in my PhD
research. Mechanically exfoliated and atmospheric-pressure chemical vapor deposition (CVD)
grown high-quality monolayer 2D TMDs were used in this study. Annealing of 2D TMDs was
done to generate the defects. X-ray photoelectron spectroscopy (XPS), absorption
spectroscopy, photoluminescence (PL) spectroscopy, Raman spectroscopy, atomic force

microscopy (AFM), and X-ray diffraction (XRD) were used to characterize the materials.

3.1 Synthesis of 2D TMDs

Mechanical exfoliation. Monolayer TMDs, including MoS>, WS,, MoSe>, and WSe», were
mechanically exfoliated in air on SiO> (300 nm)/Si substrates from commercial bulk crystals
purchased from 2D Semiconductor. The polydimethylsiloxane (PDMS)-assisted exfoliation &
dry transfer method® used to produce monolayer TMDs is shown in Figure 3.1. This method
is based on the viscoelastic properties of PDMS. The bulk crystal was first exfoliated onto a
scotch tape and then attached to a PDMS stamp on a glass slide . After peeling off the scotch
tape, flakes were left on the PDMS stamp. Monolayer flakes (1L) were identified using Nikon
Eclipse LV150N optical microscope. An example of a monolayer and multilayer flake is shown
in Figure 3.2. Then the glass slide was attached to the transfer stage, with the PDMS stamp
placed face-down (2. Using a micromanipulator, the target flake was precisely aligned with
the target substrate (e.g., 300 nm Si0»/Si) ®). To deposit the target flake, the PDMS stamp was
brought into contact with the target substrate and heated to 60 °C for 1.5 min to soften @®. Then
the PDMS stamp was raised to detach from the substrate ®), leaving the target flake on the
substrate ©).

® @ ® @ ® ®
Tape I .
Flake\\v E—
PDMS———
1 I |
Glass slide Substrate

Figure 3.1. Schematic of PDMS-assisted exfoliation & dry transfer. Steps - 6) are described

in the text.
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Figure 3.2. Optical microscope image of mechanically exfoliated MoS> on PDMS. The

monolayer region (1L) is marked in red.

In the step @, the PDMS/flake/substrate stack was heated to 60 °C for 1.5 min for transfer.
This heating condition was chosen by comparing PL spectra of three transferred monolayered
flakes measured at room-temperature (RT, ~300 K): one directly transferred without heating,
one transferred at 60 °C for 1.5 min, and one transferred at 60 °C for 2 min (Figure 3.3). The
RT PL spectra show the characteristic A~ trion/A exciton (A/A) and B exciton peaks (see
Section 1.3 for details of exciton and trion formation in 2D TMDs). The one transferred at
60 °C for 1.5 min shows the lowest proportion of A~ trions against A excitons, which is the
closest out of the three samples to the PL of monolayer MoS; reported in the literature.>’ Using
cleaning methods described in Section 3.3 to treat transferred monolayered flakes, the

proportion of A™ trions against A excitons can be further reduced.

— No heating
A~ A —60°C1.5min
i — 60 °C 2min

—_
L

Norm. PL Intensity (arb. units)

17 18 19 20

Energy (eV)
Figure 3.3. RT PL spectra of three monolayer MoS: flakes transferred from PDMS onto SiO2/Si
substrate: one directly transferred without heating, one transferred at 60 °C for 1.5 min, and

one transferred at 60 °C for 2 min.
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Atmospheric-pressure CVD growth. Monolayer MoS, was grown on SiO> (300 nm)/Si
substrates by atmospheric-pressure CVD using MoOs and sulfur powders as precursors, as
shown in Figure 3.4. Thermo Scientific Lindberg Blue M single-zone tube furnace was used
for CVD growth and remaining annealing studies in this thesis. Si02 (300 nm)/Si wafers were
treated in UV-ozone atmosphere for 15 mins to improve the wettability of the surface. Promoter
NaOH was dissolved in water with a concentration of 4 mg/mL and 100 pL solution was
uniformly spin coated on SiO2/Si wafers. MoO3 powder was dispersed in water with a
concentration of 0.5 mg/mL, after which 250 pL dispersion was drop-cast in alumina boat 1
(see Figure 3.4) and heated to 110 °C until the boat was completely dry. 30 mg sulfur powder
was placed in alumina boat 2. Alumina boats 1 and 2 were placed in the center and upstream
of a 1-inch diameter quartz furnace tube I. SiO2/Si wafers were placed face-down on boat 1.
The furnace was heated to 700 °C at a rate of 45 °C/min and maintained for 10 min for the
growth of MoS; flakes. High-purity N2 (99.999%) was used as carrier gas. At ~680 °C, the
tube was slightly shifted downstream by ~1.5 cm to vaporize the sulfur powder at ~200 °C.
The flow rate of N2 was adjusted from 260 to 60 standard cubic centimeters per minute (sccm)
to allow chemical reaction of MoO3, NaOH, and sulfur to grow MoS; on Si0,/Si wafer. After

growth, the furnace was cooled down to RT and samples were collected.

Furnace

Sulfur powder

Alumina boat 1
SiO,/Si wafer

Alumina boat 2

Figure 3.4. Schematic of atmospheric-pressure CVD growth of monolayer MoS> using a
single-zone furnace. MoOs and sulfur powders are used as precursors, and NaOH is used as

promoter. N> is supplied as carrier gas.
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The possible reaction mechanism has been proposed by Lee’s group, as follows”’: 4NaOH(s)
+ MoOs(s) + SiO2(s) — NaxMoOs(s) +NaxSiO3(s) + 2H20(g); 2NaxMoOa(s) + 7S(g) —
2MoS2(s) + 2NaxO(s) + 3SO2(g). They have shown that the reaction caused the corrosion of
Si0O; surface and created the hole features. Consistent with their work, I also observed similar
hole features in atomic force microscopy (AFM) images of CVD-grown MoS» on SiO»/Si wafer

(Figure 3.5a). The height profile taken on one hole shows a depth of ~20 nm (Figure 3.5b).
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Figure 3.5. AFM image (a) and height profile (b) of CVD-grown MoS> on SiO/Si wafer,
showing hole features on SiO> with a depth of ~20 nm.

This CVD growth recipe was originally derived by Dr. Yan Wang in our group using different
amounts of precursors. Based on that, I developed my own recipe by fixing the amounts of
NaOH (4 mg/mL, 100 pL) and sulfur (30 mg) and varying the amount of MoO3 (0.5 mg/mL).
The shape morphology evolution of growth products was monitored by optical microscopy, as
shown in Figure 3.6. With 1 mL MoOs, only dense seeds were obtained without proper
monolayer flakes. Decreasing to 250 uL MoQOs, isolated monolayer flakes were grown,
showing near-triangle shape. However, further decreasing the amount of MoOs3 (50 pL) did not
generate larger flakes. Instead, the flakes showed dendritic shapes. Therefore, I used 250 puL

MoOs; for my own recipe.
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Figure 3.6. Optical microscopy images of CVD-grown MoS> grown using the same amounts of
NaOH (4 mg/mL, 100 uL) and sulfur (30 mg), but various amounts of MoOs. (a) MoO3: 0.5
mg/mL, I mL. (b) MoOs3: 0.5 mg/mL, 250 uL. (c) MoOs: 0.5 mg/mL, 50 uL.

Both mechanically exfoliated MoS> and CVD-grown MoS; have been shown that they are
dominated by sulfur vacancy defects, as shown in Figure 3.7.°! Hong et al. has reported that
mechanical exfoliation generates a lower native defect density than CVD growth by
quantifying defects through atomically resolved annular dark-field scanning transmission
electron microscopy (ADF-STEM) imaging.”' Hence, in this thesis, I mostly focus on

mechanically exfoliated TMDs.
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Figure 3.7. Histograms of defect density across various point defects in monolayer MoS>
synthesized by mechanical exfoliation (ME), CVD, and physical vapor deposition (PVD).
Reproduced from Ref. [91].

3.2 Characterization of 2D TMDs
3.2.1 Atomic Force Microscopy (AFM)

As discussed in Section 1.2 and 1.3, the semiconducting performance of 2D TMDs is strongly
related to their layer numbers. Only monolayer TMDs are direct bandgap semiconductors that
are ideal for investigating the influence of defects. Hence locating and identifying monolayers
are important. AFM was routinely used to image and characterize the thickness (layer numbers)
of 2D flakes (see Section 5.2 for details). AFM consists of a cantilever with a sharp tip fixed
to its end, a piezoelectric scanner, and an optical detection system composed of a laser beam,

a laser diode, and a photodetector, as shown in Figure 3.8.%?

AFM images are generated by scanning the sharp tip over sample surface. When the tip
approaches sample surface, the attractive/repulsive forces between tip and sample surface can
bend the cantilever. The deflection of cantilever can be measured by reflection of laser light
from the reflective back side of cantilever into photodiode. The photodiode converts the light
reflection into an electrical feedback loop which is controlled to its setpoint value by adjusting
the height of cantilever. Using the height variance, a three-dimensional surface topography can
be acquired. AFM is usually operated in three modes, contact mode, tapping mode, and
non-contact mode. In contact mode, the tip is in continuous contact with sample surface,

operated at short-range repulsive force regime. The feedback loop controls the cantilever
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deflection to be constant and applies constant force to sample. However, the frictional and
adhesive forces are strong and may damage the sample and distort the surface topography. To
avoid sample damage, the non-contact mode is required to oscillate the tip above the sample
surface without contact. However, the long-range attractive forces decrease the amplitude of
oscillation, thus lowering the resolution. To maintain the resolution, the tip needs to contact
sample surface intermittently, that is the tapping mode. By minimizing the lateral friction
forces, the tapping mode also prevents damage to the sample surface. For non-contact mode
and tapping mode, the cantilever oscillation amplitude is controlled to be constant. In this

thesis, tapping mode is used to measure the thickness of 2D flakes.

A B
Photodetector Laser diode
— |l Force
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Repulsive forces
Contact I Distance
Attractive forces

Piezoelectric
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Figure 3.8. The principles of AFM. (a) Schematic configuration of AFM. (b) The probed forces
at different distances between the tip and the sample surface in various imaging modes.

Reproduced from Ref. [92].

3.2.2 Optical Microscopy

When light hits a surface, photons can be absorbed, transmitted, reflected, or scattered, as
shown in Figure 3.9a. Optical microscopy produces optical contrast images based on
reflectance difference of light on a substrate with and without 2D TMDs (Figure 3.9b).”> The
optical contrast difference (Cp) is defined as the relative intensity of light reflected by 2D
TMDs (R) and substrate (Rg)™:
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A positive Cp corresponds to brighter 2D TMDs on the substrate than bare substrate (R > Rs);
A negative Cp corresponds to darker 2D TMDs on the substrate (R < Rg).
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Figure 3.9. (a) Schematic of different pathways of light when interacting with a material,
including absorption, transmission, reflection, and scattering. (b) Schematic of various
reflection paths in TMDs/SiO2/Si layers.> The refractive index for air is represented as no = 1,
while the wavelength-dependent refractive indices for the other layers is represented as ni(2)

for TMDs, n2(2) for SiO2, and n3(A) for Si. Reproduced from Ref. [93].

The optical contrast difference can be modulated by wavelength-dependent refractive index of
substrate (n).”>*® Zhang’s group has shown that under white light illumination, MoS>
nanosheets with layer numbers (L) ranging from 1 to 5 can be clearly identified on 300 nm
Si0-/Si Figure 3.10a—e).”” When measuring the optical contrast difference for 1L — 15L MoS,
1L — 7L MoS> (appear darker than SiO»/Si) show negative optical contrast difference while 8L
— 15L MoS;, (appear brighter than SiO,/Si) show positive optical contrast difference
(Figure 3.10f). In comparison, MoS> on 90 nm SiO»/Si shows negative contrast difference in
1L — 5L and positive contrast difference in 6. — 15L (Figure 3.10g). Compared to 90 nm
Si0,/Si, 300 nm SiO»/Si are more suitable to rapidly differentiate 1L — 3L MoS: because of
the sufficient gap between the contrast difference values of adjacent layer numbers. Therefore,

300 nm SiO»/Si is primarily used as substrate for 2D TMDs in this thesis.
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Figure 3.10. Optical microscopy characterization of MoS:> with different layer numbers (L) on
Si02/Si. (a—e) Optical microscopy images of 1L — 15L MoS:> on 300 nm SiO2/Si. The scale bars
are 5 um. MoS: flakes with different layer numbers show different optical contrast. (f-g) Plots
of optical contrast difference (Cp) of 1L — 15L MoS> on (f) 300 nm SiO2/Si, and (g) 90 nm
Si0O2/Si.  Reproduced from Ref. [97].

Both mechanically exfoliated and CVD-grown MoS, synthesized in this thesis were
characterized by optical microscopy. As shown in Figure 3.11, darker monolayer MoS; can be
easily distinguished from brighter thicker layers. In this study, only flakes free of measurable
bubbles, wrinkles, or cracks were chosen for both mechanically exfoliated and CVD-grown
MoS,. The lateral size of monolayers was typically from 10 — 50 um, which is suitable for
Raman and PL spectroscopies (1 — 3 pum spot size), as well as XPS spectroscopy (15 x 35 um

spot size) which requires flakes of >20 um.
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Figure 3.11. Optical microscopy images of synthesized MoS: flakes without noticeable bubbles,
wrinkles, or cracks. (a) Optical microscopy image of mechanically exfoliated MoS:. (b) Optical

microscopy image of CVD-grown MoS>. Monolayers are marked in red.

3.2.3 Absorption Spectroscopy

As discussed in Section 1.3, photoluminescence in 2D TMDs requires absorption of photons
with energy larger than the bandgap of 2D TMDs. Absorption spectroscopy measures the
number of photons absorbed by a material at each wavelength. This allows probing of the
electronic structure — in particular, the conduction band. In 2D TMDs, the exciton resonance
energies can be obtained from absorption measurements. From the optical paths in 2D TMDs
shown in Figure 3.12a, absorbance (%A) requires the measurement of both transmittance (%7)
and reflectance (%R) where A = 1 — %R — %T. The transmittance measures the intensity
difference between incident light and light transmitted through the sample. The reflectance
measures the intensity difference between light reflected from the sample and light reflected
from substrate only (as reference), also referred to as differential reflectance. In practice,
reflectance is more often measured and taken as indicator of absorption since transparent
substrates (e.g., ultrathin optical glass slides for thin films and cuvette for solution) are required
for transmittance measurement but not for reflectance measurement. In this thesis, 2D TMDs
were exfoliated or grown on opaque SiO> (300nm)/Si substrates to easily identify monolayers.
Therefore, reflectance was measured to characterize the optical properties of 2D TMDs in

Chapter 4.

A typical example of absorption of monolayer TMDs in terms of differential reflectance (AR/R)
versus wavelength from Eda’s group is shown in Figure 3.12a.°® The grey curves represent the
differential reflectance of different 2D TMDs. All monolayer TMDs show resonance peaks

from excitonic transitions of A-exciton, B-exciton and also the C exciton at higher energies
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(the spectrum of WSe; contains additional peaks labelled at A" and B’). Surprisingly, it can be
seen from the spectra that the absorption of the monolayers can be on the order of 30% or
higher at the C-exciton energies. The A and B exciton transitions are explained in Figure 1.6c¢.
The broad and enhanced absorption at the C exciton originates from band nesting between the

I' and K point in the band structure, as shown in Figure 3.12b.
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Figure 3.12. (a) Differential reflectance spectra (AR/R) shown in grey and PL spectra (shown
in red, green, blue, and purple) of monolayer TMDs on quartz substrates. The vertical axis is
for AR/R with a scale bar representing 20% absorption. The PL spectra are normalized to A
exciton resonance differential reflectance peak. (b) The calculated band structure of monolayer
MoS>, showing transitions of A exciton and B exciton at K point of 2D MoS:> Brillouin zone,

and band nesting (C) between the I" and K point. Reproduced from Ref. [98].

