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In this work, we demonstrate the mechanism for etching exfoliated graphene on 

SiO2 and other technological important substrates (Si, SiC and ITO), using low-energy 

electron sources. Our mechanism is based on helium ion sputtering and vacancy formation. 

Helium ions instead of incident electrons cause the defects that oxygen reacts with and 

etches graphene. We found that etching does not occur on low-resistivity Si and ITO. 

Etching occurs on higher resistivity Si and SiC, although much less than on SiO2. In 

addition, we studied the degradation mechanism of MoS2 under ambient conditions using 

as-grown and preheated mono- and thicker-layered MoS2 films. Thicker-layered MoS2 do 

not exhibit the growth of dendrites that is characteristic of monolayer degradation. 

Dendrites are observed to stop at the monolayer-bilayer boundary. Raman and 

photoluminescence spectra of the aged bilayer and thicker-layered films are comparable 

to those of as-grown films. We found that greater stability of bilayers and thicker layers 

supports a previously reported mechanism for monolayer degradation involving Förster 

resonance energy transfer. As a result, straightforward and scalable 2D materials 

integration, or air stable heterostructure device fabrication may be easily achieved. Our 

proposed mechanisms for etching graphene and ambient degradation of MoS2 could 

catalyze research on realizing new devices that are more efficient, stable, and reliable for 

practical applications. 
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CHAPTER 1

INTRODUCTION

1.1. Two-Dimensional Materials

Materials are considered two-dimensional (2D) if the atoms are arranged in a plane

of sheets. The thickness of the sheet must be in orders of magnitude smaller than its length.

They can be easily stacked on one another. Atomically thin 2D materials are layered crystals

with anisotropic bonding. They are strong in-plane or covalent bonding and weak out of-

plane or van der Waals bonding. Graphene and transition metal dichalcogenides (TMDs)

are both classified as 2D materials, that exhibit the above-mentioned properties. Monolayer

graphene from graphite is 0.33 nm thin, hexagonal boron nitride (h-BN) is 0.33 nm thin

and MoS2 from molybdenite is 0.7 nm thin. In addition to thinness, 2D materials have a

lot of unique properties such as the ability to form heterostructures from stacking, substrate

independence, quantum confinement, etc. [1]. These are intrinsic properties, as opposed to

scaling down three-dimensional (3D) bulk materials, to investigate these properties. The

practical applications of 2D materials includes but not limited to, transistors, solar cells,

light-emitting diodes, and photodetectors [2-8]. There are over 1500 2D materials that have

been discovered [9]. Out of these, graphene was the first most studied. Novoselov and

Geim extensively studied the electronic properties of graphene when they tried to isolate

one atom thick layer from bulk graphite [10-13]. The discovery of monolayer graphene and

TMDs in 2004 [14] ushered in the field of 2D Van der Waal Materials (VdWMs), which

hold considerable promise for advancing technology by providing new properties that are

not present in 3D materials. The carrier mobility and transport along the thin-body channel

of 3D bulk semiconductors degrades substantially for thicknesses below 3 nm. Hence, a new

channel material that is thin and yet maintains good carrier transport is highly required.

With the end of Moore’s law expected soon, there has been considerable interest in finding

new technologies that can maintain or exceed its rate of progress. Due to the absence of band

gap in graphene, of particular interest have been 2D TMDs that have the general formula
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MX2, where M is a transition metal such as Mo or W and X is chalcogen such as S or Te.

These materials have found applications in electronic devices due to high carrier mobilities

and reasonable band gaps, creating the possibility of large switching ratios in field effect

transistors (FETs) [15, 16]. They are intended to replace or complement silicon technology by

integration [17]. 2D materials have been often challenged with growth, integration, stability,

etc. For example, interface is a common challenge in the case of metals contacts in FET

devices where there is no out-of-plane bonding. Substrate-dependent phonon scattering has

also been observed, which impedes carrier mobilities. Nucleation of ultrathin dielectrics on

the surfaces has also posed difficulties due to absence of reactive sites [1]. The focus of this

dissertation are the integration and stability problems, discussed in the following sections.

1.2. Etching Graphene Using Low-Energy Electron Irradiation

Integrating graphene is a major challenge in device fabrication. A variety of tech-

niques have been investigated for the lithography of graphene and other 2D materials, with

the most common being reactive ion plasma etching performed with a lithographic mask

and resist. These resists often leave residues on the substrates which can affect its elec-

tronic properties such as doping. To circumvent this effect, researchers have investigated a

direct-write method using a scanning electron microscopy (SEM) system with a gas injected

into the chamber [18]. The gas is dissociated by the e-beam into a variety of reactive ions

that etch the material. This method is advantageous because it is relatively inexpensive,

and most research laboratories have an SEM system available typically with patterning ca-

pabilities. However, this alternative method of patterning graphene is only able to produce

linewidths of about 20 nm, which is too large to produce useful bandgaps in future electronic

applications such as graphene nanoribbons. Therefore, a study of the etching mechanism

and/or decreasing the linewidth with an easily variable and diverse factor such as the sub-

strate is of importance to implement graphene and other 2D materials as transistors and

devices. Briefly, this etching technique has been used in the following instances. Using ni-

trogen gas and a low-energy focused electron beam (FEB) of < 10 keV, nanometer-size pores

were etched onto graphene [19]. In this instance, the graphene was produced by sonicating
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graphite in isopropanol. The solution with graphene flakes was dropped onto lacey carbon

for subsequent TEM imaging. In effect, the graphene was suspended. It was hypothesized

that the electron beam dissociated the N2 gas adsorbed on and above the graphene surface

which etched holes in the graphene. Those holes were about 50 nm in diameter whereas

the electron beam was about 6 nm in diameter. In another work, sputtered thin carbon

films were patterned with linewidths of about 20 nm using FEB with injected water vapor

as the gas [20]. The delivery nozzle was placed 100 µm above the surface and the partial

pressure was 2.4 × 10−5 Torr. It is interesting to note that in this study the substrate on

which the carbon film was sputtered was not specified. Low-energy SEM based FEB using

water vapor [21] and oxygen [22] as the gas has also been used to cut carbon nanotubes. An

example that we believe involves limitations to the resolution of the etching due to sample

charging is the following. In Ref. [18], Thiele et al. used FEB with oxygen as the gas

was used to pattern graphene with a resolution better than 20 nm. The graphene consisted

of mechanically exfoliated flakes on an SiO2 substrate that was about 300 nm thick. The

incident electron energy was 3 keV. The O2 gas partial pressure was 2 × 10−3 Torr. At

this energy, it was hypothesized that the O2 molecules would be dissociated by the primary,

backscattered, and secondary electrons, and produce reactive species such as excited oxygen

molecules, ionized oxygen atoms and ozone. These reactive species would etch the graphene.

In these studies, e-beam dosages of 1.5-29 C/cm2 and a beam current of 0.1 nA were used, to

give practical patterning speeds at acceptable e-beam scattering rates by the gas molecules.

They concluded that secondary-electron intensities are responsible for etch profiles. We note

that the dosages are relatively high and would produce a significant charge build up in the

300 nm thick SiO2 substrate, and that would have a significant effect on the etching.

The ratio of secondary electrons to primary electrons for SiO2 with an incident beam

energy of 3 keV is above 1 [23], meaning that the SiO2 substrate will overall charge positively

as more electrons are being emitted than are being absorbed. The secondary electrons will

produce a charged area on the order of the secondary beam diameter. This is so because

they have a low energy and small escape depth. Therefore, the local area on the order of the

3



incident beam diameter will be positively charged to a few eV and attract negative oxygen

ions that can etch graphene. The primary electrons will travel further into the substrate

and disperse and backscatter because of collisions. As a result, deeper and more spread out

regions of the substrate will charge negatively. Therefore, the positively ionized oxygen gas

in the chamber due to the electron beam will be accelerated towards the dispersed negative

areas meaning that the resolution of the etching will be negatively affected. We propose

to optimize the precision of the etching by eliminating this charging effect by using thinner

dielectrics. Materials with a thin dielectric layer on top of a conducting substrate allow the

primary beam charge to mostly pass through the dielectric and pass to ground through the

conducting substrate. This prevents the negative charge build-up of primary beam charge

in the substrate and prevents positively charged oxygen ions from etching graphene further

away from the beam.

In addition, Chen et al. [24] reported a technique in etching graphene using electrons

from He plasma. They proposed a mechanism for low-energy electron irradiation induced

etching of exfoliated multilayer graphene flakes on SiO2/Si substrates. In their mechanism,

electrons travel through the sample and reach the graphene/SiO2 interface where they dis-

sociate oxygen atoms from the SiO2. The oxygen atoms etch the graphene from below by

reaction with carbon bonds that have been rearranged or damaged by the incident electrons.

The authors observed etching at incident electron energies of 50-200 eV and irradiation den-

sity of 14400 mC/cm2 using a divergent electron cyclotron resonance (DECR) plasma system.

They noted that incident electrons at these energies cannot reach the substrate since the

electron mean free path is about 0.5-1.0 nm. Consequently, they considered that secondary

electrons produced by the incident electrons are the ones that reach the substrate and cause

oxygen dissociation. They stated that the whole process could be more complicated. Clearly,

it can be seen that a well-defined and detailed mechanism is yet to be achieved on the elec-

tron irradiation etching of graphene exfoliated on SiO2 at energies < 80 keV. Presently, a

detailed mechanism has not been reached. Therefore, a clear mechanism is necessary for

the effect and etching of graphene and other 2D materials using low-energy electron irra-
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diation. We present mechanisms associated with irradiating graphene using electrons from

helium plasma and SEM. We believe that our results will usher in a better understanding in

integrating graphene into devices. Finally, we note that this dissertation is focused on the

mechanisms involved in etching graphene than solving the linewidth issues [25, 26], which is

proposed in the future work section of this dissertation.

1.3. Degradation and Stability of Transition Metal Dichalcogenides

TMDs in ambient air, with a focus on bilayers (BLs), twisted bilayers (TBLs), few-

layers (FLs) and heterostructures have been extensively studied. They have many unique

properties such as large spin orbit coupling and band gaps ranging from the infrared to the

visible spectrum [27-30]. These properties give TMDs applications in optoelectronics, spin-

tronics, valleytronics, flexible electronics, and sensors [31]. Knowledge of the air stability

of these materials is crucial for simplifying device fabrication, streamlining packaging pro-

cesses and extending device lifetimes. We have recently found that chemical vapor deposition

(CVD)-grown BL and FL MoS2 films are structurally and optically stable under ambient

air conditions at about 40% relative humidity (RH) for periods of at least two years. This

stability is remarkable given that monolayer (ML) MoS2 and other ML TMDs are known

to significantly degrade within a period of less than a year under the same ambient condi-

tions [32-36]. ML TMDs’ propensity for degradation limits their widespread implementation.

The fundamental mechanism for the ambient stability of BL and FL MoS2 films is not yet

well understood. Furthermore, the ambient stability of other TMD materials has not been

widely reported. Our main objectives in this dissertation is to determine and understand the

ambient-air stability of: (1) BLs, TBLs and FLs of MoS2 (2) BL and FL heterostructures.

The TMD films were synthesized using CVD. These CVD-grown films are scalable with large

domains and can be easily synthesized and transferred. We studied their structural, optical,

and electronic properties with respect to various environmental conditions such as ambient

air, humid air, and elevated temperature. Experimental techniques utilized includes atomic

force microscopy (AFM), Raman spectroscopy, photoluminescence (PL) spectroscopy and,

x-ray photoemission spectroscopy (XPS).

5



This investigation provides new information about the ambient stability of TMDs

that will encourage further study into their fundamental properties and guide the develop-

ment of devices with optimum ambient-air stability. Currently, the most common method

for stabilizing reactive 2D materials is encapsulation in polymers [37] or between layers of

an inert, insulating 2D material such as h-BN [38]. However, polymer encapsulation can

adversely affect device properties [39] and h-BN encapsulation is not practical for large-scale

fabrication processes. Thus, it is of great interest to investigate ambient-air stability and

develop alternative degradation prevention methods. MoS2 has been extensively used in

micro- and nano-particulate form as a catalyst and lubricant. It is well known that such

MoS2 particles degrade under ambient conditions [40-42]. The proposed mechanism for their

degradation involves oxidation at defect sites such as at the edges of the particles [43]. The

oxides are then dissolved by water molecules in the air or adsorbed on the surface. Once

the oxides are dissolved, the defects are susceptible to re-oxidation resulting in a continuous

degradation process [43]. The structural and PL properties of CVD-grown ML TMDs have

been studied under ambient air conditions at about 40% RH. After approximately one year,

ML MoS2 and WS2 films were found to degrade along grain boundaries and edges [32]. Ex-

tensive cracking and decrease in PL intensity were reported. We have previously attributed

the dendrite formation to oxide formation, which advances degradation [35]. The fractal

dimension of the dendrite formation is consistent with a diffusion limited aggregation pro-

cess [35]. In Ref. [32], it was observed that no degradation occurred when the samples were

stored in a dry box. It appears that a humid environment is necessary for degradation to

occur. These observations are consistent with the degradation mechanism proposed for MoS2

particles in which adsorbed water molecules dissolve the oxides. However, in ML TMDs, it

was found that degradation also required exposure to light at photon energies greater than

the trion exciton binding energy [33]. Thus, a Förster resonance energy transfer (FRET)

and/or photocatalysis mechanism was proposed [33]. Since both direct and indirect band

gap semiconductors are known to exhibit photoinduced oxidation, it was proposed in Ref.

[33] that BL and FL TMDs should also exhibit photoinduced degradation. We found, how-
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ever, that BL and FL MoS2 samples are extraordinarily stable. Under ambient air and room

light conditions for periods of at least two years, virtually no degradation was observed.

This dissertation provide results that may lead to new insights into ML degradation, includ-

ing improved methods for slowing or stopping ML degradation, and stability of BL and FL

TMDs [35, 44]. Finally, we propose TMD encapsulation for stable heterostructure devices.

1.4. Impact and Outline

The discoveries in this dissertation are the well-defined etching mechanism of graphene

using low-energy electron irradiation, and the degradation and stability mechanisms of MoS2.

Firstly, we demonstrate that a direct-write using SEM doesn’t etch graphene on SiO2 sub-

strate. Therefore, a specialized setup is required to take advantage of electron sources in

an SEM. In addition, we discovered that etching graphene in Helium (He) plasma can be

modulated based on the conductivity of the substrates. Conducting substrates provide non-

isolating surface, making electrons from He plasma to pass through the graphene, without

inducing etching. In contrast, dielectric or insulating substrates, tend to have charges from

electrons building up on graphene surface. This provides an electric filed, that attracts the

He ions. He ions then etches graphene on the surface though ion bombardment [24-26].

Secondly, we propose the degradation mechanism of MoS2 as a diffusion limited aggregated

process for the ML MoS2. The stability process for BL and FLs MoS2 was determined to

be a FRET or photocatalysis mechanism. This dissertation is segmented in such a way that

each chapter highlights a discussion on the research outcomes for each completed project:

• Chapter 1 provides explanation on the research problems that were explored.

• Chapter 2 provides background on two-dimensional materials (graphene and MoS2),

especially the electronic band structure and potential applications.

• Chapter 3 discusses the experimental techniques used for carrying out the research

projects, and the tools utilized for measurements.

• Chapter 4 explores the low-energy irradiation of graphene on SiO2 from a focused

electron-beam, and to determine if a direct-write technique is feasible.
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• Chapter 5 expands on a previous mechanism, by investigating the etching of graphene

on different substrates, using low-energy electron irradiation from helium plasma

electron sources.

• Chapter 6 investigates the mechanism of rapid ambient degradation of monolayer

MoS2 after heating in air.

• Chapter 7 investigates the mechanism of long-term stability of bilayer MoS2 in

ambient air.

• Chapter 8 discusses the dissertation summary and future work.
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CHAPTER 2

GRAPHENE AND MoS2

2.1. Graphene

Graphene, an allotrope of carbon, is a quasi-two-dimensional (2D) crystal derived

from graphite and arranged in a hexagonal lattice. It is a single atomic layer with a separation

of 3.35 Å. Graphite is made of graphene planes, and each plane is stacked to the other

through van der Waals interaction. This interaction is weak, making graphene to be easily

isolated from bulk graphite [1, 2]. Ample physical and electronic properties have been

attributed to graphene, revealed through interesting and rigorous research. The zero-band

gap of graphene has made it possible for fabricating high electron mobility transistors [3-5].

Therefore, integrating graphene into electronic devices is of particular interest.

2.1.1. Graphene Lattice

Crystals can be constructed in real space, in form of a lattice called the real or direct

lattice. Consequently, this same lattice can be illustrated in k-space known as the reciprocal

lattice. The carbon atoms in graphene are arranged in a hexagonal (honeycomb) lattice. If

we categorize the atoms into two different types: type A (orange) and type B (green) as

shown in Figure 2.1 (a). The type A atoms are surrounded with three type B atoms and

vice versa. This forms a complex lattice all together. The atoms A and B form two sub

lattices. If we denote ~δ1, ~δ2 and ~δ3 as the lengths of the vectors for the nearest neighbor

distance a, then ~a1 and ~a2 are the lattice vectors as illustrated in Figure 2.1 (a). Therefore,

we can write:

~δ1 =
a

2
(1,
√

3);~δ2 =
a

2
(1,−

√
3);~δ3 =

a

2
(−1, 0);~a1 =

a

2
(3,
√

3);~a2 =
a

2
(3,−

√
3)(2.1)

The lattice vectors are the basis of the graphene’s primitive unit cell which is a parallelogram.

The lengths of these vectors, a, are called the lattice constant of graphene. Taking into

consideration just one of the two types of atom, a hexagon with one atom at the center

can formed. This is the Bravais lattice as shown in Figure 2.1 (a). The corresponding
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Figure 2.1. (a) Shows the honey-comb lattice of graphene in real space. (b)

Shows the corresponding reciprocal lattice with Γ, K′, K and M high-symmetry

points in the Brillouin zone after Fourier transform.

reciprocal lattice can be achieved by rotating the direct lattice by 90° with Γ, K′, K and M

high-symmetry points in the Brillouin zone as shown in Figure 2.1 (b). This is the state or

momentum space [6]. Since graphene is an allotrope of carbon, this means each carbon atom

has 6 electrons. It is well known that electrons usually prefer to fill up states with lower

energies first. The first electron shell is fully occupied with two electrons, but the second

shell has 4 empty spaces.

This shell can be further divided into 2 subshells, 2s and 2p containing px, py and pz.

Subshell 2p is of slightly higher energy than 2s . In this configuration, there are two possible

chemical bonds namely, σ-covalent bond and π-covalent bond. In σ-bond, there is a co-axial

overlapping of atomic orbitals of the two atoms. In π-bond, the two electron clouds are

in parallel and are superimposed with each other in a head-on manner. Therefore, σ-bond

is heavily overlapped as compared to π-bond, which is only slightly overlapped. σ-bond is

known to be more stable and not easily reactive while π-bond is less stable and more reactive.

Hence, the most interesting properties of graphene comes from the π-electrons. These are

quasi-free and attributed to graphene’s electrical conductivity.
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2.1.2. Electronic Structure of Monolayer Graphene

In tight binding theory, electrons are assumed to be tightly bound to the atoms. Here,

it is assumed that the electrons are only hoping between the two neighboring atoms. This

assumption can be used to obtain the wave function and band structure of graphene. We

denote t has the hopping parameter, which has a dimension of energy. Wallace [7] was the

first to obtain electronic structure of graphene and graphite using tight-binding model. This

would be later developed by McClure [8] and Slonczeewski and Wiess [9]. Considering the

π-states, and the nearest neighbour hopping integral as t ≈ 2.7 eV with the next nearest

neighbour t′ � t. The tight-binding Hamiltonian for electrons in graphene considering that

electrons can hop to both nearest- and next-nearest-neighbor atoms has the form 2 × 2

matrix, given by [10, 11]:

Ĥ(~k) =

 H11 H12

H∗12 H11

 =

 0 tS(~k)

tS∗(~k) 0


(2.2)

~k is the wavevector.

S(~k) =
∑
~δ

ei
~k~δ = 2exp(

ikxa

2
) cos(

kya
√

3

2
) + exp(−ikxa)(2.3)

From the eigenvalues of the Hamiltonian matrix, the resulting energy-momentum dispersion

relation can be written as:

E(~k) = ±t|S(~k)| = ±t
√

3 + f(~k)(2.4)

Where

f(~k) = 2 cos (
√

3kya) + 4 cos (

√
3

2
kya) cos (

3

2
kxa)(2.5)
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Since S( ~K) = S( ~K ′), the two bands shown on the band structure of graphene of

Figure 2.2 (a) will cross at these points. Therefore, by changing the phases of the basis

wavefunctions and expanding the Hamiltonian, we have:

Ĥk(~q) ≈
3at

2

 0 qx − iqy

qx + iqy 0


(2.6)

Ĥk(~q) = ~vF~q · ~σ(2.7)

Where σ is the vector of Pauli-matrices and v is the electron velocity at point on the cones,

which replaces the speed of light. This a 2D massless Dirac Hamiltonian, which describes

free relativistic electrons, where the speed of light has been replaced by:

v =
3at

2~
(2.8)

Putting into consideration the next nearest neighbour t′, we can write:

E(~k) = ±t|S(~k)|+ t′f(~k) = ±t
√

3 + f(~k) + t′f(~k)(2.9)

E(~k) can be written in terms of the wave-vector components kx and ky as:

E(kx, ky) = ±t

√
1 + 4 cos2(

akx
2

) + 4 cos(
akx
2

) cos(

√
3aky
2

)(2.10)

Or

E(kx, ky) = ±t

√
1 + 4 cos(

akx
2

)(cos(
akx
2

) + cos(

√
3aky
2

))(2.11)
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Figure 2.2. (a) Band structure of graphene with high-symmetry points, the

blue curve indicates the valence band while the orange curve represents the

conduction band. (b) Shows contour plot of the energy dispersion E(kx, ky)

of graphene.

Where t ≈ 2.8 eV and a ≈ 2.46 Å

The 3D energy dispersion can be easily obtained from the above-mentioned tight-

binding approximation method as shown in Figure 2.3. The lower region is the valence (π)

band and the upper region is the conduction (π*) band. The Fermi level is the point at

which the conduction and the valence bands meet, which is known as the Dirac point. There

are six Dirac cones, each of this cone has a linear E-k dispersion relationship. The six Dirac

points are dependent. The K points lies where the valence and conduction band meet. M

lies between two neighboring Dirac points, and Γ are the saddle points, also known as the

van Hove singularity points.
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Figure 2.3. 3D graphene energy dispersion as a function of the wave-vector

components kx and ky from π-bonding. There are two bands, one with positive

energy, and the other with negative energy, touching at the zone corners.

2.2. Molybdenum Disulfide (MoS2)

TMD monolayer consists of a transition metal layer that is sandwiched between two

chalcogen layers, as shown schematically in Figures 2.4 (a) and (b). Although monolayer

TMDs such as MoS2 possess a large direct band gap, their low electrical mobilities limit their

application in high-speed electronics [12]. However, TMDs may be useful in spintronic and
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Figure 2.4. (a) Structure of monolayer MoS2. (b) Side view of monolayer

MoS2. (c) Monolayer and bilayer MoS2 at various twist angles.

valleytronic applications. Another potentially useful property of TMDs is the twist angle, θ,

of bilayers, which is defined as the angle between the layers. Figure 2.4 (c) shows illustrations

of TMD bilayers with twist angles of 0° (AA stacking), 15°, and 60° (AB stacking). Some

interesting properties of twisted TMD bilayers are unconventional superconductivity at small

twist angles [13], twist dependent valley and band alignment [14], and moiré pattern excitons

[15].

2.2.1. Electronic Structure of Monolayer MoS2

The lattice constant a for the in-plane unit cell is 3.09 Å, and the Mo-S bond length b

is 2.39 Å. The in-plane Brillouin zone of MoS2 is a hexagon with the following high-symmetry

points [10, 16, 17]:

Γ = (0, 0);M =
4π

3a(0,
√
3
2

)
;K =

4π

3a(1, 0)
(2.12)

A monolayer MoS2 has a direct band gap with direct K → K ′ and indirect Γ → Q gaps,

about 1.79 eV and 2.03 eV respectively. In contrast to graphene, TMDs such as MoS2

present an excellent orbital contribution for the valence and conduction bands. These bands

are mainly constituted by the metal M five 4d orbitals and the six (each layer has three) 3p

orbitals of the chalcogen X. These sum up to 93% of the bands total orbital weight. The

first-principle calculations show that there is a local conduction band minimum at the Q

point, which is midway between the Γ and K points, and a local valence band maximum at
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the Γ point for monolayer MoS2 as shown in Figures 2.5 (a) and (b). These become absolute

extrema for multilayers MoS2, where the conduction band is at Q and the valence band is at

Γ. All these features need to be fully represented, in the entire Brillouin zone. Therefore, a

robust tight-binding model is needed. Slater-Koster model with 11 bands, has been widely

used [18]. These bands are made up of five d orbitals of the M metal atom and the six p

orbitals of the two chalcogens X atoms in the unit cell. The base is written as:

(ptx, p
t
y, p

t
z, d3z2−r2 , dxz, dyz, dx2−y2 , dxy, p

b
x, p

b
y, p

b
z )(2.13)

Where t and b represent the top and bottom planes of the chalcogen. The hopping

integral between the orbitals is defined in terms of σ, π and δ ligands. The Hamiltonian in

k-space can be expressed as:

H =

 HMM HMX

HMX† HXX

(2.14)

HMM = εM + 2
∑
i=1,2,3

tMM
i cos (k · ai)(2.15)

HXX = εX + 2
∑
i=1,2,3

tXX
i cos (k · ai)(2.16)

HMX =
∑
i=1,2,3

tMX
i e−ik·δi(2.17)

The nearest-neighbor hopping terms tij,µv between M and X atoms and appropriate

Slater-Koster parameters are fully described in Refs. [17, 18]
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Figure 2.5. (a) Shows the Brillouin zone of MoS2 with high-symmetry

points. The Q points represents the conduction band edges in multilayers

MoS2 (b) Shows the corresponding band structure with high-symmetry loca-

tions.

