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ABSTRACT

Molybdenum disulfide (MoS2) has attracted tremendous attention over the past decade due

to their exciting mechanical, electronic and frictional properties. Heterostructures of semicon-

ductors and metals are the fundamental components of modern electronics. The atomically thin

MoS2 sheets, offer unique opportunities for heterostructure devices since they are chemically ho-

mogenous, but illustrate electronically distinct semiconducting (1H phase) and metallic (1T phase)

characteristics with matched lattices.

Here, Au substrates were used to introduce phase transition inside single layer MoS2. The

formation of 1T-MoS2 phase could be initiated by the charge transfer and the built-in strain from

Au substrates. Because the unavoidable aging and degradation of MoS2, significantly affected the

desired performance in semiconductors, catalysts and tribological applications, the structural and

chemical evolution of MoS2 under accelerated aging conditions was investigated under UV-ozone

condition. We found that, the aging varied strongly with the layer thickness of MoS2 sample. To

systematically tune the electronic properties of MoS2, diacetylenethiolate-based molecules could

be implemented to dope MoS2 via defect engineering since the thiol groups could bond to sul-

fur vacancies and the diacetylene thiols could form relatively stable polymers on MoS2 surfaces

through UV-induced crosslinking. The mechanical and electronic properties of diacetylene and

poly-diacetylene monolayers on Au(111) were fully investigated. The monolayers were found

to exhibit higher friction following polymerization due to structural changes in the films. Elec-

tronically, size-dependent differences in the electronic properties were found to arise for poly-

diacetylene islands of around 10 nm when embedded into a dodecanethiolate matrix, which could

be attributed to the Coulomb blockade. The knowledge revealed here will guide future designs and

applications of MoS2-based electronic devices and tribological systems.
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1. INTRODUCTION AND LITERATURE REVIEW

1.1 Structure-Function Properties of 2D Transition Metal Dichalcogenides

Two-dimensional (2D) transition metal dichalcogenides have shown promising potential over

the past decade due to the exciting mechanical and electronic properties [1–8]. Different from

graphenes single layer structure, 2D-TMDs consist of a transition metal M layer, sandwiched be-

tween two layers of chalcogen atoms. Fabricating single and few-layer TMDs not only preserves

some of their bulk properties, but additionally leads to exciting novel properties due to the quantum

confinement and surface effect.

Molybdenum disulfide (MoS2), one of the most representative TMDs, can form two common

polymorphs, i.e., 2H phase and 1T phase, based on the atomic combination and stacking ordering.

These two polymorphs exhibit considerable difference in their electronic properties as a result

of the difference in their crystal symmetry. Additionally, when the thickness of, for example, 2H-

MoS2 is reduced from a bulk to a single layer, the nature of the electronic structure switches from an

indirect bandgap to a direct bandgap, opening up new opportunities in optoelectronics, spintronics

and valleytronics [9–13]. The 1T phase (distorted variation is called 1T’) is thermodynamically

unstable, which has received great attentions recently, for its topological properties, such as the

quantum spin Hall effect, dipolar ferroelectricity and Wely semi-metallicity in several 2D-TMDs,

i.e., MoS2, MoTe2 and WTe2 [14, 14–17].

1.2 Strategic Fabrication of 2D-MoS2

To date, 2D-MoS2 can be fabricated strategically mainly via three approaches, i.e., mechanical

exfoliation, liquid exfoliation, and vapor deposition method.

Mechanical exfoliation implementing scotch tapes can be used to obtain high quality single-

and few-layer MoS2 [1, 18]. In this method, MoS2 flakes are peeled off from their bulk crystal

and then transferred on a silica surface. The advantage of this method is that, it’s very simple and

inexpensive. The disadvantage is that, due to the weak van der Waals forces between the oxidized
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silicon surface and the MoS2 flakes, the monolayer yield is extremely low. Recently, a new method

has been developed to achieve a high yield with centimeter-sized MoS2 monolayer exfoliation

[19, 20]. The key step in this method was, instead of using a SiO2 substrate, the exfoliation yield

could be significantly improved by enhancing the adhesion between the basal plane of the MoS2

flakes and the substrate. In this case, a freshly prepared gold substrate was employed. Because of

the lack of any chemicals involved in the mechanical exfoliation process, the structural integrity

and crystallinity of MoS2 are conserved, which serves a decent platform for fundamental studies

of the structure-function relationships of 2D-MoS2.

Usually, liquid exfoliation can be categorized into two classes, i.e., liquid phase ultrasonic

exfoliation and chemical exfoliation. In liquid phase ultrasonic exfoliation, bulk dispersion of

single- and few-layer MoS2 flakes can be easily exfoliated in organic solvents (e.g., N-methyl-

pyrrolidone) with moderate polarity [21]. To improve the yield of the exfoliation, surfactant-

assisted ultrasonic exfoliation can be carried out by utilizing chemicals such as sodium cholate

and bovine serum albumin [22]. The liquid phase ultrasonic exfoliation not only enables large

scale production but also allows a great number of liquid-based techniques for photovoltaics and

tribology applications [23–25]. The disadvantage of this technique is that the exfoliated MoS2

flakes are mainly in the form of multi-layers and thus, require further treatment. To improve

the yield, chemical exfoliation can be implemented to produce single-layer MoS2 via lithium ion

intercalation [26]. In this method, lithium ions intercalate and weaken the interlayer interaction in

the bulk MoS2. Then, with the support of ultrasonication, LixMoS2 monolayers are formed and

stably disperse within the solvent (e.g., hexane). The advantage of chemical exfoliation is that

the yield can be as high as 100% while the disadvantage is that, the lateral size produced by this

method is limited to 200 to 800 nm as well as a partial transformation in phases from 2H to 1T [7].

2D-MoS2 can also be synthesized by vapor deposition. In fact, chemical vapor deposition

(CVD) has proved to be a reliable and widely used technique for growing 2D materials with a

controllable manner. Based on the variations of growth conditions, the CVD-grown of MoS2 can be

classified into three categories: decomposition of Mo and S containing vapor precursors separately
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and formation of MoS2 on specific substrates [27–29], direct sulfurization of Mo containing thin

films [30], and hydrothermal-solvothermal reaction [31–35].

2D-MoS2 sheets can be directly synthesize on silica substrates via MoO3 and S precursors.

The growth of 2D-MoS2 is very sensitive to the pre-treatment of the substrate. The employment of

graphene-like molecules, such as perylene-3,4,9,10-tetracarboxylic, enhance growth of MoS2 [27].

Sørensen and coworkers have also reported synthesizing single-layer MoS2 on metal substrates. In

their approach, Mo and H2S were deposited simultaneously on a Au(111) surface. High quality

MoS2 monolayers were produced in the form of a characteristic moiré pattern due to the lattice

mismatch between the MoS2 and the substrate Au [28]. In the direct sulfurization case, 2D-MoS2

flakes can be obtained by direct sulfurization of Mo-based thin films, e.g., MoO3 [30]. The lateral

dimension and the layer thickness of the resulting MoS2 films are determined by the Mo-based

films, which makes it a highly controllable and scalable technique. Besides the in-plane growth,

the MoS2 flakes can also grow vertically via a rapid sulfurization at elevated temperature (550

◦C) [36]. The advantage of the kinetic-driven vertical growth process is that, it maximizes the low-

coordinate surface sites (e.g., edges and kinks), and promotes various catalytic reactions [37]. In

the last case the hydrothermal-solvothermal approach, Mo containing precursors and S containing

precursors are dissolved in water or other solvents. After applying a high temperature and high

pressure, 2D-MoS2 can be formed with different structures (nanoflower or nanotube). Particularly,

the MoS2 flakes prepared by this method contain a large density of surface defects as well as a

partial 2H-to-1T phase transformation. Besides the simplicity and wide range of applications,

the hydrothermal-solvothermal method demonstrates attractive potential as a facile way for MoS2

hybridization with other advanced functional materials (e.g., nano-Fe3O4) [38].

Given the multiple synthesis options, a facile way to fabricate high quality 2D-MoS2 is there-

fore the key in this dissertation. Considering the difficulty of handling alkali metals in liquid

exfoliation and the extensive time and cost in CVD method, mechanical exfoliation yields the

highest quality of MoS2 nanosheets. Because of the strong affinity between Au and S atoms of

the basal plane of MoS2, it is possible to further enhance the exfoliation yield by utilizing a gold
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substrate instead of a silica wafer. Therefore, in this work three questions have been researched to

gain a more comprehensive understanding of the structural evolution of MoS2 on metal surfaces.

I) How does the structure of 2D-MoS2 evolve after deposited on a gold substrate. II) How does

the structure of 2D-MoS2/Au(111) evolve under accelerated aging conditions. III) How to system-

atically tune the electronic properties of 2D-MoS2/Au(111) via defect engineering. By addressing

these questions, the work here provides a fundamental understanding of the structural evolution of

MoS2 on metal surfaces, under accelerated aging conditions as well as a systematic way to tune

the electronic properties of MoS2 via defect engineering of chemisorption.

1.3 Deposition of MoS2 on Au(111)

The deposition of MoS2 on metal surfaces is critical for fabricating and designing MoS2-based

electronic and catalysis systems. The research of MoS2 on gold substrates was first initiated by F.

Besenbacher and coworkers earlier this century [39–41]. In their studies, they demonstrated the

formation of the one-dimensional metallic edge states in single-layer MoS2 nanoclusters, which

could potential serve as active sites for catalysis process (e.g., hydrodesulfurization catalysis).

Recently, growth of high quality large MoS2 monolayers on Au(111) has been reported us-

ing CVD method under UHV environment [28]. A complete characterization including scanning

tunneling microscopy (STM) and x-ray photoelectron spectroscopy (XPS) has been carried out

showing the topographical and electronic properties of the MoS2 monolayers on Au surfaces. Due

to the periodic modulation of the films induced by the lattice mismatch, a characteristic moiré pat-

tern is observed. While the Au(111) surfaces give rise to the out-of-plane strain for single-layer

MoS2, no strain or periodic modulation is observed for MoS2 on polycrystalline Au or silica sur-

faces [42]. In addition, XPS results show that the MoS2 is n-dope due to the electron donation from

the Au substrates. Scanning tunneling spectroscopy (STS) further indicates a strong hybridization

between the Au states and the valence band of MoS2.

Besides the CVD synthesis of MoS2/Au(111) in UHV, mechanical exfoliation of large-area

(hundreds of micron) MoS2 monolayers was reported due to the strong chemical affinity of the S

atoms to the Au as compared to the neighboring layers in the bulk MoS2 [43]. Later, centimeter-
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sized MoS2 was reported and the MoS2-Au interaction was confirmed to be a strong van der Waals

force rather than covalent bond [19]. Native defect density of the exfoliated MoS2 has been inves-

tigated [44]. The defect concentration has been imaged and analyzed in the order of 10-13 cm-2.

However, a combined studies using low-temperature non-contact atomic force microscopy (AFM)

and STM, and ab initio density functional theory (DFT) and GW calculations showed controversial

results [45]. They suggested that the common defects usually found in 2D-MoS2 sheets, are oxygen

substitutional defects, instead of point defects or sulfur vacancies. Complementary qPlus studies

by Nils indicated that, in additional to the oxygen substitutional defects, nanometer-sized patches

commonly observed in STM are due to the Au vacancy islands underneath the MoS2 layers [46].