The measured reflectance spectra are affected by temperature. As shown in Figure 3.13a, with
decreasing temperature, the A-exciton resonance shows gradual blue shift due to bandgap

increase that can be fitted by Varshni’s formula®:
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E, = Ey — aT?/(T + B) (3.2)
where Ej; is the bandgap of material at temperature (T), E, is the bandgap of material at 0 K,
and £ have unit of meV/K and K, respectively. The line width of A-exciton resonance
decreases from 40 meV to 6.1 meV, indicating that A-exciton resonance is dominated by
exciton-phonon scattering at high temperatures but suppressed at low temperatures (<77 K),
as shown in Figure 3.13b. While I have not measured low-temperature absorption/reflection
of 2D MoS», the increase of bandgap with decreasing temperature provides insight into changes

in PL. This helps to understand the low-temperature PL results presented in Chapter 4.
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Figure 3.13. (a) Temperature-dependent reflection spectra of A-exciton resonance in MoSe:
monolayer. The spectra are offset along the vertical axis for clarity. (b) Plot of line widths of
A-exciton resonance as a function of temperatures, showing contributions from radiative

recombination (green) and scattering (yellow). Reproduced from Ref. [99].

As discussed in Section 2.2, defects can alter the electronic band structure by introducing new
energy levels in the bandgap (also temperature dependent), therefore the presence of defects
can in principle be identified with resonance features in the absorbance spectrum. However, as
shown in Chapter 4, the absorption in defective MoS2 samples is broad and featureless and

signature of sulfur vacancy states is not readily obvious.

3.2.4 Photoluminescence (PL) Spectroscopy

As discussed in Section 1.3, PL originates from radiative recombination of excitons. PL

spectroscopy measures the number of photons emitted from a material as a function of photon
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energy and can provide information about the electronic structure of materials. Figure 3.12a
shows typical RT PL spectra of monolayer TMDs, in which dominant PL from A-exciton
transition is observed at energies very close to the A-exciton resonance peak in the differential
reflectance spectra. In this thesis, steady-state PL spectroscopy with laser excitation
wavelength of 532 nm was used to characterize mechanical exfoliated and CVD grown
monolayer MoS>. The schematic setup of typical micro-PL measurements is shown in
Figure 3.14.!% Typical probing area is determined by the excitation laser spot size. Most
micro-PL measurements use monochromatic laser at a fixed wavelength (with photon energy
larger than the bandgap of semiconductor). In other instances, it is possible to measure PL at
different excitation energies (PLE). 532 nm excitation wavelength was chosen based on the

PLE results from Eda’s group discussed in Section 3.2.4.1.
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Figure 3.14. Schematic setup of micro-PL measurements. Reproduced from Ref. [100].

PL spectroscopy was used to characterize mechanically exfoliated monolayer MoS,, as shown
in Section 3.1, as well as CVD-grown monolayer MoS, (measured on its growth substrates).
With respect to exfoliated 2D MoS,, the A”/A peak of CVD-grown MoS; is red-shifted by
~65 meV while B exciton peak shows a similar shift of ~67 meV (Figure 3.15b). This indicates
that the bandgap of monolayer MoS; is narrowed due to the built-in biaxial tensile strain. This

results from cooling of the CVD-grown sample from the growth temperature of 700 °C to room
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temperature which leads to thermal expansion coefficient (TEC) mismatch between MoS»
(TEC =109 K ™) and SiO,/Si substrate (TEC = 5.5 x 10”7 K!). The reported shift of A exciton
under biaxial tensile strain is =99 + 6 meV per % strain.'®! Extrapolating this shift to the PL

shift in the CVDgrown MoS, the biaxial tensile strain is approximated to be —0.68%.
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Figure 3.15. RT PL spectra of monolayer MoS: synthesized by mechanical exfoliation and CVD
growth. (a) PL spectra of mechanically exfoliated and CVD-grown monolayer MoS>. Each
spectrum is normalized to the intensity of A~ trion/A exciton (A/A) peak. With respect
to exfoliated MoS>, CVD-grown MoS> shows a red-shift in A”/A and B exciton peaks. (b) Plot
of PL energy of A exciton and B exciton in mechanically exfoliated and CVD-grown monolayer

MoS>.

3.2.4.1 Photoluminescence excitation (PLE) spectroscopy

Eda’s group measured the PLE map of mechanically exfoliated monolayer MoS> on quartz
substrates, that is, the emission photon energy versus the excitation photon energy
(Figure 3.16a).”® It can be seen that for excitation energy ranging from 2.0 — 2.5 eV, the A
exciton emission is bright and located at the same emission energy (~1.86 eV). The intensity
of A exciton emission is highest at excitation energy of ~2.05 eV. In Figure 3.16b, the PLE,
relative quantum yield (QY), and differential reflectance (AR/R) are plotted as a function of
excitation energy. For excitation energy of <~2.4 eV, the relative QY remains high. The
maximum relative QY occurs when the excitation energy is in resonance with the B exciton
absorption (shown in grey curve). Based on this, I used excitation energy of ~2.33 eV

(wavelength of 532 nm) for my micro-PL measurements.
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Figure 3.16. (a) PLE intensity color map for mechanically exfoliated monolayer MoS> on
quartz substrates. The color bar represents the PLE intensity. (b) Plots of PLE intensity and
relative QY for A exciton emission as a function of excitation energy for monolayer MoS>.

Differential reflectance spectrum is shown for comparison. Reproduced from Ref. [98].

3.24.2  Temperature-Dependent, = Power-Dependent, and

Time-Resolved PL Spectroscopy

Steady-state PL spectroscopy can be used to reveal the presence of defects. As discussed in
Section 2.2, in-gap electronic states generated by defects can trap excitons and induce
defect-mediated emission at lower than exciton  emission.

energies free

Temperature-dependent, power-dependent and time-resolved measurements can help

distinguish defect-mediated emission from free exciton emission.

Temperature-dependent PL spectroscopy measures PL spectrum at various temperatures.
At room temperature, trapped excitons are mostly delocalized before any defect-mediated
radiative or non-radiative recombination can occur, resulting in weak or absence of
defect-mediated emission. At low temperatures (<77 K), excitons are localized at trap states
due to the lack of thermal energy for detrapping. Therefore, the evolution of low-energy
emission measured at different temperatures can reveal the presence of in-gap states from
defects. This temperature dependence of defect-mediated emission can be written by a thermal

Arrhenius formula!0>193:
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1(0)

1+(t/70)e” EA/KT

I(T) = (3.3)

where 1(0) is the PL intensity at 7= 0 K, 7 is the excitonic lifetime, T, is effective scattering
time, K is the Boltzmann constant, and E, is the activation energy that is required for
delocalization of trapped excitons. Tongay et al. has reported temperature-dependent and
power-dependent PL properties of defective monolayer MoS» with sulfur vacancies created by
annealing at 500 °C in vacuum (Figure 3.17).!% As shown in Figure 3.17a, defective
monolayer MoS; only shows free exciton emission (Xo) at 300 K. The bound exciton emission
(Xg) that is mediated by defects emerges at 175 K and its intensity approaches that of Xo
emission at 77 K. Both Xy and Xg emissions show blue shift with decreasing temperatures —

consistent with the blue shift of resonance reflectance features shown in Figure 3.13.
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Figure 3.17. Temperature-dependent and power-dependent PL properties of monolayer MoS>
with sulfur vacancies created by annealing at 500 °C in vacuum (~10~? Torr).
(a) Temperature-dependent PL spectra of defective MoS> at temperatures ranging from 300 to
77 K, showing the evolution of free exciton emission (Xy) and bound exciton emission (X3)
mediated by defects. (b) Power-dependent PL intensity plot of Xo and Xp emissions. Xy emission
is linearly dependent on laser power whereas Xp shows saturation dependence. Reproduced

from Ref. [104].

Power-dependent PL spectroscopy measures the PL as a function of excitation laser power.
The empty in-gap defect states can be occupied by photoexcited carriers at sufficiently high
excitation power.!® In Figure 3.17b, the intensities of free exciton emission (Xo) and bound

exciton emission (Xg) are plotted as a function of excitation power.!% The X, emission scales
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linearly with increasing excitation power whereas the Xg emission appears to saturate. The PL
intensity (/p.) follows a power-law dependence with excitation laser power (L) so that Ip; &
L&, where k is power exponent.'” The k& value can be identified from the logarithmic plot of
Figure 3.17b. Excitonic transitions typically show k& = ~1, while transitions from localized
excitons at lattice defects show k < 1.1%41% While the logarithmic plot is not shown here, the
power-dependent PL intensity plot and its logarithmic plot for investigating optical properties

of defects are included in Chapter 4.

Time-resolved PL spectroscopy measures PL decay after an excitation laser pulse
(<picosecond) to determine the PL lifetime. This is typically achieved by time-correlated single
photon counting (TCSPC) that detects a single photon and compares its arrival time with
respect to the laser pulse. Repeating the laser pulse multiple times can allow enough photon
events to accumulate and generate a statistical histogram plot of photon arrival times. Fitting
the histogram plot exponentially, the PL lifetime can be obtained. The PL consists of several
processes: 1) excitation of photoexcited carriers (~femtosecond), 2) relaxation
(~100 femtoseconds) and thermalization (~1 picosecond), 3) radiative recombination
(hundreds of picoseconds to tens of nanoseconds), and 4) non-radiative recombination. Eda’s
group has measured PL decay of defective monolayer WS», in which sulfur vacancies were
created by proton irradiation (Figure 3.18a).!%” The free neutral exciton emission (X°) and trion
emission (T) show lifetime of hundreds of picoseconds, while localized exciton emissions LX;
and LX> show longer lifetime of tens of nanoseconds (ns). The long-lived localized exciton
emissions are also observed in other defective monolayer TMDs, including MoSe>, WSe;, and

MoS,, as shown in Figure 3.18b.
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Figure 3.18. Time-resolved PL decay of monolayer TMDs with sulfur vacancies created by
irradiation with protons. (a) Time-resolved PL decay plot of free neutral exciton emission (X°),
trion emission (T), and localized exciton emissions (LX; and LX>) for defective monolayer WS.
(b) Summary of lifetimes of different PL emissions for defective monolayer MoSe,, WSez, MoS:,
and WS». Reproduced from Ref. [107].

3.2.3 Raman Spectroscopy

Raman spectroscopy is based on scattering of photons to reveal the local structure of materials.
As shown in Figure 3.19, electrons can be excited from the ground state to some virtual energy
state and immediately relax back to the ground state.!® Scattering occurs either elastically or
inelastically. In elastic scattering (Rayleigh scattering), electrons are excited by the Raman
laser to a virtual state and relax back to the original state, showing no changes in photon energy.
In inelastic scattering (Raman scattering), the photons are scattered with energies different from
the incident photons. One is Stokes scattering where excited electrons from the ground state
relax to a virtual state and emit photons with energy lower than the excitation laser energy. The
other is anti-Stokes scattering where excited electrons relax back to a virtual state and release
photons with energy greater than the excitation photons. In most Raman measurements, Stokes
scattering is used since the ground vibrational state is more populated than higher vibrational
states that leads to more intense Stokes signals. It is worth noting that Raman scattering is an
inefficient process with only 1 in 10° — 10® photons emitted. By measuring the energy
difference between incident photons and emitted photons, the energy of vibrations of molecules
can be determined. In Raman spectra, this energy difference is usually presented in

wavenumbers (¥), calculated from the wavelength difference (A):
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= L_ 1
ap=2- 2 (34)

where A7 is the wavenumber difference between incident and emitted photons, while 4, and

A, are the wavelengths of incident and emitted photons, respectively.
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Figure 3.19. Schematic energy level diagram of the transitions of Rayleigh, Stokes, and
anti-Stokes Raman scattering. Reproduced from Ref. [108].

However, not all materials are Raman active. Raman scattering arises from changes in
polarizability («) of a molecule. That is, the possibility of molecules to induce electric dipole
moments (y;) in an external electric field, calculated by:

a= ag+ asin(2mvypt) (3.5)
where « is equilibrium polarizability, @ is rate of change of polarizability with molecule
vibration, Vy;p, is vibration frequency of the molecule, and ¢ is time period. The electric field
generated by the photon with a frequency (v,,) can be calculated by:

E = E,sin(2mvpt) (3.6)
where E is the amplitude of the electric field at time, E is the maximum amplitude of the

electric field. Therefore, the induced dipole moment can be calculated by:
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i = aE =[ag+ a; sin(2mvypt)] X Eq sin(2vpt) (3.7

The induced dipole moment can be further written as:

a2kl cos(2T(Vp + Vyip)t) (3.8)

1fo cos(2m(vy — Vyip)t) — .

Ui = agEpsin(2mvyt) + 5

where the first term represents a dipole moment oscillating at photon frequency v, without

energy gain or loss (Rayleigh scattering). The second term represents a dipole moment losing
energy of hvy;, and oscillating at frequency of v, — vy, (Stokes scattering). The third term
represents a dipole moment gaining energy of hvy;;, and oscillating at frequency of v, + vy
(anti-Stokes scattering). The vibration of a molecule depends on mass of atoms and bond
strength, described by Hooke’s law:

1 K
Vyib = 5 | (3.9

2T0C A| My

where c is the velocity of light, K is force constant of bond between atoms A and B, and m,. is
reduced mass of A and B. It can be seen that lighter atoms and stronger bonds give rise to

higher vibration frequencies.

Lee et al. has shown that for 2H MoS,, there are four Raman active modes, three in-plane
modes E%,, E'g, E'2, and one out-of-plane mode A, as shown in Figure 3.20a.!% Typical
Raman spectrum of monolayer MoS; only shows E!5; mode at ~384 cm™!' and A1, mode at
~403 cm™! (Figure 3.20b). When the layer numbers increase, E'2; mode softens to lower
frequencies while Az mode stiffens to higher frequencies. Figure 3.20¢ shows a plot of
frequencies of E'2 and A1, modes (shown in black), and their frequency difference (shown in
red) as a function of layer thickness. Monolayer MoS; shows the smallest frequency difference
(~18 —20 cm ') between E'5; and A, modes, hence this frequency difference can be taken as

an indicator of monolayer MoS,.
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Figure 3.20. (a) Schematic of four Raman-active modes in MoS>. (b) Raman spectra of MoS>
ranging from bulk to monolayer, showing in-plane mode E'>; and out-of-plane mode A;g. The
dotted red vertical line denotes the E' >, and A1 mode in bulk MoS:. (b) Plot of frequencies of
E!5 and A Raman modes (left vertical axis) and their difference (vight vertical axis) as a

function of layer thickness. Reproduced from Ref. [109].

For materials that contain Raman active molecular vibrations, perturbation on crystal lattice
induced by defects can be identified by Raman scattering. In defect-free crystals, only phonons
near the center of the Brillouin zone (I') where q = 0 (q is the wavevector of phonon) are
Raman active due to the fundamental Raman selection rule.!'® For defective crystals such as
the MoS> samples studied here, the presence of defects leads to observation of three typical
Raman changes: (1) Symmetric broadening of Raman peaks that can be attributed to reduction
of phonon lifetime that is inversely proportional to linewidth of Raman peaks!!!; (2) Changes
in intensity of Raman peaks that can be explained by changes in chemical bonds. For defective
crystal lattices, local chemical bonds could be broken, weakening prominent peaks at the
Brillouin zone center. New non-center phonon modes may also be activated by defects due to

the relaxation of the wave-vector selection rule. Using Raman spectroscopy, the defect density
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can be estimated using either the peak intensity ratio or peak area ratio of defect-activated peaks
and prominent peaks at the Brillouin zone center. (3) Changes in the frequency of Raman peaks
due to the diminished periodicity. The relaxation of the wave-vector selection rule results in
random wave vectors at q & 0 for non-center phonon modes. This randomness can not only
cause changes in the line shape and intensity, but also shift the frequency of the phonon mode
(Raman peak position). Mignuzzi et al. has shown the evolution of Raman features in
monolayer MoS; under the bombardment of a focused Mn" ion beam that creates defects
(Figure 3.21)."'2 The in-plane mode E'5, is red-shifted while the out-of-plane mode A1 is blue-
shifted, with significant broadening of both peaks. Additional new peaks are activated by
defects, e.g., LA(M) peak at ~227 cm™'. However, the nature of the generated defects was not

further characterized.