2.2.2. Bilayers and Twisted Bilayers

BLs of graphene and TMD materials have recently attracted considerable interest

due to the new properties they acquire as the twist angle between layers varies. The rota-

tional misalignment between layers in BLs forms a moiré pattern that acts as an in-plane

superlattice in addition to the atomic lattice. The moiré superlattice’s length and electronic

energy scales are controllable by the twist angle. For small twist angles of 1°, the interlayer

coupling strengthens, and new phenomena arises. In TBL graphene, unconventional super-

conductivity has been reported at magic twist angles of about 1° [19]. In TBL TMDs, such

moiré superlattices have been shown to confine interlayer excitons within their potential

wells [20-23]. Interlayer excitons are bound electron-hole pairs in which the electron and

holes are in different layers. Excitons in TMDs are optically active, follow Bose-Einstein

statistics, and have long lifetimes [24]. These properties make ordered arrays of interlayer

excitons confined by the superlattice a novel platform for studying nanophotonics, single

light emitters, quantum information and quantum entanglement.

For interlayer excitons confined in MoSe2/WSe2 and WSe2/WS2 TBL heterostruc-

tures with twist angles of 0.5°, it has been experimentally found that the diffusion, position
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and energy levels of the interlayer excitons can be tuned by varying the superlattice periodic-

ity and/or applying an electric field [20-23]. In these experiments, the TBL heterostructures

were formed from exfoliated flakes and encapsulated between layers of h-BN for isolation

and protection. However, if the small-twist-angle heterostructures are stable under ambient

conditions, it may be possible to simplify the encapsulation to only one h-BN layer or even

omit the encapsulation entirely. The ambient stability of TBL TMDs has not been reported;

therefore, it would be of interest to study their ambient stability as a function of twist angle.

The ambient-air stability of TBLs with a wide range of twist angles was studied. For TBLs

with small twist angles, we plan to measure the twist angle using scanning tunneling electron

microscope (STEM), as a future research work. The TBLs will be deposited on TEM grids

using existing transfer techniques. The most stable BL configurations are at twist angles of

0° and 60°, which are discussed in this dissertation. For small twist angles, the increased

interlayer coupling produces atomic reconstructions in the layers [25]. This may increase

the surface reactivity due to the formation of dangling bonds, resulting in a decrease in

ambient-air stability. At larger twist angles, the interlayer coupling is weaker as compared

to that at 0° and 60° [26]. A reduction in interlayer coupling may also decrease the stability

since the layers may behave more like isolated MLs.

2.2.3. Heterostructures with Large Twist Angles

Heterostructures are extensively used in optoelectronics. They consist of two verti-

cally stacked semiconductors with different band gaps. The band alignment at the interface

between the two semiconductors determines the distribution of electrons and holes at the

interface. TMD BL heterostructures are of considerable interest because they have a type

II staggered band alignment, which makes them useful as photodetectors. In a Type II het-

erostructure, only one carrier type is transferred across the interface to the corresponding

lower energy band of the other semiconductor; thus, photoexcited electron-hole pairs are

efficiently separated. Due to the atomic-scale thinness of BLs, the time it takes to separate

the carriers is ultrashort. In MoS2/WS2 BLs, the separation takes place under 100 fs [27,28].

In Ref. [27], the heterostructures were synthesized by transferring exfoliated flakes and thus
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had random twist angles of 0°< θ <60°. In Ref. [28], the heterostructures were grown us-

ing CVD and thus had well-defined large twist angles such as 15° and 30°. In both cases,

the charge transfer time remained constant independent of the twist angle. Understanding

the effects of ambient exposure on the structural and electronic properties of TMD TBL

heterostructures over a wide range of twist angles would motivate further research into the

potential applications of these materials.

2.2.4. Few-layers

TMD FLs are more electrically conductive than MLs. They have band gaps that vary

from 1-2 eV and depend on the number of layers. These properties make them more suitable

than MLs in certain devices. For example, BL and FL FETs can carry higher on-state

currents [29]. In addition, modulation of the number of layers along the lateral direction in

FLs results in a laterally modulating band gap. This can be used to fabricate novel lateral

heterostructures [30-32]. Also, FL-based devices have higher yields due to their mechanical

strength [33, 34]. In general, TMD FLs have not received as much attention as MLs mainly

because FLs have indirect band gaps while MLs have direct band gaps. Most studies on

the ambient stability of TMD FLs have focused on exfoliated flakes submerged in water or

placed in humid environments of ≥ 60% RH [35-37]. Knowledge of their ambient air stability

in standard humid conditions (≈ 40%) is lacking but required for practical applications.
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CHAPTER 3

EXPERIMENTAL SETUP AND CHARACTERIZATIONS

3.1. Lab Space and Facilities

Dr. Jose Perez is the principal investigator (PI) of the Nanomaterials Fabrication and

Characterization Laboratory in the Department of Physics at the University of North Texas

(UNT). The lab has 1000 sq. ft. of space and contains a chemical vapor deposition (CVD)

system consisting of a tube furnace and gas handling system to grow 2D materials such

as graphene and MoS2. The CVD system has a vacuum load lock, introduction chamber,

sample transfer system, and multiple gas inlets on each side of the tube. The lab also contains

an ultra-high vacuum (UHV) surface characterization system with a scanning tunneling

microscope (STM), Auger spectroscopy and low-energy-electron diffraction, electron beam

evaporator, and an AFM system. There are 3 workstations with high efficiency particulate

air (HEPA) filters, and two fume hoods as shown in Figures 3.1 and 3.2. In addition to this,

we have access to advanced nanoscale device fabrication and characterization facilities at the

Materials Research Facility (MRF) in the College of Engineering at UNT.

These facilities include electron beam lithography, sputtering, electron beam evap-

oration, reactive ion etching, metallization and characterization techniques including ellip-

sometry, high-resolution transmission-electron microscopy (TEM) and scanning electron mi-

croscopy (SEM), and a focused ion beam (FIB) system. These facilities are described in

detail in the following sections.

Figure 3.1. Lab 1 layout showing workstations with HEPA filters for sample

preparation.
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Figure 3.2. Lab 2 layout showing plasma chamber, thermal evaporator, and

UHV Auger spectroscopy, low-energy-electron diffraction and scanning tun-

neling microscope.

3.2. Helium Plasma Chamber for Low-Energy Electron Irradiation Experiments

Graphene has been the object of much research world-wide because of its unique

electronic properties as discussed in Chapters 1 and 2. In addition, implementing robust

fabrication techniques, will significantly help in integrating graphene into devices. One of

these techniques is plasma etching. Plasma has found wide applications in today’s world

especially in semiconductor manufacturing industries [1-3]. In nature, they appear in inter-

stellar space, stars, lighting strikes, etc. Plasma, known as the fourth state of matter, is

an ionized gas, globally neutral, and displays collective effects. Basically, plasma comprises

ions, electrons, radicals, and photons, and they can be easily demonstrated in the labora-

tory. When a gas is heated to certain temperature or subjected to strong electromagnetic

fields, it gets ionized. Being constituted by electrical charges, ions and electrons, plasma can

response to an electric and magnetic field including those that are produced by itself. In the

laboratory, plasma can be created in a vacuum chamber using a flowing gas, and powered

electrodes. With sufficient energy, it transforms to free electrons from atoms or molecules,

and then both species, ions, and electrons, can coexist. The electrodes are usually powered

by an electromagnetic energy. For capacitively-coupled plasma (CCP), an RF power is typ-

ically employed while inductively coupled plasma (ICP) uses an induction coil. Plasma is

a complex medium that is characterized by a non-linear phenomenon, and understanding

its behavior is extremely challenging. In addition, understanding the etching behavior of

graphene is very crucial for integration into devices.
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Figure 3.3. Schematic of the helium plasma system. Quartz tube is attached

to a gas cylinder and the plasma chamber is connected to an EMS power supply

for bias application. The rotary pump is the primary means of creating a

vacuum in the system. Not shown is an attachable turbo pump, used during

annealing (with permission from P. A. Ecton [26]).

Our experimental setup and procedures are described in detail in Refs. [4] and [5].

The comprehensive setup is shown in Figure 3.3. Graphene samples are mechanically ex-

foliated from highly oriented-pyrolytic graphite (HOPG) using the scotch tape method as

shown in Figure 3.7. The sample is mounted on a sample holder with molybdenum clips

as shown in Figure 3.5. This is to make electrical contacts on the sample. We check for

electrical contacts prior to application, using a multimeter. An ideal resistance would be 0.8

kΩ. The sample is then installed into the plasma chamber. The nitrogen trap is cleaned

before installation into the chamber with methanol and wipes to remove contaminants. At

this point, the trap has no nitrogen in it. Liquid nitrogen is filled into the trap, and the

pump is switched on to pump out gases from the chamber. We employed a liquid nitrogen

cooled gas trap which can cool oil vapor down to its condensation point for pressures below 1
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Figure 3.4. Helium plasma irradiation system showing the location of power

supply contacts for generation of plasma as well as the location of the power

supply for bias application. (a) Shows a high-level schematic of the setup. (b)

Shows a picture of the actual system.

Torr. Afterwards, the intake valve is closed. The rotary pump is turned on until the pressure

in the chamber reads ≈ 5 Torr. This is to also avoid back diffusion of oil from the pump.

The chamber is typically pump down to 10 mTorr. The chamber is filled with Helium (He)

gas by opening the gas valve at a pressure of 500 Torr, and then pumped out. This is done

for five (5) times, and we refer to this as priming.

Before introducing He gas, the chamber will mostly have an initial pressure consisting

of residual air particles, molecular nitrogen, molecular oxygen, and water vapor, and these

can disrupt the experiment. As a result, the chamber must be primed before plasma exposure

is conducted to ensure almost all the gas reactants are of the desired species, which would

be molecular He. After priming, the gas valve is closed. For a constant flow of He, we chose

a pressure of about 50 mTorr. The leak valve is cranked gently until a gas flow pressure of

50 mTorr is achieved. In the event of overpressure, we usually adjust the leak and the intake

valves accordingly. When the chamber is accurately set with the required parameters, the

cables from the DC supply are attached to the sample bias prongs. The red cable (+ve) goes
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Figure 3.5. Sample holder for the helium plasma system. The sample is sit-

uated in between the molybdenum clips for ohmic contacts. The thermocouple

wires are used for measuring the temperature during sample annealing.

to the sample and the black cable (-ve) goes to the main chamber and vice versa, to attract

and repel electrons respectively as shown in Figure 3.4 (b).

The main chamber is always grounded, and we check to make sure it is well con-

nected, for safety purposes. A positive bias on the sample relative to the chamber would

attract electrons towards the sample and repels positive gas species within the plasma. A
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Figure 3.6. Quartz tube connected to power supply. The blue glow comes

from the plasma that is being generated inside the tube. The electrons derived

from the plasma are attracted or repelled to or from the sample respectively.

negative bias would repel electrons and attracts the positive gas species. An ammeter in

series measures the current on the sample drawn from the plasma. The RF generator is set

to a frequency of 20 MHz, 50 W power supply and a gain supply of about 8.8 V, which

is capacitively coupled to two copper electrodes located outside the quartz tube. The gain

vernier is cranked up until plasma gets ignited in the transparent quartz tube as shown in

Figure 3.6.

A quartz tube is used for the visible part of the chamber and chosen because of

its capability to withstand high temperatures generated from the plasma. Afterwards, the

potential power supply is cranked up to a bias voltage of 60 V. The plasma exposure is

for 30 minutes. The pressure gauges are constantly monitored, for any discrepancies, as

maintaining a pressure of 50 mTorr is very critical. After, 30 minutes of irradiation, the
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current and voltage from the potential power supply are turned down to zero and switched

off. The RF generator and its power supply, and the gain supply are also turned off. The

He gas regulator, cylinder valves, and the inlet valve to the quartz tube are tightly closed.

The rotary pump is shut down. The nitrogen trap is uninstalled, and the plasma chamber

is vented.

3.3. Sample Preparation

Chemical Vapor Deposition (CVD) is a gas phase deposition technique for depositing

thin films on substrates. It is usually carried out in furnaces, using gases at high temper-

atures. CVD has found applications in industry for coating, and depositing dielectrics and

polysilicon in semiconductor industries [6, 7]. The exfoliation method for deriving 2D ma-

terials is very limited in size, and not practical for high volume manufacturing. Hence, the

Figure 3.7. Shows graphene layers, mechanically exfoliated from HOPG on

Si/SiO2, using scotch tape method. The monolayer, bilayer and multilayer can

be easily identified from optical microscopy.
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need to grow large film domains is very necessary for 2D materials to be used in practical

applications [8, 9]. A typical exfoliated graphene from a bulk graphite crystal is ≈ 5 µm but

with CVD method, domains > 20 µm can be easily achieved. Figure 3.7 shows a graphene

sample exfoliated from highly-oriented-pyrolitic graphite (HOPG) onto 300 nm thick SiO2

layers on Si substrates.

The CVD growth of our MoS2 films were carried out in Dr. Philipose’s Research

Group at the Department of Physics. The films were synthesized on SiO2/Si substrates

[10, 11]. The substrates were subjected to the standard cleaning procedure with acetone

and isopropyl alcohol. The novelty of this technique is the use of two different substrates

referred to as the precursor and growth substrates. The precursor substrate functions as

the Mo source. It is spin coated with an aqueous solution of 20 mg/mL MoO3/NH3·H2O.

This substrate allows for controlled concentration of MoS2 vapors in the growth chamber.

A second substrate that functions as the growth substrate is spin coated with an aqueous

solution of NaCl/NH3·H2O (NaCl, ≥ 99.5%, MilliporeSigma). These pre-treated precursor

and growth substrates are then placed over an alumina boat, at the center of the high

temperature zone of a quartz tube in a 3-zone Carbolite furnace. A separate alumina boat

containing 30 mg of sulfur powder (≥ 99%, MilliporeSigma) is placed in the low temperature

zone located near the end of the quartz tube. Figure 3.8 (a) shows the locations of the

Figure 3.8. (a) Schematic of the growth chamber showing sample locations

and placements in the furnace [10, 11]. (b) Shows a picture of Thermolyne

21100 tubular furnace. This furnace is different from the growth furnace, and

was used for pre-heating samples.
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precursor and growth substrates along with the sulfur source in the three-temperature-zone

furnace. The tube furnace was first heated in air at 900 °C for 2 h and then brought to room

temperature (RT). A growth temperature of 800 °C is reached in the main zone of the furnace

at a ramp rate of 25 °C/min and held constant for 10 min. During this time, the Ar flow

rate is maintained at 500 sccm. The temperature of the sulfur powder located at the edge of

the secondary zone is about 120 °C, well above the melting point of sulfur. Sulfur vapors are

carried by the inert gas towards the main zone of the furnace where it reacts with the Mo

precursor. After 10 min, the furnace is gradually cooled to RT. The advantage of this method

lies in the fact that it is possible to tune the growth regime by varying the concentration of

NaCl on the pre-treated growth substrate. At a critical NaCl concentration, homogeneously

distributed ML MoS2 is produced with controllable dimensions. At high NaCl concentrations,

continuous MoS2 films with BL and FL domains are formed. The furnace is then turned off

and allowed to cool to RT. We note that the CVD growth furnace and the heating furnace

for the films are different. Figure 3.8 (b) shows the Thermolyne 21100 tubular furnace used

for heating the samples. The degradation acceleration method we used is described in detail

in Refs. [12, 13]. In summary, we pre-heated the samples at temperatures of 285 and 300

°C in a tube furnace in air at atmospheric pressure for 2 h.

3.4. Atomic Force Microscopy

Atomic force microscopy (AFM) technique is a subcategory of scanning probe mi-

croscopy (SPM). SPMs use raster scanning tip to measure the surface profile of materials.

The information on the surface is gathered and then transmitted to a computer interface

where an image of the surface is formed. The surface topography of materials can be mea-

sured because of the atomic force of interaction between the tip and the sample surface. The

potential between the tip and the sample surface changes depending on the distance between

any two atoms from the tip and sample. There are three major imaging modes: contact,

non-contact and tapping (intermittent) mode. Apart from topography measurement, AFM

can also be used to measure mechanical, electrical, magnetic, and thermal properties of ma-

terials [14]. From Lennard-Jones potential U (r) in equation (3.1), the atomic interactions
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can be described as repulsive and attractive. The first term of the equation represents the

atomic repulsive interaction, and the second term represents the atomic attractive inter-

action. When two atoms are very far apart, there is no interaction between them but as

soon that they get closer, attractive force comes to play. In this regime, the non-contact

and tapping modes take advantage of this interaction. When the distance between the two

atoms is very negligible, repulsive interaction prevails. In this regime, contact mode uses

this interaction. Hence, the atomic force changes with the distance between the two atoms.

As illustrated in Figure 3.9 (a). The main components of AFM are the XY and Z scanner,

the tip, laser, and photodetector. The scanner can raster on the sample surface to get the

topography information. A 3D image is formed based on this degree of freedom. The probe

or tip is attached to a cantilever, the very end of the tip is used for interacting with the

sample surface. The laser is used to monitor the cantilever’s position. The laser beam can be

tracked using the photodetector. Deflections, as the cantilever bends when scanning, is due

to the atomic interactions. This is converted to electrical signal for the feedback. Therefore,

a 3D topography image can be obtained.

U(r) = +
B

r12
− A

r6
(3.1)

F = −dU(r)

dr
(3.2)

U (r) is the interatomic potential between the two atoms, r is the distance of separation

between the two atoms, B and A gives a measurement of how close two nonbonding atoms

are, and how strongly they can interact, and F is the atomic force.

In our laboratory, AFM measurements were carried out using a Q-Scope™ 250/400

Nomad™ from Ambios Technology Corporation as shown in Figure 3.9 (b). The scan head

is 80 µm, capable of laterally imaging surface features on the order of nanometers and step

heights on the order of angstroms. In our experiments, tapping (wave-mode) imaging was

employed because contact mode probes usually have a higher tendency to damage samples.

Wavemode is a type of intermittent contact imaging, in this imaging mode, high stiffness
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cantilevers are set into oscillatory motion with a resonance frequency, by a separate piezo-

electric vibrator. The high cantilever stiffness allows for oscillatory frequencies between 70

and 200 kHz. We used a 160 kHz resonance frequency. All data acquisitions were in TIFF

formats. For further analysis and image processing, tilt removal filters were used to flatten

images for background corrections, using a program called Gwyddion [15]. This is a freeware

modular program for SPM (scanning probe microscopy) data visualization and analysis. Pri-

marily, it is intended for the analysis of height fields of samples, obtained by scanning probe

microscopy techniques like AFM.

3.5. Raman and Photoluminescence Spectroscopy

Raman spectroscopy is a vibrational spectroscopic technique that provides unique

information about the molecular vibrations and crystal structures of molecules, discovered

by C.V. Raman [16]. When light interacts with matter, it can either be absorbed or scattered.

There are two types of scattering: Rayleigh scattering and Raman scattering. The Rayleigh

scattering occurs when molecules absorbs light, goes to a virtual state, and then falls back to

the initial state, thereby emitting energy that was originally absorbed. Here, the absorbed

and emitted energy have the same values. In Raman scattering, the molecule that absorbed

Figure 3.9. (a) Shows a schematic of an atomic force microscopy setup. (b)

Shows a picture of the actual system.
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light goes to a virtual state and falls back to a final state which is different from the initial

state. When it emits energy it falls back down, the frequency of the energy of the light

is going to be different to the incident light. Scattering occurs when the energy of the

radiation does not match any energy separations in the molecule, it will be transmitted

most of the time, or scattered at a small fraction of the times. Scattering can be thought of

as two-photon process i.e. incident photon and scattered photon. The Rayleigh scattering

is an elastic scattering while the Raman scattering is an inelastic scattering. If scattered

photon is less energetic than the incident photon, the molecule has gained energy, and this

called the Stokes scattering. If the scattered photon has gained energy from the molecule,

this is called Anti-Stokes scattering. From classical electrodynamics, Raman scattering is

based on the vibrational modulation of molecular polarizability as described in equations

(3.3 – 3.10). This involves the interaction of a molecule with an incident electromagnetic

wave (light), this interaction produces a dipole moment i.e. a molecular dipole moment is

induced, leading to scattering of the incident light. The interaction of light and the molecule

to produce a dipole moment generates an oscillating dipole moment which emits radiation

(light scattering). The basis of the induced dipole moment stems from the polarizability

of the molecule. The polarizability of the molecule is a function of nuclear coordinates or

vibrations of the molecule.

Figure 3.10. (a) Shows a schematic of Raman spectroscopy setup. (b) Shows

a picture of the actual system.
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The Raman spectrometer has an elegant working principle, the laser unit which cre-

ates light which goes through some mirrors, reflected by lenses, and goes through the sample.

It is then deflected by a mirror to a detector as illustrated in Figure 3.10 (a). The change of

the dipole moment vector, ~p depends on the electric field, ~E through a polarizability tensor,

α given as [17, 18]:

~p = α~E(3.3)

For a plane wave with frequency ω0, the corresponding electric field vector can be described

as:

~E = ~E0 cos (ω0t)(3.4)

We can approximate the polarizability using the first order Taylor series:

α = α0 +
∂α

∂Q
dQ(3.5)

We assume that the molecules have a vibrational frequency ωv and the individual atoms

are moving in a harmonic manner about the equilibrium position. The normal coordinates

displacement around this equilibrium can be described as follows:

dQ = Q0 cosωvt(3.6)

Therefore, we can derive a new expression for the induced dipole moment. Applying trigono-

metric identity, this becomes:

~p = α0
~E0 cos (ω0t) +

∂α

∂Qk

Q0
~E0

2
{cos ((ω0 − ωv)t+ cos ((ω0 + ωv)t))}(3.7)

As discussed earlier and derived in equation (3.7), Raman scattering consists of Stokes and

anti-Stokes scattering. In this equation, the radiating dipoles terms are clearly distinguished.

The first term describes Rayleigh scattering while the second term describes Stokes and

Anti-Stokes scattering. The dipoles could be Raman active or inactive. If the factor that is

common to both Raman dipoles is zero, vibration mode is not Raman active, and this leads
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to no Raman scattered light. The average radiated power from an electric dipole oscillation,

induced in a molecule by an electric field of frequency ωd, is written as:

Pd =
|pd|2w4

d

12πε0C3
(3.8)

pd can be easily obtained from equation (3.8). Stokes and anti-Stokes power, |pd| can be

expressed as:

|pd| =
∂α

∂Qk

Q0E0

2
(3.9)

Therefore, if:

∂α

∂Qk

= 0(3.10)

This implies that Raman is in inactive mode.

The facilities for Raman and PL spectroscopy characterization were provided by Dr.

Cui at the Department of Physics as shown in Figure 3.10 (b). This laboratory contains a

Renishaw inVia Raman Microscope with a minimum spot size of 764 nm, Renishaw Centrus

CCD detector, and a spectral resolution of 1.75 cm-1. The system can acquire Raman and

PL spectroscopy maps with a minimum stage step size of 0.1 µm. The system uses the

Renishaw WiRE 5.2 software to generate maps of fitted peak heights, positions, shifts, and

full-width-at-half maxima (FWHMs). Such maps are useful in determining variations in

peak position and FWHM caused by defects and strain [19]. We also utilized a Raman

system at MRF for the SEM irradiation experiments on graphene. This a Thermo Electron

Almega XR with an excitation laser wavelength of 532 nm, spot size of 0.6 µm2, laser power

of 6 mW, and a spectral resolution of 2 cm-1 [20]. It is well-known that monolayer graphene

has a characteristic G peak at 1580 cm-1 and a sharp 2D peak at about 2700 cm-1 [21].

Photoluminescence (PL) spectroscopy has been often associated with Raman spec-

troscopy. PL is a technique that comprises phosphorescence and fluorescence processes. This

process originates from absorption or emission between different electronic energy levels in

the sample. Photons are emitted as the electron returns to the ground state or valence band

as shown in Figure 3.11. The amount and type of PL depends on the laser wavelength and
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the material composition. An appropriate laser wavelength is selected to avoid unwanted

fluorescence. There are specific vibrational modes that appear for MoS2 films. These are

the Raman peaks associated with the crystalline structure of MoS2. They appear at about

384 cm-1 and 409 cm-1 [22]. It is expected that if there is a degraded bilayer, then these

peaks will broaden. Raman spectroscopy gives more detailed information on the crystallinity

Figure 3.11. Shows a schematic of the energy diagram illustrating the pho-

toluminescence process.
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of the bilayer and multilayer MoS2 samples. Although they structurally appear to not be

degraded, in our experiments, using atomic force microscopy, their atomic lattice structure

appears to have been affected by ambient air exposure. Raman spectroscopy informs in

more detail about the crystallinity of the lattice. It is well known that Raman and Photo-

luminescence spectroscopy can be collected simultaneously for 2D MoS2 [23]. In addition to

the Raman spectra, using 532 nm laser excitation, we also collected photoluminescence data

simultaneously. The photoluminescent is in a region about 4500 cm-1 from the laser line.

The combination of Raman and photoluminescence data provided more information on the

stability of the bilayer and multilayer MoS2 samples as described in Ref. [13].