1.4 Evolution of MoS2/Au(111) under Accelerated Aging Conditions

Because of the promising potential in a wide range of applications, one of the major goals

in this work is to understand the degradation and stability of 2D-MoS2 under accelerated aging

conditions. Since there is a great overlap between the controlled etching and the aging on MoS2,

in this section, we will mainly focus on the literature on oxygen related aging studies, particularly,

the oxidation of MoS2 under pure O2, O2 plasma and UV-ozone conditions. We will not cover the

discussion on sputtering, electron irritation, charged particle irritation, Gamma-ray irradiation and

x-ray irradiation.

2-D MoS2 nanosheets are generally considered to be stable in air. However, Jian and his team

[47] showed that, contract to this current understanding, MoS2 monolayers grown by CVD method

demonstrated relatively poor air stability. The MoS2 monolayers exhibited extensive cracking and

significant changes in morphology and photoluminescence spectroscopy when exposed in air at

room temperature for several months. They attributed such an aging effect to the oxidation of

MoS2 along the grain boundaries and the adsorption of organics from the environment. Similar

to this result, a systematic investigation of oxidation for two MoS2 films (amorphous and highly

ordered) before and after exposure to atomic oxygen and high temperature annealing in molecular

oxygen reveals that, the ordered MoS2 films showed a considerably higher resistance to both atomic

and molecular oxygen at elevated temperature, comparing to the amorphous MoS2 films [48]. To

5



understand the degradation and aging of ordered MoS2 films at elevated temperature, Yamamoto et

al. exposed mechanically exfoliated MoS2 on silica substrates to oxygen in air at 300-340 ◦C. They

observed an anisotropic etching behavior of MoS2 which was initiated at native defect sites. Raman

spectroscopy confirmed that no oxidative form (MoO3) was produced in this temperature range

[49]. Similar anisotropic etching results have also been reported by Jumiati textitet al. around the

same time [50]. However, their XPS spectra indicated that parts of the MoS2 films were oxidized to

form MoO3. Besides the temperature effect on the accelerated aging of 2D-MoS2 flakes, the partial

pressure of O2 can also affect the oxidation process of MoS2. By utilizing ambient pressure XPS

and TEM, Dooyong textitet al. measured the work-function variation during the transformation of

MoS2 to MoO3 [51]. They showed that by annealing MoS2 in 1 mbar O2 + 1 mbar Ar at 350 ◦C,

MoS2 could be fully converted to MoO3 without any anisotropic etching occurred.

2D-MoS2 flakes can also be oxidized via oxygen plasma treatment. After oxidation, the pho-

toluminescence was quenched [52]. However, detailed studies by Zhenhuas group showed that,

instead of being quenched, the photoluminescence was actually enhanced by thousands of times at

crack and defect sites. They concluded that this was due to the p-doping at crack and defect sites

as the oxygen adsorbed and the suppression of nonradiative recombination of excitons at defect

sites [53]. Later, Suhhyun et al. reported the O2 plasma could also be used to etch and control

the layer thickness of 2D-MoS2, which was similar to thermal annealing in air at elevated tem-

perature [54]. In contrast to this findings, Wen et al. demonstrated that by carefully controlling

(lowering) the energy applied in O2 plasma treatment, oxygen species could just be physically

adsorbed without oxidizing or etching away 2D-MoS2 flakes [55].

2D-MoS2 nanosheets can also be accelerated aged under UV-ozone conditions. Similarly, by

lowering the UV power, the oxidation of MoS2 could be eliminated, while the surface energy

was increased due to physical adsorption of oxygen species. To better understand the UV-ozone

process and better serve further functionalization of MoS2 with dielectrics (e.g., Al2O3), Wallace

et al. investigated the UV-ozone oxidation of MoS2 in situ with additional controls of the oxidation

factors involved in the UV-ozone oxidation [56]. They found that there was no reaction or oxidation
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occurred to MoS2 by leaking O3 solely into the reaction chamber. UV was essential, not only

because it could increase the reactivity of O3, but also to generate atomic oxygen that could react

and oxidize MoS2.

1.5 Systematically Tuning the Electronic Properties of MoS2 by Defect Engineering of Molec-

ular Doping

Based on the surface defects discussion above, these undercoordinated surface sites can be

identified as potential synthetic starting points for surface modification. Particularly, surface de-

fects containing sulfur vacancies can provide enormous possibilities when functionalized with

thiol molecules to tune the properties of MoS2 comparing to the inertness of complete MoS2

sheets [57, 58]. In addition, the surface vacancies in MoS2 can be created by thermal annealing at

250 ◦C and serve as the starting reaction sites for thiol-terminated organic molecules. However,

the major challenge now is that the surface functionalization is not stable, the dissociation of the

S-C bond can be induced by subtle environmental perturbation, which has been reported as the

self-repairing mechanism of vacancy defects [59]. Here, thiol-terminated diacetylenes, especially

the polymerized diacetylene thiols was examined on Au(111) surfaces. The highly conjugated

structures, combined with covalent bonds to the MoS2 substrates, will result in a more rigid fea-

ture compared to typical alkanethiols or other thiol-containing molecules. Such a rigidity has been

reported previous that the poly-diacetylene thiols exhibit excellent stability to repeated electro-

chemical cycling at extreme conditions, high temperature annealing up to 200 ◦C, and long-time

exposure to hot base solutions [60].

1.6 Summary

In conclusion, a fundamental understanding of structural evolution of 2D-MoS2 on metal sur-

faces is critical for fabricating and designing MoS2-based electronic, catalysis and tribological

systems. Following in Chapter 2, the advanced surface characterization techniques studying the

2D-MoS2/Au(111) system are discussed. In Chapter 3-5, three main questions are addressed ac-

cordingly, with the purpose to understand and design novel MoS2/Au(111) system: I) How does

7



the structure of 2D-MoS2 evolve after deposited on Au(111) substrates. II) How does the structure

of 2D-MoS2/Au(111) evolve under accelerated aging conditions. III) How to systematically tune

the electronic properties of 2D-MoS2/Au(111) via defect engineering of chemisorption. Lastly,

Chapter 6 summarizes and concludes this dissertation.
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2. ADVANCED SURFACE ANALYSIS TECHNIQUES

In this chapter, we discuss the theoretical consideration of the major instrumental techniques

employed in our experiments.

2.1 Scanning Tunneling Microscopy (STM)

Back to 1959, R. P. Feynman first postulated the potential of nanotechnology in his visionary

presentation entitled There is Plenty of Room at the Bottom. More than 60 years later with the ad-

vancements in microscopy technology, imaging structures at nanoscale become possible. Among

those, scanning probe microscope represents a unique tool, which can not only image, but also

manipulate structure on surface [61].

The first model of scanning probe microscopy, the scanning tunneling microscopy (STM) was

first invented by Binnig and Rohrer in 1981. They received the Nobel Prize in physics for their

invention five years later in 1986. In STM, a bias is implemented between a metal tip and a con-

ducting sample. The tip is approached toward the sample until a tunneling current is detected. The

tip is controlled and positioned with a very high accuracy using piezoelectric actuator materials.

The mechanical expansion or contraction of piezoelectric actuator is proportional to the voltage

applied to their electrodes. While the tip is scanned across the sample surface in x and y direc-

tions, a feedback loop constantly adapts the tip in z direction by approaching or retracting the tip

to maintain a constant tunneling current between the tip and the sample. Recording the tip height

(z signal) as a function of the x and y coordinates, generates a STM image corresponding to the

topography of the sample surface.

2.1.1 Theoretical Models for Tunneling in STM

The tunneling junction (tip-gap-sample) can be handled in different ways. The simplest case

is the one-dimensional potential barrier model (Figure 2.1). For one-dimensional model, a square

potential barrier V (z) (height = V0) is considered within the region between z = 0 and z = d. E

is the energy of a tunneling electron. The time-dependent Schrödinger equation can be written as:
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Figure 2.1: Graphical illustration for one-dimensional tunneling junction.

h̄
∂

∂t
Ψ(r, t) =

(
− h̄2

2m
∆+ V (r, t)

)
Ψ(r, t). (2.1)

The time-dependent part of the solution can be written as ϕ(t) = exp(− i

h̄
Et), and the solution of

this time-dependent Schrödinger equation can be written as: Ψ(r, t) = exp(− i

h̄
Et)ψ(r). Then we

can get
h̄2

2m

∂2

∂z2
ψ(z) = [V (z)− E]ψ(z). (2.2)

The solutions for this in all three regions is

ψ(z) =


Aeik1z +Be−ik1z z < 0 (Zone I)

Ce−k2z +Dek2z 0 ≤ z ≤ d (Zone II)

Feik1z z > d (Zone III)

(2.3)

Where

k1 =

√
2m

h̄2
E (2.4)

k2 =

√
2m

h̄2
(V0 − E). (2.5)
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The coefficients A,B,C,D, F can be calculated from continuity and boundary conditions.

Using a computer algebra system, we can calculate the these coefficients. Particularly, the absolute

square of the coefficient F is

T = |F |2 = 4k21k
2
2

(k21 + k22)
2 sinh2 (k2d) + 4k21k

2
2

. (2.6)

Note that F represents the possibility of find an electron past the barrier, and thus we can also call

it the transmission Factor. By using the mathematical approximation when k2d≫ 1,

sinh2 k2d ≈ 1

4
e2k2d (2.7)

and another approximation (neglecting the last term in the denominator), the transmission factor T

becomes

T =
16k21k

2
2

(k21 + k22)
2
e−2k2d =

16E(V0 − E)

V 2
0

exp

[
−2d

√
2m

h̄2
(V0 − E)

]
. (2.8)

The discussion here shows the transmission factor when E ≤ V0. In the other scenario when

E > V0, then the constant term k2 becomes imaginary. By defining k2 = ik3, the transmission

factor is now

T = |F |2 = 4k21k
2
3

(k21 − k23)
2 sin2 (k3d) + 4k21k

2
3

. (2.9)

In this case (E > V0), the transmission factor has an oscillatory character approaching unity at

particular energy (k3d = nπ, k3 = 2π/λ, nλ/2 = d).

Although the one-dimensional potential model proves to be quite straightforward and helpful,

several problems remain in this method. First, the wave function is not normalized. Second, no

voltage potential difference between the electrodes (tip and sample) is discussed. Third, instead

of density of states, only one electron state is considered here which deviates significantly from

the real tunneling situations [62]. Because of these limitation, the Wentzel-Kramers-Brillouin
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approximation is used to solve a general one-dimensional potential barrier.

For a free electron, the general wave function of the time-independent Schrödinger equation is

ψ(x) = Ce±ikz, (2.10)

where C is a normalized constant and k = 1
h̄

√
2m(E − V ). Note that k varies as the potential

V changes (as discussed in the previous section). To solve the transmission factor for a one-

dimensional potential varying spatially, first we can write the wave function at position z1 as

ψ(z1) = ψ(z0) exp

±i z1∫
z0

k(z)dz

 . (2.11)

When E − V (z) < 0, and eliminating the pre-exponential factor in Equation 2.8, the transmission

factor is

T =

∣∣∣∣ψ(z1)ψ(z0)

∣∣∣∣2 = exp

−2
√
2m

h̄

z1∫
z0

√
(V (z)− E)dz

 . (2.12)

Figure 2.2: Trapezoidal potential barrier for WKB model approximation in a STM tunneling junc-
tion.