Intensity (a.u.)

pristine

150 200 250 300 350 400 450
Raman Shift (cm™)

Figure 3.21. RT Raman spectra of monolayer MoS> with defects created by Mn™ ion beam

bombardment. The density of defects increases with shortening inter-defect distances Lp. The

spectra are normalized to the intensity of A1z peak. Reproduced from Ref. [112].

3.2.4 X-ray Photoelectron Spectroscopy (XPS)

XPS is a surface-sensitive technique, based on the photoelectric effect. When a beam of X-ray
photons hits a surface, the atoms undergo photoionization. By absorbing the energy of photons,
photoelectrons are ejected from different orbitals into vacuum with a defined kinetic energy.
By measuring the kinetic energy (KE') of the ejected photoelectrons, the binding energy (BE)

of electrons in a specific orbital can be determined by:
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BE = hv — KE (3.10)
where hv is the energy of absorbed photons, h is Planck’s constant, and v is the
frequency of absorbed photons. For solid materials including 2D TMDs, there is an additional
potential barrier at the surface for photoelectrons to overcome, which corresponds to the work
function (@) that is the energy difference between the sample Fermi level and the vacuum level,
as shown in the left panel of Figure 3.22.!'*> Therefore, the photoelectron kinetic energy is
measured with respect to the sample Fermi level, giving rise to a new equation:

BE = hv — (KEg + ®sample) (3.11)
where @gampe 18 the work function of the sample, and KEy is the kinetic energy of the

photoelectrons with respect to the sample Fermi level.
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Figure 3.22. Schematic energy level diagram for MoS> in good electrical contact with the
spectrometer. Reproduced from Ref. [113].

To get reliable measurements, samples need to be in good electrical contact with the
spectrometer, as shown in the right panel of Figure 3.22.!'3 Owing to charge transfer at the
interface between sample and spectrometer, the Fermi level of the sample is aligned with that

of the spectrometer. Since the kinetic energy of photoelectrons is measured on the side of the
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spectrometer ( KEeasured )» W€ need to know the work function of the spectrometer

(Pspectrometer) to acquire the binding energy of the sample by:
BE = hv — (KEmeasured + ¢spectrometer) (3-12)

If the sample has bad electrical contact with the spectrometer, then their Fermi levels are
misaligned, leading to inaccurate measurement of binding energy. Another factor that could
shift the measured binding energy is charging which results from the accumulation of positive
charges on the sample surface as a result of photoelectron emission. For conducting materials,
internal electrons can diffuse from the bulk to the surface to compensate for the positive
charges, whereas for semiconducting and insulating materials, the compensation is limited.
Accumulated positive charges can attract photoelectrons, reducing the kinetic energy of
photoelectrons and shifting the binding energy towards higher BE. Therefore, for
semiconducting MoS», additional compensation methods are required to externally inject
electrons, e.g., grounded electrode, low-energy electron flood gun (10 eV or less).''* In this

thesis, In/Au contact was used to ground 2D MoS> to reduce charging.

For MoS»2, XPS has been extensively used to measure Mo 3d and S 2p to characterize the
chemical states and bonding environment of the constituent elements in MoS,. Our group has
used XPS to characterize the ultraclean vdW interface formed between CVD-grown monolayer
MoS; and indium/gold (In/Au) electrodes deposited by electron-beam evaporator.!'> As shown
in Figure 3.23, Mo 3d spectrum shows Mo 3d doublet peaks and S 2s peak at lower binding
energy while S 2p spectrum shows S 2p doublet peaks, attributed to pristine MoS,.
Nonstoichiometric MoxSy peaks are expected to appear at higher binding energy in Mo 3d
spectrum while lower binding energy in S 2p spectrum. The absence of MoxSy peaks shows

that MoS; remains pristine through In/Au deposition.
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Figure 3.23. XPS spectra of Mo 3d and S 2p core levels of stoichiometric MoS:. Reproduced
from Ref. [115].

The formation of core level doublet peaks is due to spin-orbit coupling, that is, the coupling of
magnetic fields generated by orbit motion and spin motion of electrons. In nonsymmetric
orbitals (angular momentum quantum number 1 > 0), two possible magnetic fields exist due to
two possible spin states (spin quantum number ms = £1) and are typically expressed by total
angular momentum number j = 1 + ms. For Mo 3d (1 = 2), j is either 3/2 or 5/2. Mo 3dsp»
degenerate level has a larger j value and a lower binding energy than Mo 3d3,. Similarly, S 2p
core level degenerates into S 2pi2 and S 2p32 doublet. The schematic photoelectron emission
from Mo 3d and S 2p doublets are shown in Figure 3.24. Mo 3d3 and Mo 3ds» doublet are
separated by 3.15 eV while S 2p12 and S 2p3» are separated by 1.18 eV. The relative number
of photoelectrons is represented by the thickness of orange arrows. With a given number of
incident X-ray photons, the number of photoelectrons emitted from Mo 3d doublet follows
NMo 3d32: NMo 3d52 = (2] + DMosdsz: (2] + Dmosasz = 2: 3. Similarly, Nsopi2: Nsopzn = 1: 2.

The number of photoelectrons can be obtained from peak area in XPS spectrum.
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Figure 3.24. Schematic photoelectron emission from Mo 3d doublet and S 2p doublet in MoS:.
The green arrows represent incident X-rays. The orange arrows represent photoelectron
emission from an orbital. The grey lines in the left panel and blue lines in the right panel

represent the orbital energy levels.

The peak area ratio across Mo 3d and S 2p doublets can be used to calculate elemental

stoichiometry of MoS»:
S (at%) _ (Is 2p 3/2 IMo 3d5/2 (3.13)
Mo (at.%) 0S 2p 3/2 OMo 3d 5/2 .

where S (at. %) and Mo (at. %) are atomic percentages (at. %) of S and Mo, Is 5, 3/, and
Ivio 34 5/2 are integrated intensities (area) of S 2p3» peak and Mo 3ds» peak. os,, 3/, and
OMo 3d 52 are the photoionization cross-sections calculated theoretically. Here photoionization
cross-sections are used to normalize the relative photoelectron peak intensities due to the
relative probability of photoionization of electrons. The stoichiometry can be used to quantify

sulfur vacancies in MoS», as shown in Chapter 4.

In this study, synchrotron XPS was used to measure the chemistry of single flake monolayer
MoS: obtained by mechanical exfoliation. Synchrotron XPS is useful because it provides high
flux of X-rays with a beam that can be focused down to ~20 pm. This helps to collect enough
signals from the monolayer sample with lateral dimensions of ~20 — 30 um. Synchrotron
radiation is emitted when electrons are forced to move along a curved orbit. In this process,
electrons are generated by a hot filament and then accelerated and injected into a storage ring.

In the storage ring, electrons move at relativistic speed with kinetic energy on the order of GeV.
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Using dipole magnets to apply vertical magnetic field, electrons can be accelerated in the
direction perpendicular to their velocity and thus are forced to move along a curved orbit. Using
a series of dipole magnets to periodically anchor the storage ring, electrons can be kept in a

closed orbit loop. The power (P) of synchrotron radiation per electron can be calculated by:

p=_° LE (3.14)

6mEegC’ m_g R?
where e is the electron charge, €, is vacuum permittivity, c is the velocity of light, , m, is the
rest mass of an electron, E is the electron energy, R is the radius of accelerator orbit. It can be
seen that smaller accelerator orbit will result in higher synchrotron radiation power and this
allows us to tune the energy of synchrotron radiation. Compared to lab based XPS that typically
uses Al-Ka source (1486.6 eV), synchrotron XPS can produce X-rays ranging from 100 to
3000 eV. Soft X-rays (<1000 eV) allow us to collect surface information from monolayer MoS>

by increasing photoionization cross-sections.

3.2.6 X-ray Diffraction (XRD)

An X-ray diffractometer consists of an X-ray source, incident optics, sample goniometer,
receiving optics, and detector (Figure 3.252a).!'® The X-ray beams are irradiated on samples
through the incident optics at various angles between the source and the sample surface, and
get diffracted to the receiving optics and detector. Most diffracted beams cancel each other out
through destructive interference, while only X-rays incident at a specific angle of © can get
diffracted at an angle of 20 between the incident beam and the detector through constructive
interference. The coupled incident angle © and diffraction angle 26 depend on the lattice
spacing, following Bragg’s Law (see Figure 3.25b), written as:

nd = 2d sinf (3.15)
where n is an integer, A is the wavelength of the incident X-ray beam, and d is the interplanar
spacing of a crystalline structure. With a fixed X-ray wavelength A, the diffraction peak at an
angle of 26 becomes a unique signature of the crystalline structure. Crystalline materials have
long-range periodicity and can produce a diffraction pattern with sharp peaks, whereas

amorphous materials are either invisible or can only produce broad signals in XRD patterns.
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Figure 3.25. The principles of XRD. (a) Schematic configuration of XRD. (b) Schematic of
Bragg’s Law. Reproduced from Ref. [116].

However, XRD performed in Bragg—Brentano geometry is hindered from characterizing 2D
TMD nanosheets, especially monolayers, due to the lack of periodicity in the third dimension
(Figure 3.26a).!'” To measure nanosheets, the grazing incidence XRD (GIXRD) is required to
maximize signals from the lateral periodicity by adjusting the X-ray incidence plane to a small
angle (typically below 1°), as shown in Figure 3.26b. When the XRD measurement of WSe»
monolayers/bilayers is performed in Bragg—Brentano geometry, the XRD pattern only shows
a weak and broad XRD peak, while the GIXRD pattern shows the peaks of both WSe> and
substrate Al,Os (Figure 3.26¢,d).!"” However, XRD measurement cannot be focused on
monolayer only due to the spot size of a few mm for conventional lab X-ray diffractometers.

Therefore, XRD is only used to characterize substrates in this thesis, as discussed in Chapter 5.
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Figure 3.26. XRD measurements performed in Bragg—Brentano geometry and in-plane
geometry. (a—b) Schematic of XRD performed in (a) Bragg—Brentano geometry, and
(b) in-plane geometry. (c—d) XRD patterns of WSe> sample measured in (c) Bragg—Brentano
geometry, and (d) in-plane geometry, respectively. The former XRD pattern in (c) only shows
a weak and broad peak, and the latter in (d) shows sharper peaks from WSe> and a-Al>O;.
Reproduced from Ref. [117].

3.3 Defect Generation & Passivation in 2D TMDs

In Chapter 4, sulfur vacancies are generated in 2D TMDs by annealing in an Ar/H»
(95 vol.%/5 vol.%) atmosphere to generate defects. I briefly describe this process here. Prior to
Ar/H; annealing, samples were annealed in a high-purity N2 (99.9999%) atmosphere to remove
volatile adsorbed contaminants. Mechanically exfoliated samples were annealed in N> in a
1-inch quartz tube in the single-zone furnace, as shown in Figure 3.27. A new tube II was used
for annealing to avoid contamination. Before the first use, the tube was cleaned by annealing
in Ar/H; at 1000 °C for 30 min. For N annealing of 2D TMDs, the furnace tube was filled with
flowing 450 sccm N2 for 10 min to remove residual oxygen and then heated to 250 °C for 1 h
under 100 sccm Na. After each annealing, the furnace was cooled back to room temperature at

a rate of 20 °C/min, and samples were removed from the tube for measurement. To maintain
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the as-annealed condition, samples were stored in glovebox to minimize the exposure to air

throughout this study.

Furnace

AtH, (95%/5%)

MoS, on

Alumina boat Si02!Si wafer

Figure 3.27. Schematic of annealing MoS: in a N> or Ar/H> (95 vol.%/5 vol.%) atmosphere.

I also tried to wash off the contaminants from mechanical transfer by immersing samples in
acetone/IPA (30/15 mins). RT PL spectroscopy was performed to characterize the samples
across different cleaning methods. As shown in Figure 3.28a—d, the PL spectra were
deconvoluted to extract the ratio of the integrated intensity of A~ trion to A exciton, /(A™)/I(A),
to show the electron doping level. This ratio was found to decrease from 0.84 + 0.33 for
as-exfoliated MoS3, to 0.40 £+ 0.04 for acetone/IPA washed MoS,, further to 0.26 + 0.02 for N»
annealed MoS;, showing that the native n-type doping of MoS: is partially induced by extrinsic
contaminants and can be suppressed by proper cleaning methods (Figure 3.28e). The lowest
I(A")/I(A) ratio observed in N annealed MoS, suggests that N> annealing is more effective in

removing contaminants than acetone/IPA washing.

After N> annealing and RT PL measurement, samples are annealed in Ar/Hz (95 vol.%/5 vol.%)
for defect generation. The tube used for Ar/H, annealing was the same tube II used for N>
annealing. As shown in Figure 3.27, samples were prepared by flowing 450 sccm Ar/H»
(95 vol.%/5 vol.%) for 10 min to displace tube oxygen and heated to 200 °C under 70 sccm
Ar/H; for 10 min to remove tube moisture. Then samples were heated to the target annealing

temperature (e.g., 600 °C) and held for the target time (e.g., 30 min).
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Figure 3.28. Room-temperature PL spectra of exfoliated pristine monolayer MoS> with
different cleaning methods. (a) PL spectra of as-exfoliated, acetone/IPA washed, and N>
annealed MoS>, showing A" /A peak and B exciton peak. (b—d) Deconvoluted PL spectra of (b)
as-exfoliated MoS>, (c) acetone/IPA washed MoS>, and (d) N: annealed MoS>, fitted with
Lorentz peaks. Denotation: A exciton in grey, A~ trion in blue, B exciton in green, and
cumulative fit curve in yellow. (e) The ratio of the integrated intensity of A~ trion to A exciton,
1(A7)/1(A), for as-exfoliated, acetone/IPA washed, and N> annealed MoS>. The I(A”)/I(A) ratio

reaches the minimum in the N> annealed MoS.

High flow rate of 450 sccm prior to annealing is necessary to remove air from tube. As shown
in Figure 3.29a—d, without this step, exfoliated monolayer MoS, annealed at 500 — 600 °C for
30 mins show significant damage, demonstrating non-reproducible results. Similarly,

CVD-grown monolayer MoS; flakes show sample damage in Figure 3.29e.f.
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Figure 3.29. Optical microscopy images of monolayer MoS> annealed in Ar/H>

(95 vol.%/5 vol.%) without pre-flowing the annealing tube, showing significant damage. (a—d)
Optical microscopy images of mechanically exfoliated monolayer MoS: (a,c) before and (b,d)
after annealing at 500 °C and 600 °C, respectively. (e,f) Optical microscopy images of CVD-
grown monolayer MoS: flakes annealed at (e) 500 °C, and (f) 600 °C, respectively. The flakes

are almost gone after annealing due to presence of residual oxygen.