3.6. The SEM/E-Beam Lithography System

The Scanning Electron Microscope (SEM) is one of the fascinating characterization

instruments. The basic principle is the scanning of a fine electron probe over a sample

and using a variety of detectors to reconstructs an image from signals generated within

the sample. An SEM requires an optical configuration to create a focused electron beam.

The main component consists of a column for electron beam generation, a sample stage, a

secondary electron detector for acquiring secondary electrons, vacuum pump, a monitor for

displaying images connected to an operating system, and control pads [14]. The emitter or

electron gun generates a beam of energetic electrons, and this beam is created by applying a

potential to tungsten or lanthanum hexaboride. The beam passes through and processed by

a set of electromagnetic lenses, focused at the specimen surface, and systematically scanned

across the surface of a specimen. The beam is then deflected in the x and y axes by a pair

of scanning coils (or deflector plates). These are found below the condenser lens system

and associated with the objective lens area. The deflection enables the movement of the

beam, as lines of consecutive dwell-times for the beam spot, across a rectangular area of the

sample. The secondary electrons are detected by the electron detector. The electronic image

is displayed on the computer monitor. SEMs are capable of magnifying samples from about

10 times up to 300,000 times. We made use of the JEOL JSM-7001F Scanning Electron

Microscope/e-beam lithography system in the cleanroom at the UNT MRF as shown in

43



Figure 3.12. Shows the JEOL JSM-7001F SEM at the MRF. The SEM is

on the left-hand side of the image. The XENOS XPG2 e-beam pattern writer

is at the right-hand side of the image, seated on the table.

Figure 3.12. We investigate the effects of electron beam irradiation from this SEM on

graphene exfoliated on 300 nm thick SiO2, at energies of 1.5, 10 and 30 keV at dosages of

about 30 C/cm2. The SiO2 was thermally grown on a high conductivity Si substrate with

a resistivity of 0.01-0.02 Ω-cm. These results show the effects of charging on the substrate,

especially at lower energies for which most of the primary beam charge is deposited in the

SiO2. The results are fully explained in Ref. [20]. In our irradiation experiments, the FEB

system, JEOL JSM-7001F SEM was running at a pressure of 7 x 10-7 Torr. The accelerating

voltages of the primary electrons could be varied from 0.5 to 30 kV. The system also included

a XENOS XPG2 pattern writer. The primary beam from the SEM was written over an area

measuring 2 x 2 µm2.
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3.7. X-ray Photoelectron Spectroscopy

Albert Einstein received the Nobel prize in physics for explaining the photoelectric

effect in 1921 [24]. From this principle, Kai Siegbahn developed the modern-day X-ray Pho-

toelectron Spectroscopy (XPS) in the 1950s [25]. XPS is also known as Electron Spectroscopy

for Chemical Analysis (ESCA), a technique used to determine the quantitative atomic com-

position and chemistry of surfaces. Basically, a sample is irradiated with monochromatic

soft x-rays and analyzing the energy of the detected electrons, resulting from the emission

of photoelectrons whose energies are characteristic of the elements within the sample. In-

strumentation includes but not limited to; ultrahigh vacuum system (≈ 10-9 Torr), electron

energy analyzer, X-ray source, Ar ion gun, neutralizer, electronic controls, and computer sys-

tem for data acquisition as illustrated in Figure 3.13 (a). XPS spectra are created by plotting

the intensities of photoelectrons versus their binding energy. The emitted photoelectron has

kinetic energy (K.E) given by:

K.E = hv − (EB + ϕ)(3.11)

Where hv is the energy of the photon, EB is the binding energy of the atomic orbital from

which the electron originates, and ϕ is the work function of the spectrometer.

X-rays excite electrons from a material surface. This is possible for all elements except

Hydrogen, since it has just one electron in the inner shell. The electron energy depends on the

Figure 3.13. (a) Shows a schematic of an X-ray photoelectron spectroscopy

setup. (b) Shows a picture of the actual system at the MRF.
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elemental electron orbital binding energies. XPS can be used to calculate atomic percentage,

and to determine layer thicknesses. For oxidation, the states of the atoms can be determined

from shifts (chemical shifts) in the binding energies caused by bonding to other atoms. The

XPS systems used in this dissertation are located at the MRF in the College of Engineering

at UNT. These facilities include a PHI 5000 VersaProbe scanning XPS microprobe with a

monochromated Al K-alpha source at 1486.7 eV, as shown in Figure 3.13 (b). This system

uses a high flux X-ray source, providing a highly focused monochromatic X-ray beam for

200 × 200 µm2 sample surface area. In addition, the high resolution 180° spherical capacitor

energy analyzer provides analysis capability including XPS spectral, map, depth profile, line

scan, and angle resolved analyses. Our results of XPS on MoS2 degradation experiments are

fully described in Ref. [12].
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CHAPTER 4

EFFECTS OF HIGH-DOSAGE FOCUSED ELECTRON-BEAM IRRADIATION AT

ENERGIES ≤ 30 KeV ON GRAPHENE ON SiO2
1

4.1. Background

We report the effects of electron irradiation on graphene at energies ≤ 30 keV, to

understand the cutting or etching of two-dimensional (2D) materials using electron systems

from a scanning electron microscope (SEM). For example, in focused electron-beam (FEB),

an electron beam (e-beam), typically from an SEM system, is used together with an ambi-

ent gas to cut and etch nanostructures, films and 2D materials. The electrons in the beam

dissociate the gas into reactive species including ion species that etch the material in ques-

tion. The advantage of using an SEM system instead of a transmission electron microscope

(TEM), helium ion microscope, or e-beam based lithography system involving the use of a

resist, are cost and avoidance of detrimental effects due to resist residue. The latter is partic-

ularly important for 2D materials because resist residue can dope and change the electronic

properties of these materials. Although FEB techniques have been studied and used on a

variety of materials, including 2D materials, none of these studies, to our knowledge, have

investigated the effects of substrate charging on the precision, resolution, and line width of

the patterns, or whether there could be direct-write without involving gas species. When a

dielectric substrate is used as the supporting substrate for the film, nanostructure or 2D ma-

terial, charge build up in the dielectric substrate due to the e-beam can occur. Depending on

the total emitted electron yield of the dielectric substrate the charge built up can be positive

or negative and spread over a region in the substrate considerably larger than the width of

the electron beam. This charge in the substrate can attract the ion species in the gas that

can react with the material being etched and increase the linewidth, while decreasing the

precision and resolution.

1Reproduced from Femi-Oyetoro, J.D., Yao, K., Roccapriore, K., Ecton, P.A., Tang, R., Jones, J.D., Verbeck,
G. and Perez, J.M., 2019. Effects of high-dosage focused electron-beam irradiation at energies ≤ 30 keV on
graphene on SiO2. Appl. Surf. Sci., 469, 325-330, with the permission of Elsevier.
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We investigate the effects of electron beam irradiation from an SEM on graphene

exfoliated on 300 nm thick SiO2 at energies of 1.5, 10 and 30 keV, at dosages of about 30

C/cm2. The SiO2 was thermally grown on a high conductivity Si substrate with a resistivity

of 0.01-0.02 Ω-cm. These results show the effects of charging on the substrate, especially at

lower energies for which most of the primary beam charge is deposited in the SiO2 [1]. In

our irradiation experiments, the FEB system was a JEOL JSM-7001F SEM system running

at a pressure of 7 × 10−7 Torr. The accelerating voltages of the primary electrons could

be varied from 0.5 to 30 kV. The system also included a XENOS XPG2 pattern writer.

The primary beam was written over an area measuring 2 x 2 µm2. The primary beam was

controlled by the pattern writer to write the square area by tracing a spiral starting from the

perimeter of the square and traveling inwards towards the center. This trace pattern had

been found to minimize the effects of charging in the past. As stated previously, the incident

energies were 1.5, 10 and 30 keV. In all the experiments and data described in this section,

the primary beam current was 0.64 nA, the total primary electron dosage was 28.8 C/cm2,

and total exposure time was 30 min. The parameters of total primary electron dosage and

exposure time are like those used in the work of Thiele et al. [2]. The main objective of these

studies was to see if the graphene would etch without the presence of a gas such as oxygen in

the chamber that would dissociate under electron irradiation and produce reactive radicals

that would etch the graphene. One may speculate that oxygen from the SiO2 substrate may

dissociate and react with the graphene causing it to etch.

Chen et al. [3] proposed that electron can dissociate oxygen atoms from SiO2, and

the dislodged O to reacts with graphene at defect sites, caused initially by the electron

beam. However, we found no evidence for this. It appears that the SiO2 substrate remains

inert to the graphene during e-beam exposure. Since oxygen would be the only reactive

species that would dissociate from the SiO2. At lower energies, graphene monolayers on SiO2

show effects that we attribute to the SiO2 charging and contaminating with hydrocarbons.

Carbon contamination is a result of primary, backscattered, or secondary electrons from the

surface dissociating hydrocarbons in the chamber. Additionally, in dielectrics, because of
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electrons being trapped at defects in the substrate, charging occurs. This phenomena in

dielectric substrates have been reported to be caused by the migration of charged defects

that can lead to volume expansion and outgrowths on the surface [4-6]. At higher e-beam

energies various effects change such as dissociation cross sections for gases, hydrocarbon

contamination, backscattered and secondary electron yields from the SiO2, and the amount

of primary beam electron charge deposited in the substrate. Also, most of the primary beam

electrons have traversed through the SiO2 without deflection and made it to the grounded

conducting Si substrate, leaving graphene unetched. In this project, we present the effects

and mechanisms of electron-beam irradiation on graphene on SiO2.

4.2. Abstract

We investigate the effects of focused electron-beam irradiation on exfoliated graphene

on SiO2 substrates at energies of 1.5, 10 and 30 keV and dosage of 28.8 C/cm2. Our objective

is to understand the mechanism by which wide-area low-energy electron irradiation thins such

samples. We test a previously reported mechanism in which the incident electrons produce

defects in the graphene, pass through the graphene, and dissociate oxygen from the SiO2

underneath. The dissociated oxygen then reacts with graphene, etching it from below. We

conclude that although oxygen may play a role in the etching, incident electrons at 1.5, 10

and 30 keV that pass through the graphene do not etch it. We propose wide-area irradiation

may dissociate oxygen from the uncovered SiO2 substrate surrounding the graphene and

produce etching from above.

4.3. Introduction

Experimental studies of electron beam effects on bare SiO2 have been known as far

back as 1970s. It has been reported that electron-beam irradiation on SiO2 produces var-

ious effects. One of the major contributions was that, after irradiation, dissociation was

observed on the SiO2 surface, leaving behind an elemental Si surface. It was concluded that

electron-beam energy, current density, the presence of impurities on the surface, and the

residual gas pressure of oxygen played a key role for the mechanism behind SiO2 damage
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[7]. Another significant contribution was the discovery of electron-hole transport in SiO2

films. Here, it was discovered that both holes and electrons travel across most of the SiO2

surface without a significant amount of permanent trapping. It was proposed that the oc-

currence of a trapped positive charge at or near the SiO2/Si interface is a significant fraction

of the collected charge, indicating that some of the holes that migrate to the interface do not

penetrate it [8]. Recently, the effects of electron irradiation of graphene on SiO2 substrate

have been extensively explored. Studies of electron irradiation of exfoliated graphene has

primarily been on 300 nm thick SiO2 at electron accelerating voltages in the range < 30

keV. This is because typically at energies in the range > 85 keV there is usually a knock-on

collision of carbon atoms from the carbon matrix of graphene. These fundamental studies

are necessary to potentially demonstrate an experimental condition for the optimization of

graphene characterization and device fabrication. Presently, a detailed mechanism on the

effects of electron irradiation on graphene has not been reached. Therefore, a clear mecha-

nism is crucial. We investigate the effects of e-beam irradiation at energies of 1.5, 10 and

30 keV and dosages of about 30 C/cm2 on monolayer graphene mechanically exfoliated on

300 nm thick SiO2 thermally grown on a high conductivity Si substrate with a resistivity

of 0.01-0.02 Ω-cm. The main objective of these studies was to see if the graphene would

etch without the presence of a gas such as oxygen in the chamber. However, we found no

evidence for this. It appears that the SiO2 substrate remains inert to the graphene during

e-beam exposure.

Graphene, a two-dimensional sheet of sp2-bonded carbon atoms arranged in a hexago-

nal lattice, has attracted tremendous amounts of research because of its electronic properties

that make it ideal for future devices [9]. Understanding the mechanism by which graphene

etches and its behavior under e-beam irradiation is especially essential for understanding

how to integrate it into future devices. There have been many previous publications on

the low-energy (< 86 keV) electron irradiation effects on graphene exfoliated on SiO2 [3,

10–14]. The value of 86 keV is the minimum energy to directly transfer momentum and

cause knock-on damage to graphene [15].
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Teweldebrhan and Balandin [10] performed electron irradiation on graphene with

energies 5 keV and 20 keV of about 4-20 mC/cm2 using a field-emission system. They

observed an appearance of D peak from the Raman spectra, which attains its maximum after

few minutes, and then begins to decrease as the electron irradiation dosage increase. They

finally proposed that there is an amorphization of graphene, in which graphene is transformed

to nanocrystalline and then to amorphous state as they increased the dosage. Childres et

al. [16] studied the electronic transport properties of graphene after irradiating with a beam

energy of 30 keV and a dosage of 60 mC/cm2 using a scanning electron microscope. After

electron irradiation, they observed a D peak in the Raman spectra, a decrease in the carrier

mobility and a decrease in the charge neutrality point (CNP). They proposed that the cause

of the damage after the electron irradiation led to trapping of holes. They further claimed

that the electron doping was due to the interaction of the electron beam with the substrate at

the SiO2/Si interface. Xu et al. [14] performed electron irradiation on graphene samples with

a 10 keV electron beam at a dosage of 3.6 × 105 C/cm2 using an Auger electron spectroscope.

They observed that apart from the appearance of a D peak, the G peak became significantly

higher in intensity than the 2D peak. After doing Auger spectroscopy, they concluded that

there are induced chemical reactions and structural transformations. They propose that the

electron beam decomposed the SiO2 substrate which created mobile oxygen atoms, and these

oxygen atoms are responsible for etching the graphene.

Michalik et al. [17] used a field-emission scanning electron microscope for Electron

Beam Induced Deposition (EBID) technique, to pattern cobalt contacts on graphene, using

an electron irradiation dosage of 2000 mC/cm2 and an accelerating voltage of 10 keV. They

observed that the damage observed on graphene is due to precursor gas, and the molecules

from the precursor gets attached to the graphene, which finally gets dissociated by the

electron beam. They further observed that the induced damage can be removed by heating

the samples. Thiele et al. [7] presented an electron-beam-induced oxidation of single- and

bilayer graphene with Ti/Pt contacts, using a low-voltage scanning electron microscopy

technique. They used an acceleration voltage of 3 keV. During this process, they injected
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oxygen into the experimental setup, and they observed targeted etching at the focal point,

enabling them to pattern graphene. In addition, their voltage-contrast imaging experiments

was backed up with finite-element simulations. They concluded that secondary-electron

intensities are responsible for etch profiles. Hari et al. [18] irradiated exfoliated graphene

with electron exposure of 5 keV accelerating voltage and beam dosage of 2000 mC/cm2 using

a 3D field-emission gun dual beam system, they observed that the Raman spectra changed in

the peak intensities due to degradation from the precursor gas. They conclude that graphene

on SiO2 is damaged due to the presence of oxygen atoms in the substrate.

In a recent paper, Chen et al. [3] proposed that because of electron irradiation,

pristine graphene develops defects, and the incident electrons go through the graphene and

dissociate oxygen from the SiO2 underneath. In the model, the oxygen desorbs and reacts

with the defective graphene, etching it from below. The incident electrons used in these

studies had energies of 50-200 eV and dosage of about 30 C/cm2 and were generated by a

divergent electron cyclotron resonance (DECR) plasma system. This is a wide-area plasma

electron source, that irradiated the whole sample including the uncovered SiO2 substrate.

They noted that incident electrons at these energies cannot reach the substrate since the elec-

tron mean free path is about 0.5 nm. Consequently, it was reported that secondary electrons

produced by the incident electrons traverse to the substrate and cause oxygen dissociation.

They concluded that the whole process could be more complicated. Comprehensively, it

is seen that a well-defined and detailed mechanism is yet to be achieved on the electron

irradiation effects of graphene exfoliated on SiO2 at energies < 80 KeV.

In this work, we test this mechanism by using an e-beam lithography system to focus

an e-beam on specific areas of the graphene that exclude the uncovered SiO2, and present

Raman spectroscopy data to determine if the graphene was etched. Our results provide

new information on the thinning mechanism. Previous reports have shown that the dosage

at which low-energy electron irradiation is carried out has a significant effect on graphene

exfoliated on SiO2. A typical field emission scanning electron microscopy (SEM) image of

a sample may involve a beam current of 0.5 nA, an image area of 10 × 10 µm2, and a
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total irradiation time of 60 s. The resultant dosage would be 30 mC/cm2. Using an SEM

system at energies of 5 and 20 keV and dosages of 4–20 mC/cm2, the appearance of a sharp

Raman D peak in graphene was reported by Teweldebrhan and Balandin [10] and attributed

to amorphitization. This D peak was found to be reversible in that it disappeared after

annealing the sample at 200 °C for 30 min, and consequently attributed instead to graphene

hydrogenation [11]. A reversible D peak was observed for incident energies from 100 eV to

30 keV and dosages from 1 mC/cm2 to 1 C/cm2 [11]. In addition to focused e-beam studies,

there have also been studies using plasma electron sources in which the whole sample is

irradiated. These studies have also shown the appearance of a reversible D peak at low

dosages [12]; however, at dosages starting at about 0.4 C/cm2, layer-by-layer thinning of

graphene was observed and attributed to electron stimulated dissociation of carbon atoms

[13]. Chen et al. [3] reported that thinning occurs using whole-sample irradiation at 200

eV for thin carbon films deposited on SiO2 but not Si. Although they did not carry out

similar experiments on exfoliated graphene on Si, they proposed that their mechanism was

applicable to both exfoliated graphene and thin carbon films on SiO2. According to them, the

oxygen atoms diffuse outwards from underneath the graphene sample and etch the sample.

A similar mechanism had been proposed by Xu et al. [14] to explain graphene layer removal

because of e-beam irradiation at 10 keV from an Auger microscopy system. However, in

these experiments, the irradiated area consisted of a nanometer-scale spot on which the e-

beam was focused for about 30 min, and the resulting dosage was about 3.6 × 105 C/cm2,

about 4 orders of magnitude larger. Such large dosages are impractical for lithography and

may produce other causes for thinning such as sample heating. If the mechanism proposed

by Chen et al. [3] were correct, then it should also apply to focused e-beam irradiation

at comparable dosages and higher energies for which it is well-known that oxygen species

desorb from SiO2 [19, 20].

4.4. Material and Methods

The graphene samples used in our experiments were mechanically exfoliated from

highly oriented pyrolytic graphite (HOPG) onto a 300 nm SiO2 substrate grown on a degener-
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ately doped conducting silicon wafer. We determined monolayers using Raman spectroscopy

[21] for the wide-area irradiation experiments, and optical microscopy for the e-beam irradia-

tion experiments. The latter was done to avoid any possible effects due to the laser beam. In

our irradiation experiments, we used a lithography system consisting of a JEOL JSM-7001F

SEM system at a base pressure of 7 × 10−7 Torr capable of accelerating voltages from 0.5 to

30 kV, and a XENOS XPG2 e-beam pattern writer. The irradiated area was a 2 × 2 µm2

square, and the path at which the e-beam exposed the square area was a spiral starting from

the outer perimeter of the area going inwards. We used incident energies of 1.5, 10 and 30

keV. For all samples shown in the figures, the beam current was 0.64 nA, dosage 28.8 C/cm2

, and total irradiation time 30 min. The dosage and irradiation time are at a comparable

level to those in the experiments of Chen et al. [3] in which about 7 monolayers were removed

from a multilayer flake at 50 eV, and the electron energies are much higher. We found that

e-beam energies less than 1.5 keV resulted in loss of resolution and beam stability due to

charging of the SiO2 substrate. It has been reported that at incident electron energies of 2

keV, the desorption of O− ions from SiO2 is about an order of magnitude greater than that

of O+ ions; and, the O− yield has a maximum at about 1.5 keV that is about an order of

magnitude greater than the yield at 200 eV [19, 20]. The yield at 50 eV is less than the yield

at 200 eV. Therefore, if the etching were due to such oxygen species, then more graphene

would etch at 1.5 keV than at 50–200 eV. Scanning electron microscopy images were taken

immediately after irradiation using the same system. In e-beam lithography of a standard

resist such as polymethacrylate (PMMA), energies are typically > 30 keV to increase reso-

lution and minimize beam spread in the resist, and dosages are 100–500 µC/cm2. The dose

level in our experiments is roughly five orders of magnitude larger while the beam current is

comparable. Our dose level and beam current are comparable to those used in recent studies

in which graphene on SiO2 was directly etched at the nanometer scale by using an e-beam

at 3 keV to dissociate oxygen radicals from injected O2 gas [2]. It was concluded that the

dissociation was due to primary, backscattered, and secondary electrons. In these studies,

dosages of 1.5–29 C/cm2 and a beam current of 0.1 nA were used at a pressure of 2 × 10−3
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Torr, to give practical patterning speeds at acceptable e-beam scattering rates by the gas

molecules.

After irradiation, we used Raman spectroscopy to determine the presence of graphene

in the irradiated areas. The Raman system used was a Thermo Electron Almega XR with

an excitation laser wavelength of 532 nm, spot size of 0.6 µm2, laser power of 6 mW, and a

spectral resolution of 2 cm-1. It is well-known that monolayer graphene has a characteristic

G peak at 1580 cm-1, a sharp 2D peak at about 2700 cm-1, and, if the graphene has defects,

a D peak at about 1340 cm-1. The D peak observed after e-beam irradiation has a fullwidth-

at-half-maximum (FWHM) of about 30 cm-1 at dosages for which it is reversible [11], and

Figure 4.1. (a) Optical image of a monolayer graphene region indicated by

the number 1. (b)-(d) Optical images after whole-sample irradiation using a

plasma electron source at a dosage rate of 0.4 mA/cm2 for a total of about

6, 12 and 15 min, resulting in dosages of 0.1, 0.3 and 0.4 C/cm2, respectively.

(e), (f) Atomic force microscopy images of the boxed regions in (c) and (d),

respectively.
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a FWHM of about 50 cm-1 for few-layer flakes that have been irreversibly thinned [13]. In

contrast, carbon contamination deposited due to prolonged electron irradiation of SiO2 at

15 keV and 0.3 nA has broad D and G bands with FWHMs greater than 100 cm-1 [22]. By

inspecting the Raman spectra, we can determine the presence of graphene in an area and

distinguish it from carbon contamination. We attribute this to the fact that lower energy

primary electrons stay in the SiO2 substrate near to the surface of the substrate and cause the

most charging and defect formation. The higher energy 30 keV electrons penetrate deeper

into the substrate and enter the conducting Si substrate that conducts them to ground, and

so the 30 keV electrons do not cause as much damage to the substrate due to charging as

the 1.5 or 10 keV electrons.

4.5. Results and Discussion

Figure 4.1 shows an example from a previous experiment involving the removal of a

single monolayer exfoliated on SiO2 using whole-sample irradiation from an electron source

consisting of a He plasma, like the results in another paper [13]. The experimental set-up

is described in detail in Ref. [12]. In Figure 4.1, the substrate had a bias of about +25 V

relative to the chamber and an estimated electron dosage rate of 0.4 mA/cm2 [13]. Figure

4.1 (a) shows the monolayer before irradiation, and Figure 4.1 (b)-(d) after a total of about

6, 12 and 15 min of irradiation, respectively, resulting in dosages of 0.1, 0.3 and 0.4 C/cm2,

respectively. Figure 4.1 (e) and (f) shows atomic force microscopy (AFM) images of the

boxed regions in Figure 4.1 (c) and (d), respectively. Although the monolayer has thinned

and is not optically visible in Figure 4.1 (c), it is still observable in the AFM image with well-

defined edges. Finally, in Figure 4.1 (f) the monolayer completely disappears from the AFM

image. Raman spectra taken after disappearance show no observable peaks associated with

carbon, and multi-layer flakes are thinned uniformly across the flake [13]. At a substrate bias

of +60 V and dosage rate of about 1 mA/cm2, removal of at least 30 layers (10 nm) from a

flake was observed in 30 min [13]. Using the same plasma system as in Ref. [13] at a substrate

bias of +60 V and dosage rate of 1 mA/cm2, we irradiated a 50 nm thick flake exfoliated on

a conducting Si substrate for 20 min and observed no thinning using AFM. The Si substrate
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Figure 4.2. Scanning electron microscopy (SEM) images of distinct regions

of bare SiO2 after irradiation by (a) 1.5 keV, (b) 10 keV, and (c) 30 keV electron

beam all with dosage of 28.8 C/cm2. (d)-(f) Optical images corresponding to

the area depicted in the SEM image directly above them. The crosses on (d)

and (f) show the center of the Raman laser beam. (h) Raman spectra of the

areas indicated by the crosses, where the 1.5 keV spectrum corresponds to the

cross in (d), the 30 keV spectrum corresponds to the cross in (f), and the 0

keV spectrum was done on a region of uncovered SiO2 without any irradiation.