Therefore, we have shown that the transmission factor can be calculated for a general form of a

potential barrier. One typical case of applying the WKB approximation is considering a trapezoidal
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potential barrier (Figure 2.2). The potential can be written as V (z) = E+ψtip−z/d(ψtip−ψsample)

and the T can is now written as

T = exp

[
− 4d

√
2m

3h̄(ψtip − ψsample)
(ψ

3/2
tip − ψ

3/2
sample)

]
. (2.13)

Next, we will discuss the Bardeen approach for tunneling in solid. Before our discussion, a few

concepts need to be clarified. First, we need to know the concept of density of states (DOS). The

definition for DOS ρ(E) is

ρ(E) =
dN(E,E + dE)

dE
, (2.14)

or

ρ(E) =
∑
n

δ(E − En). (2.15)

The next concept is the local density of states (LDOS). The definition of LDOS is the DOS with

additional consideration of spatial distribution

LDOS = ρ(E, r) =
∑
n

|ψn(r)|2 δ(E − En). (2.16)

Now, we can start discussing Bardeen’s model. To apply his model in STM, the tip-barrier

and the sample-barrier are considered as two separate systems [63]. The wave functions in these

two subsystems can be obtained, again by solving the time-independent Schrödinger equation. A

simplified energy diagram showing the tunneling process is illustrated in Figure Figure 2.3. A

few conditions need to be fulfilled in this model. First, the potential in this system is Vtotal(r) =

Vtip(r) + Vsample(r). Next the tip potential is zero inside the sample region and vice versa. Third,

the vacuum level is set as zero energy. The time-dependent Schrödinger equation for the tip and
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Figure 2.3: Energy diagram of a typical tunneling process when a positive bias is applied to the
sample or a negative bias is applied to the tip (zero temperature limit).

the sample can be written as

ih̄
∂Ψtip,i(r, t)

∂t
=

[
− h̄2

2m
∆+ Vtip(r)

]
Ψtip,i(r, t), (2.17)

and

ih̄
∂Ψsample,j(r, t)

∂t
=

[
− h̄2

2m
∆+ Vsample(r)

]
Ψsample,j(r, t). (2.18)

The solution for the tip equation at state i is

Ψtip,i(r, t) = ψtip,i(r) exp

(
−iEit

h̄

)
. (2.19)

The solution for the sample equation at state j is

Ψsample,j(r, t) = ψsample,j(r) exp

(
−iEjt

h̄

)
. (2.20)

The time-independent Schrödinger equation for the tip at state i can be written as

(
− h̄2

2m
∆+ Vtip(r)

)
ψtip,i(r) = Eiψtip,i(r). (2.21)
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The time-independent Schrödinger equation for the sample at state j can be written as

(
− h̄2

2m
∆+ Vsample(r)

)
ψsample,j(r) = Ejψsample,j(r). (2.22)

Now we consider an electron tunnels from its initial state i of the tip to the final state j of the

sample. The time-dependent wave function of the whole system is

Ψfinal(r, t) = Ψtip,i(r, t) +
∑
j

aj(t)Ψsample,j(r, t). (2.23)

Now we can write the time-dependent Schrödinger equation of the wave function Ψfinal(r, t) as

ih̄
∂Ψfinal(r, t)

∂t
=

[
−h̄2

2m
∆+ Vtip(r) + Vsample(r)

]
Ψfinal(r, t). (2.24)

Applying the wave function (Equation 2.23) into the equation of the whole system above, we can

get

ih̄
∂Ψtip,i(r,t)

∂t
+ ih̄

∑
j

daj(t)

dt
Ψsample,j(r, t) + ih̄

∑
j

aj(t)
∂Ψsample,j(r,t)

∂t

=
[
− h̄2

2m
∆+ Vtip(r)

]
Ψtip,i(r, t) + Vsample(r)Ψtip,i(r, t)

+
[
− h̄2

2m
∆+ Vtip(r) + Vsample(r)

]∑
j

aj(t)Ψsample,j(r, t).

(2.25)

We can cancel out some terms in this equation and thus we can rewrite it as

ih̄
∑
j

daj(t)

dt
Ψsample,j(r, t) = Vsample(r)Ψtip,i(r, t) + Vtip(r)

∑
j

aj(t)Ψsample,j(r, t). (2.26)

By replacing the Ψtip,i(r, t) and Ψsample,j(r, t), we can get
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ih̄
∑
j

daj(t)

dt
ψsample,j(r) exp

(
− iEjt

h̄

)
= Vsample(r)ψtip,i(r) exp

(
− iEit

h̄

)
+Vtip(r)

∑
j

aj(t)ψsample,j(r) exp
(
− iEjt

h̄

)
.

(2.27)

Next, by multiplying this equation by the wave function Ψ∗
sample,f at a specific sample state f , and

perform a spatial integration, we can get

ih̄
daf (t)

dt
exp

(
−iEf t

h̄

)
=

∫
ψ∗
sample,f (r)Vsample(r)ψtip,i(r)d

3r exp

(
−iEit

h̄

)
+Vtip(r)af (t) exp

(
−iEf t

h̄

)
.

(2.28)

Since the af terms are small, we can neglect the last term in the equation above and thus the

differential equation of af can be written as

daf (t)

dt
=

1

ih̄

∫
ψ∗
sample,f (r)Vsample(r)ψtip,i(r)d

3r exp

[
i(Ef − Ei)t

h̄

]
. (2.29)

The expression

Mfi =

∫
Γsample

ψ∗
sample,f (r)Vsample(r)ψtip,i(r)d

3r (2.30)

is called the matrix element. By integrating the differentiation equation above, we can get

af (t) =
1

ih̄
Mfi

t∫
0

exp

[
i(Ef − Ei)t

′

h̄

]
dt′ = −Mfi

exp [i(Ef − Ei)t/h̄]− 1

Ef − Ei

= −2iMfiexp [i(Ef − Ei)t/2h̄]
sin[(Ef − Ei)t/2h̄]

Ef − Ei

.

(2.31)

Using this equation, the probability of finding an electron in the sample state f which originates
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from the tip state i is

|af (t)|2 = −4|Mfi|2
sin2[(Ef − Ei)t/2h̄]

(Ef − Ei)2
= |Mfi|2

2t

h̄

sin2[(Ef − Ei)t/2h̄]

(Ef − Ei)2t/2h̄
. (2.32)

From this equation, we can see the probability of finding an electron in a final state f is high when

Ef is close to Ei. The probability of finding an electron |af (t)|2 becomes infinitely narrow and tall

with increasing t. By applying Dirac delta function, we can get the

|a∞f (t)|2 = 2π

h̄
|Mfi|2δ(Ef − Ei)t, (2.33)

in the limit of large-scale times. Therefore, the tunneling from an initial tip state to a final sample

state results a transition rate of

wtip,i→sample,f = |a∞f (t)|2/t = 2π

h̄
|Mfi|2 δ(Esample,f − Etip,i), (2.34)

where the matrix element Mf,i is (inserting the expression from Equation 2.22)

Mf,i = Mfi =
∫

Γsample

ψ∗
sample,f (r)Vsample(r)ψtip,i(r)d

3r

= h̄2

2m

∫
Stip/sample

[
ψtip,i(r)∇ψ∗

sample,f (r)− ψ∗
sample,f (r)∇ψtip,i(r)

]
dS.

(2.35)

To calculate the total transition rate, the sum needs to be applied as

wtip,i→sample,f =
2π

h̄

∑
i,f

|Mfi|2 δ(Esample,f − Etip,i). (2.36)

Then the tunneling current is (consider the spin and the electron charge)

I =
4πe

h̄

∑
i,f

|Mfi|2 δ(Esample,f − Etip,i). (2.37)
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Since the sum over the tip and the sample states in Equation 2.37 is an abstract entity, we can re-

place it by the energy-dependent DOS of the tip and the sample in the form of the energy-dependent

approximation of the Bardeen model. Here, the wave-function dependent matrix element can be

replaced by the energy-dependent matrix element as

Mf,i

(
ψ∗
sample,f (r), ψtip,i(r)

)
=M(Ef , Ei) =M(Ef ). (2.38)

Note that the last term in Equation 2.38 results from the co-appearance of the matrix element with

the delta function. Before we replace the wave-function dependent matrix element to the energy-

dependent matrix element, the following form of Dirac delta function needs to be introduced as

∞∫
−∞

f(ε)δ(ε− Ef )dε = f(Ef ), (2.39)

by inserting f(ε) = |M(ε)|2δ(ε− Ei), we can get

|M(Ef )|2δ(Ef − Ei) =

∞∫
−∞

|M(ε)|2δ(ε− Ei)δ(ε− Ef )dε. (2.40)

Replacing this of the portion in equation (2.36) and only integrate over the bias window gives us

wtip→sample =
2π

h̄

∑
i,f

EF ,tip∫
EF ,sample

|M(ε)|2δ(ε− Ei)δ(ε− Ef )dε

=
2π

h̄

EF ,tip∫
EF ,sample

|M(ε)|2
∑
i

δ(ε− Ei)
∑
f

δ(ε− Ef )dε.

(2.41)

The sum over the initial state i and the final state f can be replaced by Equation 2.15 and thus leads

to the following equation as

18



wtip→sample =
2π

h̄

EF ,tip∫
EF ,sample

|M(ε)|2ρtip(ε)ρsample(ε)dε. (2.42)

The corresponding current is now written as

I = 2ewtip→sample =
4πe

h̄

EF ,tip∫
EF ,sample

|M(ε)|2ρtip(ε)ρsample(ε)dε. (2.43)

From the equation Equation 2.43 we can see the tunneling current is a convolution of the tip states

and the sample states which also means to obtain the information about the sample states, the

electronic structure of the tip need to be known. Now let’s choose the sample Fermi level as zero

energy and the tip Fermi level as the reference energy for the tip states, the equation Equation 2.43

can be rewritten as

I =
4πe

h̄

eV∫
0

ρtip(ε− eV )ρsample(ε)|M(ε)|2dε, (2.44)

and the M(ε) is

M(ε) =
h̄2

2m

∫
Stip/sample

[
ψtip(r, ε)∇ψ∗

sample(r, ε)− ψ∗
sample(r, ε)∇ψtip(r, ε)

]
dS. (2.45)

We can further approximate Bardeen matrix element in the one-dimensional rectangular barrier

case. If we only consider elastic tunneling (Ei = Ef = E, thusEf,i = M(E)), and a simplified

model as one-dimensional rectangular barrier, then the matrix elements can be written as

M(E) =
h̄2

2m

∫
z=zs

[
ψtip(z, E)

∂ψ∗
sample(z, E)

∂z
− ψ∗

sample(z, E)
∂ψtip(z, E)

∂z

]
dS. (2.46)

The schematic illustration of tip and sample wave functions are shown in Figure 2.4. For the
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Figure 2.4: The Schematic of Bardeen Matrix Elements for a One-Dimensional Barrier.

individual tip and sample system, the wave functions for each can be written as

ψtip(z) = ψtip(0)e
−k2z, (2.47)

and

ψsample(z) = ψsample(d)e
k2(z−d), (2.48)

where the decay constant is k2 =
√
2m(V0 − E)/h̄. By inserting equation Equation 2.47 and

Equation 2.48 into equation Equation 2.46, we can get

M(E) =
h̄2

2m

∫
z=zs

2k2ψtip,i(0)ψsample,f (d)e
−k2zsek2(zs−d)dS

=
h̄2

2m
k2ψtip,i(0)ψsample,f (d)Ae

−k2d

=
h̄2

2m

√
2m(V0 − E)/h̄ψtip,i(0)ψsample,f (d)Ae

d
√

2m(V0−E)/h̄

=
h̄2

2m

√
2mΦ/h̄2ψtip,i(0)ψsample,f (d)Ae

d
√

2mΦ/h̄2

.