In Chapter 4, defective 2D TMDs are passivated by annealing in sulfur/selenium vapor. As
shown in Figure 3.30, for defect passivation, 2D TMDs were placed on alumina boat 1 and 8
mg sulfur or selenium powder was placed in alumina boat 2. Alumina boats 1 and 2 were placed
in the center and upstream of a 1-inch tube in the single furnace, respectively. 450 sccm N>
was introduced into the tube for 10 min and then heated to the target annealing temperature
(e.g., 500 °C) under 50 sccm N> and kept for 30 min. The position of sulfur (or selenium) was
determined by measuring the temperature profile of the furnace using an external
thermocouple. Sulfur (or selenium) was put at the position that reached 150 °C (or 250 °C)
when 2D TMDs at the furnace center reached the target temperature. To avoid contamination,
I used new quartz tubes III for sulfur annealing and IV for selenium annealing. Alumina boats

were also separated for sulfur and selenium.
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Figure 3.30. Schematic of annealing defective MoS> in sulfur or selenium vapor.

3.4 Wet Transfer of 2D TMDs

In Chapter 5, 2D TMDs are wet-transferred across various dielectric substrates to investigate
the influence of substrates on PL from sulfur vacancies. The transfer of exfoliated TMDs is
largely limited by the strong adhesion between exfoliated flakes and the substrate. To transfer
exfoliated TMDs, an adhesive stamp is required to overcome the adhesion between annealed
monolayers and the substrate. Hence poly(bisphenol A carbonate) (PC) stamp was used to
assist the transfer (see Figure 3.31). PC dissolved in chloroform was first drop-cast on the
annealed sample to form a uniform film (. A PDMS stamp was stacked on a glass slide and
attached to the transfer stage with PDMS stamp face-down 2). The PDMS stamp was brought
in contact with the PC stamp to form a firm stack 3. The PDMS/PC stack was raised to pick
up the target flake from substrate 1 @. The detached substrate 1 was replaced by another
substrate 2 &. The PDMS/PC stack was aligned and brought in contact with substrate 2 and
heated to 180 °C for 1 min to melt PC and weaken the adhesion between PDMS and PC ®.
The PDMS stamp was raised to detach from PC, depositing the target flake on substrate 2 @).
The sample was immersed in chloroform for 10 mins to dissolve the melted PC stamp ®),

leaving the target flake on substrate 2 ©.
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Figure 3.31. Schematic of wet transfer of exfoliated TMDs across various substrates. Steps 1)
— 8 are described in the text.

This PC-assisted wet-transfer method was optimized by transferring pristine MoS> from one
Si0,/Si substrate to another Si0,/Si substrate and monitoring the morphology and PL changes.
The optical microscopy images in Figure 3.32 show that the transferred flake can maintain the

high quality of 2D TMDs without new wrinkles or cracks.

| ! | !

Figure 3.32. Optical microscopy images of exfoliated pristine MoS: (a) before and (b) after
transfer from a SiO2/Si substrate to another SiO2/Si substrate. The transferred flake maintains

the high quality, without new wrinkles or cracks.
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The transferred flakes were characterized by AFM. On the transferred monolayer MoS,, PC
residues were observed across the whole flake (Figure 3.33a). As shown in Section 3.3, the
PL features of monolayer TMDs are sensitive to extrinsic contaminants that can be identified
using the ratio of the integrated intensity of A~ trion to A exciton, /(A")/I(A). This ratio
increases from 0.47 £ 0.05 in the as-exfoliated sample to 0.84 = 0.09 in the transferred sample,
shown in Figure 3.33,c. To remove the PC residues, the transferred sample was post-annealed
in Ar/Hz (95 vol.%/5 vol.%) at 350 °C for 1 h. AFM image in Figure 3.33d shows that the
sample was cleaned by post-annealing with the /(A")/I(A) ratio restoring to 0.44 + 0.13 —

comparable to the as-exfoliated pristine MoS, samples, shown in Figure 3.33e.,f.
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Figure 3.33. Transfer and post-annealing of pristine MoS>. (a,d) AFM image of transferred
and post-annealed pristine monolayer MoS>. The transferred sample shows PC residues across
the whole flake while post-annealed sample shows a clean surface without noticeable residues.
(b,c,e) PL spectra of pristine MoS:> (b) before and (c) after transfer and (e) after post-annealing
fitted with Lorentz peaks. Denotation: A exciton in grey, A~ trion in blue, B exciton in green,
and cumulative fit curve in yellow. (f) The ratio of the integrated intensity of A~ trion to A
exciton, I(A”)/I(A), for pristine, transferred, and post-annealed MoS>. The ratio is increased

by transferring the flake and restored by post-annealing.
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Chapter 4 Photoluminescence from Sulfur Vacancies

in Monolayer MoS;

In this chapter, absorption and photoluminescence (PL) from sulfur vacancy-induced in-gap
states (Section 3.2.3 and 3.2.4) were used to investigate changes in the electronic structure of
2D TMDs. Absorption from such defect states has been observed at room temperature (RT,
~300 K),!"® whereas light emission from excitons bound to defect states is typically observed
at low temperatures (<77 K).!'>12° The localization of excitons at defects leads to long lifetimes
for defect-mediated emission.!”” In this chapter, I demonstrate that it is possible to observe
emission from trapped excitons (labelled as LXp) at RT when defect density (n4) is in the range
of 10"* cm™ < ng < 10" cm™2. The influence of temperature and excitation power on LXp
emission is explored. Time-resolved PL measurements reveal that the lifetime of LXp emission
is longer than band edge excitons, both at room and low temperatures (~2.44 ns at 8 K). In this
chapter, I designed the experiments, synthesized samples, and conducted Raman and PL
measurements at RT. Synchrotron XPS was done by Dr. Yan Wang and Mr. Han Yan. RT
reflection spectra, PL imaging and time-resolved PL measurements at RT were done by
Dr. Juhwan Lim. Low-temperature PL spectra, PL mapping, and time-resolved PL
measurements were measured by Dr. Zhepeng Zhang. This chapter has been published on

ACS Nano.

4.1 Defect Generation in Exfoliated Monolayer MoS:
4.1.1 Defect Generation by Ar/H, Annealing

Monolayer MoS> samples on SiO; (300 nm)/Si wafers were prepared by mechanical
exfoliation, as described in Section 3.1. To generate sulfur vacancies, the samples were
annealed in an Ar/Hz (95 vol.%/5 vol.%) atmosphere for 30 min at temperatures ranging from
300 to 650 °C (see schematic in Figure 4.1a). The RT Raman spectrum of pristine monolayer
MoS; in Figure 4.1b shows that it consists of a characteristic E'5; in-plane mode peak at
~385cm ! and Ay out-of-plane mode peak at ~405 cm '.'>! The weak satellite peak at
~380 cm ! is generally assigned to a longitudinal optical branch phonon LO(M) due to sulfur
vacancies.''>!?? The intensity of the defect mode increases with annealing from 300 — 600 °C,

indicating an increases in sulfur vacancy creation (Figure 4.1¢). The most intense LO(M)
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defect mode was found in 600 °C annealed MoS». Above 600 °C, I observed a change in optical

contrast due to material damage (Figure 4.1d).
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Figure 4.1. Defect generation in monolayer MoS> by annealing in Ar/H> (95 vol.%/5 vol.%).
(a) Schematic of sulfur vacancy generation. (b) Raman spectra of pristine and Ar/H> annealed
(300 — 600 °C) monolayer MoS> through Ar/H> annealing, normalized to the intensity of Si
reference peak. The spectra are fitted with Lorentz peaks. Pristine MoS> shows an E! 54 in-plane
mode and A g out-of-plane mode, denoted in black. The low-frequency shoulder on the left of
E!5y mode indicates the LO(M) defect mode, denoted in red. The increased intensity of the
defect mode in annealed MoS: indicates generation of sulfur vacancies. (c) Integrated intensity
plot of the LO(M) mode as a function of annealing temperature. The red line is a guide to the
eye. (d) Optical microscopy images of monolayer MoS> before and after 650 °C Ar/H>

annealing, showing material damage through annealing.



Photoluminescence from Defects in Two-Dimensional Transition Metal Dichalcogenides 72

Synchrotron X-ray photoelectron spectroscopy (XPS) at Diamond Light Source was used to
obtain information about the defects in annealed samples (Figure 4.2). The exfoliated
monolayer flakes (lateral size of ~20 pum, similar to the x-ray beam spot size) were grounded
using electron-beam lithographically patterned In/Au electrodes'!® to avoid charging during
XPS. The electron beam lithography (EBL) follows a standard procedure: spin-coating
electron-beam resist MMA 495 EL6 and then PMMA 950 A6, electron-beam exposure, resist
development, metal deposition by electron-beam evaporator, and lift-off. For transporting
samples from Cambridge to Diamond Light Source, the samples were sealed in vacuum in

glovebox using Geryon vacuum sealer machine to minimize exposure to air.

For the XPS measurements, the samples were baked at 80 °C in XPS preparation chamber with
base pressure of 10”7 mbar for one hour to remove physisorbed species. The samples were then
transferred to analysis chamber (107'° mbar). Radiation damage tests using 3 keV X-rays were
performed. No obvious changes in the XPS spectra were observed over several measurements
at a fixed sample position (Figure 4.2a), indicating that beam-induced number of defects
during measurements is small. XPS spectra of Mo 3d doublet were measured using 1 keV soft
X-rays. The binding energies were calibrated by using Au 4f core level of Au electrode as
reference. Pristine MoS: shows the characteristic Mo 3d doublet corresponding to the binding
energy of stoichiometric MoS; at 230.4 eV (Mo 3ds2).!?* The XPS results were fitted with Casa
XPS software, using a Shirley background and line shape LA(2,1.2,100). Referring to XPS
fitting database, each Mo 3ds» — 3ds» doublet was constrained with position separation of
3.1 eV, peak area ratio of 2:3 (Mo 3d3.2 : 3ds2), and equal full width at half maximum (FWHM).

No constraint was used for S 2s peak. The chi-square was always below 3.5.

The annealed MoS> shows the Mo 3d doublet of stoichiometric MoS; at 231.0 eV (Mo 3ds)2),
as well as peaks from nonstoichiometric MoSx (0<x<2) at 230.1 eV (Mo 3ds), respectively.
The defect concentration for both pristine and annealed MoS: are extracted from stoichiometry
calculation, using the core level spectra of Mo 3d and S 2s. The actual stoichiometry is given
by:

S(at.%)  Isas ., Imo3ds)2

Mo (at.%) “0szs” "Omo3ds/2

here, S (at. %) and Mo (at. %) are the atomic percents (az.%) of S and Mo, Is 55 and Iyio 30 5/2

are the integrated intensities of S 2s peak and Mo 3ds> peak. g5 55 and oy 3452 are the
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photoionization cross-sections at photon energy of 1 keV modeled by Scofield, where g ,5 =
0.44168, and oy 3052 = 2.4679."** For pristine MoSy, the actual stoichiometry is calculated
to be MoS1.99:0.03 which leads to a defect concentration of 0.5+1.5%. In a perfect superstructure
of 1H Mo$S, the sulfur-sulfur distance is 3.162 A,'® thus the density of S atoms in monolayer
MoS; can be calculated to be ~2.3x10'> cm 2. For a defect concentration of 0.5%, the defect
density is approximated to be ~1.15x10'® cm™2, similar to reported values on pristine sample.®
For the annealed MoS,, the calculated stoichiometry is MoSi g4+0.02 with a defect concentration
of ~7.7+0.8%, equivalent to a sulfur vacancy density of ~1.8+0.2x10'* cm. It is worth noting

that for the defective sample, the Mo 3d doublet is shifted to higher binding energies by
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Figure 4.2. Synchrotron XPS measurements of pristine and 600 °C Ar/H> annealed monolayer
MoS>. (a) Synchrotron X-ray radiation damage tests of (top) pristine and (bottom) Ar/H>
annealed monolayer MoS> using 3 keV X-rays. No obvious damage in MoS> is observed. (b)
XPS spectra of the Mo 3d core level in pristine and Ar/H> annealed MoS>. This measurement
was performed using 1 keV X-rays. Pristine MoS> shows the characteristic Mo 3d doublet from
stoichiometric MoS> (denoted in black) and S 2s peak (denoted in blue). Annealed MoS> shows
a second Mo 3d doublet from nonstoichiometric MoSx (0<x<2, denoted in red). Inset: Optical

microscopy image of monolayer MoS> grounded with In/Au electrode. Scale bar = 20 um.
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0.6 eV (as indicated by the dashed vertical red line in Figure 4.2b), indicating electron doping
mediated by sulfur vacancies — consistent with donor states detected by scanning tunneling

microscopy/spectroscopy®® and deep-level transient spectroscopy (DLTS)!'?>.

There is a question whether the sulfur vacancies are oxidized when the samples are exposed to
air. However, my analysis suggests that the sulfur vacancies generated in the Ar/H» annealed
MoS; are unlikely to be oxidized. Kong’s group showed that it was possible to incorporate
oxygen in CVD-grown MoS;.!** Compared to MoS> grown without oxygen, the oxygen-
incorporated MoS> shows Mo—O bond at higher binding energies in the XPS spectra while the
non-stoichiometric MoSx XPS peak in my Ar/H» annealed MoS» appears at lower binding
energies. Therefore, I tend to believe that chemisorption of oxygen at sulfur vacancies is
unlikely to be the case in the Ar/H> annealed MoS,. However, the possibility of physisorption

of oxygen (or other molecules) cannot be excluded.

4.1.2 Room-temperature Photoluminescence from Sulfur

Vacancies

The defects generated through annealing lead to the formation of electronic in-gap states in
monolayer MoS», as shown in the schematic energy band diagram in Figure 4.3a — consistent
with the band structure of sulfur-deficient monolayer MoS» by density functional theory (DFT)
calculations.’ The grey arrow (neutral exciton A) represents an electron in the conduction band
(CB) recombining with a hole in the valence band (VB). The blue arrow (negative trion A")
represents the recombination of two electrons and a hole. The red arrow (LXp) represents a
localized electron recombing with a hole. PL spectroscopy (Figure 4.3b,c) and reflectance
measurements (Figure 4.3d) were used to characterize the RT optical properties of monolayer
MoS:. In pristine MoS;, the RT PL spectrum shows the characteristic A™ trion/A exciton (A™/A)
peak at 1.90 eV and B exciton peak at 2.05 eV. The reflectance spectrum shows corresponding
A (1.91 eV) and B (2.06 eV) excitonic transitions.'?® For the 600 °C Ar/Hz annealed sample,
the RT PL spectrum shows a low-energy localized emission peak, LXp, that originates from
defect-induced in-gap states with a large binding energy of 185 meV. The LXp emission results
from excitonic transitions between one unoccupied, in-gap defect state lying ~0.6 eV below
the conduction band minimum (CBM), and the other energy state at the valence band maximum
(VBM).”* For monolayer MoS>, the binding energy of A exciton is ~0.41 eV. Therefore, the

binding energy of defect-mediated emission can be approximated to be ~190 meV, which
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matches the binding energy of 185 meV of LXp peak in the PL results. The reflectance
spectrum is also broadened in the defective sample. Below 600 °C, the RT LXp emission peak

emerges weakly at 500 °C.
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Figure 4.3. RT optical properties induced by sulfur vacancies in monolayer MoS:. (a) Proposed
energy band diagram of sulfur-deficient monolayer MoS>. The horizontal dashed lines
represent virtual energy states due to exciton binding energy, while the horizontal solid line
represents real energy states due to defects. (b) RT PL spectra of monolayer MoS> annealed in
an Ar/H> atmosphere at different temperatures. The pristine MoS> shows A~ trion/A exciton
(A"/A) and B exciton emission. With annealing temperature increasing, a low-energy localized
emission LXp weakly starts to appear at 500 °C and reaches its maximum at 600 °C.
(c) Reflectance spectra of pristine and 600 °C Ar/H> annealed monolayer MoS:>. Pristine MoS>
indicates the reflectance signals of A exciton and B exciton. The broadening of reflectance

spectrum of annealed MoS: indicates presence of in-gap defect states.