The inset on the left-hand-side of (h) shows an AFM image of the region shown

in (d). The right-hand-side of the inset shows the height profile along the line

drawn in the AFM image.
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was obtained by removing the oxide from a Si sample using HF acid. These observations

are consistent with those of Chen et al. [3] in which no etching was observed for thin carbon

films deposited on Si and support the mechanism that oxygen in the substrate plays a role in

thinning. To investigate the mechanism in more detail and determine if the etching occurs

by incident electrons going through the graphene, we carried out e-beam experiments. We

first irradiated uncovered areas of the SiO2 substrate. Figure 4.2 (a)-(c) shows SEM images

of SiO2 after irradiation at 1.5, 10 and 30 keV, respectively. The dark and bright regions

in the SEM images are due to charging and carbon contamination [23]. Charging occurs

in dielectrics because of charge trapping at defects that are pre-existing or induced by the

irradiation. Carbon contamination occurs because of dissociation of hydrocarbons in the

chamber by the primary electrons or backscattered or secondary electrons emitted from the

surface. Figure 4.2 (d)-(f) shows corresponding optical images of the irradiated areas. Figure

4.2 (h) shows Raman spectra obtained at the locations indicated by the crosses in Figure

4.2 (d) and (f), and an un-irradiated (0 keV) region of the SiO2. The spectra are normalized

so that their Raman Si peaks at 520 cm-1 have the same height. The optical images shown

in Figure 4.2 (a) and (b) show that the irradiations at 1.5 and 10 keV produced U-shaped

and circular features, respectively. It has been reported that e-beam irradiation can produce

U-shaped and circular charged regions in a dielectric because of electromigration of charged

defects that can lead to volume expansion and outgrowths on the surface [24, 25]. As shown

in the AFM image in the inset in Figure 4.2 (h), the U-shaped feature has a height of about

30 nm.

We attribute these features to volume expansion of the SiO2 and carbon contamina-

tion. As shown in Figure 4.2 (h), the Raman spectrum corresponding to the area irradiated

at 1.5 keV shows two broad bands in the region from 1200 to 1600 cm-1, and no observable 2D

peak near 2700 cm-1. We attribute the spectrum to carbon contamination, as is well-known

[22]. As shown in Figure 4.2 (h), the Raman spectrum of the area irradiated at 30 keV

shows significantly less carbon contamination. The optical image shown in Figure 4.2 (f)

after 30 keV irradiation does not show Ushaped or circular features. We attribute this to the
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greater penetration depth of 30 keV electrons that results in fewer electrons stopping within

the 300 nm SiO2 layer and producing defects. Using the Monte Carlo simulation software

CASINO version 2.42 [26] that simulates electron trajectories in materials, we found the

maximum Z values, Zmax, defined as the maximum of the distribution of the penetration

depth of electrons. At 1.5, 10 and 30 keV, Zmax was about 38 ± 18 nm, 700 ± 350 nm,

and 4000 ± 1600 nm, respectively. At 1.5 keV almost all the electrons stop within the SiO2

Figure 4.3. (a)-(c) Optical images of graphene monolayers before any irradi-

ation. (d)-(f) Corresponding scanning electron microscopy images of the same

monolayers after e-beam irradiation with energy (d) 1.5 keV, (e) 10 keV, and

(f) 30 keV. All the images were taken after irradiation at a dosage of 28.8

C/cm2 on a 2 × 2 µm2 area. (g)-(i) Optical images corresponding to (d)-(f),

respectively.
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layer, at 10 keV the tail of the distribution is within the SiO2, and at 30 keV almost none

of the electrons stop in the SiO2. Electrons that enter the conducting Si substrate do not

produce charging effects. Figure 4.3 (a)-(c) shows optical images of monolayer regions before

irradiation, and Figure 4.3 (d)-(f) shows the corresponding SEM images after irradiation at

1.5, 10 and 30 keV, respectively. The SEM images show contrast variations due to charging

and contamination as in Figure 4.2. Figure 4.3 (g)-(i) shows the corresponding optical im-

ages after irradiation. Figure 4.3 (g) and (h) after 1.5 and 10 keV irradiation show similar

U-shaped and circular features seen in Figure 4.2(d) and (e) and are attributed to the SiO2

substrate.

Figure 4.4 shows a series of Raman spectra taken across the U-shaped region in Figure

4.3 (g) at the locations indicated by the crosses in the inset. The drawn line in the inset

corresponds to the boundary between the monolayer and SiO2. The spectrum labeled 1 in

Figure 4.4 was taken at the left-most cross that is furthest from the monolayer. Figure 4.5

(a) shows a fit to this spectrum with two Lorentzian curves numbered 1 and 2 and located at

1346 cm-1 with a FWHM of 369 cm-1 and 1519 cm-1 with a FWHM of 115 cm-1, respectively.

We attribute these peaks to the D and G bands, respectively, of carbon contamination. As

the Raman spectra are taken across the irradiated region (spectra numbered 2–12), sharp

peaks develop superimposed on the broad D and G bands. Figure 4.5 (b) shows a fit to

a spectrum in the series (number 9) with four Lorentzian curves numbered 1, 2, 3, and 4

located at 1325 cm-1 with a FWHM of 421 cm-1, 1514 cm-1 with a FWHM of 115 cm-1, 1344

cm-1 with a FWHM of 26.8 cm-1, and 1592 cm-1 with a FWHM of 19.2 cm-1, respectively.

We attribute peaks 1 and 2 to the D and G bands of contamination, respectively, and peaks

3 and 4 to the sharp D and G peaks of irradiated graphene, respectively. There is also a 2D

peak at about 2700 cm-1. The spectrum labeled i in Figure 4.4 also indicates the presence

of the sharp peaks, with less contamination. Therefore, we conclude that the monolayer

was not removed by the irradiation and has carbon contamination on it. These findings are

inconsistent with the mechanism proposed by Chen et al. [3] on how oxygen etch graphene.

Although oxygen may play a role in the etching process, an alternative model on how this
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Figure 4.4. Raman spectra taken across the monolayer region irradiated at

1.5 keV shown in Figure 4.3 (g). The inset shows the locations where the Ra-

man spectra was collected, with crosses denoting the center of the laser beam.

The spectra are arranged from top to bottom (labeled 1–12) corresponding to

the unlabeled crosses located from left to right in the inset. The cross labeled

(i) in the inset corresponds to the spectrum labeled (i). The drawn line in the

inset represents the boundary between the monolayer and substrate, where the

area to the left of the line is SiO2 and the area to the right is graphene.
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occurs must be derived. One possibility involves the dissociation of oxygen from the large

substrate surface surrounding the graphene sample and then migrating to the top surface of

the graphene to etch it from above. Recombination of the oxygen into SiO2 is prevented by

the same mechanism (e-beam irradiation) that induces the dissociation. This would predict

that a graphene sample that completely covers the SiO2 would not etch excluding other

oxygen sources.

This model is supported by experiments done with O2 gas injected above exfoliated

graphene on SiO2 in an e-beam lithography system, where the O2 gas was concluded to

be dissociated into oxygen species by primary, backscattered and secondary electrons that

induced etching of the graphene [2]. Figure 4.6 (a) and (b) shows optical images of the

monolayer regions in Figure 4.3 (b) and (c), respectively, after irradiation at 10 and 30

keV. The crosses denote locations where Raman spectra were obtained. The optical image

after 10 keV irradiation shows a circular feature as in Figure 4.2 (e) that is attributed to

the SiO2 substrate. The Raman spectra labeled 1–3 in Figure 4.6 (c) correspond to the

crosses in Figure 4.6 (a) from left to right. The spectrum labeled 1 taken left-most from the

irradiated region shows no observable contamination. The spectra labeled 2 and 3 taken in

the irradiated region show sharp D and G peaks superimposed on broad D and G bands,

indicating that the monolayer was not removed. The Raman spectrum for the area irradiated

at 30 keV also shows sharp D and G peaks, with less contamination.

4.6. Conclusions

Focused e-beam irradiation at energies of 1.5, 10 and 30 keV at a dosage of 28.8 C/cm2

of only monolayer areas exfoliated on SiO2 did not result in removal of the irradiated areas.

This finding is inconsistent with a previously reported mechanism in which incident electrons

pass through the graphene and dissociate oxygen from the SiO2 underneath causing etching

of the graphene from below. This mechanism was proposed to explain etching of exfoliated

graphene and thin carbon films on SiO2 under wide-area irradiation. Our finding that

graphene flakes exfoliated on Si do not show thinning under wide-area irradiation supports

that oxygen in the substrate may play a role in thinning. We modify the previous mechanism
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Figure 4.5. (a) Fit of Raman spectrum 1 from Figure 4.4 with two

Lorentzian curves numbered 1 and 2 and located at 1346 cm-1 with a FWHM

of 369 cm-1 and 1519 cm-1 with a FWHM of 115 cm-1, respectively. (b) Fit of

Raman spectrum 9 from Figure 4.4 with four Lorentzian curves numbered 1,

2, 3 and 4 located at 1325 cm-1 with a FWHM of 421 cm-1, 1514 cm-1 with

a FWHM of 115 cm-1, 1344 cm-1 with a FWHM of 26.8 cm-1, and 1592 cm-1

with a FWHM of 19.2 cm-1, respectively. The fitted curves in (a) and (b) are

numbered 5.
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Figure 4.6. Optical images of the monolayer regions shown in Figure 4.3

(b) and (c) after irradiation by (a) 10 keV and (b) 30 keV electron beam,

respectively. All the irradiations had a dosage of 28.8 C/cm2. The crosses on

(a) and (b) show the center of the Raman laser beam. (c) Raman spectra of the

areas indicated by those crosses, where the numbers on the 10 keV spectrum

represents the crosses on (a) going left to right.
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by proposing that under wide-area irradiation, dissociated oxygen or neutral oxygen species

from the uncovered SiO2 substrate surrounding the graphene migrates to the top surface of

the graphene and etches it from above. The larger surface area of the surrounding SiO2 would

provide a larger source of oxygen. Recombination of the oxygen into SiO2 or other neutral

species is prevented by the same e-beam irradiation that induces the dissociation. These

results show that at a relatively high dosage and energies up to 30 keV, monolayer graphene

is not removed. Even at incident energies of 1.5 and 10 keV that deposited considerable

contamination and produced expansion of the SiO2 substrate, monolayer graphene is not

removed.
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CHAPTER 5

MECHANISM FOR ETCHING OF EXFOLIATED GRAPHENE ON SUBSTRATES BY

LOW-ENERGY ELECTRON IRRADIATION FROM HELIUM PLASMA ELECTRON

SOURCES 1

5.1. Background

Chen et al. [1] proposed a mechanism for low-energy electron induced etching of thin

amorphous carbon films and exfoliated multilayer graphene flakes on SiO2/Si substrates. In

their mechanism, electrons travel through the sample and reach the carbon/SiO2 interface

where they dissociate O atoms from the SiO2 substrate. The O atoms then etch the carbon

from below by reaction with C bonds that have been rearranged or damaged by the incident

electrons as illustrated in Figure 5.1. In their letter, the authors observed etching at incident

electron energies of 50-200 eV for amorphous carbon films 4-20 nm thick. They noted that

incident electrons at these energies cannot reach the substrate since the electron mean free

path is about 0.5-1.0 nm. Consequently, they considered that secondary electrons produced

by the incident electrons are the ones that reach the substrate and cause O dissociation.

They stated that the whole process could be more complicated. In this dissertation, we show

that, at least for exfoliated multi-layer graphene flakes on SiO2/Si substrates, their proposed

mechanism appears to be incorrect. Using AFM, we show that the top surface of flakes that

are about 55 nm (160 layers) thick exhibits etching on the order of that exhibited by thinner

regions of the flake. In addition, the surfaces of such thick flakes exhibit features that are

characteristic of etching. Given the practically zero diffusivity of O atoms perpendicular to

graphene layers, these observations indicate that etching proceeds from the top surface of

the flake downwards instead of upwards from the carbon/SiO2 interface. We propose that

the etching may be due to O atoms dissociated from bare regions of the SiO2/Si substrate.

1Reproduced from Femi-Oyetoro, J.D., Yao, K., Tang, R., Ecton, P., Roccapriore, K., Mhlanga, A., Verbeck,
G., Weathers, D.L. and Perez, J.M., 2019. Mechanism for etching of exfoliated graphene on substrates by
low-energy electron irradiation from helium plasma electron sources. J. Vac. Sci. Technol A: Vacuum,
Surfaces, and Films, 37(2), 021401, with the permission of the American Vacuum Society.
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Chen et al. [1] do not state the coverage of the amorphous carbon films deposited on

SiO2/Si substrates. If any regions of the substrate were not covered with carbon film, or

the underside of the substrate was not also covered, then O atoms may have dissociated

from bare SiO2 regions and the etching due to them instead of O atoms dissociated at the

carbon/SiO2 interface. In addition, extending this study to other technological important

substrates (dielectric and conducting) helped to shed more light into the etching mechanism.

5.2. Abstract

The authors investigate the mechanism for etching of exfoliated graphene multilayers

on SiO2 by low-energy (50 eV) electron irradiation using He plasma systems for electron

sources. A mechanism for this etching has been previously proposed in which the inci-

dent electrons traverse the graphene and dissociate oxygen from the SiO2 substrate at the

graphene/SiO2 interface. The dissociated oxygen reacts with carbon defects formed by the

electron irradiation and thereby etches the graphene from below. They study etching using

graphene flakes of various thicknesses on SiO2, low and higher resistivity Si, indium tin oxide

(ITO), and silicon carbide (SiC). They find that thicker layer graphene on SiO2 does not etch

less than thinner layers, contrary to the previously proposed model. They find that etching

does not occur on low-resistivity Si and ITO. Etching occurs on higher resistivity Si and

SiC, although much less than on SiO2. This is attributed to He ion sputtering and vacancy

formation. From these observations, they propose that oxygen etches graphene from above

rather than below. In addition, they propose He ions instead of incident electrons cause the

defects that oxygen reacts with and etches.

5.3. Introduction

Graphene has attracted considerable interest due to its potential applications in elec-

tronics [2]. Etching is widely used in the fabrication of graphene device structures. We

investigate the etching of exfoliated graphene on SiO2 due to wide-area low-energy (LE)

electron irradiation at 60 eV and dosages of about 0.7 C/cm2. This type of etching has

been reported when using electron sources based on plasma systems in which He gas is used
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Figure 5.1. The mechanism of low-energy electron irradiation induced etch-

ing of the carbon film on the SiO2 substrate. Under electron irradiation, carbon

bonds are broken and carbon atoms are dissociated (step I). The electron ir-

radiation breaks the Si–O bonds and creates mobile O atoms (step II). The

mobile O atoms diffuse and react with the dissociated C atoms (step III). CO

or CO2 desorbs from the carbon surface (step IV). Reproduced from Chen, C.,

Wang, C. and Diao, D. Low energy electron irradiation induced carbon etch-

ing: Triggering carbon film reacting with oxygen from SiO2 substrate. Appl.

Phys. Lett., 2016, 109(5), 053104, with the permission of AIP Publishing.

[1]. A mechanism by which such etching occurs has been proposed in which the incident

LE electrons travel through the graphene, dissociate oxygen from the SiO2 substrate at the

graphene/SiO2 interface, and the dissociated oxygen etches the graphene from below [1].

However, details of the etching mechanism are not well known. Our objective is to better

understand the mechanism by studying the effect of LE irradiation on other substrates such
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as low- and high-resistivity Si, indium tin oxide (ITO), and silicon carbide (SiC). The effects

of irradiation are studied using optical microscopy and atomic force microscopy (AFM). Our

results provide new insights into the physical basis of the mechanism. Various methods

have been reported for etching graphene such as reactive ion etching [3-5]. Choon-Ming

et al. [3] studied the mechanisms of graphene fabrication that are induced by plasma for

layer-by-layer thinning. They analyzed and compared several reported mechanisms using

controlled parameters of various plasmas combined with sub-layer substrate effects. Based

on their studies, they proposed an overview of plasma application as the basis of developing

new approaches to achieve uniform graphene with the desired number of layers, and utilizing

specific substrates to control excessive etching, for future graphene structures. Xie et al. [4]

investigated the selective etching of graphene and graphene nanoribbon edges using hydro-

gen plasma. In their studies, they determined that an intermediate temperature of ≈ 300 °C

for the hydrogen plasma reaction is necessary to avoid defects in the basal plane. However,

defects are observable at low and high temperatures.

Other techniques have also been developed to etch multilayer graphene one layer

at a time, such as mild nitrogen plasma irradiation. Yang et al. [6] used mild nitrogen

plasma irradiation and reported that the process created defects in the top-layer graphene.

It was observed that annealing in Ar/H2 removed the defects, leaving the underneath layer

unaffected. Al-Mumen et al. [7] used oxygen plasma to control the number of graphene layers

etched. They reported that oxygen plasma at the ground electrodes produced significantly

lower defects to the bottom graphene layer as compared to oxygen reactive ion etching using

powered electrodes. Lim Woong Sun et al. [8] used sequential oxidation to study the atomic

layer etching of graphene for device fabrication. Although, an increase of the D peak of the

graphene was observed, which suggest defects, they were able to recover the structure with

acceptable electrical characteristics through hydrogen annealing. Han et al. [9] obtained a

monolayer graphene from thinning few graphene layers on an SiO2/Si substrate using laser

irradiation. They observed top graphene layers were etched completely while the monolayer

graphene remained unetched. They explained that heat accumulation played a major role
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on the upper graphene layers, because of light absorption. Also, SiO2/Si substrate served as

a heat sink preventing the monolayer graphene from etching. Fischbein et al. [10] employed

focused high-energy electron-beam irradiation. They demonstrated that suspended graphene

sheets can be manageably nanosculpted into nanopores and nanobridges with high spatial

resolution. The exposure was done with a focused electron beam of a transmission electron

microscope. They concluded that this technique would offer a route to fabricating graphene

structures.

Lemme et al. [11] used helium ion beam to etch suspended and unsuspended graphene

into devices with an in situ electrical measurement system during the lithography process.

They showed that helium ion etching could be considered an alternative nanofabrication

method for graphene devices in the minimum feature sizes of 10 nm. However, they observed

contaminations issues for the unsuspended graphene on SiO2 substrates. The etching process

can be used to nanostructure and electrically isolate different regions in a graphene device.

Evidently, beams have been used for direct etching of graphene in which etching occurs due

to knock-on collisions. The threshold electron energy for knock-on collision in graphene is

about 86 keV. Banhart et al. [12] reviewed atom displacements by knock-on collisions on

graphene. They determined that the threshold electron energy necessary for momentum

transfer through knock-on collision is about 86 keV and thus, the energies at which LE

electron irradiation etching occurs (50–200 eV) are below this threshold. Of particular

interest is the studies done by Chen et al. [1]. They demonstrated that etching occurs

during LE electron irradiation due to dissociation of oxygen from the SiO2. They performed

electron irradiation experiments on graphene and amorphous carbon films on Si and SiO2

respectively, using electron sources from a mirror-confinement cyclotron resonance plasma

system. The aim is to provide the mechanism of carbon films and graphene etching on SiO2

substrate, to determine if the substrate was a precursor for etching. In more detail, they

used carbon films of thickness 4-20 nm and graphene of up to 13 layers. They observed that

carbon films of thicknesses 4 and 8 nm decreased monotonically with irradiation energy. For

thicknesses of 12 and 20 nm, there was no observed changes at 50 eV. Though, at subsequent
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energies, etching was directly dependent on the film thickness.

However, we note that in our experiments, thicker layer graphene on SiO2 do not etch

lesser than thinner layers. After irradiation experiments, Chen et al. [1] further corrobo-

rated that etch pits were observed, and the G band from Raman spectroscopy disappeared

indicating an etching has occurred. In addition, the appearance of a D band signified de-

fects after the irradiation. They explained their etching mechanism as an inelastic scattering

process, in which electrons transfer their energy to the carbon atom at the sample surface.

The carbon atoms can break by electronic excitation. They proposed that the incoming

electrons can penetrate the SiO2 substrate and break the Si-O bonds, where the SiO2 serves

as a precursor. After the bonds are broken, oxygen atoms become mobile and react with

the initial dissociated carbon atoms forming CO or CO2. They finally concluded that the

etching mechanism depends on the SiO2 precursor, film thickness and electron irradiation

energy.

It is known that an LE electron can excite bonds within a molecule such as SiO2 to

antibonding or nonbonding states, causing dissociation at thresholds of 15–20 eV. Knotek

and Feibelman [13] studied the electron-stimulated desorption on certain oxides such as SiO2.

The incident beam excites a bonding electron to an antibonding or nonbonding state, and

atom can desorb as a result of an effective potential between surface atom and solid being

repulsive. In their model, a core electron must be excited to trigger desorption, leading to

a bonding-site-dependent threshold energy. In Ref. [1], it was proposed that the incident

electrons transverse the graphene layers, and the dissociated oxygen atoms etch the graphene

by reacting with the carbon bonds that have been damaged by incident electrons. Etching

of exfoliated graphene flakes consisting of up to about 13 layers was observed at electron

energies of 50 eV and dosages of about 30 C/cm2, which was deposited over a period of 30

minutes.

In addition, etching of amorphous carbon films 4–20 nm thick deposited on SiO2

was also reported at incident electron energies of 200 eV and similar dosages as described

above. It was also reported that amorphous carbon films exhibited etching on SiO2 but not
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Figure 5.2. Sketch of experimental setup, not drawn to scale. The plasma

is ignited within the quartz tube by a 50 W power supply capacitively coupled

by two copper electrodes outside the tube. The sample is placed at a working

distance of about 20 cm from the center of the excitation region between the

electrodes. The electrode spacing is about 10 cm. The sample is biased at

+60 V to attract electrons from the plasma, and the current is measured by

the ammeter.

Si substrates, and thus it was concluded that oxygen desorption from an oxygen containing

substrate was required for etching to occur on carbon films and exfoliated graphene. We

note, however, that electron irradiation of electrically isolated graphene flakes on dielectric

substrates can result in negative charging of graphene flakes because of the low emitted

secondary and backscattered electron yields from graphene and carbon films, as discussed

below. Negative sample charging can result in the attraction of He+ ions onto the surface,

and such an ion bombardment may produce defects that play a role in the etching.

Interestingly, in a paper by Lehtinen et al. [14] numerical calculations are reported

that show that He ion bombardment of graphene sheets causes the greatest amount of single

vacancy defects and sputtering at low energies of around 30–80 eV. Defect formation by
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He ion bombardment proceeds by momentum transfer and in-plane recoil of carbon atoms.

Therefore, it is of interest to study the etching mechanism in more detail.

5.4. Experiment

Our experimental setup and procedures are described in detail in Refs. [15] and [16].

A sketch of the system is shown in Figure 5.2. Samples are mechanically exfoliated from

highly oriented-pyrolytic graphite using the scotch tape method. A remote RF capacitively

coupled plasma system with He gas at a pressure of 50 mTorr is used to generate the electrons

[15, 16]. The substrate is biased at +60 V attracting incident electrons at energies of about 60

eV [16]. We previously used this system to report the removal of single layers from exfoliated

graphene by LE electron irradiation [15]. Chen et al. [1] used a mirror-confinement electron

cyclotron resonance plasma system with He gas at 1.5 × 10−4 Torr to generate electrons at

50 eV. They state that He gas was used as the working gas to avoid the effect of ion impact

on the carbon surface [1]. Helium ions would be formed as a result of electrons impacting He

gas atoms. The use of plasma electron sources was necessitated by the need to expose the

samples to high electron dosages on the order of 1–30 C/cm2 during a reasonable exposure

period of about 30 min.

The SiO2 substrate was thermally grown to a thickness of 300 nm on a 500 µm thick Si

(100) wafer with a resistivity of 0.01–0.02 Ωcm. The low-resistivity Si substrate was obtained

from a 250 µm thick n-type Si (100) wafer with a resistivity of < 0.005 Ωcm. The higher

resistivity Si sample was obtained from an Si wafer with a resistivity of about 10 Ωcm. The

native oxides of the wafers were removed by dipping them in a solution of HF acid. The

electron irradiation experiments were carried out shortly after oxide removal. During this

time, oxide layers of about 2–4 Å are estimated to have grown on the Si [17]. The ITO was

sputtered to a thickness of 100 nm from a bulk piece of 90% In2O3 and 10% SnO2 (90/10)

ITO onto a substrate consisting of a 10 nm thick Al2O3 film sputtered onto a low-resistivity

250 µm thick Si substrate. The SiC was obtained from Thin Film Devices, Inc. [18] and was

300 nm thick and deposited on an Si substrate.
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5.5. Results and Discussion

Figure 5.3 (a) shows an optical image of an exfoliated flake on 300 nm SiO2 on Si

containing regions of various thicknesses. As is known for this oxide thickness, few-layer

graphene appears light purple due to interference effects, while successively thicker regions

appear darker, and totally reflecting regions appear yellow. Figure 5.3 (b) shows an optical

image of the flake after exposure for 10 min at a substrate bias of +60 V and a dosage of about

0.7 C/cm2. After exposure, the few-layer regions have disappeared, and the intermediate

regions appear lighter. Figures 5.3 (c) and 5.3 (d) show AFM images taken before and after

the exposure, respectively. Figure 5.3 (e) shows a height versus distance plot before (i) and

after (ii) exposure taken along the line drawn in Figure 5.3 (d). As shown in Figure 5.3

(e), before exposure, the bright (yellow) and adjacent dark (purple) regions have heights of

about 55 and 15 nm, respectively. After exposure, the bright (yellow) and dark (purple)

regions have decreased in height to about 40 and 5 nm, respectively. Figure 5.3 (f) shows a

higher resolution AFM image of the 40 nm thick region after exposure showing wide round

features on the surface that are characteristic of etching.