(2.49)

From this tunneling matrix we can see, the matrix element does not depend on the position zs of

the separation surface. The energy-dependent of M(E) mainly dependent on k2 in the exponent.

The T (Φ, d) = |M(E)|2 in the one-dimensional rectangular barrier can be expressed as
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T (Φ, d) ∝ exp(−2k2d) = exp

(
−2d

√
2m

h̄2
Φ

)
, (2.50)

which is the same energy-dependent term of the T (Φ, d) in Equation 2.8.

Lastly, we will evaluate the matrix element and the transmission factor based on the effective

barrier with the consideration of the difference in the sample and tip work functions, the bias

employed, and the tunneling electron energy ε within the bias window.

When the work functions of the tip and sample are different, a trapezoidal potential barrier

is generated as shown in Figure 2.5. To simplified this, an effective rectangular barrier is used

to represent the trapezoidal barrier. In this case, the average effective barrier is now given as an

average work as Φ = (Φtip + Φsample)/2. Next, we include the voltage-dependent barrier height

into our consideration. Then, the effective tunneling barrier for the states at the sample Fermi level

now increases to Φ + eV
2

and the effective tunneling barrier for the states at the tip Fermi level

decreases to Φ− eV
2

. In general, the states at energy ε relative to the sample Fermi level now have

the tunneling barrier height as Φ + eV
2
− ε as shown in Figure 2.5. Taking together, the effective

barrier for an electron tunneling at energy ε relative to the sample Fermi level can be written as

Φ =
Φtip + Φsample

2
+
eV

2
− ε. (2.51)

Inserting Equation 2.51 into Equation 2.50, the transmission factor is now as

T (ε, V, d) ∝ exp

[
−2d

√
2m

h̄2
(
Φtip + Φsample

2
+
eV

2
− ε)

]
. (2.52)

From this equation we can see the transmission factor decrease exponentially for electron at low

energy states since the effective barrier height is greater to those electronic states as illustrated by

the orange arrows (with different lengths) in Figure Figure 2.5.

If we neglect the pre-exponential factor in Equation 2.49, we can replace |m(ε)|2 by T (ε, V, d),

and then I is
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Figure 2.5: (a) Tunneling barrier when the work functions of the tip and the sample are different.
(b) Tunneling barrier in (a) with additional bias applied.

Figure 2.6: Bardeen’s approximation for one-dimensional barrier at zero temperature.

I =
4πe

h̄

eV∫
0

ρtip(ε− eV )ρsample(ε)T (ε, V, d)dε. (2.53)

This is the Bardeen approach for one-dimensional barrier at zero temperature (graphic shown

as Figure 2.6). From this equation we can see I at certain energy ε is proportional to the DOS

of both the tip and the sample. Second, the tunneling is energy conservative (only horizontal

transition). Third, the tunneling current drops exponentially for states at lower energies because of
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a larger effective barrier for at those lower energy states.

In the small voltage case (eV ≪ Φ), the ε can be changed by an average energy ε = (EF,tip +

EF,sample)/2 = eV/2. In this case, T (ε, V, d) does not depend on ε and the voltage applied. I is

proportional to the integration of the DOS at both the tip and the sample. For a constant DOS (both

tip and sample), this results a proportionality between the current and the voltage.

The discussions above are all at zero temperature. The Fermi-Dirac distribution f(E − Ef ) is

f(E − Ef ) =
1

1 + exp[E − Ef ]/kBT
, (2.54)

which shows the occupation of filled states at energy (E − Ef ) and temperature T . Then the

unoccupied states can be defined as 1−f(E−Ef ). The current (I+(E)) resulted from the electrons

tunneling from the occupied states of the tip to the unoccupied states of the sample is

I+(E) = Itip,filled−→sample,empty ∝ f(E − EF,tip)[1− f(E − EF,sample)]. (2.55)

The current (I−(E)) resulted from the electrons tunneling from the occupied states of the sample

to the unoccupied states of the tip is

I−(E) = Isample,filled−→tip,empty ∝ f(E − EF,sample)[1− f(E − EF,tip)], (2.56)

so the total current due to the Fermi-Dirac distribution is

I total(E) = I+ − I− ∝ f(E − EF,tip)− f(E − EF,sample), (2.57)

where EF,sample = 0 and EF,tip = eV . Taking this into account, the tunneling current is now

written as

I =
4πe

h̄

+∞∫
−∞

{f(ε− eV )− f(ε)}ρtip(ε− eV )ρsample(ε)T (ε, V, d)dε. (2.58)

Note that in our approach, the tip and the sample need to have the same temperature. If not, Fermi
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functions with different temperature needs to be considered.

In the case of very small bias voltages, Tersoff-Hamann approximation of STM is implemented

with additional consideration of surface wave functions. In Tersoff-Hamann model, the matrix

element is only evaluated at small bias and at the Fermi level. In Equation 2.46, the wave functions

of both tip and sample need to be inserted. A plane wave Fourier expansion is used for the wave

function of the surface. However, since the tip structure is usually unknown, it is hard to evaluate

the wave function of the tip. In Tersoff-Hamann approximation, the tip is assumed to be an ideal

s-wave. A mathematical point source is implemented to represent the tip structure. They have

shown that, by using the tip point source at the position rtip, the current at small voltage is now

I ∝
∑
n

|ψn(rtip)|2δ(En − EF ), (2.59)

which on the right side is the definition for the LDOS. The term |ψn(rtip)|2 describes the proba-

bility of finding a surface state electron at the position of the tip. In another way of saying, the tip

probes the surface wave functions at the position rtip. Thus I can be rewritten as

I ∝
∑
n

|ψn(rtip)|2δ(En − EF ) = ρsample(EF , rtip) (2.60)

For this reason, Tersoff-Hamann approximation is often employed to interpret STM images based

on ab initio simulations.

2.1.2 Scanning Tunneling Spectroscopy (STS)

In STS, the goal is to measure the DOS of the sample. In the simplest approximation, the DOS

of the tip and the transmission factor are treated to be voltage independent. Thus, the differential

conductance can be written as

dI

dV
∝ ρsample(eV ). (2.61)
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In this case, the differential conductance dI/dV measures the DOS at eV relative to to the sample

Fermi level.

It is often very helpful to normalize the dI/dV since T (ε, V ) introduces a exponential back-

ground with the bias (Equation 2.52). To remove this voltage-dependent exponential background,

the normalization can be written as (dI/dV )/(I/V ). If we assume a constant DOS of the tip, the

(dI/dV )/(I/V ) can be written as

dI/dV

I/V
≈ ρsample(eV )T (ε = eV, V )

1
eV

eV∫
0

ρsample(ε)T (ε, V )dε

=
ρsample(eV )

1
eV

eV∫
0

ρsample(ε)
T (ε,V )

T (ε=eV,V )
dε

. (2.62)

The ratio of the transmission factors in the denominator is similar, and thus, the normalized differ-

ential conductance can be considered to be proportional to the DOS of sample at energy eV . To

analyze the dI/dV in more details, we rewrite the Equation 2.53 as

I =
4πe

h̄

eV∫
0

ρtip(ε− eV )ρsample(ε)T (ε, V )dε. (2.63)

The Leibniz integral rule is

d

dx

b(x)∫
0

f(t, x)dt =
db

dx
f [b(x), x] +

b(x)∫
0

∂

∂x
f(t, x)dt. (2.64)

If we assign x = V, b(x) = eV, t = ε, and f(t, x) = f(ε, V ) = ρtip(ε − eV ))ρsample(ε)T (ε, V ),

then the equation Equation 2.64 can be written as
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dI

dV

h̄

4πe
= eρtip(0)ρsample(eV )T (eV, V ) +

eV∫
0

∂

∂V
[ρtip(ε− eV )ρsample(ε)T (ε, V )]dε

= eρtip(0)ρsample(eV )T (eV, V )

+

eV∫
0

∂ρtip(ε− eV )

∂V
ρsample(ε)T (ε, V )dε

+

eV∫
0

ρtip(ε− eV )ρsample(ε)
∂T (ε, V )

∂V
dε.

(2.65)

If the DOS for tip is constant, then the second term on the right part in Equation 2.65 disappears.

Now the equation Equation 2.65 is

dI

dV

h̄

4πe
= eρtipρsample(eV )T (eV, V )

+

eV∫
0

ρtipρsample(ε)
∂T (ε, V )

∂V
dε

(2.66)

where T (ε, V, d) is

T (ε, V, d) ∝ exp

[
−2d

√
2m

h̄2
(Φ +

eV

2
− ε)

]
. (2.67)

Equation 2.67 can be further rewritten as

dI

dV
=

4πe

h̄

eρtipρsample(eV )T (eV, V )−
eV∫
0

ρtipρsample(ε)T (ε, V )
ed

√
2m
h̄

2
√

Φ + (eV/2)− ε
dε

 .
(2.68)

If the fraction part in the second term is approximated as ed
√
2m

2h̄
√

Φ
, then the Equation 2.68 can be
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written as

ρsample(eV ) =
h̄

4πe2ρtipT (eV, V )

[
dI

dV
+
ed
√
2m

2h̄
√
Φ
I(V )

]
. (2.69)

Most of the studies until now focus on the one-dimensional barrier models. In reality, the momen-

tum of an electron has components in all three directions. In the one-dimensional case, only the di-

rection normal to the surface is considered as effective tunneling. This component isE⊥ = E−E∥.

Thus T (E, V, d) can be written as

T (E, V, d) ∝ exp

(
−2d

√
2m

h̄2
Φ +

eV

2
− (E − E∥)

)
. (2.70)

In addition to the I − V spectroscopy, if I is measured as a function of Z between the tip and

the sample, then the effective barrier Φ can be measured. At low bias region, the tunneling current

does not depend on the voltage and the energy, then I can be approximated as

I(Φ, d) ∝ exp

(
−2d

√
2m

h̄2
Φ

)
. (2.71)

2.2 Atomic Force Microscopy (AFM)

Another powerful scanning probe technique is the atomic force microscopy (AFM) which can

resolve surface features with detailed information in many environmental conditions. In AFM

(Figure 2.7), a sharp tip at the end of a cantilever is brought into contact with a sample surface.

The interaction between the tip and the sample forces the cantilever to bend. On the backside of

the cantilever, a laser spot is reflected to a quadrant photodiode detector. The position of the laser

spot on the photodetector depends on the bending or twisting of the cantilever and thus, varies

as a function of the tip-sample interaction. The tip-sample interaction is complex as multiple

forces can participate into this playground. Generally, the forces can be separated into attractive

and repulsive forces. In attractive region, there are van der Waals force, electrostatic force and

chemical force. In repulsive region, there are hard sphere repulsion, Pauli-exclusion interaction
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and Coulomb interaction [64].

Figure 2.7: Basic model for AFM.