The RT PL spectra of pristine and 600 °C Ar/Hz annealed MoS: were deconvoluted to extract
the ratio of integrated intensity of A~ trion to A exciton, /(A")/I(A) (Figure 4.4a,b) to indicate
electron doping level.>® The ratio was found to increase from 0.44 in pristine MoS> to 1.06 in
600 °C Ar/H; annealed MoS;, indicating increased electron doping from creation of sulfur
vacancies — consistent with the XPS peak shift shown in Figure 4.2b. The results are
reproducible and consistent across 22 samples, as shown in the statistical histogram in
Figure 4.4¢c. The A exciton peak is found at 1.888 £+ 0.005 eV, together with the A™ trion peak
at 1.864 + 0.007 eV, and LXp peak at 1.716 + 0.005 eV.
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Figure 4.4. Deconvolution of RT PL spectra for pristine and 600 °C Ar/H> annealed monolayer
MoS:>. (a—b) Deconvoluted RT PL spectra of (a) pristine and (b) 600 °C Ar/H> annealed MoS>,
fitted with Lorentz peaks. Denotation: A exciton in grey, A~ trion in blue, B exciton in green,
LXp emission in red, and cumulative fit curve in yellow. (c) Statistical histogram of emission
energy of A, A~, and LXp emission for 22 individual 600 °C Ar/H> annealed samples. LXp

emission appears consistently and reproducibly.

To understand the role of Hz in defect generation, monolayer MoS> were annealed in an inert
Ar-only atmosphere. Similar to the Ar/H> annealed samples, the Ar-annealed samples show
presence of defect mode LO(M) in Raman spectra. The LO(M) mode weakly emerges with
annealing from 300 — 500 °C and then disappears at 550 °C, indicating minor defect generation
through Ar-only annealing (Figure 4.5a). The presence of only very weak LO(M) mode is
consistent with absence of the LXp peak at RT (Figure 4.5b). Above 550 °C, monolayer MoS>
disappears while few-layer flake significantly degrades, as indicated by the optical microscopy

images (Figure 4.5c¢).
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Figure 4.5. Evolution of monolayer MoS: annealed in an Ar-only atmosphere. (a) Raman
spectra of monolayer MoS> through 300 — 550 °C Ar annealing, normalized to the intensity of
Si reference peak. The normalized intensity of LO(M) defect mode (denoted in blue) slightly
increases with <500 °C Ar annealing and then decreases at 550 °C Ar annealing. (b) RT PL
spectra and (c) their normalized spectra through 300 — 550 °C Ar annealing, showing an
absence of LXp emission. (c) Optical microscopy images of pristine and 600 °C Ar annealed

monolayer MoS>, showing degradation of monolayer flake.

4.1.3 In-gap States Induced by Sulfur Vacancies

To understand how localization of excitons at defect states is related to evolution of the LXp
peak, temperature-dependent PL was measured (Figure 4.6). For pristine MoS; at 10 K, the
most intense peak is the LXxn peak which is generally attributed to native adsorbates'?’, with a
weakened A /A peak (Figure 4.6a). In contrast, for the annealed MoS,, the most intense
emission peak is the LXp peak, with the LXn and A"/A peaks significantly suppressed. The
emission energy of LXp is consistent with that of sulfur-vacancy-induced emission generated

by in-vacuo annealing'?’, focused He" irradiation'?’, and proton irradiation'?’

. As the samples
were cooled from 300 K to 10 K, the dominant recombination pathway shows a transition from

A"/A to LXn emission in the case of pristine MoS». For the between the LXp peak in my Ar/Hz
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annealed sample and the defect emission generated by in-vacuo annealing further supports that
the optically active sulfur vacancies remain 600 °C Ar/H» annealed sample, transition from
A"/A to LXp emission indicates localization of excitons at lower-lying in-gap states. The
adsorbates-related emission LXn can be suppressed by full encapsulation in hexagonal boron

nitride, as shown in Figure 4.6b.!2-130
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Figure 4.6. In-gap states induced by sulfur vacancies. (a) Temperature-dependent PL spectra
of pristine and 600 °C Ar/H> annealed monolayer MoS>. At 10 K, the LXy peak is attributed to
native adsorbates, while LXp is attributed to sulfur vacancies. The continuous increase of LXn
and LXp over the A~ trion/A exciton emission with decreasing measurement temperature
indicates the temperature-dependent localization of in-gap states. (b) 10 K PL spectra of
600 °C Ar/H> annealed monolayer MoS> with half and full hBN encapsulation. The decrease
of LXy with full hBN encapsulation indicates the suppression of native adsorbates.

In-gap states trap excitons and subsequently increase PL lifetime.!””'?* The PL decay of the
LXp emission at 300 K and 8 K was measured by time-resolved PL spectroscopy (Figure 4.7).
All PL decay data were fitted with a bi-exponential decay function ExpDecay 2:y = y, +
Aje~=%0)/tiq A e=(¥=%0)/T2 where A; and A, are amplitude constants, 7 and T are time

constants (see Table 4.1). The amplitude-weighted average lifetimes were calculated by:
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Taverage = %. At 300 K (Figure 4.7, left), pristine MoS> shows an A"/A exciton lifetime
1 2

of 70 ps, and the annealed MoS, shows a slightly longer A”/A exciton lifetime of 163 ps due
to the increased electron doping, which results in a larger proportion of trions'*!. The LXp
exciton lifetime was measured to be longer at 428 ps. When cooled to 8 K, the A"/A exciton
lifetime was below the detection limit of our instrument. In contrast, the LXp exciton in
annealed MoS, was significantly long-lived with a lifetime of 2.44 ns (Figure 4.7, right). The

long lifetimes of LXp excitons support the idea that they are localized at defect sites.
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Figure 4.7. PL decay plots for pristine and 600 °C Ar/H> annealed monolayer MoS: measured
at 300 K and 8 K, showing longer lifetimes of localized excitons at in-gap states. The instrument

Response Function (IRF) indicates the time resolution of the instrument.

Table 4.1. Time-resolved PL decay fitting parameters at 300 K and 8 K.

Temperature | Sample | PL peak | > A1 |[Ti(ns)| Az | T12(ns)

(ns)
Pristine A7/A 0.070 3.005 | 0.047 | 0.272 | 0.322

300 K Ar/Ha AT/A 0.163 0.687 | 0.075 | 0.323 | 0.351

annealed

LXpb 0.428 0.284 | 0.094 | 0.695 | 0.565

Pristine AT/A

Below the detection limit

8K Ar/Hj ATA

annealed

LXpb 2.442 0.757 | 0.946 | 0.231 | 7.348
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To probe the distribution of defects in the 600 °C Ar/H> annealed MoS», intensity maps of LXp
peak were obtained at 300 K and 10 K (Figure 4.8a). The LXp emission is distributed
reasonably uniformly over the monolayer. To characterize the consistency of spectral
characteristics, 36 points and 37 points were extracted along arrows 1 and 2 from the 10 K
intensity map, respectively. All the extracted PL spectra show consistent peak positions (see

Figure 4.8b).
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Figure 4.8. Intensity maps of LXp emission in 600 °C Ar/H> annealed monolayer MoS>. (a) LXp
intensity maps measured at 300 K and 10 K, with corresponding optical microscopy images of
target flake, showing the distribution of LXp emission over the monolayer. 36 points along
black arrow 1 and 37 points along black arrow 2 are extracted in 10 K map (upper right).
(b) 10 K PL spectra of 36 points along black arrow 1 and 37 points along black arrow 2,

showing consistent spectral characteristics at each point.

4.1.4 Defect Generation vs Annealing Time

To investigate the evolution of LXp emission with defect density, I characterized the RT LXp

emission as a function of annealing time at 600 °C (Figure 4.9). In pristine MoS,, in which the
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density of sulfur vacancies was ~1.15x10'3 cm? (quantified by XPS results in Section 4.1.1),
the LXp defect peak was absent. As the annealing time was increased, the LXp emission rose
in intensity, reaching a maximum at 30 min, where the density of defects was ~1.8x10'* cm™
(Figure 4.9a,b). Increasing the annealing time beyond 30 min results in a decrease in intensity
of all spectral features (A"/A and LXp emission), which is likely due to gradual material
degradation at higher defect densities. A previous work from our group on sulfur vacancy
generation using focused He' irradiation (0.24 kJ/cm?) showed that at defect densities
>1.5%10" cm 2, the MoS; lattice structure is damaged and the PL is quenched® — similar to
the sample annealed in Ar/H> for 3 h (see Figure 4.9¢). The dependence of the LXp emission
on defect concentration can be well correlated with the LO(M) defect mode in Raman spectra,
and both reach their maximum intensity at annealing time of 30 min (Figure 4.9b). Our results
suggest that the strongest RT LXp emission in 2D MoS> occurs at sulfur vacancy concentration

of ~1.8 x10" cm™2.
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Figure 4.9. Evolution of monolayer MoS> with annealing time at 600 °C. (a) RT PL spectra of
monolayer MoS> with different annealing times. (b) Left: Evolution of integrated RT PL
intensity ratio of LXp emission to the sum of A exciton and A trion emission, referred to as
I(LXp)/[I1(A)+1(A")]. Right: Evolution of integrated Raman intensity of LO(M) defect mode.
The most intense RT LXp emission and LO(M) mode are both observed in 30 min annealed
MoS:. (c) Optical microscopy images of pristine and 3 h Av/H> annealed monolayer MoS> show

clear degradation of monolayer MoS> through annealing.
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Power-dependent measurements at 10 K were performed to study how the filling of defect

states influences PL properties (Figure 4.10). As shown in Figure 4.10a, pristine MoS; shows

a linear dependence of the A"/A peak (k= 0.97, see logarithmic plot in Figure 4.10b). Similar

linear dependence is observed in the A"/A peak for the 30 min annealed MoS: (k = 0.99) and

2 h annealed MoS; (k= 0.93). While LXp shows a linear dependence in the 30 min annealed
MoS; (k= 0.98), the peak shows a clear sublinear behavior in the 2 h annealed MoS, (k= 0.85),

consistent with previous reports.!?*1% The absence of saturation in the power-dependence of

LXp for the 30 min annealed MoS> suggests that this material may host more optically active

defect sites for radiative recombination, which possibly requires higher excitation fluence to

observe saturation. This in fact allows us to observe a clear PL emission from the defect states

at RT, in contrast to previous observations of defect-related emission that have mostly been

limited to low temperatures (see Table 4.2).
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Figure 4.10. Power-dependent PL intensity plots for pristine, 30 min, and 2 h Ar/H> annealed

monolayer MoS> measured at 10 K. (a—c) Power-dependent PL intensity plots. A”/A shows

linear dependence, while LXp shows linear dependence in 30 min annealed MoS> and

saturation dependence in 2 h annealed MoS. (d—f) Logarithmic plots of (a—c). The power

exponent k is obtained from fitting of logarithmic plots, where k = ~I implies excitonic

transition and k < 1 suggests defect-mediated recombination.
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Table 4.2. Comparison between our work and published reports on defect-related optical

emissions in monolayer TMD:s.

Material Substrate Treatment Emission Reference
temperature
X-ra ACS Nano
MoS» AlO«/nc-C/Si02/Si irra diat}ilon 10 K 2022, 16, 20364—
20375.1%
hBN (full In-vacuo Nat. Commun.
MoS, encapsulation) annealing 20K 2021, 72, 1-8.'%7
. . Electron No defect PL at | npj 2D Mater. Appl.
Mo, S10/81 irradiation RT 2022, 6,31.1%
hBN (full Focused He ACS Photonics
MoS, encapsulation) ion irradiation 5K 2021, 8, 669—677.1%°
ACS Nano
MosS: Si04/Si, SiNy Hy/He Nodefect PL at | 5055 16, 6725-
annealing RT 6733134
) . Electron Weak & broad 2D Materials
Moss S102/51 irradiation PL at RT 2023, 10, 03500213
MoS 3i0,/Si Hylirs(;%;n Weak & broad Commun. Mater.
2 2 P PL at RT 2021, 2, 80.13
treatment
ACS Nano
MosS: Si0y/Si _Focused He | Weak & broad | = 51973 9958
ion irradiation PL at RT 22
9964.
Appl. Phys. Lett.
WS en?e]? I: (lg‘iili)n) ':1:) frl;aslfi(iial‘;ilsn 10K 2022, 121,
psu ! 183101.'%7
WSa,
WSes, hBN (full Proton Adv. Opt. Mater.
! e 77 K 2022, 10,
MoS,, encapsulation) irradiation 107
2201350.
MoSe>
Proton Nano Lett.
WS> Si0»/Si e 4K 2023, 23, 3754
irradiation 138
3761.
Electron
hBN (full irradiation & Nat. Commun.
WSe: encapsulation) strain 150K 2021, 12, 3585.1%°
engineering
MoS: Si0y/Si Ar/H, RT i
annealing

4.1.5 Defect Generation in Other TMDs

Having optimized these protocols for MoS», 1 extended them to other TMDs such as WS,

MoSe;, and WSe», as shown in Figure 4.12. The monolayer WS,, MoSe>, and WSe, were
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mechanically exfoliated from bulk crystals, as described in Section 3.1. Similar RT defect
peaks were observed in monolayer WS, attributed to generation of sulfur vacancies through
Ar/H; annealing. Unlike MoS; that shows clear evolution of A"/A peak and LXp peak, WS>
only shows minor changes in LXp peak (Figure 4.11a). The low intensity of LXp peak is
possibly due to the relatively larger bandgap of WS, with respect to MoS,, with the in-gap
states lying much shallower (closer to the CBM). The binding energy of LXp is ~150 meV in
WS that is smaller than in MoS: (~180 eV). This may promotes detrapping of excitons. No
RT defect peak was observed in MoSe> and WSe; (Figure 4.11b,¢). This may be due to the

fact that Se vacancies are readily passivated by oxygen.®
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Figure 4.11. Evolution of RT PL spectra in other monolayer TMDs with different annealing
temperatures and times. (a) RT PL spectra of monolayer WS>, showing a RT defect peak LXp
at 1.867 eV. (b—c) RT PL spectra of monolayer MoSe> and WSe>. No RT defect peaks are

observed in selenide monolayer TMD:s.

To characterize the RT defect peak in WS, the PL spectrum and power-dependent
measurements were taken at 10 K on the sample annealed at 650 °C for 2 h (Figure 4.12). The
10 K PL spectrum shows double sets of the exciton/trion peaks (A1/A™1, Ao/A™2) with an energy
difference of 30 — 40 meV, attributed to inhomogeneous local strain (Figure 4.12a).14° The
double sets of exciton/trion peaks exhibit linear excitation power dependence (k = ~1), while
the LXp peak saturates at higher power values (k < 1), suggesting strong localization of excitons

at in-gap states (Figure 4.12b).
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Figure 4.12. PL properties of Ar/H> annealed monolayer WS> at 650 °C for 2 h. (a) PL spectra
of monolayer WS>, showing a RT defect peak LXp measured at 300 K and 10 K.
(b) Power-dependent PL intensity plots for the annealed monolayer WS> measured at 10 K. A4,
A"y, A2, and A > emissions all show linear dependence, while LXp shows saturation
dependence. (c) Logarithmic plots of (b). The power exponent k is obtained from fitting of
logarithmic plots, where k = ~1 implies excitonic transition and k < I suggests defect-mediated

recombination.