We note that since the mean free path of electrons at 60 eV is about 0.48 nm [19],

one would expect significantly more electrons to reach the graphene/SiO2 interface under

the 15 nm thick region than under the 55 nm thick region. If the etching were due to oxygen

atoms dissociated at the graphene/SiO2 interface, as in the model proposed in Ref. [1], then

more etching should occur for the 15 nm region than the 55 nm region. However, the 15 nm

thick region etches by 10 nm, while the 55 nm region etches by 15 nm. Secondly, from the

wide, round features observed in the AFM images, etching appears to have occurred on top

of the flake. If the etching were due to oxygen atoms dissociated from underneath the flake,

then the oxygen would have to diffuse 55 nm through the graphene to reach the top surface.

However, theoretical studies have shown that oxygen atoms do not diffuse normal to the

graphene surface and react at defect sites [20], and exfoliated graphene is relatively defect-

free. Therefore, these results support that etching occurs from above the sample instead

of the graphene/SiO2 interface. If oxygen plays a role in etching, then we propose that it
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Figure 5.3. Optical images of a graphene flake on SiO2 (a) before and (b)

after 10 min of electron exposure to a dosage of 0.7 C/cm2. (c) and (d)

AFM images before and after exposure, respectively. (e) Height profiles of the

graphene flake before and after the exposure along the line drawn in (d). (f)

AFM image of the thick bright (yellow) region from (d).
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mainly dissociates from the surrounding SiO2 substrate, diffuses to the exfoliated graphene,

and etches it from above. We do not know why the sample in Figure 5.3 preferentially

etches at the center of the flake. It may be due to diffusion or charging effects. However,

the preferential etching at the center is a small effect.

We then irradiated an exfoliated flake on the low resistivity Si substrate to test the

oxygen dissociation hypothesis. Figure 5.4 (a) shows an AFM image of a graphene flake

before any irradiation. The height of this flake is about 60 nm as shown by Figure 5.4 (d),

which is comparable to the thick flake on SiO2 discussed previously in Figure 5.3. Figure

5.4 (b) shows an AFM image of the same flake after 10 min of exposure under the same

irradiation conditions as those of Figure 5.3. Figure 5.4 (c) is another AFM image of the

same flake after an additional 10 min of exposure under the same conditions as before,

bringing the total exposure time of the sample to 20 min. Figure 5.4 (d) shows the height

profiles of the three AFM images all taken along the line scan indicated by the line drawn in

Figure 5.4 (a). These height profiles are horizontally displaced for clarity, and they show no

observable differences in height, indicating that the thick flake of graphene has not etched.

We further corroborated our results by measuring a thin flake of graphene on a different

area of the same substrate containing the thick graphene flake in Figure 5.4. Figure 5.5 (a)

is an AFM image of a 13 nm graphene flake before irradiation, with a height comparable

to the thin graphene sample on the SiO2 substrate shown in Figure 5.3. Figure 5.5 (b)

is an AFM image of the same thin flake after 10 min of irradiation. Figure 5.5 (c) is an

AFM image of the same sample after an additional 10 min of exposure. The height profiles

of all three AFM images along the line in Figure 5.5 (a) are superimposed and shown in

Figure 5.5 (d). As with Figure 5.4 (d), these lines are displaced horizontally for clarity. The

height of the graphene flake remains at approximately 13 nm despite the 10 and 20 min of

irradiation, indicating that thin samples on low-resistivity Si also do not etch. Chen et al. [1]

concluded that the oxygen for etching comes from the SiO2 and not from O2 or H2O gases

in the chamber or adsorbates on the sample surface based on their observation that thin

carbon films etch when deposited on SiO2 but do not etch when deposited on Si. Our results
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that exfoliated graphene etches on SiO2 but does not etch on low-resistivity Si support the

conclusion that the oxygen comes from the SiO2.

In addition, Chen et al. [1] annealed the samples before irradiation at 400 °C for 30

min in the chamber under flowing He gas to remove H2O adsorbates or any possible contam-

ination on the sample surfaces. In Ref. [15], we reported etching of exfoliated graphene on

SiO2 by LE electron irradiation in which the samples were preheated in situ at a pressure

of 1 × 10−5 Torr for 1 h at a temperature of 400 °C before irradiation. As discussed in Ref.

[15], it has been reported that heating multilayer graphene at 150 °C desorbs H2O, CO2, and

N2 and heating at 200 °C desorbs O2. These experiments also support that oxygen does not

come from preadsorbed molecules on the sample surface.

However, these results do not exclude the possibility that the conductivity of the

substrate plays a role in the etching. As previously mentioned, electrically isolated graphene

flakes on a dielectric material such as SiO2, when irradiated by electrons, tend to charge

negatively, which may lead to He+ ion bombardment. It was not possible to measure the

charging of the substrate. However, the charging can be inferred from the total emitted

electron yield. The charging of a sample is determined by the total emitted electron yield

(δ + η), where δ is the secondary electron yield and η is the backscattered electron yield. If

(δ+ η) > 1, the sample charges positively, and if (δ+ η) < 1, the sample charges negatively.

For 10 nm thick SiO2/Si and incident electrons of about 50 eV, δ is about 1.5, and so SiO2

would charge positively [21]. However, graphene has been measured to have an ultralow δ

of around 0.10 [22]. The backscattered yield, η, increases with atomic weight and for a low

atomic weight atom such as C is about 0.1 [23]. Thus, we propose that graphene would

charge negatively with respect to the surrounding substrate if irradiated with electrons and

electrically isolated on a dielectric substrate. We note that when (δ + η) < 1 and negative

charging occurs, samples can charge to as much as the primary electron beam potential [24].

The negative charge on the graphene would attract the He+ ions, the main He ion species.

As discussed previously, He+ ion bombardment causes the greatest number of defects and

sputtering at low energies [14]. Thus, the defects that are necessary for etching to occur may
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Figure 5.4. AFM images of a thick graphene flake on low-resistivity Si (a)

before, (b) after 10 min, and (c) after 20 min of exposure. (d) Height profiles

of the flake before irradiation, after 10 min, and after 20 min of exposure along

the black line drawn on (a). The scale bar in (a) is the scale for images (a)–(c).
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be produced by the He ions instead of the incident electrons. We note that in Ref. [1], it was

reported that amorphous carbon films up to 20 nm in thickness on SiO2 also etched under

LE electron irradiation at 50–200 eV. This phenomenon was not well understood since the

mean free path of electrons is on the order of 0.48 nm [19], as previously discussed.

Amorphous carbon films also have a low secondary electron yield of about 0.65–0.9 for

freshly made samples in this energy range [25]. We propose the He+ ion bombardment may

Figure 5.5. AFM images of a thin graphene flake on low-resistivity Si (a)

before irradiation, (b) after 10 min, and (c) after 20 min of exposure. (d)

Height profiles of the flake before irradiation, after 10 min, and after 20 min

of exposure along the red line drawn on (a). The scale bar on (a) is the scale

for images (a)–(c).

83



be responsible for the etching. To test this hypothesis, we tested if the presence of oxygen in

a conducting substrate would induce etching. On a conducting substrate, graphene would

Figure 5.6. (a) Optical image of a thick graphene flake on ITO. (b) and (c)

AFM images of the flake before and after 10 min of irradiation, respectively.

(d) Height profiles for the flake before and after irradiation along the red line

drawn on (b). The scale bar on (a) is the scale for images (a)–(c).
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Figure 5.7. (a) Optical image of a thin graphene flake on ITO and (b) the

corresponding AFM image. (c) Optical image of the same flake after 10 min of

irradiation and (d) the corresponding AFM image. (e) Height profiles for the

flake before and after irradiation along the red line drawn on (b). The scale

bar on (a) is the scale for images (a)–(d).

not be electrically isolated and would not build up a negative charge. For that, we irradiated

graphene exfoliated on an ITO substrate. We expect oxygen to be dissociated from the ITO

by the mechanism discussed previously [13]. Additionally, it has been reported that oxides

with a cation and anion Pauling electronegativity difference of > 1.7 are highly susceptible to
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O+ dissociation and desorption due to LE electron beam irradiation [13, 26]. This criterion

is met by a variety of materials including SiO2 and Al2O3 [13, 26]. ITO is a mixture of In2O3,

which has an electronegativity difference of 1.8, and SnO2, which has an electronegativity

difference of 1.7, and thus also satisfies this criterion. Figure 5.6 (a) is an optical image

of a graphene flake on ITO before electron beam irradiation, and Figure 5.6 (b) is the

corresponding AFM image. Figure 5.6 (c) is an AFM image of the same flake after 10 min

under irradiation at the same conditions as all the previous exposures. Finally, Figure 5.6

(d) shows the height profiles of both the AFM images denoted by the line in Figure 5.6 (b).

As in the previous figures, the height profile lines are displaced horizontally for clarity.

The heights before and after the irradiation are the same, which indicates that exfo-

liated graphene on ITO did not etch. We also collected data for a thin area of graphene on

ITO, with Figures 5.7 (a) and 5.7 (b) showing an optical and AFM image of a 7 nm thick

flake, respectively. Figures 5.7 (c) and 5.7 (d) show optical and AFM images, respectively,

of the flake after 10 min of irradiation. Figure 5.7 (e) superimposes the heights of the flake

taken along the line from Figure 5.7 (b) before and after the irradiation and is displaced

horizontally for clarity. The heights for both the AFM images are the same, and so it is

concluded that thin graphene also does not etch on ITO. In the ITO experiment, any excess

electrons on the graphene flake are conducted through the substrate and exit to ground,

failing to build a negative charge on the graphene. As a result, there would be no He+ ion

bombardment. The oxygen that we expect to be dissociated fails to react with and etch

the multilayer graphene in the same magnitude as we see for the SiO2 substrate. Therefore,

we conclude that oxygen and defects caused by the electron irradiation may not necessarily

catalyze the etching of graphene. Additionally, it seems that the conductivity of the sub-

strate may play a role in the mechanism; specifically, conducting substrates, regardless of the

availability of oxygen, do not cause etching of exfoliated graphene. We believe that this is

so because graphene on conducting substrates only experiences LE electron irradiation, and

any defects that LE electrons produce in the graphene are not etched by oxygen. We propose

that only when He+ ions are accelerated due to the negative charge buildup in graphene on
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dielectric substrates will the proper defects form that allow oxygen to etch the graphene.

This proposition is consistent with our experiments as graphene on SiO2 experiences ion

bombardment and oxygen dissociates from SiO2 and therefore etches graphene, but low re-

sistivity Si and ITO do not etch because there is no charge buildup in the graphene and

therefore no ion bombardment.

The final two substrates we irradiated aim to provide instances where electrically

isolated graphene on a substrate without oxygen will etch. For this purpose, we used SiC, a

dielectric material without any oxygen, and higher resistivity Si, which will provide insights

into the effect of substrate resistivity on etching. For both the samples, only thin graphene

flakes were analyzed as it is easier to see height changes. One may speculate that thin

graphene flakes on any substrate would etch, but our results from the low-resistivity Si in

which the thinner pieces did not etch show otherwise. Figure 5.8 (a) is an optical image

of the graphene flake on SiC before irradiation. We note that few-layered graphene flakes

exfoliated on SiC are light shades of green, and thicker flakes have a darker color of green.

Figure 5.8 (b) is the AFM image corresponding to the graphene sample from Figure 5.8 (a).

Figure 5.8 (c) is an optical image of the same graphene flake shown in Figure 5.8 (a) after

10 min of electron beam irradiation under the same conditions as all the previous exposures.

It is noted that the color of the graphene flake is of a slightly lighter shade of green than

that of Figure 5.8 (a). Figure 5.8 (d) is another optical image of the flake after an additional

10 min of irradiation. The color of the graphene sample appears to be of an even lighter

shade of green. Figure 5.8 (e) is an AFM image of the flake after the combined 20 min of

irradiation, corresponding to the graphene flake from Figure 5.8 (d). Figure 5.8 (f) shows

the height profiles along the line in the AFM image shown in Figure 5.8 (b). We believe that

the ridge on the border of the graphene sample is either polymer from the tape or a wrinkle

in the graphene. However, the inner region is ascribed to graphene. The height profile

for the flat graphene in the inner region of the sample before irradiation is 2–4 nm higher

than the height profile for the region after 20 min of irradiation, indicating that LE electron

irradiation on SiC etches exfoliated graphene, albeit not nearly as much as SiO2. Therefore,
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Figure 5.8. (a) Optical image of a thin graphene flake exfoliated on SiC and

(b) the corresponding AFM image. (c) and (d) Optical images of the same

flake after 10 min irradiation and (d) 20 min irradiation. (e) AFM image

corresponding to (d). (f) Height profiles for the flake before and after 20 min

of irradiation along the red line drawn on (b). The scale bar on (a) is the scale

for images (a)–(e).

since graphene on SiC etches despite SiC not having oxygen in the substrate, we propose

that He+ ion bombardment causes the etching by the mechanisms discussed previously of

sputtering and vacancy formation [14]. Additionally, since SiC etches much less compared

to SiO2, we propose that oxygen reacting at defects etches graphene at a much faster rate

than only ion bombardment. We did not measure the density of metastable He species in

the chamber. Therefore, we did not consider the effects of metastable He in our experiment.
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Figure 5.9. (a) Optical image of a thin graphene flake exfoliated on high

resistivity Si and (b) the corresponding AFM image. (c) Optical image of the

same flake after 10 min of irradiation and (d) the corresponding AFM image.

(e) Height profiles for the flake before and after irradiation along the white

line drawn on (b). The scale bar on (a) is the scale for images (a)–(d).
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To further investigate the relationship between etching and substrate resistivity, we

irradiated graphene exfoliated on the higher resistivity 10 Ωcm Si substrate. Since the

resistance is higher, the incident electrons on the graphene would produce a higher negative

potential than for the low-resistivity Si. Figure 5.9 (a) is an optical image of a 10 nm thin

flake, and Figure 5.9 (b) is the corresponding AFM image. Figure 5.9 (c) is an optical image

of the same flake after 10 min of irradiation. The flake appears fainter than the flake of Figure

5.9 (a), indicating that the flake has thinned. Figure 5.9 (d) is the corresponding AFM image.

Figure 5.9 (e) shows the height profiles of the flake before and after the irradiation along the

line shown in Figure 5.9 (b). The height has decreased to about 3–5 nm after the irradiation,

suggesting that the higher the resistivity of the Si, the more the exfoliated graphene on the

substrate etches. The increased damage on the graphene is seen on the higher resistivity Si

but not on the low-resistivity Si. This corroborates our hypothesis that the substrates with

greater resistivity allow negative charge to build up on the graphene creating an electric field

which attracts He+ ions.

Spinney et al. [27] and Sommer et al. [28] reported etching of carbon films and sus-

pended graphene monolayers, respectively, using gas-assisted focused electron beam etching

Figure 5.10. Our model illustrates the etching mechanism of graphene on

SiO2. Incident electrons from Helium plasma dissociate oxygen from the sub-

strate and etches graphene from below.

90



at beam energies of 5 and 30 keV, respectively, with water vapor as the gas. It was proposed

that etching occurred due to dissociation of water adsorbed on the sample surface result-

ing in oxidation of carbon. We note that carbon films contain defects, and the suspended

graphene layer was reported in Ref. [28] to display a Raman D peak after etching, indicating

the process induced defects. Thus, these experiments do not contradict our conclusion that

oxygen reacts with defects formed by He+ ions.

5.6. Summary and Conclusions

We propose that graphene exfoliated on SiO2 experiences etching from the top of the

sample as shown in Figure 5.10 rather than from the bottom as described in Ref. [1]. This

is supported by our observation that thinner regions of graphene do not etch at a faster

rate than thicker regions. We propose that oxygen is dissociated from the surrounding SiO2

substrate and diffuses to above the graphene sample and etches it. This is in contrast with

a previously proposed model [1] in which oxygen dissociates at the graphene/SiO2 interface

and etches the graphene from below. We find that exfoliated graphene does not etch on low-

resistivity Si, in support of the oxygen dissociation hypothesis. We further find that etching

does not occur on ITO, where etching would be expected from the previously proposed

model [1] since ITO contains oxygen. However, etching occurs on higher resistivity Si and

SiC, although much less than on SiO2. We attribute this to negative charge build up on the

graphene flakes that accelerates He+ ions near the surface and causes sputtering and defect

formation. As a result of the defects formed by the He+ ions, oxygen can react with and etch

graphene. This contrasts with the previous model [1] in which electrons cause the necessary

defects to allow oxygen to etch graphene. We propose that graphene will etch on dielectric

substrates, and if oxygen dissociates from the dielectric substrate, the etching occurs at a

much higher rate. If there is no oxygen in the dielectric substrate, etching still occurs due to

sputtering of the graphene by He+ ions. We propose that conducting substrates, however,

will not result in etching regardless of the dissociation of oxygen due to lack of He+ ion

bombardment.
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CHAPTER 6

RAPID AMBIENT DEGRADATION OF MONOLAYER MoS2 AFTER HEATING IN

AIR 1

6.1. Background

In contrast to graphene and hBN that are very stable in ambient air, TMD monolayers

degrade after prolonged exposure to ambient air. The degradation of monolayer MoS2 and

WS2 grown on SiO2 substrates using CVD was first reported in Ref. [2]. These authors

describe the noticeable formation of cracks along grain boundaries and quenching of PL in

monolayers that were kept in ambient air for about a year. They attributed the degradation

to oxidation at chalcogen vacancy sites. They found that water vapor played an important

role in the degradation. In Ref. [4] it was reported that the degradation was a photo-

induced process since it did not occur in samples that were shielded from light. Furthermore,

photon irradiation at energies above the exciton binding energy resulted in degradation,

while irradiation at lower energies had no effect. Consequently, it was thought that the

degradation was due to Forster resonance energy transfer (FRET) [31]. In FRET, the photon

emitted during exciton decay is virtual and excites other reactions, in this case, reactions

that produce degradation. Degradation has also been reported in TMD monolayer flakes

that were mechanically exfoliated on SiO2 after about 4 months of ambient air exposure and

attributed to adsorption of H2O [5].

We investigate the accelerated degradation of CVD-grown MoS2 monolayers that

occurs after the monolayers are first preheated in air at 280-330 °C for 2h and then exposed to

ambient air at RT. The accelerated degradation occurs on the order of about 2 weeks instead

of a year, as observed when the monolayers are not preheated. We refer to degradation

that occurs when the samples are not preheated as natural degradation. We found that

in both accelerated and natural degradation, the degradation proceeds by the growth of

1Reproduced from Yao, K., Femi-Oyetoro, J.D., Yao, S., Jiang, Y., El Bouanani, L., Jones, D.C., Ecton, P.A.,
Philipose, U., El Bouanani, M., Rout, B., Neogi, A., and Perez, J.M., 2019. Rapid ambient degradation of
monolayer MoS2 after heating in air. 2D Materials, 7(1), 015024, with the permission of the IOP Publishing.
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dendritic structures. Thus, we concluded that the same degradation mechanism occurs

in both accelerated and natural degradation. To explore the degradation mechanism in

more detail, we carried out a fractal analysis of the dendritic structures. We calculated

the fractal dimension of the dendrite using the box counting method to be 1.6, strikingly

close to the fractal dimension of structures formed by diffusion limited aggregation (DLA)

[23]. We concluded that adsorbed H2O molecules diffuse either on the monolayer surface

or in the interface between the monolayer and SiO2 and initiate degradation. We also

carried out extensive Raman spectroscopy and XPS studies and concluded that dendritic

areas have a Raman spectrum consistent with reported phonon shifts from defects [32],

and that preheating produces additional MoO3 oxide sites on the monolayer. This led us

to propose a mechanism for degradation that builds upon a previously reported mechanism

[26]. In our mechanism, the H2O diffuses to oxide sites where they initiate chemical reactions

that liquefy the oxides. The liquefied oxides cannot protect the monolayer from additional

oxidation, resulting in a self-propelled degradation process. The accelerated degradation

proceeds faster because of the additional oxide sites introduced during preheating.

6.2. Abstract

We report that heating chemical vapor deposition grown monolayer MoS2 in air at

temperatures as low as 285 °C for 2 h results in rapid degradation of the monolayer within

2.5 weeks of ambient air exposure after heating. We find that the rapid degradation proceeds

via the growth of dendrites on the basal plane that have a fractal dimension close to that

of diffusion-limited aggregation. We also observe dendrites in unheated samples that have

been in ambient air for a year. We explain the rapid degradation after heating to an increase

in MoO3. We propose that the mechanism for dendrite growth involves the diffusion of H2O

to oxide sites. This results in the liquefication of the oxides. The liquefied oxides do not

protect the surface from further oxidation. Putting heated samples in a dry box for 2 weeks

immediately after heating prevents the rapid degradation from occurring.
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6.3. Introduction

Two-dimensional transition metal dichalcogenides (TMDs), specifically MoS2, have

been extensively studied in recent years due to their potential applications in optoelectronics

[1]. However, there have been numerous studies on the stability of these materials under

ambient conditions [2–6], which may be a large impediment to their realization in practical

applications. These reports demonstrate that a degradation effect occurs for MoS2 layers

on SiO2, either chemical vapor deposition (CVD) grown or exfoliated, after they are left for

an extended period in ambient air at room temperature (RT). For CVD grown monolayer

films, the onset time for noticeable degradation is about a year. The phenomenon for CVD

grown samples was first reported by Gao et al. [2] to involve extensive cracking along

grain boundaries and quenching of photoluminescence. They attributed the cracking to a

mechanism in which chalcogen vacancies are thermodynamically favorable to be replaced

by O and OH radicals, causing subsequent oxidation and degradation of the monolayer. In

another study, CVD grown MoS2 monolayers were reported to show cracking along grain

boundaries after 18 months in ambient air, which was attributed to oxidation at sulfur

vacancies and film stress [3]. It was reported that changing the growth conditions could

slow the degradation, presumably by changing the vacancy density and film stress. Finally,

Kotsakidis et al. [4] reported that ambient degradation of CVD grown monolayer WS2

is a photo-induced process since samples kept in darkness did not show changes after 10

months but samples in ambient light developed changes attributed to photo-oxidation at

sulfur vacancies. For exfoliated flakes, Budania et al. [5] reported that flakes left in ambient

air for about 4 months developed small speckles that, given enough time, thin and decompose

the flake. The authors attributed the speckles to water (H2O) adsorption and found that

the speckles decrease in size and number after the sample is put in vacuum.

In this paper, we report the degradation of CVD grown MoS2 monolayers on SiO2

under ambient conditions that occurs over a significantly shorter time on the order of weeks.

The degradation occurs after the sample is first heated in air at temperatures as low as 285

°C for 2 h. We study the degradation using optical microscopy, atomic force microscopy

96



(AFM), Raman spectroscopy and x-ray photoelectron spectroscopy (XPS). Our results are

important in understanding unintentional effects when TMD monolayers are heated in air

and then exposed to ambient conditions. Examples include techniques for thinning thick

TMD multi-layers into monolayers. For example, Wu et al. [7] and Zhou et al. [8] reported

the thinning of MoS2 by thermally annealing samples in air at 330 °C and above, where

the thinning initiated at defects on the basal plane by creation of etch pits that eventually

removed a layer. Laser thinning has also been reported, such as for WS2 [9] and MoS2 [10]. In

this technique, a laser irradiates the sample in air, heating it to local temperatures at which

layer removal occurs. These techniques work because the bottom layer is more chemically

stable and has a greater thermal conductivity due to its contact with the substrate and,

therefore, is not etched, whereas the thicker layers are etched [11]. Another application of

heating is to reveal and study oxidation and wear sites such as grain boundaries. Rong et

al. [12] heated monolayer WS2 films at about 380 °C for 20 min in air to selectively etch

the grain boundaries and determine the quality of the films. In another paper [13], AFM

images were used to characterize wear and oxidation of TMD monolayers after exposure

to air at temperatures of about 400 °C for 5 min. Finally, Lu et al. [14] proposed that

oxidation of vacancies in TMD monolayers by laser heating may significantly enhance their

conductivity and photoconductivity by passivating the surface. In all the above reports

[7–14], it has been assumed that the monolayer is not adversely affected by the heating.

However, our results indicate that monolayers are affected, so appropriate measures should

be taken. Other applications of thermal treatments include bandgap modulation of MoS2

monolayers by vacuum thermal annealing [15], and growth of large MoS2 monolayers using

a high thermal conductivity Au foil [16]. We note that our observations are distinct from

previously reported accelerated degradation effects in which the sample is kept at elevated

temperatures of 80 °C and 65% relative humidity for 20 min [2], or on a hot plate at 350 °C

for 5 min in air [3]. In the above cases, the accelerated degradation was concluded to have

occurred while the sample was heated. In our experiments, the rapid degradation occurs

after the sample is heated and placed in ambient air at RT.
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6.4. Methods

The MoS2 films were grown on 300 nm thick SiO2/Si substrates using sodium chloride

(NaCl) as a promoter [17]. The MoS2 substrates were prepared by dissolving 1 mg of NaCl

(99.5%) in 1 ml of ammonium hydroxide (28% NH3 in H2O) with sonication for 10 min.

The promoter was spread evenly over the substrates by spin coating at 3000 rpm for 60 s.

The CVD setup and growth conditions used are the same as those previously reported [17].

Briefly, the tube furnace was cleaned by annealing at 900 °C for 2 h under air flow. After

the tube furnace was brought to RT, the growth substrate and crucibles containing sulfur

and MoO3 were placed in the tube. Before raising the temperature of the furnace, the tube

was flushed with 500 sccm of ultrahigh purity Ar gas at atmospheric pressure for 10 min.

The Ar flow was then reduced to 100 sccm, and the temperature ramped at a rate of 25

°C/min to a growth temperature of 800 °C for 20 min. The degradation experiments were

carried out by heating the samples in a different tube furnace in air at atmospheric pressure.