Based on the difference in the force regions, the two most commonly used AFM modes are

contact mode and intermittent contact mode. In contact mode, the AFM tip is brought into contact

with the sample and scanned across the surface. In response to the surface topography, a feedback

loop is implemented to keep the deflection of the cantilever constant, and therefore keeping the

tip-sample force constant as well. In intermittent contact mode, first, the cantilever is driven to

oscillate near its resonance frequency. Next, the cantilever is brought into a close distance to the

sample where both attractive and repulsive forces affect the motion of the cantilever and change

the amplitude, phase and resonance frequency of the cantilever. Again, a feedback loop is imple-

mented to maintain a constant oscillating amplitude of the cantilever. The topography is obtained

correspondingly as the tip tapping across the surface. Besides imaging, AFM has also been em-

ployed for more advanced data acquisition on surface properties. During scanning, for example in

contact mode, additional lateral information is obtained as the cantilever being twisted due to the

frictional forces between the tip and the sample. Through standard normal and lateral cantilever

calibration, quantitative frictional forces as a function of the applied loads can be measured and

assessed for different samples. In addition to the frictional characterization, AFM can be employed
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to measure the mechanical properties of the sample surfaces. In the method called force-distance

curves or force-distance maps, the ATM tip is brought into contact, pressed, and retracted from

the sample surface. In this process, the spatially resolved surface stiffness (Youngs modulus) is

measured as well as the adhesion between the tip and the sample.

2.3 Raman Spectroscopy

In 1928, an Indian physicist C.V Raman, discovered the inelastic scattering behavior of certain

molecules in response to visible photon radiation and three years later, he was awarded the Nobel

Prize in physics for his discovery. However, until the last a few decades, Raman spectroscopy

started to be widely used as a route technique due to the invention of laser, array detector and the

commercialization of modern electronics [65].

The basic mechanism for Raman spectra is shown below. In Figure 2.8, a sample is irritated

with a beam of photons. The sample in the ground vibrational state can be excited to a virtual state

and then relax back to its ground state with additional photon emission. If the emitted photon has

the same energy as the exciting photon, the scattering process is call Rayleigh scattering. If the

emitted photon has a low energy compared to the radiation energy, the scattering process is called

Stokes scattering. If the emitted photon is of a higher energy than the source energy, the scattering

process is named as anti-Stokes scattering.

Next, lets discuss the wave model of Raman scattering. The electric field can be written as

E = E0 cos(2πvext). (2.72)

This electric field with induce a dipole moment m in the bond which is

m = αE = αE0 cos(2πvext), (2.73)

where α is the polarizability of the bond. The polarizability α is a function of nuclear distance
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Figure 2.8: Schematic of Rayleigh, Stokes and anti-Stokes Raman scatterings.

which is

α = α0 + (r − req)

(
∂α

∂r

)
, (2.74)

where the α0 is the polarizability at equilibrium distance req. The inter-nuclear distance as a func-

tion of vibration frequency is

r = req + rm cos(2πvvt), (2.75)

where the rm is the maximum nuclear distance minus the equilibrium separation. Inserting Equa-

tion 2.75 to Equation 2.74 gives,

α = α0 +

(
∂α

∂r

)
rm cos(2πvvt). (2.76)

By inserting Equation 2.76 into Equation 2.73, we can get the induced dipole moment which is

m = αE = α0E0 cos(2πvext) + E0rm

(
∂α

∂r

)
cos(2πvvt) cos(2πvext). (2.77)

Since

cosx cos y = [cos(x+ y) + cos(x− y)]/2, (2.78)
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we can rewrite Equation 2.77 as

m = α0E0 cos(2πvext) +
E0rm
2

(
∂α

∂r

)
cos[2π(vex − vv)t] +

E0rm
2

(
∂α

∂r

)
cos[2π(vex + vv)t].

(2.79)

The first term in Equation 2.79 corresponds to the Rayleigh scattering, the second term and the

third term relate to the Stokes and anti-Stokes shifts separately. Note that in order to observe the

Raman shift, the selection rule requires a change in the polarizability.

2.4 X-Ray Photoelectron Spectroscopy (XPS)

The history of x-ray photoelectron spectroscopy (XPS) could be traced back to nineteenth

century, when Heinrich Hertz found that the ability for metals to spark could be improved greatly

if exposed to light. In 1905, Albert Einstein explained this photoelectric effect which won him a

Nobel Prize in Physics. However, not until the innovative work carried out by Kai Siegbahn and

his coworkers in fifties, then the abilities of XPS were fully recognized. Kai Siegbahn was awarded

a Noble Prize in Physics in 1981 for his dedicated work on it.

In a XPS spectrum, surface information for a sample can be revealed as the the binding energy

positions, the intensities and the shapes of different peaks. Taking a metal sample surface as

an example, the sample is electrically connected to the spectrometer. Therefore, the relationship

between the kinetic energy and the binding energy is given by

Ekin = hv − EB − eΦsp, (2.80)

where Φsp is the work function of the spectrometer, instead of the sample. The binding energy in

the equation is thus, referred to the Fermi level of the spectrometer rather than the vacuum level

(Figure 2.9).

In addition to the physical principle discussed above, detailed discuss about XPS is demon-

strated below, particularly focusing on the shift in binding energies. After absorbing a photon with

energy hv, an atomic system with N electrons is excited from an initial state into a final state ion
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Figure 2.9: Energy level diagram for x-ray photoelectron process.

plus a photoelectron with a kinetic energy of Ekin. The N electrons system can be described by a

set of wave functions and energy states. Consequently, the energy change during this process can

be simply derived as:

Ei(N) + hv = Ef (N − 1, k) + Ekin, (2.81)

where k stands for the energy from which the electron has been removed. The simplified approach

is to assume that the energy and spatial distribution of theN−1 electrons remain the same as initial

before the excitation. Then the binding energy for the excited electron is equal to the negative

orbital energy,

EB(k) = −εk. (2.82)

This is called the Koopmans’ approximation. However, several effects are not considered in this

model, for example, the neglect of relativistic and correlation effect as well as the associated re-

laxation energy which usually leads to a reduction of the binding energy for the ejected electron.

The binding energy will be more accurate by taking these factors into account. In addition of

identifying the position for binding energy, the peak intensity also need to be defined. The peak

intensity is determined by the photoelectric cross section σ, which is proportional to the squared
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matrix element |Mif |. However, the real scenario is far more complicated. The core-level binding

energy of a certain atom may shift up or down depending on the oxidation state or lattice position.

The change of the binding energy ∆EB for a particular element in various chemical environments

can be attribute to those from the initial state effect and final state effect [66].

Initial state effect describes the effect resulting in any change of the binding energy that is

present prior to the photoelectron exciting process. There are two main contributions for the initial

state effect: spin orbit splitting and Coulomb interaction. Spin orbit splitting describes the phe-

nomenon that a spinning charge in a non-symmetrical orbit (l > 0) will experience a splitting in

its energy state depending on the spin up or the spin down separations.

Another contribution for the initial state effect is the Coulomb interaction which describes the

influence of the local charge density on the binding energy of the excited photoelectron. This

interaction is often seen in the forms of the oxidation states, coordination numbers or bonding

lengths. The physical basis can be explained by the so-called charge potential model [67, 68]. The

model describes that the ∆EB of atom i is a function of its own charges and the charges from the

surrounding atom j,

∆EB ∝ (k∆qi +∆
∑
i ̸=j

qj/di−j) (2.83)

where k stands for the coupling constant and di−j stands for bond length. An example for the

Coulomb interaction is when an atom is oxidized, its own electron charge density decreases, which

will lead to a up-shift of the core-level binding energy.

Final state effect describes the effect that arises from photoelectron emission, particularly the

perturbation of the electronic structure after the electron excitation. The core hole formation after

the photoelectron emission affects the electron emitted in numerous ways including relaxation

effect, multiplet splitting, and valence electron excitation.

Relaxation effect describes the phenomenon that, after the formation of the core hole, the re-

maining electrons relax in order to decrease system total energy. The reason behind is quite simple.

The removal of an electron will increase the bonding for the rest electrons since the nucleus’s at-

traction to all the remaining electrons is shared by less electrons. This will decrease the valence
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electron radius and thus increase the screening effect for the ejected electron. In the end, the pho-

toelectron binding energy will decrease. Usually the relaxation effects can be separated into two

parts [69–71]: an intra-atomic term and an inter-atomic term. For metals, the inter-atomic term can

be as large as 5 to 10 eV which tends to neutralize the core hole by screening electrons from the

conduction band. The multiplet splitting, which is similar to the spin orbit splitting, stems from the

interaction between the unpaired remaining core-level electron and the unpaired valence electrons.

This will lead to the splitting of peaks at higher binding energy. Lastly, the core hole formation

can also lead to the excitation of valence electrons. If the relaxation process of the excited electron

is beyond the time scale of the photoelectron emission, the ejected photoelectron will have less

kinetic energy and therefore, higher binding energy. If an electron in the valence band is excited

to a higher orbital, the corresponding peaks are referred as "shake-up" satellites. If an electron

is excited from valence band into free continuum bands, the corresponding lines in spectrum are

called "shake-off" satellites. If high density of electron-hole pairs are excited around the Fermi

level, the corresponding process is named as plasma, which usually shows an oscillation feature in

the satellite lines.
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3. FORMATION OF COHERENT 1H-1T HETEROSTRUCTURES IN SINGLE LAYER

MOS2 ON AU(111)*

3.1 Introduction

Two-dimensional (2D) transition metal dichalcogenides (TMDCs) have attracted tremendous

attention over the past decade due to the exciting mechanical, electronic and frictional proper-

ties [1–8]. Different from graphenes atomically thin structure, 2D-TMDCs (general formula MX2)

consist of a transition metal M layer (e.g. W, Mo, Nb), sandwiched between two layers of chalco-

gen X atoms (e.g. S, Se, Te) [72]. Like graphene and other layered materials, 2D-TMDCs can

also be easily cleaved from their bulk crystals due to the weak van der Waals interactions be-

tween layers [7, 43, 44, 73–76]. The electronic properties of bulk TMDCs can be metallic (e.g.

NbS2), semi-metallic (e.g. WTe2), semiconducting(e.g. MoS2), or insulating (e.g. HfS2) [7]. Ad-

ditionally, some TMDCs such as NbSe2 and TaS2 exhibit superconductivity, and undergo a Mott

transition at low temperatures [77–79]. Synthesizing single- and few-layer MX2 preserves their

bulk properties, while additionally leading to exciting properties due to the quantum confinement

and surface effect. Therefore, 2D-TMDCs have become emerging materials with promising po-

tentials for solid lubricants [80, 81], hydrogen evolution reactions [82–89], ion batteries [90–93],

catalysts [39, 40, 94], supercapacitors [95–97], superconductors [78, 98–100], piezoelectric mate-

rials [101–103], electronics [9, 104–106], and optoelectronic devices [9, 107–110].