4.2 Defect Passivation in Exfoliated Monolayer MoS:

The controlled generation of atomic vacancy defects in 2D TMDs can induce single photon

141,142 143,144

emission, enhance electro-/photo-catalysis, and enable sensing.'* However, defects
typically reduce the performance of electronic devices.!*¢ Thus, there is interest in passivating
them to reduce carrier doping and scattering. In this section, it is demonstrated that sulfur
vacancies can be passivated by annealing in sulfur/selenium vapor. The optical properties of

defective and passivated samples are compared.
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4.2.1 Defect Passivation by Annealing in Sulfur Vapor

The filling of sulfur vacancies was investigated by exposing the defective sample (annealed at
600 °C in Ar/H>) to sulfur vapor at temperatures ranging from 450 — 600 °C (see Figure 4.13a).
Room temperature (RT, ~300 K) defect-mediated emission (LXp) was weakly observed at
450 °C but not >500 °C (Figure 4.13b,c). Therefore, I chose the 500 °C sulfur passivated
sample for synchrotron X-ray photoelectron spectroscopy (XPS) measurements. The XPS
spectrum of the Mo 3d doublet shows an absence of the nonstoichiometric MoSx signal in the
defective MoS» samples after annealing in sulfur vapor (Figure 4.14). The fitting procedures
followed the same procedure described in Section 4.1.1. No constraint was used for S 1s peaks.
The actual stoichiometry after sulfur vapor treatment was found to be MoS:.0s — comparable to
the pristine MoS» samples. However, XPS results reveal an unusual shift of Mo 3d doublet in
sulfur-passivated MoS: to higher binding energies of 231.2 eV (Mo 3ds)») that is 0.2 eV higher

than the value in the defective sample, which indicates electron doping.
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Figure 4.13. Sulfur passivation of Ar/H> annealed (600 °C, 30min) monolayer MoS: at different
temperatures. (a) Schematic of annealing MoS: in sulfur vapor. (b) RT PL spectra and (c) their
normalized spectra for passivated MoS>. Weak LXp peak is observed in the 450 °C sulfur

passivated sample but not in samples passivated at 500 and 600 °C.
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Figure 4.14. Sulfur passivation (500 °C, 30min) of sulfur-deficient monolayer MoS>. XPS
spectra of the Mo 3d core level in Ar/H> annealed MoS:> and sulfur passivated MoS>. The
annealed MoS> shows the characteristic Mo 3d doublet from stoichiometric MoS> (denoted in
black) and S 2s peak (denoted in blue), with a second Mo 3d doublet from nonstoichiometric
MoS, (0<x<2, denoted in red). The sulfur passivated MoS> shows Mo 3d doublet and S 2s peak
from stoichiometric MoS> only. The absence of nonstoichiometric MoS, indicates the

passivation of sulfur vacancies.

In photoluminescence (PL) spectra at 300 K and 10 K, LXp peak is absent for the 500 °C
sulfur-passivated sample (Figure 4.15a). The reflectance spectrum of the passivated sample
shown in Figure 4.15b is similar to that of the pristine MoS,, with the A and B excitonic edges
recovered. I noticed an unusual red-shift in the A”/A peak of the passivated sample. This is
attributed to a larger proportion of trions by deconvoluting the RT PL spectrum and calculating
the ratio of integrated intensity of A™ trion to A exciton, /(A")/I(A). The passivated MoS; shows
a higher I(A")/I(A) ratio of 2.05 than 1.06 in annealed MoS: (Figure 4.15¢). This can be
correlated with the XPS peak shift shown in Figure 4.14.
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Figure 4.15. Optical properties of sulfur passivated (500 °C, 30min) monolayer MoS>. (a) PL
spectra of Ar/H> annealed (600 °C, 30min) and sulfur passivated monolayer MoS>. The LXp
peak is absent in sulfur-passivated MoS: both at 300 K and 10 K. (b) Reflectance spectra of
sulfur-passivated MoS: restoring to pristine, with the A and B excitonic edges recovered. (c)
Deconvoluted RT PL spectra of passivated monolayer MoS>, fitted with Lorentz peaks.

Denotation: A exciton in grey, A~ trion in blue, and cumulative fit curve in yellow.

The electron doping in sulfur passivated MoS; is likely due to excessive physisorbed sulfur on
the surface of MoS; during passivation. To confirm this, XPS S 1s spectra were measured using
synchrotron 3 keV hard X-rays. The Ar/H; annealed MoS; only shows a pristine S 1s peak at
2475.0 eV, whereas passivated MoS: shows two peaks (Figure 4.16). The second peak with a
lower binding energy of 2473.2 eV can be attributed to physisorbed sulfur on the MoS»

surface.'¥
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Figure 4.16. XPS spectra of S Is core level in Ar/H> annealed (600 °C, 30min) and sulfur
passivated (500 °C, 30min) monolayer MoS> probed by synchrotron 3 keV hard X-rays. The
Ar/H> annealed MoS> only shows pristine S 1s peak (denoted in black), whereas the passivated
MoS> shows two peaks. The second S 1s peak (denoted in red) indicates the physisorbed sulfur

on MoS: surface.

I sought to remove the weakly-physisorbed sulfur on MoS: by annealing the passivated sample
at 100 °C for 6 h in a high vacuum of <107® mbar (see schematic in Figure 4.17a). The PL
spectra in Figure 4.17b show that the A"/A peak is blue-shifted close to the value measured
for pristine MoS,. Furthermore, the /(A")/I(A) ratio decreases to 0.19, indicating that electron
doping is largely reduced (Figure 4.17c). At 10 K, the defect-mediated LXp emission
reappears, albeit with lower intensity than adsorbates-related LXn emission, showing that the
passivation of in-gap states by annealing in sulfur vapor is a combination of chemical bonding
and electron doping. 100 °C was chosen because it is sufficient for subliming unbonded sulfur,

but not high enough to create new vacancies.'?’
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Figure 4.17. Vacuum annealing of sulfur passivated (500 °C, 30min) monolayer MoS:.
(a) Schematic of annealing the sulfur passivated monolayer MoS> in a high vacuum of <107°
mbar. (b) PL spectra of sulfur passivated and vacuum annealed monolayer MoS>. In vacuum
annealed MoS>, the LXp remains absent at 300 K whereas weakly reappears at 10 K.
(c) Deconvoluted RT PL spectra of vacuum annealed monolayer MoS>, fitted with Lorentz

peaks. Denotation: A exciton in grey, A~ trion in blue, and cumulative fit curve in yellow.

To further illustrate the influence of vacuum annealing on the PL properties of MoS., pristine
MoS; was annealed under vacuum (Figure 4.18). In pristine MoS», no noticeable change of
I(A")/I(A) is observed at RT by vacuum annealing, indicating no RT-detectable defect
generation or electron doping. Therefore, the changes in the PL features of the passivated
sample through vacuum annealing are due to the removal of unbonded sulfur. It will be good
if synchrotron XPS can be measured on the vacuum annealed sample to confirm the removal

of physisorbed sulfur in the future.
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Figure 4.18. Vacuum annealing of pristine monolayer MoS>. (a) RT PL spectra and (b) their
normalized spectra for pristine and vacuum annealed pristine MoS>, showing no observable

changes in the spectral features.

4.2.2 Defect Passivation by Annealing in Selenium Vapor

I also exposed the sulfur-deficient monolayer MoS: to selenium to see whether sulfur vacancies
can be filled by selenium (see schematic in Figure 4.19a). Annealing the sample in selenium
vapor at 500 to 600 °C, no new Raman signals were observed, with the LXp PL peak showing
a large decrease at 500 °C and absence at 600 °C (Figure 4.19b,¢). Above 600 °C, I observed
MoSe>z Raman signals at 700 °C and possible Janus MoSSe signals at 800 °C, with significantly
weakened in-plane E'>, and out-of-plane A1y peaks of MoS., showing the incorporation of
selenium onto MoS». Correspondingly, the A”/A peak of MoS; is red-shifted and reaches the
largest shift in the 800 °C selenium filled sample. This is attributed to MoSe> and possible

Janus MoSSe that have a narrower bandgap — consistent with previous reports. #3149
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Figure 4.19. Selenium filling of Ar/H> annealed (600 °C, 30min) monolayer MoS:.
(a) Schematic of annealing the Ar/H> annealed MoS: in selenium vapor (600 °C, 30min).
(b) Raman spectra of Ar/H> annealed MoS>, and selenium filled MoS> through 500 — 800 °C
annealing. The new Raman signals from MoSe> at 700 °C and MoSSe at 8§00 °C indicate the
formation of Mo—Se bond. (c) RT PL spectra of Ar/H> annealed and selenium filled MoS>.
Above 600 °C, the LXp peak remains absent. The red shift of A"/A peak is attributed to the
formation of MoSe> and possible MoSSe with a narrower bandgap.

The unusual electron doping shown in XPS spectra and RT PL spectra of sulfur passivated
MoS: leads to the identification of physisorbed sulfur. Similarly, the larger proportion of trions
in the RT spectra of selenium filled MoS: could be attributed to extra electron doping induced
by physisorbed selenium. Thus, the vacuum annealing method was adapted to remove the
physisorbed selenium (see schematic in Figure 4.20a) by raising the annealing temperature to
200 °C because selenium vaporizes at a higher temperature than sulfur. When I annealed the
600 °C selenium filled MoS; in a high vacuum of <10-® mbar, the LXp peak remained absent
at RT while appearing at 10 K with an intensity comparable to the A™/A peak (Figure 4.20b).
The decrease of the proportion of A peak suggests the removal of physisorbed selenium

(Figure 4.20c¢).
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Figure 4.20. Vacuum annealing of 600 °C selenium filled monolayer MoS>. (a) Schematic of
annealing the selenium filled MoS> in a high vacuum of <107 mbar. (b) PL spectra of selenium
filled and vacuum annealed monolayer MoS> at 300 K and 10 K. The LXp peak is absent in
selenium filled MoS> at 300 K. In vacuum annealed MoS>, the LXp peak remains absent at 300
K whereas appears at 10 K. (c) Deconvoluted RT PL spectra of (left) selenium filled and (right)
vacuum annealed MoS>, fitted with Lorentz peaks. Denotation: A exciton in grey, A~ trion in

blue, B exciton in green, and cumulative fit curve in yellow.

To understand whether the formation of MoSe> and MoSSe is related to the density of sulfur
vacancies, selenium vapor was supplied to highly defective MoS> (annealed at 600 °C for 2 h
in Ar/H). As shown in Figure 4.21a, MoSe; Raman signals are observed at 600 °C while
MoSSe signals appear at 700 °C. The suppression of LXp peak in passivated samples at both
300 K and 10 K supports the filling of sulfur vacancies by selenium (Figure 4.21b,c¢).
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Figure 4.21. Selenium filling of Ar/H> annealed (600 °C, 2 h) monolayer MoS:. (a) Raman
spectra of Ar/H> annealed MoS>, and selenium filled MoS: through 600 — 700 °C annealing,
showing MoSe; signals at 600 °C and possible MoSSe signals at 700 °C. (b) RT PL spectra of
Ar/H> annealed and selenium filled MoS>, and (c) 10 K PL spectrum of selenium filled MoS>,
showing an absence of the LXp peak both at 300 K and 10 K.

4.3 Defect Generation & Passivation in CVD-Grown Monolayer

MoS:

I also explored whether it was possible to controllably engineer defects in CVD-grown
monolayer MoS; (see Figure 4.22a). With respect to pristine MoS,, the dominant PL peak was
red-shifted in annealed samples through 550 — 600 °C Ar/Hz annealing. Despite the broadening
of PL peaks that makes it difficult to deconvolute the spectra, I found that the electronic
bandgap remained unchanged using B exciton peaks. Thus, the PL peak shift is likely due to
exciton trapping at in-gap states. Compared to mechanically exfoliated samples that show an
optimum defect-mediated emission at 600 °C, the strongest low-energy shoulder in CVD
samples was observed at 550 °C due to higher starting defect density. As discussed in
Section 3.1, CVD samples typically contain more sulfur vacancies than mechanically
exfoliated samples. To achieve an equivalent density of sulfur vacancies for optimal defect-
related emission, a lower annealing temperature is required for CVD-grown MoS: in our
experiments, as fewer defects need to be generated. Then the defective MoS; (annealed at
550 °C for 30 min in Ar/Hz) was exposed to sulfur vapor at 500 °C, showing an absence of RT

LXp peak which remained through vacuum annealing (Figure 4.22b).
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Figure 4.22. Defect generation and passivation in CVD-grown monolayer MoS> (a) RT PL
spectra of MoS> with sulfur vacancies generated at different Ar/H> annealing temperatures and
times. The PL red-shift in the Ar/H> annealed MoS: indicates defect generation. (b) RT PL
spectra of Ar/H> annealed MoS> (550 °C, 30min) passivated by annealing in sulfur vapor by

post annealed in vacuum. The restoration of PL suggests the passivation of sulfur vacancies.

4.4 Summary

It has been demonstrated that by controlling the temperature, duration, and environment of
thermal annealing, it is possible to generate sulfur vacancies in 2D MoS». The sulfur vacancies
induce in-gap electronic states and lead to RT localized exciton emission. Time-resolved PL
measurements reveal that the defect-mediated emission shows longer lifetime than band edge
excitons, both at room and low temperatures. Using XPS measurements, I have identified that
at sulfur vacancy densities of ~1.8x10'* cm 2, the RT defect-mediated emission is the most
intense. This annealing method was extended to 2D WS, in which similar RT defect-mediated
emission was observed, but not in 2D MoSe> and WSe;. I also show that the sulfur vacancies
can be passivated by annealing in sulfur vapor. At annealing temperatures >500 °C, the
defect-mediated emission is fully suppressed both at RT and 10 K. The passivation via
chemical bonding is confirmed by XPS that shows the absence of non-stoichiometric Mo 3d
doublet. The physisorbed sulfur is identified by a second S 1s peak in XPS. The generated
sulfur vacancies can also be filled by selenium at annealing temperatures >600 °C in selenium

vapor.
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Chapter S Substrate Effects on Photoluminescence

from Sulfur Vacancies in Monolayer MoS;

2D semiconducting TMDs feature reduced dielectric screening and enhanced Coulomb

interactions. Therefore, monolayer TMDs are easily electronically influenced by the substrates.

101,150,151 34,152,153

Typical substrate effects include strain , dielectric screening , and charge
transfer'>*15°_ In this chapter, it is shown that photoluminescence (PL) from sulfur vacancies is
sensitive to doping from surface states of dielectrics. In this chapter, 1 designed the
experiments, synthesized samples, and conducted Raman and PL measurements at RT. Atomic
layer deposition (ALD) of 50 nm HfO> on Si substrates was done by Dr. Soumya Sarkar.
Low-temperature PL spectra, and PL mapping were measured by Dr. Zhepeng Zhang.
Field-effect transistors (FETs) for gate-dependent PL. measurements were fabricated by Dr. Ye

Wang. Synchrotron XPS was done by Dr. Yan Wang and Mr. Han Yan.

5.1 Annealing of MoS:z on HfO>

To investigate the influence of substrate on defect-mediated PL, I performed annealing of MoS»
on HfO,. The 50 nm HfO; films were grown on doped silicon substrates using thermal ALD in
a Veeco Fiji G2 reactor. A metal alkylamide hafnium precursor tetrakis (dimethyl
amido)hathium (TDMAH) was used as the Hf source and deionized water was the oxygen
source. The reaction has been reported as follows'*®: Hf[(CH3)N]s + 2H,O — HfO, +
4HN(CHs3)2. The TMDAH precursor was heated to 75 °C during the growth. The films were
grown at a substrate temperature of 200 °C. At this temperature, the growth rate was estimated
to be 1.2 A/cycle. TDMAH and H,O precursors were pulsed/purged per cycle for 0.25 s /10 s
and 0.06 s /10 s, respectively. 60 sccm Ar was used as the carrier gas. Monolayer MoS; was
mechanically exfoliated on HfO; (50 nm)/Si and then annealed in an Ar/Hz (95 vol.%/5 vol.%)
atmosphere at 600 °C for 30 min — similar to samples on SiO> in Chapter 4. Room temperature
(RT, ~300 K) PL spectra of pristine and annealed MoS, on HfO, are shown in Figure 5.1a.
All the PL spectra show a broad background from annealed HfO» substrate, as indicated by the
brown curve in Figure 5.1a. The PL signals from MoS, were extracted by subtracting the
background substrate signal as shown in Figure 5.1b. Surprisingly, the defect-mediated
emission peak (LXp) is absent in the annealed MoS> on HfO> samples and only the A”/A and

B exciton peaks are present (Figure 5.1b).
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Figure 5.1. Ar/H> annealing (600 °C, 30 min) of monolayer MoS> on HfO:. (a) RT PL spectra
of pristine MoS> on HfO: (top panel) and annealed MoS: (bottom panel). The background PL
signals from HfO: substrate are shown in brown. (b) Background-subtracted RT PL spectra of
pristine and annealed MoS>, deconvoluted with Lorentz peaks. Denotation: A exciton in grey,
A~ trion in blue, B exciton in green, and cumulative fit curve in yellow. Only the A" /A peak and

B exciton peaks are present in both pristine and annealed MoS:.