The AFM images were collected using an Ambios Q-Scope in tapping mode. The Raman

mapping was performed using a Thermo Scientific DXR Raman microscope using a 532 nm

laser, beam diameter of 0.8 µm and scan step size of 1 µm. The XPS data was collected

using a PHI 5000 Versaprobe scanning XPS microprobe with a monochromated Al K-alpha

source at 1486.7 eV.

6.5. Results and Discussion

Figures 6.1 (a) and (b) show optical and AFM images, respectively, of a CVD grown

MoS2 monolayer on SiO2 approximately 1 month after growth. The white arrows in (b)

indicate holes in the SiO2 substrate and monolayer that appear after growth. Figure 6.1 (c)

shows an optical image of the same monolayer immediately after heating in air at 330 °C for

2 h. Etch pits are observed on the basal plane, as indicated by the two red arrows. Figure

6.1 (d) shows an optical image of the monolayer after 2.5 weeks in ambient air at RT and

relative humidity of about 43%. The red arrow indicates a large area of reduced contrast on

the basal plane. Figure 6.1 (e) is an AFM image of the boxed region in Figure 6.1 (d) showing

that regions of reduced contrast contain dendrites. The white arrows indicate holes shown
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Figure 6.1. (a) and (b) Optical and AFM images, respectively, of a CVD

grown MoS2 monolayer 1 month after growth and just before heating. The

white arrows indicate holes on the substrate and monolayer that appear after

growth. (c) Optical image after heating in air at 330 °C for 2 h. Etch pits are

indicated by the red arrows. (d) Optical image after exposure to ambient air for

2.5 weeks. Areas of reduced contrast are indicated by the red arrow. (e) AFM

image of the red boxed area in (d). The white arrows indicate holes shown in

(b). (f) AFM image of the boxed area in (e), showing etch pits indicated by

the red arrows. The green line indicates the distance along which the height

profile was measured. (g) and (h) Optical and AFM images, respectively, after

an additional 2.5 weeks in ambient air. (i) AFM image of the area in (f) after

an additional 2.5 weeks under ambient air.
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in Figure 6.1 (b). These holes appear in other publications reporting images of CVD grown

monolayers [18, 19]; to our knowledge, they have not been previously discussed. We believe

the holes occur during CVD growth and are not due to the pre-heating or degradation, since

they are also observed in Figure 6.1 (b), before heating and degradation. Figure 6.1 (f) shows

a high-resolution image of the boxed region in Figure 6.1 (e), showing in detail the dendritic

structure. The green line indicates a region along which an AFM height profile was obtained,

as discussed below. The red arrows in Figure 6.1 (f) indicate the same etch pits indicated

by the red arrows in Figure 6.1 (c). Figure 6.1 (g) and (h) show optical and AFM images,

respectively, of the sample after an additional 2.5 weeks in the same ambient environment.

The areas of reduced optical contrast have grown, as shown by the increase of the dendritic

areas in the AFM image. Figure 6.1 (i) shows the same region as in Figure 6.1 (f) after an

additional 2.5 weeks. The dendrites have grown, whereas the etch pits indicated by the red

arrows have not grown. This observation shows that the mechanism for the growth of etch

pits is different from that of the dendrites.

In addition, we note that the dendrites are not all originating from etch pits. Etch

pits have been reported by Yamamoto et al. [20] to nucleate at preexisting vacancy defects.

At a given temperature, etch pits grow laterally in size by thermal oxidation of edge sites

given a longer thermal exposure time, and have a constant pit density. We conclude that

the etch pits we observe after heating are due to preexisting defects such as vacancies, and

that other areas of the monolayer with no etch pits did not have such preexisting defects.

Therefore, there is no relationship between dendrites and etch pits. To study the morphology

of the dendrites, we extracted the pixels of the large dendritic area on the right side of Figure

6.1 (f) and converted it to black pixels for fractal analysis. Figure 6.2 (a) is the result of

this conversion. Figure 6.2 (b) shows the AFM height profile along the green line in Figure

6.2 (a), which is in the same location as the green line in Figure 6.1 (f). The dendrites

have a maximum height of about 2 nm. We calculated the fractal dimension of the dendritic

structure in Figure 6.2 (a) using the box counting method [21] and software Fractalyse version

2.4 [22]. Figure 6.2 (c) shows a plot of the log of the number of boxes of side length r , N (r),
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Figure 6.2. (a) Dendrite structure extracted from Figure 6.1 (f). (b) Height

profile along the green line in (a) and Figure 6.1 (f). (c) Plot of log of the

number of boxes of side length r , N (r), that is needed to cover the dendrite

versus log(r), yielding a fractal dimension of 1.62.

which is needed to cover the dendritic structure versus log(r). The solid circles are data

points. Linear regression results in the line shown in Figure 6.2 (c) that has a slope of 1.62,

which gives a fractal dimension of 1.62. This number is close to the fractal dimension of 1.59

for diffusion-limited aggregation (DLA) [23]. We do not know exactly where the formation

location is, whether it is the upper or lower surface. However, we hypothesize that water

is adsorbed on top of the MoS2 monolayer and oxidizes the sample by diffusing along the

upper surface because we observe the dendrites sometimes originating in the basal plane. If

it were diffusing from underneath, we believe the dendrites would always originate at the

edges, as observed in previous reports of formation of labyrinth structures due to wetting of

the MoS2 monolayer-mica interface [24].
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Figure 6.3. (a) Optical image of a CVD grown MoS2 monolayer 1 month

after growth and just before heating. (b) Optical image of the monolayer after

heating in air at 330 °C for 2 h. Etching of grain boundaries is indicated by

the red arrows. (c) Optical image after the monolayer was left in an ambient

air for 2.5 weeks. The red arrow indicates an area of reduced optical contrast.

(d) AFM image of the red boxed area in (c). (e) and (f) Optical and AFM

images, respectively, after an additional 7 weeks in ambient air. (g) and (h)

Optical and AFM images, respectively, after an additional 3 weeks in ambient

air.
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Figure 6.4. (a) Optical image of monolayer MoS2 after heating at 330 °C in

air for 2 h and then exposure to ambient air for 2.5 weeks. (b) AFM image of

the monolayer in (a). Red arrows indicate dendrites originating on the edge

and basal plane.

Figure 6.3 (a) shows an optical image of a different CVD grown MoS2 monolayer

on MoS2 that is about 1 month old. Figure 6.3 (b) shows an optical image of the same

monolayer immediately after heating in air at 330 °C for 2 h. The red arrows show the

etching of grain boundaries. There appears to be no regions on the basal plane having

reduced optical contrast. Figure 6.3 (c) shows an optical image of the same monolayer after

2.5 weeks under the same ambient conditions as in Figure 6.1. Once again, areas of reduced

optical contrast are observed on the basal plane, as indicated by the red arrow. Figure 6.3

(d) is an AFM image of the boxed region in Figure 6.3 (c) showing that the areas of reduced

optical contrast are dendritic, as in Figure 6.1. The dendrites in this case appear to originate

from the edges of the monolayer, in contrast to the dendrites in the case before in Figure 6.1

that appear to originate within the basal plane. We do not know exactly why the dendrites

originate at locations inside the basal plane in Figure 6.1 while at the edges in Figure 6.3.

We propose that dendrites originate at edges due to their high concentration of ox-

idized sites, and on areas of the basal plane that develop a high concentration of oxidized

sites due to the heating. We grew on about 23 substrates and observed dendrites on all

monolayers grown on a given substrate. For a given monolayer, we found that dendrites

appear to originate only at the edges, or only the basal plane, or both the edges and basal

plane, despite all these monolayers being put under the same experimental conditions. In
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Figure 6.4, we have included optical and AFM images of a monolayer in which the dendrites

originate at both edges and the basal plane. Once the dendrites start growing, we find that,

given enough time, the dendrites become more densely packed and grow over the inside of the

basal plane and the edges, covering most of the monolayer. In Figure 6.5, we have included

an image of a monolayer that has been entirely covered with dendrites. Figures 6.3 (e) and

(f) show optical and AFM images, respectively, of the sample after an additional 7 weeks

under the same ambient conditions. The dendrites have increased in size, but the cracks

formed by the etching of the grain boundaries have not significantly changed. Figures 6.3

(g) and (h) show optical and AFM images, respectively, of the monolayer after an additional

3 weeks in ambient air. The dendrites have almost completely covered the left side of the

sample.

We conclude that the dendrites are not limited to grow from areas of grain bound-

aries. Our results are different from [2–6] in that we observe that dendrites originate not

only on edges but also the basal plane. This may be because the heating introduces a high

concentration of oxidized sites on areas of the basal plane. We also report the degradation

involves the growth of raised dendrites, whereas the references report that degradation in-

volves cracking of the monolayer. In order to investigate the temperature dependence of the

degradation, we compared samples that were preheated at 260 °C and 285 °C.

Figure 6.5. (a) Optical image of monolayer MoS2 immediately after heating

at 330 °C in air for 2 h. (b) Optical image of the sample in (a) after exposure

to ambient air for 13 weeks. (c) AFM image of the sample in (b) showing

complete coverage of the basal plane by dendrites.
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Figure 6.6. (a) Optical image of a CVD grown MoS2 monolayer 1 month

after growth and just prior to heating. (b) AFM image after heating in air

at 260 °C for 2 h followed by exposure to ambient air for 1 month. The red

arrows indicate small dendrites. (c) Optical image of a different CVD grown

MoS2 monolayer 1 month after growth and just prior to heating. (d) AFM

image after heating in air at 285 °C for 2 h followed by exposure to ambient

air for 1 month. The red arrow shows larger dendrites.

Figure 6.6 (a) shows an optical image of a monolayer about 1 month after growth.

The monolayer was then preheated at 260 °C for 2 h. Figure 6.6 (b) shows an AFM image

of the monolayer after 1 month in ambient air. The red arrows indicate the formation of

small dendrites. Optically, the dendrites are not observable. Figure 6.6 (c) shows an optical

image of a different monolayer that is about 1 month old. The sample was heated at 285 °C
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Figure 6.7. (a) and (b) Optical and AFM images, respectively, of a CVD

grown MoS2 monolayer 2 months after growth and just prior to heating. (c)

and (d) Optical and AFM images, respectively, after heating in air at 330 °C

for 2 h. (e) and (f) Optical and AFM images, respectively, after 2 weeks in the

dry box. (g) and (h) Optical and AFM images, respectively, after exposure to

ambient air for a month.
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for 2 h in air. Figure 6.6 (d) shows an AFM image of the monolayer after about 1 month

of exposure to ambient air. The red arrow indicates the formation of a larger dendritic area

that is also observed optically. As shown in Figures 6.1 and 6.3, preheating at 330 °C causes

significantly larger dendritic areas. To study the degradation mechanism further, we exposed

preheated samples to a low-humidity environment immediately after heating. Figures 6.7 (a)

and (b) show optical and AFM images, respectively, of a CVD grown MoS2 monolayer about

2 months after growth. Figures 6.7 (c) and (d) show optical and AFM images, respectively,

of the same monolayer immediately after heating at 330 °C for 2 h. There are visible etch

pits but no regions of low optical contrast. The sample was then immediately placed in

a dry box at approximately 5% relative humidity and RT. The dry box was transparent,

and the sample was exposed to ambient light while in the dry box. Figures 6.7 (e) and (f)

show optical and AFM images, respectively, of the monolayer after 2 weeks in the dry box.

No noticeable degradation is observed. The sample was then removed from the dry box

and placed in ambient air at about 53% relative humidity and RT. Figures 6.7 (g) and (h)

show optical and AFM images, respectively, of the monolayer after 1 month in ambient air,

showing no significant changes.

From these results, we conclude that water vapor in the air is necessary for the

dendrites to form; and, the rapid degradation exhibited by preheated samples is slowed by

putting them in a dry box for 2 weeks before long-term exposure to ambient air. The latter

conclusion is distinct from that of Gao et al. [2] who reported that the degradation of CVD

grown WS2 monolayers is slowed while the sample is kept with a desiccant. Instead, we find

that the rapid degradation in ambient air is prevented during the period of observation of

1 month. We also did an experiment in which samples were placed in the dry box for 1

week, heated at 330 °C for 2 h, and then exposed to ambient air for 2 weeks. As shown in

Figure 6.8, these samples developed significantly fewer dendrites after exposure to ambient

air than the samples in Figures 6.1 and 6.3 that were not placed in a dry box before heating.

We attribute this result to less adsorbed water on samples placed in the dry box. We

propose these samples oxidize less when heated due to less adsorbed water, resulting in less
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oxidized sites and less degradation when exposed to ambient air. We also studied samples

that were grown using the NaCl promoter but not preheated before exposure to ambient

air. The samples were exposed to air for a year. The exposure time is like that used in

previous studies on degradation [2, 3]. These experiments provide a control to determine if

the NaCl promoter affected the stability of MoS2. Figure 6.9 (a) shows an optical image of

an unheated monolayer kept in ambient air for a year. An area of reduced optical contrast

is indicated by the red arrow. Figure 6.9 (b) is the corresponding AFM image. The area of

Figure 6.8. (a) Optical image of a week old MoS2 monolayer before place-

ment in a dry box. (b) Optical image of the sample in (a) after 1 week in a dry

box. (c) Optical image of the sample in (b) immediately after heating at 330

°C for 2 h in air. Etching of the sample along grain boundaries is observed. (d)

and (e) Optical images of the sample in (c) after exposure to ambient air for 1

week and 2 weeks, respectively. The etched regions do not appear significantly

different after the exposure to ambient air. (f) AFM image of the sample in

(e) showing significantly fewer dendrites than in samples shown in Figures 6.1

and 6.3, that were not placed in a dry box before heating.
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Figure 6.9. (a) Optical image of a CVD grown MoS2 monolayer 1 year after

growth. The red arrow indicates an area of reduced contrast. (b) AFM image

of the monolayer. (c) High-resolution AFM image of the boxed area in (b).

reduced optical contrast is enclosed by the red box. Figure 6.9 (c) shows a high-resolution

AFM image of the boxed area in Figure 6.9 (b) showing dendrites. The dendrites resemble

those in Figures 6.1 and 6.3, in which the samples rapidly degraded. These observations

indicate that the mechanism for rapid degradation of preheated samples may be like that of

the slow degradation previously reported [2, 3]. The amount of degradation in the unheated

sample shown in Figure 6.9 is less than or comparable to that reported for samples that were

exposed to air for a year [2, 3], showing that the NaCl in our experiment does not adversely

affect the stability of unheated MoS2. We also heated samples at 330 °C for 2 h that were

grown without using NaCl and found that dendrites started to grow after 5 days of ambient

air exposure, as shown in Figure 6.10. These results suggest that NaCl does not influence

the stability of MoS2. The MoS2 monolayers were grown on SiO2/Si substrates without

NaCl using the same CVD system used in the NaCl-assisted growth. The substrates were

cleaned using acetone, alcohol, and DI water before insertion into the tube furnace with

source crucibles.

Growth was started by flowing 500 sccm of ultrahigh-purity Ar gas for 10 min and

then reducing the flow rate to 10 sccm, while ramping the temperature to 700 °C at a rate

of 25 °C/min. After this, the furnace was turned off and allowed to cool to RT naturally.

The MoS2 monolayer domain sizes we obtained were about 5 µm, on the order of previous

reports [2, 3]. The use of NaCl as a promoter has been shown to enable 5-100× increases
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Figure 6.10. MoS2 monolayer grown on SiO2 using CVD without NaCl. (a)

Optical image right after heating in air at 330 °C for 2h. Red arrow indicates

a region of the monolayer that has not degraded. (b) Optical image after 5

days in ambient air. Red arrow indicates a region of reduced optical contrast.

(c) AFM image of the sample in (b). Red arrow indicates a dendrite.

in MoS2 monolayer domain size [33, 34]. The domain sizes we obtained by using NaCl as a

promoter were as large as 40 µm.

We also studied the samples using Raman spectroscopy and XPS. Figure 6.11 (a)

shows, for reference, an AFM image of the sample shown in Figure 6.1 (h) that was preheated

at 330 °C and then exposed to air for 5 weeks. Figure 6.11 (b) shows a Raman map of the

E2g peak at about 383 cm-1. Areas of lower E2g intensity correspond to the dendritic areas

in Figure 6.11(a). Figure 6.11(c) shows a map of the Si Raman peak from the substrate at

about 520 cm-1. A larger Si peak is observed for the dendritic areas, indicating that the

dendritic areas may contain less material.

However, the AFM images show many elevated regions in the dendritic areas. A

possible explanation for this is that the material in the dendrites may be sharper than the

AFM tip, causing them to appear larger than expected. Figure 6.11 (d) shows Raman spectra

taken at the four black cross marks, labelled 1-4, in Figure 6.11 (b), with decreasing peak

intensity, corresponding to cross marks further from the upper-right vertex of the monolayer.

It is observed that the E2g peak shifts to higher wavenumbers for locations further from

the vertex and closer to the dendrites, while the A1g peak does not shift. Peak shifts in

the Raman spectrum of monolayer MoS2 have been attributed to defects [25]. Figures 6.12
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Figure 6.11. (a) AFM image of the sample in Figure 6.1(h). (b) Raman

spectroscopy map of the E2g peak of the sample, where intensity increases

from blue to red, as indicated by the legend numbered in arbitrary units. (c)

Raman spectroscopy map of the Si peak at 520 cm-1. (d) Raman spectra taken

at the points indicated by black crosses in (b), where decreasing peak intensity

corresponds with crosses further from the vertex.

and 6.13 show XPS spectra of the Mo 3d region acquired over an area of 200 × 200 µm2.

The solid circles are data points, and the solid gray curves are fits using the 5 Lorentzian

curves labeled 1–5, representing the (1) S 2s, (2) Mo4+ 3d5/2, (3) Mo4+ 3d3/2, (4) Mo6+
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Figure 6.12. (a) XPS spectrum acquired over a 200 × 200 µm2 area of a

1-year old CVD grown MoS2 film. The solid circles are data points, and the

solid gray curve is a fit using the 5 Lorentzian curves indicated 1–5. The inset

shows a sample in the center of the acquisition area. (b) XPS spectrum after

heating at 330 °C for 1 h.
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3d5/2, and (5) Mo6+ 3d3/2 peaks. The curves were normalized so that they have the same

intensity of the Mo4+ 3d5/2 peak. The insets in Figures 6.12 and 6.13 show optical images

of samples near the center of the XPS acquisition area. Figure 6.12 (a) shows the spectrum

of an unheated 1-year old sample. The inset shows a small area of reduced optical contrast,

as indicated by the red arrow. The deconvolved spectrum shows Mo6+ peaks, attributed

to MoO3, indicating that MoS2 monolayers oxidize under ambient conditions, in agreement

with [2]. We then heated the sample at 330 °C for 1 h. As shown in Figure 6.12 (b), the

XPS spectrum taken over the same area immediately after heating has larger Mo6+ oxide

peaks, indicating more oxidation has occurred during heating. Figure 6.13 shows the XPS

spectrum of the sample shown in Figures 6.3 (g) and (h) that was preheated at 330 °C and

then exposed to air for 12.5 weeks. The deconvolved spectrum shows significantly larger

Mo6+ peaks, as compared to the freshly heated sample in Figure 6.12 (b).

We also did XPS of samples that were heated at 260 °C and 285 °C in air and then

exposed to ambient air for 3 weeks. As shown in Figure 6.14, the sample heated at 285

°C showed higher Mo6+ peaks that correspond to MoO3. This agrees with our proposed

mechanism that rapid degradation is due to the formation of MoO3. Compared to heating

at 285 °C, heating at 260 °C makes the monolayers less prone to develop MoO3 after 3 weeks

of ambient air exposure, which makes the degradation slower and less noticeable. From all

the above results, we conclude the following. Water vapor in the air is necessary for the

rapid degradation to occur. Since the fractal dimension of the dendrites is close to that

of DLA, the mechanism for rapid degradation may involve surface diffusion of reactants

such as H2O molecules. Areas having dendrites show increased defects according to Raman

spectroscopy, and samples with a high concentration of dendrites show increased Mo6+ peaks

corresponding to MoO3 oxidation. Based on these observations, we propose a mechanism

for degradation based on a mechanism recently proposed by Afanasiev et al. [26] for the

oxidation of nanodispersed MoS2 particles in ambient air at RT. These authors found that

exposure for a year results in significant degradation and liquefication of the particles. They

proposed that, after several minutes to hours of exposure, the edges of the particles become
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Figure 6.13. XPS spectra acquired over a 200 × 200 µm2 area of the CVD

grown MoS2 film shown in Figure 6.3 (g) that was exposed to ambient air for

12.5 weeks. The solid circles are data points, and the solid gray curve is a fit

using the 5 Lorentzian curves indicated 1–5. The inset shows a sample in the

center of the acquisition area.

oxidized and bound to hydroxyl groups. The adsorbed H2O then produces chemical reactions

that dissolve the oxides. They concluded that the liquefied oxides cannot protect the edges

from further oxidation, resulting in a self-propelled degradation process. In our case, we

propose that the edges of the dendrites are oxidized. Water molecules diffusing on the

surface reach the dendrites and produce reactions that dissolve the oxides. The liquid and

dried products form the raised dendritic structures we observe. Zhang et al. [27] have

reported needlelike protrusions in AFM images of the MoS2 surface after submerging thick

MoS2 samples in water, which they attributed to MoO3·H2O crystals. These protrusions are

reported to be about 1.5 nm in height, similar in height to the dendrites we observe. In our

case, MoO3·H2O would originate from the surface H2O molecules rather than from being

underwater.

Another mechanism that has been reported to produce raised structures on MoS2
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Figure 6.14. XPS spectra after background subtraction of samples exposed

to ambient air for 3 weeks after heating in air for 2 h at (a) 260 °C and (b)

285 °C. As discussed in the text, the peak labels correspond to (1) S 2s, (2)

Mo4+ 3d5/2, (3) Mo4+ 3d3/2, (4) Mo6+ 3d5/2, and (5) Mo6+ 3d3/2. The Mo6+

peaks correspond to MoO3. The sample heated at 285 °C shows higher oxide

peaks. The inset shows a sample in the center of the acquisition area.
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monolayers is the intercalation of H2O in the MoS2–SiO2 interface. Rauf et al. [24] have

reported that MoS2 exfoliated on mica, in the presence of about 11% relative humidity and

absence of O2, experiences a wetting effect in which H2O intercalates in the MoS2-mica

interface from the edges of the flake within an hour. Their reported AFM images show an

elevated labyrinth formation resembling the dendritic structures we observe. However, the

labyrinths are reported to have a height of 1–3 Å, whereas the dendrites we observe have a

height on the order of 2 nm. In addition, they observe the intercalation process within an

hour, whereas we observe the degradation happening on the order of weeks. Rauf et al. [24]

also reported the wetting effect initiating at the edges of the flake. Although we observe

dendrites originating from the edges in some cases, as in Figures 6.3 and 6.6, we also observe

them originating on the basal plane, as in Figures 6.1 and 6.9. In addition, the Raman maps

show a decrease in the MoS2 peak and increase in the Si peak in the dendritic areas. We

conclude that our dendrites are due to degradation and not intercalated H2O.

We explain the rapid degradation of preheated samples as follows. The DLA process is

slow in the beginning but speeds up as more dendrites grow and there are more sites to which

diffusing molecules can stick. The XPS results show an increase in MoO3 after heating. We

propose that heating introduces more oxidation sites to which the H2O molecules can diffuse,

so that the degradation process proceeds faster. Because the relative humidity of air at 330

°C is very low, it is likely that there is little H2O on the surface during heating. This explains

why we do not see large areas of reduced optical contrast associated with the presence of

dendrites immediately after heating. However, when the sample is then left in air, H2O can

easily adsorb. Moreover, the monolayer may become more hydrophilic after heating. It has

been reported that freshly exfoliated MoS2 [28] and CVD grown WS2 [29] monolayers are

more hydrophilic than aged ones due to the absence of contaminants. Heating may clean the

monolayer making it more hydrophilic. This mechanism could also explain why putting the

sample in a dry box slows down the rapid degradation. If the sample were immediately placed

in a dry box after heating, the surface would not adsorb any H2O. MoO3 has been reported

to volatize at RT [30]. This evaporation of oxides may restore the sample to a less oxidized
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state, so after the sample is brought to ambient air the degradation starts slowly from a less

oxidized state rather than from an advanced oxidized state. The above explanation that the

increased oxidation leads to rapid degradation is supported by our experiment (not shown)

in which we heated a CVD grown MoS2 monolayer at 330 °C in an atmosphere of He and

flow rate of 140 sccm and then left the sample out in ambient air. In this case, there would

be no additional oxidation due to heating. After 2.5 weeks, no dendrites were observed both

optically and using AFM. We conclude that thermal annealing [15] or the use of other inert

gasses such as Ar while heating will not produce rapid degradation [16]. We also exposed

samples that were preheated at 330 °C for 2 h to ambient air in a dark enclosure and observed

no degradation, like the results reported for long-term air exposure of unheated samples in

a dark enclosure [4]. Therefore, the photo-induced process appears to also be necessary in

our degradation process.