Molybdenum disulfide (MoS2), a well-known TMDC, can form two common polymorphs,

i.e., 2H-MoS2 and 1T-MoS2, based on the Mo coordination and the stacking orders. In particu-

lar, 2H-MoS2 has a trigonal prismatic structure with a P63/mmc symmetry while 1T-MoS2 has

an octahedral structure with a P3 symmetry. These two polymorphs show considerable differ-

ences in their electronic structure due to the variation in the crystal symmetry. 2H-MoS2 exhibits a

semiconducting feature with a band gap between the dz2 and the dxy, dx2−y2 sub-bands, while 1T-

*Reprinted with permission from Wu, F.; Liu, Z.; Hawthorne, N.; Chandross, M.; Moore, Q.; Argibay, N.; Curry,
J. F.; Batteas, J. D. Formation of Coherent 1H-1T Heterostructures in Single-Layer MoS2 on Au (111). ACS nano
2020, 14 (12), 16939-16950. Copyright 2020 by American Chemical Society.
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MoS2 shows a metallic behavior with Fermi level lying inside the dxy,yx,xz single band [111]. The

naturally abundant 2H-MoS2 is widely known for its application in solid lubricants [80, 81], hy-

drodesulphurization catalysis [94], hydrogen evolution reactions [82, 84–89], photovoltaics [112],

and lithium ion batteries [91–93, 113]. When the thickness of 2H-MoS2 is reduced from bulk

to a single layer, the nature of the electronic band structures changes from an indirect bandgap

(1.2 eV) [114] to a direct bandgap (1.9 eV) [115]. Furthermore, due to symmetry breaking and

spin-orbital coupling, a large splitting emerges at the K valleys in monolayer 2H-MoS2. (we note

that monolayer 2H-MoS2 is also called 1H-MoS2, and will be referred to as such for the remain-

der of this paper). These promising behaviors open up new possibilities of utilizing single-layer

1H-MoS2 in optoelectronics, spintronics and valleytronics [9–13]. The 1T-MoS2 phase (distorted

version: 1T’) is thermodynamically metastable, and tends to restack to a more stable 1H-MoS2

phase by gentle annealing or aging [26]. Recently, the 1T phase has drawn great attentions for

its topological properties, since the quantum spin Hall effect, dipolar ferroelectricity and Wely

semi-metallicity have all been observed both experimentally and theoretically in MoS2, MoTe2

and WTe2 [14–17].

Heterostructures of semiconductors and metals are the fundamental components of modern

electronics [116]. 2D materials like graphene and 2D-TMDCs offer unprecedented opportunities in

fabricating heterostructures for light emitting devices, high mobility transistors and photovoltaics.

Historically, 2D heterostructures have been achieved through horizontal packing of various layered

materials by chemical or mechanical techniques [117–120]. The atomically thin MoS2 sheets, how-

ever, offer unique opportunities for heterostructure devices since they are chemically homogenous

and electronically distinct (e.g. semiconducting 1H phase and metallic 1T phase, side by side with

matched lattices). Possible applications include atomically thin Schottky diodes, field effect tran-

sistors and other optoelectronic devices [121]. To date, coherent heterostructures of single-layer

MoS2 have be formed by alkali metal interactions [122], metal substitutional doping [123], nega-

tive charging [124], strain [125], or irradiation by plasma [126], electron beams and lasers [127].

Given the complexity of these approaches, a facile way to fabricate high-quality monolayer MoS2
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heterostructures is therefore desirable for both fundamental research and applications development.

Single-layer MoS2 heterostructures were first synthesized by alkali metal interaction [7, 122]. Be-

sides the difficulty in handling alkali metals, the tendency for aggregation and the contamination

from the solvents make it a challenging approach. Chemical vapor deposition (CVD) yields large-

area monolayer MoS2 [27, 128, 129], but it is still difficult to grow single layers continuously at

macroscale levels, not to mention the extensive time and cost. Recently, electrochemical exfolia-

tion of large-scale MoS2 has been reported. However, the intrinsic drawback in the process usually

results in the partial oxidization of the resulting monolayers [95]. Compared to these methods, me-

chanical exfoliation yields the highest quality monolayers. Nonetheless, by using this technique,

particularly the scotch-tape approach on SiO2 substrates, the lateral size of the exfoliated MoS2 is

usually on the order of micrometers, one order of magnitude smaller than the graphene counter-

part [9, 108, 130]. Furthermore, the mechanically exfoliated MoS2 flakes are typically pristine 1H

phase, which hinders their potential applications in heterostructure electronic devices.

Herein we exploit a modified mechanical exfoliation technique to prepare monolayer MoS2

heterostructures (1H and 1T). The extent of exfoliation is found to be significantly enhanced when

transferring to Au(111) substrates since Au is well-known for its strong affinity to sulfur [131,132].

Our approach is derived from the well-known scotch-tape method, and is found to leave no tape

residue as has been found in other exfoliation methods. Moreover, by transferring the MoS2 onto

Au, single layer MoS2 can be deposited with feature sizes of up to millimeters in lateral dimension.

Raman, XPS, and STM/STS collectively elucidate the resulting heterostructures in single-layer

MoS2 on Au. Additionally, we show that bubbles of trapped ambient adsorbates under the MoS2

can be formed and manipulated by AFM.

3.2 Results and Discussion

3.2.1 Mechanical Exfoliation Technique for Monolayer MoS2

During mechanical exfoliation, it is possible to achieve single-layer MoS2 because the adhe-

sion of the basal plane to the substrate is stronger than the adhesion to its bulk crystal [132, 133].
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Previous work depositing MoS2 on SiO2 substrates usually resulted in single layer flakes with lat-

eral sizes in the micron range [104,134,135], which are much smaller as compared to the graphene

counterpart (tens of microns) [136]. Exfoliation yields can be significantly enhanced by improving

the adhesion to the substrates. Here, as reported by Velicky et al., by using Au substrates, adhe-

sion is further increased, affording large area fabrication [19], without introducing tape residues

typically seen in numerous related scotch-tape methods [19, 43, 44].

Figure 3.1: Schematic illustration of the facile mechanical exfoliation technique enabling mono-
layer MoS2 free from tape residues, up to millimeter scale.

Figure 3.1 demonstrates our modified procedure for creating millimeter-size monolayer MoS2.

Prior to exfoliation, the Au(111) substrates were treated with UV/ozone for 15 minutes [137], fol-

lowed by rinsing in sequence with ultrapure water (18.2 MΩ·cm) and ethanol. Next, Au substrates

were dried with streaming nitrogen. Then, thick MoS2 flakes were cleaved off from a bulk MoS2

single crystal using a thermal release tape and immediately attached onto the Au surfaces. This

step was critical which required direct contact between the freshly prepared MoS2 flakes and Au

substrates. The crystal flakes should be large enough to cover the whole Au and thick enough
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that the tape did not touch the Au. In addition, this process needed to be done within one minute

in order to minimize exposure to air contaminants. Moreover, exfoliating MoS2 flakes too many

times would divide the flakes into small fragments and degrade the film quality. Therefore, our

MoS2 flakes were cleaved only once or twice before attaching to the Au substrates. Following that,

a downward pressure was employed to the back of the tape to ensure a good contact between the

MoS2 and the Au substrates. The sample was then transferred onto a hot plate at 90 ◦C where the

thermal tape was released within a few seconds. Instead of immediately removing it from the hot

plate, the sample was annealed for an additional 60 s. Finally, different from other mechanical

exfoliation techniques, fine tweezers were implemented to grab the edge of the MoS2 and gently

peel off the crystal, leaving the bottom single-layer MoS2 attached to the Au surfaces. The en-

tire deposition was conducted in a laminar flow hood to mitigate environmental contaminants (e.g.

dust). The sample was then transferred and stored in a UHV chamber (∼10-10 mbar) for future

characterization.

3.2.2 Optical, AFM, Raman, and XPS Characterization of Monolayer MoS2 on Au(111)

Figure 3.2a illustrates a macroscopic optical photograph of MoS2 freshly exfoliated onto Au(111).

Single-layer MoS2 can be recognized as the areas with a faint color contrast. The optical image

reveals that single-layer MoS2 has a decent crystal uniformity with millimeter size. Similar result

can also be found in Figure 3.3. Cracks and breaks are barely observed inside the films. To further

confirm the single-layer nature of the MoS2, AFM experiments have been performed. The AFM

topography image in Figure 3.2b shows a representative area containing both monolayer MoS2

and Au which unambiguously indicates a clean surface in both MoS2 and Au regions. Note that on

the MoS2 films (left side of the image), bright protrusions are visible over the whole area. These

are MoS2 bubbles containing trapped ambient adsorbates formed during the film transfer (also

commonly seen in graphene transfers), which has been recently suggested to be predominately

trapped water [138]. The corresponding friction image (Figure 3.2c) demonstrates the uniformity

of the MoS2 films as well as the chemical character of these bubbles, e.g., in the circled locations,

where the same friction is observed for both bubbled and flat MoS2 regions, indicating that the
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protrusions in the topography are part of the contiguous MoS2 layer and not from tape residues

or other environmental contaminants (STS measurements, described later, also verify the chem-

ical/electronic character of these bubbles). Moreover, the universal defects (vacancy islands and

dark pits) on the Au region are not seen in either AFM topography or friction images after being

fully covered by MoS2. The black line profile from Figure 3.2d measures the step height of the

MoS2 in Figure 3.2b and the blue line profile determines the physical height of a representative

bubble in Figure 3.2b. The measured MoS2 thickness ranges from 0.6 nm to 0.8 nm, confirming

the single-layer character of the exfoliated MoS2 flakes. The height of the bubbles ranges from

0.5 nm to 10 nm, and the width of the bubbles ranges from 10 nm to 100 nm based on the AFM

measurements (tip radius of curvature ∼15 nm). Detailed statistics are provided in Figure 3.5. Ra-

man spectra (Figure 3.2e) have also been employed to probe the layer thickness and the chemical

character of the as-exfoliated MoS2.

Among the four Raman modes of the bulk 2H-MoS2 crystal, only two Raman peaks near 400

cm-1 (E1
2g and A1g) have been observed. The other two modes (E1g and E2

2g) cannot be detected

because of the selection rules for E1g [139] and the limited rejection of Rayleigh scattering ra-

diation for E2
2g [140]. The reference bulk 2H-MoS2 exhibits E1

2g (in-plane) vibrational mode at

384.0 cm-1 and A1g (out of plane) vibrational mode at 409.0 cm-1. The frequency difference ∆ω

∼ 25 cm-1, agrees well with the values reported in literature for bulk MoS2 crystals [141–143].