The PL spectra of MoS; annealed on HfO, measured as a function of temperature ranging from
300 K to 10 K are shown in Figure 5.2a. It can be seen that the spectra show A™/A peaks along
with the broad background from the substrate at all temperatures. Figure 5.2b shows that the
A"/A peak dominates over B exciton peak after subtracting the contributions from HfO, in the
10 K PL spectrum. The intensity of A™/A peak is linearly dependent on excitation laser fluence
with power exponent k£ = 0.96, suggesting that A”/A peak is excitonic emission that is typically
associated with k = ~1 (Figure 5.3).!% It is worth noting that the PL features in annealed MoS
on HfO» were red-shifted by ~30 meV both at RT and 10 K compared to pristine MoS,. The
origin of this shift is unclear but it could be due to strain from thermal mismatch or due to

crystallization of HfO».
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Figure 5.2. Low-temperature PL measurement of monolayer MoS: annealed on HfO.:.

(a) Temperature-dependent PL spectra showing dominant A”/A peak. Background PL signals

(brown) from HfO: substrate are also shown. (b) Background-subtracted 10 K PL spectrum of

MoS:> annealed on HfO>, showing dominant A~/A and B peaks only.
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Figure 5.3. Power-dependent PL intensity plots for MoS:> annealed on HfO> measured at 10 K.

(a) Power-dependent PL intensity plots. A" /A shows linear dependence. (b) Logarithmic plot

of (a), showing a power exponent k of 0.96 that corresponds to excitonic transition.
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To understand the absence of LXp emission peak, changes in HfO, due to Ar/H; annealing
were investigated by X-ray diffraction (XRD), shown in Figure 5.4. The untreated HfO> shows
signals from underlying crystalline Si (111) only because it is amorphous. The Ar/H> annealed
HfO, shows additional peaks that are attributed to the monoclinic phase of crystalline HfO,.!5’

Here XRD was conducted on HfO, substrates only, thus there were no signals from MoS,.
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Figure 5.4. XRD patterns of untreated and Ar/H> annealed (600 °C, 30 min) HfO:. The
untreated HfO> shows sharp peaks of Si (111) from the underlying Si substrate. The annealed
HfO: shows additional peaks that are attributed to the monoclinic phase of crystalline HfO:.

To understand the red-shift of PL and absence of LXp peak in samples of MoS; annealed on
HfO», I carried out some control experiments. First, [ annealed the HfO, in Ar/H> for 30 mins.
Then we transferred MoS: on the annealed HfO». The PL from this sample is labeled as pristine
MoS; in Figure 5.5a. The subtracted PL spectrum of pristine MoS» on annealed HfO» shows
A"/A peak at ~1.89 eV. Then I reannealed the HfO> with MoS; on top. The PL from HfO after
the second annealing increases slightly (green curve in Figure 5.5a). The subtracted PL
spectrum of annealed MoS: on 2™ annealed HfO2 MoS: shows similar A/A peak to annealed
MoS; (Figure 5.5b). These results show that the red-shift of PL features is not prominent in
any of the samples, while the LXp peak remains absent. Two possible reasons for the absence
of the LXp peak can be: sulfur vacancies are not created in the MoS> when annealed on HfO»

or HfO; somehow suppresses emission from vacancy defects.
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Figure 5.5. RT PL spectra of monolayer MoS> on annealed HfO:. (a) RT PL spectra of pristine
MoS> on I'" annealed HfO> and MoS> annealed on 1" annealed HfO.:.
(b) Background-subtracted RT PL spectra of pristine, and Ar/H> annealed MoS>, showing the
absence of LXp peak.

5.2 Annealing of MoS: on hBN

I then checked whether LXp was substrate-dependent by measuring the PL of MoS> on ~27 nm
hBN on SiO2 (300 nm)/Si annealed in Ar/H: for 30 mins (Figure 5.6a-c). The hBN flakes were
directly exfoliated from bulk crystals onto SiO> (300 nm)/Si substrates. The thickness of hBN
was measured by atomic force microscopy (AFM) and the target flake was selected
accordingly. The monolayer MoS, was mechanically exfoliated from bulk crystals onto PDMS
and transferred onto selected hBN flake, following the procedure described in Section 3.1. Like
HfO,, the hBN shows some background PL as indicated by brown curves in Figure 5.6¢. A
clear LXp is present in the sample annealed on hBN on SiO:; as indicated by the

background-subtracted spectrum in Figure 5.6d.
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Figure 5.6. Av/H> annealing (600 °C, 30 min) of monolayer MoS> on hBN on SiO:. (a) Optical
microscopy image of monolayer MoS: on hBN on SiO:. (b) AFM image (left) and height profile
(right) of hBN on SiO,. (c—d) RT PL spectra of (c) pristine and (d) annealed MoS>/hBN, with
background signals from hBN (brown). LXp emission in annealed MoS> is accompanied by
stronger emission from hBN. (e) Background-subtracted RT PL spectra of pristine and
annealed MoS>, showing the LXp peak.

I have also measured the PL of MoS» annealed on hBN on HfO,. The results of this study are
shown in Figure 5.7. Surprisingly, the results are different from MoSz on hBN on SiOs. It can
be seen from Figure 5.7c—e that the LXp peak is absent in all RT measurements for both

pristine and annealed samples.
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Figure 5.7. Ar/H> annealing (600 °C, 30 min) of monolayer MoS> on hBN/HfO:. (a) Optical
microscopy image of monolayer MoS> on hBN/HfO:. (b) AFM image (left) and height profile
(right) of hBN on HfO:. (c—d) RT PL spectra of (c) pristine, and (d) annealed MoS> on
hBN/HfO:, with background signals from hBN/HfO: (brown). The LXp is absent in both
pristine and annealed MoS> on hBN/HfO:. (e) Subtracted RT PL spectra of pristine and

annealed MoS>, showing an absence of LXp peak.

The PL from this annealed sample was also measured at 10 K (Figure 5.8). The optical
microscope image in Figure 5.8a shows that MoS; is partially located on HfO, and hBN. In
Figure 5.8b, the PL intensity maps of the A”/A peak and LXp peaks are shown, respectively.
The A"/A emission was observed in both MoS2 on hBN/HfO» and MoS: on HfO, whereas LXp
emission was only observed on MoSz on hBN/HfO». Further, the spectrum from MoS: on
hBN/HfO, (indicated by red star) and another spectrum from MoS, on HfO» (green star) were
extracted. The LXp peak is clearly visible for MoS> on hBN/HfO> region but is suppressed in
MoS> on HfO> region (Figure 5.8¢c). The observation of LXp peak at RT on MoS: that is
deposited on hBN on SiO» is likely due to strong optical interference and reflection at the

Si1/S10; interface which leads to enhancement in signals compared to hBN on HfO,.
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Figure 5.8. Intensity maps of A"/A and LXp emission in Ar/H> annealed (600 °C, 30 min)
monolayer MoS> on hBN/HfO: and MoS:> on HfO.. (a) Optical microscopy image of MoS> on
hBN/HfO:> and MoS> on HfO:. (b) Corresponding A~/A and LXp intensity maps measured at
10 K. A"/A emission is distributed across MoS> on hBN/HfO> and MoS> on HfO: [left panel in
(b)], whereas LXp emission is only observed in MoS> on hBN/HfO: [right panel in (b)]. PL
from two points is extracted from regions indicated by red and green stars in (a). (c) 10 K PL
spectra, showing LXp peak in MoS> on hBN/HfO: but not in MoS> on HfO:.

5.3 Transfer of Defective MoS: from SiO: to SiO:

In the annealing experiments, two processes may occur: (i) creation of sulfur vacancies in
MoS;; (ii) annealing of SiO> or HfO, substrates that can change the substrate or the interface
between MoS; and the oxide. To check the contributions of these possibilities, I performed
some control experiments. First, [ annealed the MoS> on SiO> in Ar/H» at 600 °C for 30 mins
and confirmed the presence of the LXp peak. I then mechanically transferred the defective
MoS; onto a different SiO> substrate. I found that the MoS, adhered strongly to SiO; after
annealing. Because of this, I adopted the poly(bisphenol A carbonate) (PC) transfer method
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(see Section 3.4 for details). This was used to transfer annealed monolayer MoS, onto SiO»
(see schematic in Figure 5.9a). Raman spectrum of transferred MoS showed the LO(M) defect
mode (similar to results in Chapter 4), shown in in Figure 5.9b. However, the LXp peak was
absent when the defective MoS:; was transferred onto a new SiO; substrate (Figure 5.9¢, black
curve). These results suggest that annealing of Si0O; is also important in observing the LXp

peak in MoS,.
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Figure 5.9. Transfer of defective monolayer MoS> onto untreated and annealed SiO:.
(a) Schematic of defective MoS:> transfer from the original SiO: substrate to another untreated
or annealed SiO; substrate. (b) Raman spectra of transferred defective monolayer MoS> on
untreated and annealed SiO>, normalized to the intensity of Si reference peak. The LO(M) mode
remains in transferred samples, implying that the samples are defective. (c¢) PL spectra of
transferred defective monolayer MoS> on untreated and annealed SiO>. The LXp peak is

observed in defective MoS> on annealed SiO: but not on untreated SiO:.

Therefore, I fabricated defective samples on SiO> and transferred them onto SiO» substrates
that were also separately annealed at 600 °C in Ar/Hz. The PL spectra of defective MoS2 on
annealed SiO; shows a small and broad LXp peak (Figure 5.9¢, red curve). To exclude the
possibility that the LXp peak is coming from annealed SiO, I transferred pristine MoS; on
annealed SiO> and compared it with pristine MoS> on untreated SiO> (Figure 5.10). The
deconvoluted spectra of the two show an absence of LXp peak, suggesting that the LXp peak

does not come from annealed Si0».
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Figure 5.10. Pristine monolayer MoS> on untreated and annealed SiO:. (a—b) RT PL spectra
RT PL spectra of pristine monolayer MoS: on (a) untreated SiO: and (b) annealed SiO:, fitted
with Lorentz peaks. Denotation: A exciton in grey, A~ trion in blue, B exciton in green, and
cumulative fit curve in yellow. For pristine MoS:, the ratio of integrated intensity of A~ trion

to A exciton, I(A”)/I(A), is lower on annealed SiO: (0.35) than on untreated SiO:> (0.44).

The synchrotron results (Figure 4.2 in Chapter 4) show that annealing of MoS; on SiO; at
600 °C in Ar/H» leads to sulfur deficiency. The PL results (Figure 4.3 in Chapter 4) are also
consistent with creation of in-gap states close to the conduction band due to creation of sulfur
vacancies. Thus, the results of defective MoS; on pristine SiO are puzzling. One explanation
for this is that pristine SiO> contains a high concentration of surface defects such as unsaturated
bonds, which leads to a high electron density on the surface.!>® Further, the deconvoluted PL
results show that SiO; can influence the ratio of integrated intensity of A™ trion to A exciton,

I(A7)/I(A), which indicates doping from the substrate (Figure 5.10, 5.11).
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Figure 5.11. Deconvoluted RT PL spectra of defective monolayer MoS> on (a) untreated and
(b) annealed SiO;, fitted with Lorentz peaks. Denotation: A exciton in grey, A” trion in blue, B
exciton in green, LXp emission in red, and cumulative fit curve in yellow. PL spectrum in (a)
consists of A exciton, A trion, and B exciton only, while in (b) it shows an additional LXp peak.
Fordefective MoS:, the ratio of integrated intensity of A trion to A exciton, I(A”)/I(A), is lower
on annealed SiO> (1.54) than on untreated SiO: (3.22).

In the case of untreated Si0,, it can be seen that the surface states lead to a higher I(A7)/I(A)
ratio relative to the annealed SiO, case where the surface states are relatively decreased
(Figure 5.12a). In the defective MoS, samples transferred onto untreated SiO», the I(A™)/I(A)
ratio is much higher because the presence of sulfur vacancies introduces free electrons in the
MoS; (Figure 5.12a). The /(A7)/I(A) ratio decreases substantially when the defective MoS: is
transferred onto annealed SiO, indicating that doping from surface states on SiO: is
suppressed. The /(A7)/I(A) ratio in defective MoS: is still higher than in pristine MoS: because
while the electron doping surface states from SiO, are suppressed, the presence of sulfur
vacancies renders the material n-type doped. A schematic of the energy band diagram of
defective monolayer MoS. with different doping levels is shown in Figure 5.12b. The
horizontal dashed lines represent Fermi levels, while the horizontal solid lines represent energy
states due to defects. An electron is photoexcited from the valence band to the conduction band
(denoted by the green arrow), relaxed to the conduction band edge (denoted by the black
arrow), and then relaxed to the in-gap defect state (denoted by the yellow arrow). The localized
electron at defect state can be relaxed to valence band edge and recombine with a hole,
releasing a LXp photon (denoted by the red arrow). In defective MoS,, electron doping from

the SiO; substrate can occupy the in-gap states of sulfur vacancies as indicated by the shift of
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Fermi level close to the defect state energy on the right side of the schematic in Figure 5.12b.'>’
In contrast, when the doping from the substrate is minimized, the Fermi level remains mid-gap
— allowing excited electrons to relax down to the sulfur vacancy in-gap states and radiatively

recombine with holes to emit LXp photons.
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Figure 5.12. Pristine and defective monolayer MoS> on untreated and annealed SiO: substrate.
(a) The ratio of integrated intensity of A~ trion to A exciton, I(A")/I(A), for pristine and
defective MoS> on untreated and annealed SiO>. For both pristine and defective MoS>, the
1(A7)/I(A) ratio is lower on annealed SiO: than on untreated SiO:. (b) Proposed schematic

energy band diagram of defective monolayer MoS:.