6.6. Conclusions

We observe a rapid degradation of CVD grown MoS2 monolayers on SiO2 under

ambient air that occurs after about 2 weeks and is initiated by preheating the sample in

air at temperatures as low as 285 °C. This result indicates that extra steps must be taken

to passivate monolayer MoS2 after exposure to a heated environment. We conclude that

the vehicle for degradation is the growth of dendrites by diffusion limited aggregation. For

a given monolayer, we found that dendrites originate only at the edges, or only the basal

plane, or both the edges and the basal plane. We propose the following mechanism for the

rapid degradation. Heating the sample in air forms more MoO3 sites on the surface that

makes the monolayer more hydrophilic. After the sample is placed in ambient air, H2O

molecules adsorb on the surface, where they diffuse to MoO3 sites. According to a recently

reported mechanism for the degradation of MoS2 nanoparticles in ambient air, the adsorbed

H2O produces reactions that liquefy the oxides, allowing further oxidation of the sample to

occur. We propose the reaction products take form of protrusions about 2 nm in height

that result in the raised dendritic structures we observe. Leaving samples in a dry box for

2 weeks after heating prevents the rapid degradation from occurring in ambient air during
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the month that the sample was observed. We propose that leaving a preheated sample in a

dry box prevents H2O from adsorbing and allows MoO3 to volatize, thereby decreasing the

amount of oxidation and slowing the degradation in ambient air. It appears that monolayer

MoS2 has the potential of being air stable if H2O is prevented from diffusing on the surface.

Future work could explore methods of minimizing H2O adsorption and diffusion.
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CHAPTER 7

LONG-TERM STABILITY OF BILAYER MoS2 IN AMBIENT AIR

7.1. Background

Bilayer (BL) and thicker-layered transition metal dichalcogenides (TMDs) have been

shown to have advantages over monolayer (ML) TMDs in device applications due to mul-

tilayer TMDs having higher electrical conductivities. The higher conductivity is due to a

higher density of states (DOS) and more effective screening of charged impurities in the

substrate. Multilayer TMDs have excellent combination of on/off current ratio and on-state

current [35]. Monolayer TMDs, on the other hand, although possessing greater on/off cur-

rent ratios, have a relatively small on-state current. To our knowledge, there have not been

any studies on the air stability of these properties of multilayer TMD devices. In this disser-

tation, we investigate the stability of bilayer and thicker-layered TMD, which could catalyze

research on realizing new heterostructure devices that are more efficient, stable, and reliable

for commercial applications. We found that bilayer and thicker-layered MoS2 are stable in

ambient air. This is remarkable given that water vapor, oxygen and light were present. One

possible explanation for the stability is that the indirect band gap of bilayer and thicker-

layered MoS2 quenches the Förster resonance energy transfer (FRET) mechanism. That is,

the photoexcited carriers in the conduction band of the bilayer and thicker-layered MoS2

samples decay by phonon relaxation, instead of emission of a virtual photon. Other possible

explanations are that the interlayer coupling between layers may reduce their reactivity. The

proposed FRET process involves energy transfer from photoexcited excitons to O2 molecules

resulting in the production of singlet O2, denoted spectroscopically by 1∆g, which is a highly

reactive oxygen species (ROS) capable of degrading TMDs. The steps in a FRET process

involve photoexcitation of a photosensitizer to the singlet S1 state, quenching of the S1 state

to the triplet T1 state by O2 molecules in the 3 Σ−g triplet ground state, and quenching of

the T1 state by other O2 molecules in the state. As a by-product, O2 in the 1∆g singlet state

is produced. These steps involve direct transitions across the band gap and thus proceed at
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a faster rate in a direct band gap semiconductor such as ML TMDs.

7.2. Abstract

We report that chemical vapor deposition (CVD) grown bilayer and thicker-layered

MoS2 are structurally and optically stable under ambient conditions, in comparison to CVD-

grown monolayer MoS2 and other transition metal dichalcogenides (TMDs) that have been

reported to degrade under the same conditions, hindering their many potential applications.

We present atomic force microscopy (AFM), and Raman and photoluminescence (PL) spec-

troscopy measurements of as grown and preheated multilayer MoS2 after exposure to ambient

conditions for periods of up to 2 years. The AFM images show that, under ambient con-

ditions, as-grown and preheated bilayer and thicker-layered MoS2 films do not exhibit the

growth of dendrites that is characteristic of monolayer degradation. Dendrites are observed

to stop at the monolayer-bilayer boundary. Raman and PL spectra of the aged bilayer

and thicker-layered films are comparable to those of as-grown films. The greater stabil-

ity of bilayers and thicker layers supports a previously reported mechanism for monolayer

degradation involving Förster resonance energy transfer. Our results show that bilayer and

thicker-layered TMDs are promising materials for applications requiring ambient stability.

7.3. Introduction

Two-dimensional (2D) materials have attracted considerable interest due to their

unique properties that have potential applications in a wide variety of areas. However, most

of the discovered 2D materials quickly degrade under ambient conditions [1], significantly

impeding their use in practical devices. For example, monolayer (ML) MoS2 is a transition

metal dichalcogenide (TMD) that may have unique applications due to its direct bandgap

and large spin-orbit coupling [2]. However, previous reports have shown that chemical vapor

deposition (CVD)-grown ML MoS2 and other ML TMDs degrade under ambient conditions

within a year [3–7]. Despite the variety of degradation prevention techniques such as encap-

sulation with hexagonal boron nitride [8] and polymers [9], and placement in an environment

with a desiccant [3] or in a vacuum [5], these techniques are not feasible for large-scale ap-
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plications. To our knowledge, the stability of bilayer (BL) and thicker-layered MoS2 under

ambient conditions has not been extensively studied. In this paper, we report on the stabil-

ity of as-grown and preheated BL and thicker-layered MoS2. The samples are grown using

CVD on SiO2 substrates and studied using atomic force microscopy (AFM), and Raman and

photoluminescence (PL) spectroscopies. Samples are preheated to accelerate the degrada-

tion process to study it in a practical short time span. We find that BL and thicker-layered

samples are remarkably stable under ambient conditions.

Bilayer and thicker-layered MoS2 films, although possessing an indirect bandgap,

have attracted considerable interest because of useful electronic properties not possessed by

MoS2 MLs. These properties give BLs and thicker layers certain advantages over MLs in

the fabrication of electronic and photonic devices. For example, they have high electrical

conductivity as compared to MLs due to their high density of states and effective screening of

impurities in the substrate. Multilayer TMD transistors have been shown to have an excellent

combination of high on/off current ratio and on-state current [10]. On the other hand, ML

TMDs have a relatively small on-state current despite possessing greater on/off current

ratios. In addition, BL device yield is typically much higher than ML device yield, due to

the greater mechanical stiffness of BLs [11, 12]. Finally, BL and thicker-layered TMDs offer

control over properties such as spin-orbit coupling [13], interlayer coupling [14], and band gap

[15]. This ability to precisely tune the physical and electronic properties of atomically thin

TMDs have potential applications in novel lateral heterostructures [15–17]. Also, varying

the twist angle between layers in BLs can lead to new and potentially useful properties such

as unconventional superconductivity at small twist angles [18], twist dependent valley and

band alignment [19], and moiré pattern excitons [20].

The ambient degradation of CVD-grown ML MoS2 was first reported by Gao et al.

[3]. They observed that ML MoS2 and WS2 grown on SiO2 substrates developed extensive

cracking, morphological changes, and quenching of photoluminescence (PL) after exposure

to an ambient environment at room temperature (RT) for a period of about a year. The

degradation was attributed to oxidation along the grain boundaries and the adsorption of
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Figure 7.1. (a) Optical image of an MoS2 monolayer and bilayer after about

1 year of exposure to ambient conditions. The arrows indicate areas of light

optical contrast on the monolayer that are degraded. (b) AFM image of the

boxed region in (a). (c) AFM height profile along the line in (b). The height

of the inner MoS2 island is about 0.6 nm corresponding to a bilayer.

organic contaminants on the films. It was found that water vapor in the air was necessary

for degradation to occur since samples did not degrade in a dry box. In addition, there have

been reports of MoS2 degradation at RT and high humidities [5, 21]. For instance, Budania

et al. [5] reported that mechanically exfoliated thin multilayer MoS2 on SiO2 developed

speckles in air at a relative humidity (RH) of 60% over a period of about a year [5], which

was attributed to the high concentration of water molecules in the air. Sar et al. [7] studied

the degradation process of CVD-grown ML MoS2 grown using two different sample positions

and found that face-down grown samples developed cracks and degraded significantly as

compared to horizontally grown samples. It was concluded that the degradation process was

a result of sulfur vacancy defects and film tensile stress that were affected by the growth

conditions. In addition, Kotsakidis et al. [4] reported that the degradation of ML MoS2 and

other TMDs in air was a photoinduced process involving excitation across the band gap,

since degradation was not observed when samples under ambient conditions were kept in a

dark environment or excited at photon energies below the trion exciton binding energy [4].

It was proposed that the degradation mechanism involved photo-oxidation, likely Förster

resonance energy transfer (FRET) and/or photocatalysis.
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In addition, we have recently reported a rapid ambient degradation of CVD-grown

ML MoS2 that occurs over a period of weeks instead of a year after the MLs are preheated

in air at temperatures in the range 285 - 330 °C [6]. Both rapid degradation and natural

degradation (in which samples are not preheated) were observed to involve the formation of

dendritic structures, and thus it was proposed that rapid and natural degradation involve

a similar mechanism [6]. The rapid degradation of preheated samples was attributed to

an increase in oxidized sites due to the preheating. Finally, Qiu et al. [22] reported the

degradation of the electrical properties of exfoliated BL MoS2 field effect transistors from

exposure to ambient air. The authors showed that after vacuum annealing at 77 °C the

electrical properties of as-fabricated devices significantly improved; five minutes after re-

exposure to an oxygen environment, the electrical properties degraded. The degradation

was found to be reversible upon annealing and attributed to the physisorption of oxygen

and water. The effects of long-term exposure on the stability of the MoS2 was not reported.

We note that the degradation of ML TMDs involves morphological changes that occur over

a long time and are not reversible. Thus, it is of vital importance to investigate if BL and

thicker-layer MoS2 is susceptible to degradation.

7.4. Results and Discussion

Figure 7.1 (a) shows an optical image of an MoS2 BL sample with an AA stacking

sequence that was kept under ambient conditions for approximately one year after growth.

In this paper, ambient conditions refer to air at RT and a RH of about 43%, and room

lighting of about 1000 Lux that is typical of a lab. The image in Figure 7.1 (a) shows various

BL MoS2 islands with ML terraces. Figure 7.1 (b) is an AFM image of the boxed region in

Figure 7.1 (a). Figure 7.1 (c) shows an AFM height profile along the line in Figure 7.1 (b)

showing a step height of about 0.6 nm consistent with that of a BL [23]. As indicated by the

red arrows in Figure 7.1 (a), the ML terrace shows areas of light optical contrast that have

been previously reported to be due to degradation [3]. Figure 7.1 (b) shows that the areas

of light contrast contain dendrites. We note that the dendrites grow over the ML but are

not present in the BL region. Also, it is noted that the small multilayer island on the top
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Figure 7.2. (a) Optical image of an MoS2 monolayer with an AA-stacked

bilayer after about 1.5 years of exposure to ambient conditions. The light

optically contrasted areas on the monolayer, indicated by the numbers 1-3,

show degradation. (b) and (c) Raman and photoluminescence maps of the

area enclosed by the box in (a), showing the relative heights of the E2g and

the A exciton peaks, respectively. (d) Optical image of the sample shown

in (a) after 2.0 years of exposure to ambient conditions. The monolayer has

almost completely degraded. (e) Raman spectra taken at the location of the

cross in (b) and (d) after 1.5 and 2.0 years of exposure to ambient conditions.

(f) Photoluminescence spectra taken at the location of the cross in (b) and (d)

after 1.5 and 2.0 years of exposure to ambient conditions.

right-hand-side, indicated by the green arrow, has dendrites consuming the entire ML, but

there are no such dendrites in the multilayer region of the island. This effect is widespread

across the substrate. Almost all MLs on the 1.5-year-old substrate showed dendritic growths

while BLs were unaffected, as shown in Figure 7.7. The degradation is irreversible, as shown

in Figure 7.8 in which we vacuum annealed a sample at 500 °C for 2 h but the dendrites
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remained.

We also performed Raman and PL mapping of BL MoS2 samples that had been under

ambient conditions for approximately 1.5 years. We did not perform Raman or PL mapping

immediately after growth to avoid effects of laser irradiation, which has been reported to

degrade ML WS2 [4]. Figure 7.2 (a) shows an optical image of such a sample. The same

regions of light optical contrast, which are attributed to degradation, are observed around

the edges, and growing into the ML. Various degraded areas in the ML are marked with

numbers to assist in locating the areas in other figures. We note that there is an area of the

ML that is adjacent to the BL, indicated by the number 1, that is degraded, but the adjacent

BL appears unaffected. Figure 7.2 (b) shows a Raman map of the same sample depicting the

relative height of the E2g peak at 382 cm-1. The dark and light regions correspond to low and

high peak heights, respectively. The E2g peak height from areas of the ML that have a light

optical contrast in Figure 7.2 (a) is lower than that from areas of the ML that have a normal

optical contrast. This effect has been previously attributed to the light-contrast areas being

degraded [3]. However, the E2g and A1g peak height in the BL region appear uniform with no

observable areas of reduced height that could indicate degradation. Figures 7.9 (a)-(f) show

maps of the fitted peak height, position, and width of the E2g and A1g Raman peaks. This

conclusion is further supported by the PL map of the A exciton peak centered at around 1.80

eV, shown in Figure 7.2 (c), which shows a spatially uniform height across the BL. The BL

region exhibits a less intense PL as compared to the ML, as expected, due to BLs having an

indirect band gap [3]. On the other hand, degraded ML regions exhibit decreased heights in

the exciton peaks, consistent with previous reports [3]. In addition to an intensity decrease,

we find that the A exciton peak of degraded MLs also shifts to higher energy by about 0.5

eV, as shown in Figure 7.10.

To determine if the Raman and PL spectra significantly change after additional expo-

sure, we collected data on the same sample after an additional 0.5 years in ambient conditions

for a total exposure of 2.0 years. Figure 7.2 (d) shows an optical image of the sample after

2.0 years showing that the ML has completely degraded but the BL still contains no observ-
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able regions of degradation. Figure 7.2 (e) shows representative Raman spectra of the BL

taken at the location of the cross in Figure 7.2 (b) after 1.5 and 2.0 years. Figure 7.2 (e)

shows representative PL spectra of the BL taken at the location of the cross in Figure 7.2

(b) after 1.5 and 2.0 years. The height of the PL spectra is normalized to their Si Raman

peak at about 520 cm-1. The fitted positions and full-width-at-half maxima (FWHM) of the

Raman E2g and A1g peaks for both the 1.5 and 2.0-year-old samples are 382 cm-1, 406 cm-1,

4.9 cm-1 and 6.5 cm-1, respectively. The B and A exciton peaks for the 1.5-year-old sample

are centered at, 1.95 eV and 1.80 eV, respectively, and the B and A exciton peaks for the

2-year-old sample are centered at 1.94 eV and 1.80 eV, respectively. The PL heights are also

very comparable to each other. Our results for aged BLs are similar to previously published

results on as-grown BLs: the center of the E2g peak and A1g peak of as-grown BLs have been

reported to be around 381-382 cm-1 and 404-405 cm-1, respectively [24], and the FWHM has

been reported to be around 4.8-5.8 cm-1 for the E2g peak and 5.8-6.7 cm-1 for the A1g peak

[25]. We conclude that the Raman and PL spectra of the BL has not undergone significant

change during this time. To study the stability of BLs and thicker layers in a practical time

span of less than a year, we put samples through the accelerated degradation process [6].

Figures 7.3 (a) and (b) show optical and AFM images, respectively, of an MoS2 multilayer

grown a month prior consisting of more than 4 layers forming a pyramidal structure. Figure

7.3 (c) shows an AFM height profile along the line in Figure 7.3 (b). The height of the

second MoS2 layer is about 0.6 nm, which agrees with the value for the ML-to-BL height

difference [23]. In addition, the height of the third MoS2 layer is also about 0.6 nm. This

multilayer structure has the advantage of allowing a comparison of degradation, under the

same conditions, as a function of number of layers.

To investigate how BLs and thicker layers degrade given direct edge exposure to the

SiO2 substrate, we introduced a scratch on the left-hand side of the sample using the AFM

cantilever. Figures 7.3 (d) and (e) show optical and AFM images, respectively, of the sample

after the AFM cantilever was used to create the scratch, which is indicated by the arrow

in Figure 7.3 (d). Figure 7.3 (f) shows an optical image of the MoS2 structure immediately
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Figure 7.3. (a) and (b) Optical and AFM images, respectively, of an MoS2

multilayer sample grown a month prior. The numbers 1, 2 and 3 denote

monolayer, bilayer and trilayer, respectively. (c) AFM height profile along the

red line in (b). The height of the second MoS2 island is about 0.6 nm, and the

height of the third MoS2 island is about 0.6 nm, corresponding to a bilayer

and trilayer, respectively. (d) and (e) Optical and AFM images, respectively,

of the same sample after the AFM tip was used to create a scratch indicated

by the arrow in (d). (f) Optical image of the MoS2 sample after heating in air

at 330 °C for 2 h. Etch pits are visible on the fourth layer, as indicated by the

arrow.

after preheating in air at 330 °C for 2 h. While the basal plane of the BL does not appear

to have been significantly affected by the preheating, the fourth layer appears to show etch

pits, as indicated by the arrow in Figure 7.3 (f). This is consistent with previous reports

that have shown that thick-layer MoS2 starts to develop etch pits at lower temperatures than

thin-layer MoS2 [26]. This behavior is in contrast with that of graphene in which the ML

develops etch pits at lower temperatures than thicker layers [27].

After preheating, the MoS2 sample was left under ambient conditions. Figures 7.4
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Figure 7.4. (a)-(c) Optical and AFM images of the MoS2 multilayer sample

shown in Figure 7.3 after 2.5 weeks of exposure to ambient conditions. Den-

drites have started to develop on the monolayer, but not on the bilayer and

thicker layers. The arrow in (c) indicates the fourth layer that has developed

etch pits. (d-f) Optical and AFM images of the sample after 9 weeks of expo-

sure to ambient conditions. (g-i) Optical and AFM images of the sample after

15 weeks of exposure to ambient conditions.

(a) and (b) show optical and AFM images, respectively, of the sample after 2.5 weeks of

exposure to ambient conditions. There are regions of light optical contrast developing on

the edges of the ML that correspond to raised dendritic regions in the AFM image. These

observations are consistent with our previous report on the rapid degradation of MoS2 MLs

after preheating [6]. We note that dendrites are growing from the scratch edge into the ML,
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and have covered the entire width of the edge of the ML. However, despite the BL and thicker

layers being exposed to both the substrate and the dendrites on the ML, there are no visible

dendritic growths on the BL or thicker layers. Figure 7.4 (c) shows a high-resolution AFM

image of the sample confirming the existence of etch pits on the fourth layer, as indicated by

the red arrow, which was inferred from the optical image shown in Figure 7.3 (e). There are

also less noticeable etch pits on layers thicker than four. Figures 7.4 (d) and (e) show optical

and AFM images, respectively, of the sample after 9 weeks under ambient conditions. Figure

7.4 (f) shows a high-resolution AFM image showing that the etch pits have not changed,

whereas the dendrites on the ML have grown across the entire width of the ML and have

stopped at the ML-BL boundary. Figures 7.4 (g) and (h) show optical and AFM images,

respectively, of the sample after 15 weeks of exposure to ambient conditions. Figure 7.4 (i)

shows a high-resolution AFM image after 15 weeks showing that the dendrites have spread

over the ML but stopped at the BL. In addition, the fourth layer containing etch pits has

not significantly changed in the last 2.5 weeks after heating. The structural stability of

preheated BLs and thicker layers was observed in the hundreds of samples and substrates

that we studied, examples of which are shown in Figure 7.11.

We also studied the sample using Raman and PL spectroscopies. Figure 7.5 (a) shows

an AFM image of the sample after 42.5 weeks of exposure to ambient conditions. Figures

7.5 (b) and (c) show maps of the E2g and the A exciton peaks, respectively, after 42.5 weeks

of exposure to ambient conditions. The same numbers in Figures 7.5 (a-c) indicate the same

sample regions. As was the case in the sample shown in Figure 7.2, the ML regions with

dendrites have very weak E2g and A exciton peaks. The ML region indicated by the number

1 has not yet degraded. This region also has a very large PL response, as shown in Figure

7.5 (c). The E2g and A exciton heights appear very uniform across the BL and thicker layers,

except for several large circular regions of lower height, as indicated by the arrow in Figure

7.5 (b). The circular regions also appear in the AFM image after 42.5 weeks, as indicated by

the arrow in Figure 7.5 (a). These circular regions are first observed in AFM images after 18

weeks of exposure, as shown in Figure 7.12. These circular regions were not observed in the
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Figure 7.5. (a) AFM image of the multilayer sample shown in Figure 7.4

after 42.5 weeks of exposure to ambient conditions. The numbers 1, 2 and 3 in-

dicate monolayer, bilayer and trilayer regions, respectively. (b) and (c) Raman

and photoluminescence maps of the sample showing the relative heights of the

E2g and the A exciton peaks, respectively. (d) Optical image of the sample

after 64.5 weeks of exposure to ambient conditions. (e) and (f) Raman and

photoluminescence spectra, respectively, of the bilayer taken at the location of

the cross labeled “i” in (b) after 42.5 and 64.5 weeks of exposure to ambient

conditions. (g) and (h) Raman and photoluminescence spectra, respectively,

of the fourth layer taken at the location of the cross labeled “ii” in (b) after

42.5 and 64.5 weeks of exposure to ambient conditions.
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Figure 7.6. (a) Optical image of an MoS2 bilayer 1 week after growth. (b)

and (c) Optical and AFM images, respectively, of the sample after it was

preheated in air at 330 °C for 2 h and then left under ambient conditions for

4 weeks. The AFM image is of the boxed region in (b). (d) and (e) Raman

and photoluminescence maps of the sample, showing the relative heights of

the E2g and the A exciton peaks, respectively. (f) Optical image of the sample

after 38 weeks of exposure to ambient conditions. (g) and (h) Raman and

photoluminescence spectra, respectively, of the bilayer taken at the location of

the cross in (d) after 4 and 38 weeks of exposure to ambient conditions.

AFM images in Figures 7.4 (h) and (i) that were taken after 15 weeks of exposure. We note

from the AFM images that the size of these circular regions does not change significantly

between 18 and 42.5 weeks. The appearance of these regions in less than 3 weeks and their

unchanging size lead us to conclude that they are not caused by degradation, but rather by

contaminants, either from ambient exposure or from deposition of material by the AFM tip.

As shown in Figure 7.13, maps of fitted peak heights, positions, and widths of the E2g and

A1g peaks show that in the circular regions the E2g position shifts to lower wavenumbers by

as much as 1.1 cm-1 and the FWHM increases by as much as 2.3 cm-1, while the A1g peak

position and width remains like the surrounding layers. It has been reported that strain

causes the E2g peak position to decrease and its FWHM to increase, while not significantly
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affecting the position or width of the A1g peak [28]. The contaminants may be applying

strain to the MoS2, causing shifts, and broadening in the E2g peak.

To determine if the Raman and PL spectra significantly change after continued ex-

posure to ambient conditions, we took spectra after an additional 22 weeks of exposure for

a total exposure of 64.5 weeks. Figure 7.5 (d) shows an optical image after 64.5 weeks of

exposure. Figures 7.5 (e) and 7.5 (f) show Raman and PL spectra, respectively of the BL

region taken at the location of the cross labeled by the letter “i” in Figure 7.5 (b) after

42.5 and 64.5 weeks of exposure. The fitted E2g and A1g peaks of both the 42.5-week and

64.5-week exposed samples are centered at about 382 cm-1 and 405 cm-1, respectively, and

have a FWHM of 5.2 cm-1 and 6.7 cm-1, respectively. In addition, the B and A exciton

peaks of both the 42.5 and 64.5-week-old sample are centered at around 1.94 eV and 1.80

eV, respectively. Figures 7.5 (g) and (h) show Raman and PL spectra, respectively of the

fourth-layer region taken at the location of the cross labeled by the letters “ii” in Figure 7.5

(b) after 42.5 and 64.5 weeks of exposure. The fourth layer has the E2g and A1g peaks, and

the B and A exciton peaks at about 381 cm-1, 407 cm-1, 1.90 eV, and 1.78 eV, respectively.

These values agree with those reported in the literature for as-grown samples [24, 25]. These

results provide an overview of the various effects that occur due to preheating MoS2 based

on the thickness of the sample. Monolayers degrade under ambient conditions, while BLs

and thicker layers degrade significantly less with thicker layers more prone to develop etch

pits during preheating.

We also studied preheated BLs with a negligible thicker multilayer on top. The

objective was to determine if the thicker layers above the BL in the multilayer sample in

Figure 7.5 contributed to its stability. Figure 7.6 (a) shows an optical image of the as-grown

sample. The sample was then preheated at 285 °C for 2 h and exposed to ambient conditions.

Figures 7.6 (b) and (c) show optical and AFM images, respectively, of the sample after 4

weeks of exposure. Dendrites have started growing on the ML and have stopped at the

BL. Figures 7.6 (d) and (e) show height maps of the E2g and A exciton peaks, respectively.

Degraded regions on the ML have lower Raman and PL heights, but the BL remains very
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uniform in height, even though this BL sample contains grain boundaries. Figure 7.14 shows

fitted peak maps of the E2g and A1g peaks, showing very uniform position, width, and height

over the BL. To study the effects of continued exposure to ambient conditions, we collected

spectra after an additional 34 weeks of exposure. Figure 7.6 (f) shows an optical image of

the sample after a total of 38 weeks in ambient conditions. Figure 7.6 (g) shows Raman

spectra collected at the location of the black cross in Figure 7.6 (d) after 4 weeks and 38

weeks of air exposure. The fitted positions of the E2g and A1g peak at both 4 weeks and 38

weeks are 382 cm-1 and 405 cm-1, respectively. The fitted FWHM of the E2g and A1g peak

at both 4 weeks and 38 weeks are about 5.1 cm-1 and 7.0 cm-1, respectively. Figure 7.6 (h)

shows PL spectra collected at the same black cross, normalized to the Si Raman peak at 520

cm-1. The peak positions of the B and A excitons of both the 4 week and 38-week exposed

sample are 1.93 eV and 1.80 eV, respectively. The peaks also have very comparable heights.