The bottom MoS2 Raman spectrum in Figure 3.2e exhibits E1
2g vibrational mode at ∼379.9 cm-1

and A1g vibrational mode at ∼398.4 cm-1. The frequency difference ∆ω ∼ 18.5 cm-1 indicates the

single-layer exfoliation of MoS2, and shows consistency with previous reports [141–143]. Gener-

ally, on insulating substrates, e.g. SiO2, the E1
2g peak softens (red-shift), while the A1g vibrational

mode stiffens (blue-shift) with increasing layer thickness [141, 143]. The blue-shift of the A1g

peak has been explained by a classical model for coupled harmonic oscillators [115], in which the

additional van der Waals forces increase the effective restoring forces on the atoms. The anoma-

lous red-shift of the E1
2g peak has been attributed to the stacking-induced structural changes as

previous low-energy electron diffraction (LEED) showed that the distance between the Mo and S
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Figure 3.2: Characterization of the MoS2 monolayers on Au(111). (a) Optical photograph of
single-layer MoS2 on Au(111) of millimeter size. (b) AFM topography image (load: 1 nN) show-
ing monolayer MoS2 and substrate Au. Both areas are free from tape residues. The bright protru-
sions, e.g., in the circled location, are bubbles formed during the transfer. (c) Corresponding AFM
friction image showing monolayer MoS2 and Au regions. (d) Height profiles taken across the edge
and the bubble along the directions marked by the black and blue lines in (b), respectively. (e) Ra-
man spectra of the monolayer MoS2 and the reference bulk crystal. In the shaded areas, weak J1, J2

and J3 peaks are observed for the monolayer MoS2, indicating the existence of a small portion of
1T phase inside the monolayers. (f) Mo 3d and S 2p core level XPS spectra of MoS2 monolayers.

planes inside the topmost layer diminishes by 5% as compared to the bulk [144]. However, in our

Raman spectra (Figure 3.2e), a blue-shift has been observed for the E1
2g peak (∼379.9 cm-1 for

single layer shifted to ∼384.0 cm-1 for bulk crystal), indicating a strong interaction between the

MoS2 and the Au which may be caused by efficient charge transfer from substrate Au [19,124]. In

addition, the line width shrinks when the layer thickness increases from single to bulk. This reflects

the presence of various effects on the vibrational modes of the monolayers compared to the bulk

where the uniform inter-layer interaction dominates the bulk Raman peaks. Besides the charge

transfer and the thickness effects on the Raman shift, our E1
2g peak for single-layer MoS2 (∼379.9
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Figure 3.3: Optical photograph of single-layer MoS2 on Au(111) of millimeter size.

cm-1) has appeared red-shifted as compared to the E1
2g peak of MoS2 monolayer on SiO2 (∼384

cm-1) [143, 145]. This shift is consistent with a tensile strain being introduced into the MoS2 from

the Au substrates, since tensile strain usually leads to a red-shift while compressive strain leads to

a blue-shift in the MoS2 Raman spectra [145,146]. Because of the strong adhesion between the Au

substrates and the MoS2, the monolayer could be mechanically coupled to the Au surface with fric-

tion, and the strain could possibly be engineered into the MoS2 films due to the thermal expansion

coefficient mismatch during the mechanical exfoliation process (recall that the samples have been

heated up to 90 ◦C to release the thermal tape) [147]. Usually, peak splitting is expected for E1
2g

mode since the double degeneracies of E1
2g are orthogonally polarized. However, this has not been

observed, possibly due to the broadening effect as well as the resolution limitation [145]. Besides

the E1
2g peak and the A1g peak typically observed in both monolayer and bulk, three additional

peaks, J1 (113.6 cm-1), J2 (200.7 cm-1) and J3 (280.3 cm-1) have been detected in the monolayer

MoS2, suggesting the existence of the 1T phase embedded in the monolayer 1H phase MoS2. XPS

was used to further understand the electronic properties of the single layer MoS2/Au(111) system

(Figure 3.2f). The signals at 229.4 eV and 232.6 eV can be identified as Mo(3d5/2) and Mo(3d3/2)

from single-layer 1H-MoS2. Similarly, the signals at 162.3 eV and 163.5 eV can be assigned as

S(2p3/2) and S(2p1/2) from single-layer 1H-MoS2. However, because of the relative low single-to-
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noise ratio for single layer MoS2, the deconvolution of those peaks is difficult, and we could not

confirm the existence of the 1T phase by XPS.

3.2.3 Atomistic Structures and Electronic Properties of Monolayer MoS2 on Au(111)

To investigate the atomistic structures and electronic properties of single-layer MoS2 on the

Au(111) surface, detailed STM and STS experiments have been employed. In Figure 3.4a, the

single-layer MoS2 can be easily distinguished from the Au substrate. The black and blue line

profiles from Figure 3.4b measure the height of a MoS2 flake and the height of a bubble from Figure

4(a). The determined apparent height of the MoS2 flake relative to the Au substrate is ca. 0.24 nm,

which agrees with previous reports for single-layer MoS2 on Au substrates by STM [41,148–151].

Note that the apparent height measured in STM is a convolution of both electronic and geometric

effects, and differs from the physical height measured with AFM. Additionally, the apparent height

of the representative bubble is ca. 2 nm and the lateral size is ca. 50 nm. A detailed size distribution

is provided in Figure 3.5. A zoomed-in atomic resolution STM image (Figure 3.4c) of certain area

illustrates the hexagonal moiré structure formed by MoS2 on Au(111) plane, again confirming that

MoS2 is single-layer. The line profile in Figure 3.4d shows the plane and also confirms that MoS2

is single layer. The line profile in Figure 3.4d shows the periodicity to be ca. 3.15 nm and the

height corrugation ca. 0.55 Å.

To reveal the electronic structures of MoS2 on Au(111), STS has been implemented to probe

the electronic variation along the moiré pattern as well as the bubbles. The feedback system was

turned off for the voltage sweep and the corresponding tunneling current was recorded. During

atomic-resolution STM imaging, the I-V spectra were simultaneously collected at specific points.

Then, derivatives (dI/dV) of the averaged I-V curves were numerically calculated. Figure 3.4e

shows the dI/dV curves for three different spots on single-layer MoS2/Au(111). The dI/dV curve

is a first approximation of the local density of states (LDOS) as a function of energy close to the

Fermi level, and illustrates the electronic structures of the MoS2/Au(111) system. A, B and C

spectra in Figure 3.4e follow a similar trend in different bias regions, showing a typical semicon-

ducting character which varies from the metallic Au substrates (see Figure 3.6, for full STM/STS
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Figure 3.4: STM/STS characterization of the MoS2 monolayers on Au(111) surfaces. (a) Large-
scale STM image (Vbias = +500 mV, It = 0.5 nA) of single-layer MoS2 flakes on Au(111). (b)
Line profiles taken across an edge and a bubble along the directions marked by the black and the
blue lines in (a). (c) High resolution STM image (Vbias = +100 mV, It = 0.5 nA) of single-layer
MoS2 on Au(111) showing the moiré periodicity. (d) Line profile showing the periodicity and the
corrugation of the moiré patterns in (c). (e) STS spectra of the single-layer MoS2/Au(111) on three
different spots, shown in the inset STM image. The set point used to stabilize the tunneling gap is
+500 mV and 0.5 nA. The plots are numerically calculated derivatives (dI/dV) of 100 averaged I-V
curves for each location. VBM is the valance band maximum, and CBM is the conduction band
minimum.

characterization of Au surfaces). However, there is still a small difference between dark regions

B, C and the bright spot A, where B and C show a higher dI/dV value close to the CBM and

thus, a higher LDOS. These three spots can be assigned to three distinct superstructures: (A) S

on top of Au atoms; (B) Mo and S in or near fcc hollow sites; and (C) S in Au fcc hollow sites

and Mo on top of Au atoms [28]. The differences in dI/dV indicate that the hybridized LDOS of

the MoS2/Au(111) system is influenced by the stacking configurations. In the B and C regions, a

stronger out-of-plane orbital coupling is observed compared to the A region [28]. The width of the

band gap for single-layer MoS2 on Au is not easy to assign, because of the broadening effect at
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Figure 3.5: Size distribution of monolayer MoS2 bubbles measured by AFM and STM. (a) Height
distribution measured by AFM. (b) Lateral size statistics measured by AFM. (c) Height distribu-
tion measured by STM. (d) Lateral size statistics measured by STM. The results from AFM and
STM show consistency for the size measurements of monolayer MoS2 bubbles. The diameters
determined by AFM are slightly larger compared to values by STM due to the tip effect.

room temperature, the non-zero tunneling current which exists at all bias voltages, and the strong

hybridization between the Au and the MoS2 [39, 152]. However, sharp rises can still be used to

determine the band edges. In the negative tunneling current region, the VBM can be assigned ca.

-1.3 V and in the positive tunneling current region, the CBM can be assigned ca. +0.7 V. The -1.3

V onset agrees with the maximum of the valance band at the K point and the +0.7 V onset fits well

with the minimum of the conduction band at the K point in the Brillouin zone. Thus, the width of

the band gap can be approximated as around 2.0 eV, close to the calculated value for freestanding

single-layer MoS2 [7, 17, 153]. We have also observed that the dI/dV of the bubbles follows the

same trend compared to the single-layer flat area (Figure 3.7). This data serves as complementary

proof, suggesting that the protrusions in both the STM and AFM topographic images arise from

protrusions in the MoS2 instead of from any local tape residues or environmental contaminants.
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Figure 3.6: STM/STS characterization of Au(111) substrates. (a) Large-scale STM image (Vbias

= +100 mV, It = 0.5 nA) showing the cleanliness of Au substrates. (b) Small-scale STM image
(Vbias = -1 V, It = 1 nA) of Au(111) herringbone reconstruction. (c) Atomic-resolution STM image
of Au(111) surfaces (Vbias = +100 mV, It = 0.5 nA). (d)STS spectrum of Au(111). The set point
used to stabilize the tunneling gap is +500 mV and 0.5 nA. The plots are numerically calculated
derivatives (dI/dV) of the averaged I-V curves.

In addition to the regular 1H moiré with periodicity ca. 3.15 nm, a different moiré with a

dissimilar periodicity has also been observed. Figure 3.8a illustrates a 100 nm ×100 nm STM

image showing both moiré patterns with two distinct periodicities. A clear domain boundary can

be identified between the two moiré regions and the new moiré exhibits a smaller periodicity.

Similar contrast along the boundary suggests that there is no significant height variation across the

domain boundary (single terrace). The rotational angle between the two moiré patterns is measured

ac. 21◦. Figure 3.8b demonstrates a high-resolution STM image for both domains. Interestingly,

the interfaces here appear to be crystallographically coherent on Au(111) substrates. In addition,

while one might expect a sharp transition interface due to polar discontinuities, that has not been
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Figure 3.7: STS spectrum on the single-layer MoS2 bubble, taken on the cross of the inserted
STM image. The set point used to stabilize the tunneling gap is +500 mV and 0.5 nA. The plot is
numerically calculated derivatives (dI/dV) of 100 averaged I-V curves.

observed, since the charge carriers from the Au(111) substrate can significantly screen these, which

we have confirmed computationally (see Figure 3.9). To evaluate the partial charge distribution

at the interfaces, we calculated the local charges using the self-consistent charge equilibration

methods [154]. (based on local atomic neighborhood). The system consists of neighboring flakes

of 1H and 1T MoS2 on a metallic substrate with an Au(111) lattice, or the isolated system in

vacuum. The system was energy minimized according to the force field used for the molecular

dynamics simulations [155] followed by a final charge equilibration. The graphics show atoms

in the MoS2 flakes only with colors based on the calculated partial charges for the 1H and 1T

MoS2 system (on the left) on Au(111) and (on the right) in vacuum. Here, while a discontinuity

appears in vacuum, this is clearly seen to be significantly screened on Au(111). A line profile for

the "new" moiré has been measured in Figure 3.8d. The moiré periodicity is ca. 2.31 nm and

the height corrugation is ca. 0.4 Å, which are smaller compared to the 1H moiré, accordingly. A

careful atomic distance measurement has been employed in the STM current image (Figure 3.8c)

since the current image provides a higher contrast. Line profiles (blue and red line profiles in

Figure 3.8d) along the identical atomic row have been taken for 20 unit cells on both regions.