5.4 Gate Dependence of Defect-Mediated Emission

The influence of electrostatic doping on defect-mediated emission at RT was studied by
modulating doping in MoS; by electrostatic gating. Defective monolayer MoS; was fabricated
on 300 nm Si0,/Si through Ar/H» annealing to generate defect-mediated emission. FETs using
defective monolayer MoS: as the channel were fabricated to conduct gate-dependent PL at RT
(see schematic of the device in Figure 5.13a). Top electrodes were patterned with
photolithography (laser writer LW405B from Microtech, AZ5214E photoresist) followed by
metal deposition (10 nm In/80 nm Au) and lift-off process. The gate voltage (V) was varied
from —30 V to +60V to modulate the doping. It can be seen that both A”/A and LXp emission
decrease with gate bias due to the non-radiative recombination induced by trions
(Figure 5.13b).>° Deconvoluting the spectra reveals monotonic decrease in the integrated

intensities of A exciton and LXp peaks, whereas an increase in A~ trion peak intensity is
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observed (Figure 5.13¢). The /(A7)/I(A) ratio varied from 0.96 at Vg =—30 V (hole doping) to
3.44 at +60 V (electron doping).*® The integrated RT PL intensity ratio of LXp emission to the
sum of A exciton and A~ trion emission, /(LXp)/[/(A)+I(A7)], is inversely proportional to the
I(A7)/I(A) ratio, indicating that electron doping reduces the defect-mediated emission LXp
(Figure 5.13d). Therefore, the absence of LXp peak on untreated SiO> despite the fact that

MoS; contains sulfur vacancies may be attributed to electron doping from the substrate.
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Figure 5.13. Gate dependence of RT LXp emission. (a) Schematic of MoS> FET and gate tuning
of PL in defective monolayer MoS>. (b) RT PL spectra of defective monolayer MoS> at different
gate voltages (V). (c) The integrated intensity of A exciton, A~ trion, and LXp peak, and their
total contribution. (d) The ratio of integrated intensity of A~ trion to A exciton, I1(A”)/I(4), and
the integrated RT PL intensity ratio of LXp emission to the sum of A exciton and A~ trion
emission, I(LXp)/[I(A)+1(A")], at different V,. At negative Vg (hole doping), LXp emission
becomes relatively stronger, while at positive Vy (electron doping), LXp emission becomes

relatively weaker.
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5.5 Transfer of Defective MoS: from SiO: to HfO:

One more control experiment was performed to understand the role of doping from substrates
in influencing the LXp peak. For this part of the study, defective monolayer MoS> was
fabricated on SiO> and then transferred it onto HfO». First, Synchrotron XPS of MoS: on
untreated HfO> was measured, as shown in Figure 5.14. Pristine MoS; on untreated HfO:
shows characteristic Mo 3d doublet with a binding energy that is 0.54 eV lower than pristine
MoS; on SiO, implying that MoS; is less electron-doped by HfO,. Accordingly, the lower
electron doping leads to appearance of the LXp peak from sulfur vacancies in the defective
MoS; samples (Figure 5.15a). This suggests that for MoS» containing sulfur vacancies, it is
indeed possible to observe LXp peak when deposited on untreated HfO,. The results in

Figures 5.7 and 5.8 suggest that directly annealing MoS, on HfO; leads to either change in
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Figure 5.14. XPS spectra of the Mo 3d core level in pristine MoS> on untreated SiO> and on
untreated HfO> measured using synchrotron 1 keV soft X-rays. MoS> on untreated SiO> shows
the characteristic Mo 3d doublet from stoichiometric MoS> (denoted in black) and S 2s peak
(denoted in blue). MoS: on untreated HfO: shows additional Hf 4d doublet (denoted in green),
with Mo 3d doublet and S 2s peak showing lower binding energy than pristine MoS2/SiO>,
indicating that MoS: is less electron-doped by HfO:.
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the substrate or the interface between MoS> and HfO» that leads to suppression of the LXp
peak. However, I consistently did not observe RT LXp peak when I annealed HfO; first in
Ar/Hy (600 °C, 30min) and then transferred defective MoS> onto annealed HfO>
(Figure 5.15a). This indicates that the absence of defect-mediated emission in defective MoS»
is due to changes in HfO; through annealing. The RT Raman spectra show the red shift of A1,
mode of defective MoS; on annealed HfO», indicating that MoS» is more electron-doped by
annealed HfO» than untreated HfO, (Figure 5.15b). While it was not possible to investigate
these changes in HfO, after annealing in this thesis, this could be an interesting future project

for the next PhD student.
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Figure 5.15. (a) RT PL spectra of defective monolayer MoS> on HfO:. The defective MoS>
shows strong LXp emission on untreated HfO>, but not on annealed HfO>. (b) RT Raman
spectra of defective monolayer MoS:> on HfO>. The red shift of A4 peak is attributed to stronger
electron doping of MoS> on annealed HfO:.

6.6 Summary

The LXp peak has been shown to be influenced by the substrate. Specifically, doping from the
substrate can fill the in-gap states created by sulfur vacancies — reducing the concentration of
defect states available for radiative recombination. The LXp peak is present when MoS; is
annealed on hBN because of the absence of doping from the substrate. When defective MoS»
is fabricated on SiO» and then transferred to an untreated SiO-, the LXp peak disappears. This
is attributed to electron doping from adsorbates or surface states from the SiO,. Annealing the

SiO; substrates to remove adsorbates or surface states through reconstruction to suppress
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doping leads to observation of the LXp peak. I demonstrate the role of doping on the PL
emission peaks — including the LXp peak — by performing the measurements in the presence
of gate bias. The results show that gate doping of MoS; leads to suppression of LXp — consistent
with the argument that suppression of LXp comes from doping effects from the substrate.
Transfer of defective MoS» from SiO; to an untreated HfO; leads to the appearance of LXp
peak due to decreased electron doping as observed by XPS. In contrast, the LXp emission is
suppressed when defective MoS: is transferred to an annealed HfO,. The results for this chapter

are summarized in Table 5.1 on the next page.

Table 5.1. Summary of control experiments presented in this chapter. Substrates: SiO> = SiO>
(300 nm thick) on Si; hBN = 24 — 27 nm thick hBN, HfO> = HfO: (50 nm thick) on Si; Ar/H>
annealed SiO; (or HfOz) = SiO: (or HfO;) annealed in Ar/H> at 600 °C for 30 min. Samples:
@D — @ MoS:> annealed on @ SiO>, 2 hBN on SiO> 3 hBN on HfO>, and @ HfO:,
respectively. B — (70 Defective MoS, fabricated on SiO; first and then transferred to

& Untreated SiO>, &) Annealed SiO-, (7 Untreated HfO>, and 8 Annealed HfO,, respectively.

LXb
Sample peak I observe
@ Si0; Y
) 'When MoS: is annealed on SiO;)
@ hBN on Si0 Y and hBN, LXp peak is observed.
(3 hBN on HfO, Y
led 'When MoS; is annealed on HfO;,
MoS> ann(n)erelt ¢ LXp peak is not observed.
This could be due to:

@ HfO, N |1) Sulfur vacancies are nof]
created in MoS; when annealed
on HfO,.

2) HfO; suppresses LXp
emission.

©® Untreated SO N LXp peak can be electrostatically]

(® Annealed SiO» y [puppressed.

Transfer of :
. to LXp peak is not suppressed by
defective MoS> (@ Untreated HfO, Y untreated HfOx.
Annealing of HfO> substrate

Annealed HfO; N [suppresses the LXp emission and|

further work is required.
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Chapter 6 Conclusion & Perspectives

The strong light-matter interactions in two-dimensional (2D) transition metal dichalcogenides
(TMDs) results in high absorption coefficients,?* photoluminescence (PL) from tightly bound
excitons, and valley-selective circular dichroism due to their non-centrosymmetric crystal
structure. Further, van der Waals interlayer interactions allow the creation of vertical
heterostructures with tunable optoelectronic phenomena. As a result, 2D TMDs are interesting
for electronic devices, photovoltaics, and nanophotonics. However, monolayer TMDs prepared
by mechanical exfoliation or chemical vapor deposition typically possess a native defect
density of ~10'> cm™2. These defects are mostly chalcogen vacancies that cause changes in
electronic structure by forming in-gap states and carrier doping. Monolayer TMDs are
surprisingly tolerant to chalcogen vacancy defects. That is, they can host up to 1x10'> cm™
chalcogen vacancies without significant distortion to their atomic structure.’? Above this
concentration, however, damage to their structure occurs and disordered regions appear.

Various approaches for defect generation, such as annealing'?’!**) electron beam

irradiation!313%13° " focused X-ray beam irradiation'*>, and focused ion beam
exposure®>107-130.37.138 “have been reported. Despite the high density of defects, previous
observations of defect-related emission from in-gap states have mostly been limited to low
temperatures. The in-gap defect states lie in the bandgap with a binding energy of ~200 meV
and are expected to strongly trap excitons at room temperature (RT, ~300 K). In this thesis,
electronic structure and excitonic behavior of atomically thin 2D TMDs affected by vacancy

defects have been studied.

Firstly, annealing in an Ar/Hz (95 vol.%/5 vol.%) atmosphere has been shown to be a
reproducible method for generation of sulfur vacancies in 2D MoS;. These sulfur vacancies
induce in-gap electronic states and lead to RT localized exciton emission that can be tuned with
annealing temperature and duration. The RT defect-mediated emission is the strongest when
MoS:; is annealed at 600 °C for 30 mins. The temperature-dependent PL results measured from
300 K to 10 K reveal that the in-gap defect states introduced through annealing are different
from the adsorbate-related in-gap states. The trapping behavior of in-gap states is confirmed
by time-resolved PL decay that shows longer lifetime for the defect-mediated emission than
band edge excitons, both at room and low temperatures. XPS measurements show that the

strongest RT defect-mediated emission is observed at sulfur vacancy densities of ~1.8x10'*
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cm 2. Both PL and XPS results show that sulfur vacancies are electron donors. This annealing
method has been extended to 2D WS,, MoSez and WSe». Similar RT defect-mediated emission
1s observed in WS,, but not in MoSe; and W Se:.

Secondly, I have demonstrated that sulfur vacancies can be passivated by annealing in sulfur
or selenium vapor. Since the defect-mediated emission is a unique signature of sulfur
vacancies, the passivation effect is also monitored by PL spectroscopy. The defect-mediated
emission is fully suppressed both at RT and 10 K by annealing the defective MoS: in sulfur
vapor at 500 °C. XPS measurements show the absence of non-stoichiometric Mo 3d doublet
that supports the passivation via chemical bonding. However, both PL and XPS results suggest
excess electron doping that is due to the physisorbed sulfur which is identified by a second S
Is peak in XPS. The electron doping can be reduced by removing the physisorbed sulfur via
annealing in a high vacuum of <10-% mbar. The sulfur vacancies can also be filled by selenium

at annealing temperature of >600 °C in selenium vapor.

Lastly, I have explored the influence of dielectric substrates on defect-mediated emission. The
Ar/H> annealing method has been extended to hBN and HfO» substrates. The defect-mediated
emission is observed on hBN, but not on HfO,. However, when defective MoS; is fabricated
on SiO> first and then transferred onto an untreated SiO», the defect-mediated emission is not
observed. This is attributed to the large electron density at the surface of SiO; that leads to
substantial electron doping of MoS». The PL as a function of doping concentration modulated
by gate voltage shows that the defect-mediated emission is sensitive to doping — decreasing
with higher electron concentration in the channel. The defect-mediated emission can be
recovered by annealing of Si0., suggesting that surface reconstruction or removal of adsorbates
via annealing decreases the influence of doping on MoS». The decreased electron doping in
MoS; on untreated HfO, as observed by XPS leads to the observation of defect-mediated

emission. However, the defect-mediated emission is suppressed by annealing of HfO».

Overall, I have shown that RT PL from defects in 2D TMDs can be tuned by controlling defect
density in TMDs. Chalcogen vacancies in 2D TMDs (e.g., WSe2) have been utilized as single
photon emitters at low temperatures (up to 150 K).!*1:142 However, it remains challenging to
achieve single photon emission at RT. I have shown that it is possible to observe PL from sulfur
vacancies in monolayer MoSz and WS; at RT. However, the defect-mediated emission peak

was broad, with the full width at half maximum (FWHM) of ~120 meV at RT and ~55 meV at
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10 K. These broad emission features indicate that the emitters lack antibunching
characteristics, hindering the utilization of MoS; as RT single photon emission source. This is
probably due to the high density of sulfur vacancies (~1.8x10'* cm2). Future work includes
decreasing the density of sulfur vacancies by defect passivation strategy while enhancing the
PL from sulfur vacancies. The latter includes electrostatically or chemically reducing electron
concentration in MoS> to expose more in-gap defect states for radiative recombination. Strain
engineering is another strategy to tune the in-gap defect states with respect to the band edges,
thus affecting the trapping rate of electrons at defect states. For the mechanically exfoliated
samples on support substrates used in this thesis, the PL emission energies are very close to
those of free-standing samples.’! This indicates that these mechanically exfoliated samples
contain negligible strain. Typical strategies for applying strain include transferring 2D TMDs

160,161

onto nanopillar-patterned substrates , thermal expansion'®?, and flexible polymer

substrates ',

Previous work has shown that sulfur vacancies in MoS: can be passivated by incorporating
oxygen in chemical vapor deposition (CVD). Compared to passivating sulfur vacancies with
extrinsic atomic species (e.g., oxygen!'®%), I think passivation with native sulfur atoms may be
a better way. In this study, I have shown that the sulfur vacancies can be passivated by
annealing in sulfur vapor and the defect density has been calculated from the XPS
stoichiometry. However, the detection limits for atomic composition from XPS generally range
from 0.1% atomic percent (at%) to 1 at%.'% For sulfur vacancies in MoS, this is translated to
~2.3%x10"2 cm™? to ~2.3x10"3 cm™2. Therefore, it is essential to extend the characterization to
atomic-scale microscopy measurements, including typical scanning transmission electron
microscopy (STEM) and scanning tunneling microscopy (STM). However, STEM typically
introduces additional defects due to electron beam damage, while STM requires complex
sample preparation to create conductive pathways. Recently, atomic force microscopy (AFM)
has been explored for the characterization of atomic defects, including conductive AFM
(CAFM)*" and lateral force microscopy (LFM). CAFM is also limited to measuring conductive
materials only, while LFM has the potential to measure semiconducting TMDs without the
need to transfer TMDs from non-conductive substrates (typically used for growth) to
conductive substrates. With reliable techniques to characterize chalcogen vacancies in a low
defect density regime, the passivated samples can be systematically compared across various
passivation parameters (e.g., temperature, partial pressure of gaseous components, carrier gas

flow) and minimize the defect concentration accordingly.
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More importantly, I would like to emphasize passivating chalcogen vacancies in large-scale
CVD-grown MoS,. Studies on CVD-grown MoS; have shown that it is free of
adsorbate-related emission even at low temperatures and this is attributed to the chemisorption
of oxygen.'%® Therefore, it might be important to anneal CVD-grown MoS, in Ar/H»
(95 vol.%/5 vol.%) atmosphere to remove chemisorbed oxygen first and then expose it to sulfur

vapor for passivation without exposing the sample to air.

Another factor that may affect the density of chalcogen vacancies is strain (typically tensile
strain) that is applied on TMDs during sample cooling down through CVD growth. In principle,
the tensile strain deforms the lattice by increasing the interatomic spacing that can affect the
bond length and bond strength, thereby affecting the formation energy of vacancy defects.
Therefore, it might be worthwhile to study the influence of strain on formation energy of

defects for further optimization of passivating chalcogen vacancies.

Besides physically passivating defects, I also consider the possibility of shifting the in-gap
defect states outside the bandgap to eliminate the active carrier trapping sites to improve the
electronic performance of 2D TMDs. I think this can be achieved by strain engineering
considering the fact that the selenium single-vacancy level shifts closer to the conduction band
under tensile strain.'*> However, this is experimentally limited by technical difficulties due to
the deep nature of in-gap states of chalcogen vacancies. The tensile strain can be applied up to
300 meV for MoS: but is still not enough to overcome the barrier of ~600 meV.'% This requires
polymers with sufficiently high Young’s modulus or substrates with significant thermal

mismatch to transfer strain to TMDs more effectively.
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List of Abbreviation

Abbreviation Definition
2D Two-dimensional
3D Three-dimensional
AFM Atomic force microscopy
ALD Atomic layer deposition
CAFM Conductive atomic force microscopy
CB Conduction band
CBM Conduction band minimum
CLQB Covalent-like quasi bonding
CVD Chemical vapor deposition
DFT Density Functional Theory
FWHM Full width at half maximum
HAADF High-angle annular dark-field
LVM Local vibrational mode
MOCVD Metal-organic chemical vapor deposition
PL Photoluminescence
PLE Photoluminescence excitation
PLD Pulsed laser deposition
PVD Physical vapor deposition
QY Quantum yield
RT Room temperature
STEM Scanning transmission electron microscope
STMISTS microscopyspectroseopy
TMD Transition metal dichalcogenides
VB Valence band
VBM Valence band maximum
vdW van der Waals
XPS X-ray photoelectron spectroscopy
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