These values are consistent with those in the literature for as-grown samples [24, 25].

A mechanism for ML degradation proposed by Kotsakidis et al. [4] involves a FRET

process in which photoexcited trions in the singlet state, S1, act as photosensitizers that

excite molecular O2 to the singlet state, denoted in spectroscopic notation by 1∆g. Singlet

O2 is a strong reactive oxygen species due to its electronic configuration and degrades the

MoS2. The steps in a typical FRET process are photoexcitation of a photosensitizer to the

singlet state, S1, followed by quenching of the S1 state to the triplet state, T1, by O2 molecules

in the triplet ground state, 3 Σ−g . The T1 state is then quenched by 3 Σ−g O2 molecules. As

a result of these processes, the 3 Σ−g O2 molecules are excited to the 1∆g state. A FRET

process proceeds at a high rate in a direct band gap semiconductor such as ML MoS2 in which

radiative transitions occur at a high rate [4]. Such a mechanism was also proposed by Ding

et al. [29] to explain the production of 1∆g O2 in TMD quantum dots in solution that were

exposed to visible light. These authors found a significant increase in the production of 1∆g

O2 with an increase in defects such as sulfur vacancies. This was attributed to the defects

modifying the bandgap, resulting in an increase in the photosensitizing rate. An increase

in 1∆g O2 production at defects is consistent with the observation that ML degradation in
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ambient air starts preferentially along defect sites, such as grain boundaries and edges [3,

4, 6]. The FRET mechanism is consistent with our observation that BL and thicker-layer

MoS2 films do not degrade since these materials have indirect band gaps and consequently

low radiative transition rates. The other type of mechanism proposed by Kotsakidis et al. [4]

to explain ML degradation is a photocatalytic process in which photoexcited electrons and

holes catalyze a hydrogen evolution reaction (HER) with adsorbed H2O and 3O2 molecules,

similar to the HER reaction in TiO2 . This reaction produces various reactive oxygen species

that can degrade the ML [4]. Such photocatalytic reactions are likely to occur at a faster

rate in an indirect band gap semiconductor than in a direct band gap semiconductor because

photoexcited electrons and holes in indirect band gap semiconductors have longer lifetimes

due to the absence of direct radiative transitions. For example, in TiO2 the anatase phase is

significantly more photocatalytic than the rutile and brookite phases. It has recently been

computationally shown that a main reason for this is that the anatase phase has long electron

and hole lifetimes because of its indirect bandgap, while the rutile and brookite phases have

direct band gaps [30]. Since we do not observe degradation in BL and multi-layer MoS2

samples, we conclude that photocatalytic processes that may occur on the surfaces of these

materials do not cause significant degradation, and consequently are not likely to cause

significant degradation of MLs since in MLs such photocatalytic processes would occur at a

lower rate.

Our results that BL and thicker-layer MoS2 are significantly more stable than MLs is

different from the results of Budania et al. [5] who reported that exfoliated multilayer MoS2

flakes decompose when left in ambient air at RT and 60% RH. These authors found that the

decomposition of multilayers involves the formation of speckles on the surface. Unlike the

irreversible degradation of MLs, they found that the speckles reduce in size and number after

vacuum annealing the samples at 200 °C for 2 h. We conjecture that the speckles are caused

by thick water films produced by condensation due to the high humidity environment. Under

water, multilayer MoS2 has been reported to decompose by a different mechanism involving

the dissolution of oxides in water. The removal of the oxides leaves the surface susceptible
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to continued oxidation [31–33]. For example, Zhang et al. [32] studied the oxidation of thick

MoS2 sheets placed in water for up to 12 h and observed etching of the basal plane that was

attributed to dissolution of oxides. Also, Parzinger et al. [33] attributed the photocorrosion

of exfoliated ML and trilayer MoS2 in water to dissolution of oxides. We propose that in

ambient air at humidities of about 43%, water films that dissolve oxides do not form on the

multilayer surface, and the oxidized sites protect the surface from further oxidation. In MLs,

degradation occurs by reaction with singlet oxygen produced by the FRET mechanism.

7.5. Conclusions

CVD-grown BL and thicker-layer MoS2 films do not significantly degrade under am-

bient conditions at RT, 43% RH and incident room light intensity of 1000 Lux for the period

tested of up to 2 years for non-preheated films and 64.5 weeks for preheated films. The

structural and optical properties of aged BL and thicker-layer films were like as-grown films

as determined by AFM, and Raman and PL spectroscopies. This contrasts with MLs that

almost completely degrade during this time. These results support a previously reported

mechanism in which ML TMD degradation is due to a FRET mechanism, since such a

mechanism would occur at a higher rate in a direct band gap semiconductor than in an

indirect band gap semiconductor. These results also show that photocatalytic processes do

not play a significant role in ML degradation, since such processes would occur at a higher

rate in an indirect band gap semiconductor. We expect that other TMDs in which the ML

has a direct band gap and the BL and thicker layers have indirect band gaps will also have

this property. Our results should motivate research into BL and thicker-layer TMDs since

these materials are likely to be significantly more stable under ambient conditions.

7.6. Materials and Methods

The MoS2 samples were grown using CVD on 300 nm thick SiO2 layers on Si using

the same procedure we have previously reported [34]. The SiO2/Si substrate and crucibles

containing S and MoO3 were placed in a tube furnace. The tube furnace was then flushed

at RT with ultrahigh purity Ar at a flow rate of 500 sccm for 10 min. Growth was carried
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out by ramping the temperature of the tube furnace at 25 °C/min up to 800 °C with an

Ar flow rate of 100 sccm. The temperature was kept at 800 °C for 20 min, after which the

tube furnace was turned off and allowed to cool to RT. We used a NaCl precursor during the

growth, which has been reported to contribute to the formation of multilayer MoS2 [13]. We

have previously reported that the NaCl precursor does not contribute to ML degradation

[6]. The samples were preheated in a different tube furnace in air at atmospheric pressure.

Raman and PL spectroscopy maps were obtained using a Renishaw inVia Raman Microscope

with a 532 nm laser and Renishaw Centrus CCD detector, laser power of 0.5 mW, spot size

of 764 nm, grating of 1800 lines/mm, and a spectral resolution of 1.75 cm-1. The maps were

acquired with a stage step size of 0.1 µm and integration time of 0.1 s per point. The AFM

system used was an Ambios Q-scope.

7.7. Supporting Information

7.7.1. Optical Image of Bilayer Stability without Sample Preheating

We observe the stability of bilayers (BLs) in all our naturally aged samples, regardless

of location on the substrate, growth batch, or time left in air up to 2 years. Figure 7.7 shows

representative optical images of a 1.5-year-old CVD-grown MoS2 film on an SiO2 substrate.

In Figure 7.7 (a), the arrows indicate MoS2 islands where the monolayer (ML) has developed

regions of light optical contrast, indicating degradation [6], but the BL appears optically

uniform, suggesting that it has not degraded. Figure 7.7 (b) is a high magnification optical

image of the boxed region in Figure 7.7 (a) showing an AB-stacked BL that has not degraded.

Figures 7.7 (c) shows an optical image of a different area of the same SiO2 substrate. The

arrows indicate MoS2 islands where the ML has developed regions of light optical contrast,

but the BL appears optically uniform. Figure 7.7 (d) is a high-magnification optical image

of the boxed region in Figure 7.7 (c) showing an AA-stacked BL that has not degraded.
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Figure 7.7. (a) Low-magnification optical image of an MoS2 sample that

has been left under ambient conditions for 1.5 years. The red arrows point

at specific examples where the degradation is proceeding over the monolayer,

but the bilayer remains stable. (b) High-magnification optical image of the

boxed area in (a) showing an AB-stacked bilayer. (c) Wide-area optical image

of a different sample region in which arrows indicate examples of degradation.

(d) High-magnification optical image of the boxed area in (c) showing an AA-

stacked bilayer.

7.7.2. Irreversibility of Degradation

The formation of dendrites in ML MoS2 was found to be irreversible with respect to

heating in vacuum. Figures 7.8 (a) and (b) show optical and AFM images, respectively, of

a CVD-grown MoS2 sample that has been preheated in air at 290 °C for 2 h and then left

in ambient conditions for 4 weeks. The arrows in Figures 7.8 (b) show regions of elevated
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Figure 7.8. (a) Optical image of an MoS2 sample preheated at 290 °C for 2

h in air and then left under ambient conditions for 4 weeks. (b) AFM image

of the boxed area in (a). Dendrites are visible, as indicated by the arrows.

(c) Optical image of the sample after vacuum annealing at 10−5 Torr and 500

°C for 2 h. (d) AFM image of the boxed area in (c). The dendrites are still

visible, as shown by the arrows, indicating that the degradation has not been

removed.

dendrites, indicating degradation [3, 6]. The sample was then annealed in a vacuum at about

10−5 Torr at a temperature of 500 °C for 2 h. Figures 7.8 (c) and (d) show optical and AFM

images, respectively, of the sample immediately after the vacuum anneal. The arrows in

Figures 7.8 (d) indicate the same regions of elevated dendrites as in Figures 7.8 (b), showing

that the degradation remained.

7.7.3. 1.5-year-old Non-Preheated Sample: Fitted Raman Height, Position, and Width Maps,

and PL Map

We used the Renishaw Wire software (Renishaw WiRE 5.2 software, Renishaw) to

generate maps of the fitted peak heights, positions, and FWHMs of the Raman E2g and A1g

peaks. Such maps are useful in determining slight variations in peak position and FWHM.

For example, sample strain has been shown to produce a shift in position and broadening of
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the E2g peak without a corresponding shift and broadening in the A1g peak [36]. Figure 7.9

shows fitted peak maps of the BL sample shown in Figure 7.2 of the paper after 1.5 years of

exposure to ambient conditions. Figures 7.9 (a-c) show maps of the fitted height, position,

and FWHM of the E2g peak, respectively, and Figures 7.9 (d-f) show maps of the fitted

height, position, and FWHM of the A1g peak, respectively. All the fitted peak maps were

generated from the spectra collected during the run for the map shown in Figure 7.2. Figures

7.9 (a) and (d) show that the BL has a large E2g and A1g peak height, as expected, and the

heights are relatively uniform throughout the BL. On the other hand, the ML regions contain

areas of significantly decreased height, which represents degradation. Labels 1-3 in (a)-(f)

serve as a visual guide to indicate the same degraded regions. We note that the position and

width of the E2g and A1g peaks are also uniform on the BL. On the ML, they exhibit slight

shifts towards higher wavenumbers and broadening when closer to the degraded regions. The

E2g shows a more significant peak shift and broadening compared to the A1g peak, as has

been previously reported for ML degradation [6]. Figures 7.10 (a) shows the PL height map

copied from Figure 7.2 (c) of the paper for convenience. Figure 7.10 (b) shows orange and

blue PL spectra collected at the orange and blue crosses, respectively, shown in Figure 7.10

(a). The orange cross is in a region where the ML has not significantly degraded, and the

blue cross is in a region where the ML has significantly degraded. In Figure 7.10 (b), the A

exciton height is decreased by a factor of about 4, and shifts to higher energy by about 0.5

eV, consistent with previous reports [36]. We observe a decrease in the A exciton height by

up to a factor of 20 in degraded areas.

7.7.4. Optical Image of Bilayer Stability with Sample Preheating

Figure 7.11 shows representative optical images of MoS2 samples that were preheated

in air at 330 °C for 2h, showing that BLs are also stable in ambient conditions after preheat-

ing. Preheating accelerates ML degradation [6]. Figure 7.11 (a) shows an optical image of

the sample taken immediately after preheating. The BLs indicated by numbers 1 and 3 are

AB stacked, and the BL indicated by the number 2 is AA stacked. Figure 7.11 (b) shows a

high-magnification optical image of the boxed region in (a). Figure 7.11 (c) and (d) show
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Figure 7.9. Fitted peak maps of the 1.5-yr-old sample from Figure 7.2 in

the paper. The numbers 1, 2 and 3 indicate regions of degradation on the

monolayer. (a-c) Peak height, position, and FWHM maps, respectively, of the

E2g peak. (d-f) Peak height, position, and FWHM maps, respectively, of the

A1g peak.

optical images of the same sample areas as in (a) and (b), respectively, after the sample was

left under ambient conditions for 9 weeks. We have examined hundreds of preheated samples

and not observed BL degradation.

7.7.5. Multilayer Sample: Optical and AFM Images After 18 Weeks, and Fitted Raman

Height, Position, and Width Maps After 42.5 Weeks.

Figures 7.12 (a) and (b) show optical and AFM images, respectively, of the multilayer

MoS2 sample shown in Figures 7.4 and 7.5 of the paper after 18 weeks of exposure to ambient

conditions. The red arrow indicates the bright circular region that was also observed after

42.5 weeks of exposure in Figure 7.5 (a) of the paper. The bright circular region has remained

almost unchanged in shape and size between 18 weeks and 42.5 weeks. We note that we

do not observe this region after 15 weeks, as shown in Figures 7.4 (g) and (h) of the paper.

This region appeared over a period of at most 3 weeks and then did not significantly change.

We conclude it is not a product of degradation and may be contamination deposited on the
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Figure 7.10. (a) Raman height map of the A exciton peak of the 1.5-yr-old

sample, copied from Figure 7.2 in the paper. (b) PL spectra taken at the

locations indicated by the blue and orange crosses in (a). The blue and orange

curves were taken at the locations indicated by the blue and orange crosses,

respectively.

sample. Figure 7.11 shows fitted peak maps preheated multilayer sample shown in Figure

7.5 of the paper after 42.5 weeks of exposure to ambient conditions. The fitted maps were

generated from the spectra collected during the run for the map shown in Figure 7.5 (b)

of the paper. Figure 7.13 (a-c) show maps of the fitted height, position, and width of the

E2g peak, respectively, and Figures 7.13 (d-f) show maps of the fitted height, position, and

width of the A1g peak, respectively. The E2g and A1g peaks of the BL and thicker layers

have uniform heights, positions, and widths with the exception of areas indicated by the

arrows in Figure 7.13, which correspond to the large circular regions observed in the AFM

image shown in Figure 7.5 (a) of the paper. These circular regions exhibit lower E2g and A1g

heights. We note that in the circular regions, Figure 7.13 (b) shows that the E2g peak shifts

to lower wavenumbers by as much as 1.1 cm-1, while Figure 7.13 (e) shows that the position

of the A1g peak does not noticeably shift from that of the surrounding areas.

In addition, Figure 7.13 (c) shows that the width of the E2g peak in the circular

regions increases by as much as 2.3 cm-1, while Figure 7.13 (f) shows that the width of
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Figure 7.11. (a) Optical images of an MoS2 sample immediately after heat-

ing in air at 330 °C for 2 h. The numbers 1, 2 and 3 indicate AB, AA and

AB-stacked bilayers, respectively. (b) High-magnification optical image of the

boxed area in (a). (c) Optical image of the same area in (a) after 9 weeks

of exposure to ambient conditions. (d) High-magnification optical image of

the boxed area in (c). The monolayers have completely degraded whereas the

bilayers remain visible with no sign of degradation

the A1g peak does not change significantly. Sample strain has been shown to result in blue

shifting and broadening of the E2g peak with no significant change in the position and width

of the A1g peak [36]. Since both the E2g and A1g peaks exhibit decreased height, we believe

that a contaminant may have been deposited on the sample, which is blocking the E2g and

A1g height signals and applying strain to the underlying MoS2 lattice.

7.7.6. 4-Week-Old Preheated Sample: Fitted Raman Height, Position, and Width Maps.

Figure 7.14 shows fitted peak maps of the preheated BL sample shown in Figure 7.6

(b) of the paper that was exposed to ambient conditions for 4 weeks. The fitted maps were
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Figure 7.12. (a) and (b) Optical and AFM images, respectively, of the MoS2

sample shown in Figure 7.4 of the paper after 18 weeks of exposure to ambient

conditions. The arrows indicate the location of bright circular regions seen in

Figure 7.5 (a).

Figure 7.13. Fitted peak maps of the multilayer sample shown in Figure

7.5 (a) after 42.5 weeks of exposure to ambient conditions. (a-c) Peak height,

position, and FWHM maps, respectively, of the E2g peak. (d-f) Peak height,

position, and FWHM maps, respectively, of the A1g peak.
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Figure 7.14. Fitted peak maps of the sample shown in Figure 7.6 (b) of

the paper after 4 weeks of exposure to ambient conditions. (a-c) Peak height,

position, and FWHM maps, respectively, of the E2g peak. (d-f) Peak height,

position, and FWHM maps, respectively, of the A1g peak.

generated from the spectra collected during the run for the map shown in Figure 7.6. Figures

7.14 (a-c) show maps of the fitted height, position, and FWHM of the E2g peak, respectively,

and Figures 7.14 (d-f) show maps of the fitted height, position, and FWHM of the A1g peak,

respectively. Both the E2g and A1g peaks of degraded ML regions show lower heights, shifts

to higher wavenumbers, and broadening of the widths. The BL regions appear uniform.
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CHAPTER 8

CONCLUSIONS AND FUTURE WORK

8.1. Conclusions

This dissertation gives an extensive study on the low-energy electron irradiation ef-

fects and etching of graphene [1, 2]. In addition, the mechanisms for the degradation and

stability of MoS2 were investigated [3, 4]. To our knowledge, the properties of substrates

have not been fully explored. We believe that the outcomes in this dissertation will trigger

the urge to widely study the effect of etching graphene on the precision, resolution, and

linewidth. In addition, although many 2D materials have been found, most degrade in air.

The demonstration of a stability mechanism using bilayer and thicker layer transition metal

dichalchogenides (TMDs), in this dissertation, would have a significant impact in this area.

Finally, this research would also impact the field of twisted TMD bilayers that has recently

attracted considerable interest. Knowledge of their air stability would spur additional inter-

est in this area. The following sections explore propositions for future work.

8.2. New Techniques in Nanoscale Focused Electron Beam Cutting of 2D Materials

We propose to improve the precision, resolution, and line width at the nanoscale in

the cutting and etching of 2D materials obtainable using focused electron beam (FEB) tech-

niques. This will be accomplished by investigating in detail the effects of substrate charging

on the precision, resolution and linewidth of etching obtained using FEB. This proposal is

to develop improved FEB methods of patterning 2D materials. These materials have unique

properties that have been the object of much research world-wide. Implementing these ma-

terials into useful devices remains a main objective in many research groups. Techniques

that could be implemented at many research laboratories such as FEB would significantly

speed up the development of useful devices. Many research laboratories have access to an

scanning electron microscope (SEM) or e-beam lithography system. That cannot be said

for other methods such as helium ion microscopy for example. With simple modifications to

an existing SEM based e-beam lithography system involving the addition of a nozzle for gas
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Figure 8.1. Illustration of the sample setup. The graphene sample is

grounded, and thus any accumulated charge in the graphene will go to ground.

At electron energies < 10 keV, the secondary electron emission will produce

a localized positive charge at the surface of the SiO2 near the location of the

beam. There will also be a more widely dispersed negative charge deeper in

the SiO2 due to the primary beam being scattered.

delivery, it can be converted to an FEB system that can pattern 2D materials without the

use of a resist. Successful ways of increasing the precision, resolution and linewidth of FEB

etching techniques would therefore have a broad impact.

To our knowledge, the properties of the substrate that we propose to optimize have

not been widely studied and little is known about their effect on precision, resolution, and

linewidth. We plan to explore a variety of 2D materials such as graphene and TMDs,

and gases such as oxygen, water vapor. Simulations of primary beam electron trajectories

in SiO2 were carried out to determine the effect on dielectric thickness on primary beam

charge trapped in the dielectric. The simulations were run using the Monte Carlo simulation
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Figure 8.2. Simulations of electron trajectories for (a) 1.5 keV, (b) 10 keV

and (c) 30 keV electrons.

software CASINO version 2.42 [6].

In all the simulations the e-beam diameter was 3 nm, the dielectric was SiO2, and

the substrate was Si. Figures 8.2 (a)-(c) show a simulation of the experiment in Figure 8.1

using an e-beam energy of 1.5, 10 and 30 keV, respectively, and an oxide thickness of 300

nm. The SiO2/Si interface is indicated by the dashed purple horizontal line. At 1.5 keV,

all the electrons are stopped within about 54 nm of the SiO2. At 10 keV, significantly more

electrons are stopped in the conducting Si substrate, and at 30 keV almost all the electrons

are stopped in the conducting Si substrate. In Ref. [5], the acceleration voltage was 3 keV

to produce a large SEM image contrast between the graphene sample and the substrate.

Figure 8.3 (a) shows a simulation of the electron trajectories for 3 keV and 300 nm Si. As
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Figure 8.3. Simulations of electron trajectories for 3 keV electrons for an

SiO2 layer having a thickness of (a) 300 nm and (b) 10 nm.

can be seen in the figure, most of the electrons stop within 100 nm of the SiO2. Figure 8.3

(b) shows a simulation for 3 keV with a 10 nm thick SiO2 substrate instead. As can be seen

in the figure, almost all the electrons stop in the conducting Si substrate. The Si used in

our experiment is conducting and therefore the electrons will then be transferred to ground.

Thus, we hypothesize there would be less negative charging of the substrate and therefore

less damage to the graphene outside the intended etch area. There would also be less beam

deflection effects due to the lack of negative charging. As a result, the precision, resolution,

and linewidth of the etched patterns would be improved.

This method of lithography with an emphasis on dielectric thickness and substrate

conductivity could also be applied to other 2D materials, such as MoS2. It has been found

that bulk pristine MoS2 samples exposed to O2 gas at 200 °C develop MoOx on the topmost

layer without any effect to the underlying layers [7]. The MoOx, when annealed at 500

°C, becomes volatile and is released into the vacuum chamber, and thus the top layer is

completely removed. The authors of Ref. [7] ascribe the etching as mainly due to neutral

reactive oxygen species, although that’s because neutrals have longer lifetimes than ions. In
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our case, the lifetime of ions is not a factor because they are continuously produced close to

the sample by the e-beam. We hypothesize that the reactive oxygen species can be duplicated

in our experiment with the oxygen gas and electron beam independent of the temperature.

As a result, the same principle that we propose for precisely patterning graphene can be

further explored by applying it to MoS2 on a thin SiO2 substrate. We propose that when an

electron beam irradiates the sample, the SiO2 underneath the MoS2 that is exposed to the

e-beam will become positively charged. This will cause negatively charged reactive oxygen

species dissociated by the primary electron beam to be accelerated to the MoS2, forming

MoOx. Thus, the same process can be used to pattern the MoS2 by then annealing the

sample at 500 °C.

8.3. Multilayer Encapsulation of TMDs

We propose to investigate the effectiveness of bilayer and TMD encapsulation of re-

active Van der Waals materials (RVdWMs), which could catalyze research on realizing new

heterostructure devices that are more efficient, stable, and reliable for commercial appli-

cations. We have recently found that bilayer and thicker-layered MoS2 films are stable in

air, and we hypothesize that bilayer and thicker-layered TMD encapsulants will effectively

passivate RVdWMs. The demonstration of an effective encapsulation technique using TMDs

would have a significant impact in this area because of the many novel electronic and op-

toelectronic devices that could be realized. In our TMD/RVdWM heterostructures, the

RVdWM will be entirely encapsulated by the TMD, which is a semiconductor, as illustrated

in Figure 8.4. In contrast, the most used encapsulants of RVdWMs such as hexagonal boron

nitride (hBN), graphene and thin polymer films are insulating or conducting. The semi-

conducting property of TMDs will allow for the straightforward and scalable production of

air-stable TMD/RVdWM devices with significantly fewer intermediary steps like encapsu-

lation with hBN or thin polymer films that could also adversely affect the electrical and

optical properties of the TMD/TVdWM device. Fabrication of MoS2 back-gated transistors

would become trivial since there would be no need for hBN encapsulation. To test the effec-

tiveness of TMD encapsulation, we will first study the mechanism of degradation of TMDs
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Figure 8.4. Encapsulated 3-terminal device to probe the electrical character-

istics of a TMD/RVdWM heterostructure based on (a) Our proposed electrical

contact structure and (b) published methods [8].

in air. Specifically, we will test the effects of interlayer coupling (bilayer twisting) on the

stability of TMD bilayers, which will give us insights on the optimal method to encapsulate

RVdWMs. In addition, we will study the air stability of the electronic and optoelectronic

properties of these devices. These studies will be carried out using a novel method to ac-

celerate the degradation that we have recently reported, which will allow us to study the

progression of degradation in weeks instead of years. We will use techniques such as atomic

force microscopy (AFM), Raman spectroscopy and X-ray photoelectron spectroscopy (XPS)

to characterize the degradation.

We will then synthesize TMD/RVdWM heterostructures using a combination of chem-

ical vapor deposition (CVD) and mechanical exfoliation and transfer techniques. Finally,

we will study their electronic and optoelectronic properties using transport measurements.

Since the RVdWM will be entirely encapsulated by the TMD, the electrical contact to the

RVdWM will be made using a simple interconnect platform where the encapsulated material

is electrically contacted from the bottom. Such a method of encapsulation has not been

reported previously, to our knowledge, and can potentially open a new field of research in

the applications of TMD/RVdWM heterostructures.
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