The red line always exhibits a larger distance compared to the black line with the same lattice

numbers. The lattice constants for these two regions have been measured as ca. 3.152 Å for the

regular moiré and ca. 3.252 Å for the "new" moiré. The lattice constant for the regular moiré
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Figure 3.8: STM/STS characterization of the coherent heterostructures of MoS2 monolayers. (a)
Large-scale STM image (Vbias = +500 mV, It = 0.5 nA) of single-layer MoS2 with two different
moiré patterns. (b) High resolution STM topography image (Vbias = +100 mV, It = 0.5 nA) of
single-layer MoS2 showing the atomistic structures and the moiré periodicities. The insert shows
a magnification topography image of the selected area (Vbias = +100 mV, It = 0.5 nA). (c) Corre-
sponding high resolution STM current image (Vbias = +100 mV, It = 0.5 nA) of single-layer MoS2

on Au(111). (d) Line profile (black) showing the periodicity and the corrugation of the 1T-MoS2

moiré pattern in (b) and line profiles (blue and red) presenting the atomic distances for two differ-
ent phases in (c). (e) STS spectra taken on two different spots as indicated in the inserted STM
image. The set point used to stabilize the tunneling gap is +500 mV and 0.5 nA. The plots are nu-
merically calculated derivatives (dI/dV) of 100 averaged I-V curves for each location. To enhance
the analysis precision, logarithmically scaled spectra are employed.

region shows consistency with the lattice constant of the 1H phase, while the lattice constant for

the "new" moiré region, matches the value of the 1T phase [156, 157]. We choose not to include

the fast Fourier transform (FFT) of these two regions, as the real space measurement is more

accurate as the moiré periodicity and lattice constant measurements of both phases in real space

are averages of multiple unit cells, while the analysis by FFT is only a measurement of a few

points in the reciprocal space. Such a result reveals the co-existence of the two polymorphs with

matched lattices inside the monolayer MoS2. Note that to the best of our knowledge, this is the

48



Figure 3.9: Partial charge distributions in the 1H and 1T phases of MoS2, on Au (left) and in
vacuum (right).

first coherent heterostructure of single-layer MoS2 reported that has been prepared by mechanical

exfoliation. While it is possible that a low-angle grain boundary in MoS2 sheet could result in

different moiré structures, we didnt observe any change in the lattice orientation, along two typical

horizontally and vertically straight lines across both 1H and 1T regions in Figure 3.8c, proving this

is not due to a slight change in lattice orientation. Conductance spectra (dI/dV) have also been

taken on these different regions to examine the electronic structures of both phases. Figure 3.8e

elucidates the STS spectra taken on two different spots, as indicated in the inserted STM image.

The blue curve represents dI/dV on the 1H-MoS2 area and the red curve corresponds to dI/dV

on the 1T-MoS2 area. In contrast to the semiconducting 1H-MoS2 spectrum, a gapless V-shaped

curve has been observed for the 1T-MoS2. These results further confirm the co-existence of the

semiconducting 1H phase and the metallic 1T phase within the mechanically exfoliated MoS2

monolayers on Au substrates, consistent with the STM and the optical characterization described

above. The formation and transition of the 1T-MoS2 phase can be explained by charge transfer

and the built-in strain from the Au substrate [124, 158]. Generally, the phase transition from the

1H phase to the 1T phase involves the change in position of an S atom from one pyramidal site in

the lattice to the other. Charge transfer from the Au not only lowers the transition barrier, but also
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stabilizes the 1T phase [19]. Particularly, most of the charge transferred from the Au substrates

accumulates on the S atoms. These extra electrons weaken the Mo-S bonds and destabilize the 1H

structure. At the same time, another small amount of charge is transferred into the nonbonding

d-orbitals of Mo, which induces the nonbonding d-orbitals to spilt into two d-orbitals: dyz,xz,xy and

dz2,x2−y2 . The dyz,xz,xy is partially filled and the dz2,x2−y2 is empty, which increases the metallic

feature of MoS2, and further stabilizes the 1T phase. In concert with the charge transfer effects, due

to the heating process during sample preparation, the thermal coefficient of expansion mismatch

introduces extra tensile strain into the MoS2 monolayer. The strong coupling between the MoS2

and the Au substrate, enables the accumulation of strain and promotes the phase transition of the

MoS2 on certain areas inside the monolayer [147, 159, 160]. The ability to control this in a precise

way would enable new device designs in single layer MoS2, and we will soon be exploring the

effects of strain on this formation process.

Figure 3.10: Simulated moiré patterns for MoS2 on Au(111), with Au atoms shown in red and
sulfur atoms from the lower layer of the MoS2 shown in yellow. The left side of the MoS2 flake is
the 1H form, while the right side is the 1T form.
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Figure 3.11: Top view of 1T MoS2 showing the octahedral coordination and atomic distances.
(aqua sphere: molybdenum atom, yellow sphere: sulfur atom).

Figure 3.12: Side view of 1T MoS2. (aqua sphere: molybdenum atom, yellow sphere: sulfur
atom).

Figure 3.10 illustrates a model of the coherent heterostructures containing both 1H and 1T

phases. The left side of the figure is the 1H form of MoS2 on Au(111), while the right side of the

figure is the 1T phase. The entire MoS2 flake is rotated by 1◦ from the perfectly commensurate

state to slightly adjust the periodicities of both moiré structures. The domain boundary (shown

as the grey area) is not relevant, as the two areas were constructed separately. From Figure 3.10
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Figure 3.13: Top view of 1H MoS2 showing the trigonal prismatic coordination and atomic dis-
tances. (aqua sphere: molybdenum atom, yellow sphere: sulfur atom).

Figure 3.14: Side view of 1H MoS2 (aqua sphere: molybdenum atom, yellow sphere: sulfur atom).

we can clearly see the stacking of the MoS2 sheet on the Au(111) surface generates a modulated

superlattice which reflects the similar structure and periodicity observed in the STM above. In ad-

dition, the rotational angle between the two moiré patterns is measured ca. 22.7◦, closely matching

our experimental STM data in Figure 3.8a. Details of the model can be found in the Figure 3.11 to

Figure 3.14.
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3.2.4 Bubble Engineering in Monolayer MoS2 on Au(111)

Figure 3.15: AFM characterization of single-layer MoS2 bubbles on Au(111) surfaces. (a) AFM
topography image (load: 1nN) showing monolayer MoS2 on Au(111) before scanning with a large
load (50 nN). (b) Corresponding AFM friction image (load: 1nN) showing monolayer MoS2 on
Au(111) before scanning with a large load (50 nN). (c) AFM topography image (same location:
load: 1nN) containing the area scanned with a large load (50 nN). (d) Corresponding AFM friction
image (same location: load: 1 nN) containing the area scanned with a large load (50 nN). The
inserted squares are the areas scanned with a large load (50 nN). (e) AFM topography image (load:
1 nN) showing monolayer MoS2 on Au(111) before annealing. (f) AFM topography image (load:
1 nN) showing monolayer MoS2 on Au(111) after annealing in vacuum at 500 ◦C for 30 minutes.

In addition to the coherent heterostructures observed in the mechanically exfoliated MoS2

monolayers, ripples and bubbles are always formed due to the soft nature of MoS2 membranes.

The AFM images in Figure 3.15 demonstrate that the MoS2 monolayers are not flat on the Au
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substrates. Bubbles are formed throughout the entire surface during exfoliation and film transfer.

While the exact content of the bubbles is still unclear, recent work in the literature suggests that

they contain predominately water, as their areal density and size have been shown to be highly

dependent on temperature and humidity [161]. The trapped water inside the bubbles is mobile and

can be engineered by the AFM tip using large loads. Figure 3.15a and Figure 3.15b illustrate the

AFM topography and friction images before mechanically manipulating the bubbles. After scan-

ning with a 50 nN load in the square area, AFM images have been taken again (Figure 3.15c and

Figure 3.15d). All bubbles inside this area have been "nano-ironed" out and the bubbles around

the scanning area increased in size and density (marked with orange circles). The bubbles can also

be manipulated by thermal annealing. Comparing Figure 3.15e and Figure 3.15f, small bubbles

disappear after annealing at 500 ◦C in vacuum for about 30 minutes. In addition, large bubbles

increase in size, indicating the coalescence of smaller bubbles into the large ones.

3.3 Conclusions

Here we have demonstrated a facile mechanical exfoliation technique to prepare MoS2 mono-

layers. This technique does not exhibit any of the tape residues reported in other exfoliation meth-

ods, and allows for single-layer MoS2 of millimeters in lateral dimension for be formed on Au

substrates. STM measurement show two distinct moiré patterns appearing in the MoS2 on Au(111)

that arise from the 1H and 1 T phases with single coherent layers. The existence of the 1T phase

has been confirmed by Raman, XPS, STM as well as STS. Although coherent heterostructures

have been observed in chemically exfoliated single-layer MoS2 by scanning transmission electron

microscopy [162], we believe this is the first time that coherent single-layer MoS2 heterostructures

formed by exfoliation on a supported surface have been seen. The formation of these junction is

likely due to a combination of charge transfer from the Au substrate and built-in tensile strain fa-

cilitating the spatial transition of the 1H to the 1T phase. This work provides important guidance to

produce macroscale coherent heterostructures of MoS2 monolayers, which represent unique candi-

dates for future electronic devices and applications, and their designed fabrication through spatial

control of strain will be the subject of future work from our lab. As in other cases of deposited 2D
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materials on surfaces, we also observed the trapping of ambient adsorbates (most likely water) be-

neath the MoS2 forming bubbles due to their displacement during deposition. AFM studies showed

that these bubble structures could be manipulated by imaging under increasing applied load.

3.4 Methods

Mechanical Exfoliation Method Our method for the deposition of MoS2 on Au is detailed in

the main body of the text, and is illustrated in Figure 3.1. MoS2 samples were purchased from SPI

Supplies. Au(111) substrates were bought from Phasis, which were 200 nm thick films on mica

after flame annealing treatment. The thermal release tape was acquired from Graphene Supermar-

ket.

Optical Microscopy and Raman Microspectroscopy Optical images were taken using a Witec

300 RA confocal microscope with a Nikon objective (10×, 0.25 N.A.). All Raman measurements

were taken using a Witec 300 RA with a Nikon objective (100×, 0.9 N.A.), an 1800 g/mm grating,

and a 532 nm excitation source. Reported data were averages of 100 spectra with an integration

time of 1 s. The laser power was kept below 1 mW for all measurements.

X-ray Photoelectron Spectroscopy XPS data was acquired with a Scientia Omicron ESCA+

X-ray photoelectron spectrometer equipped with a hemispherical electron energy analyzer and

128-channel micro-channel plate. The radiation source was Mg Kα (1253.6 eV) with a source

power of 300 W (15 kV, 20 mA). The energy resolution is ca. 0.8 eV with a spot size of ca. 54

µm. Chamber pressure was maintained in the ∼10-10 mbar range. Survey scans were carried out

at a passing energy of 100 eV with 1.0 eV steps and a dwell time of 0.1 s. Multiplexed high-

resolution scans of Mo 3d and S 2p were taken at a passing energy of 20 eV with 0.05 eV steps and

a dwell time of 0.1 s. The survey and high-resolution spectra were averaged with 3 and 50 scans,

respectively. All peak positions were calibrated with respect to the Au 4f7/2 peak at 84.0 eV.

Atomic Force Microscopy Contact-mode AFM images were collected using an Agilent 5500

and analyzed with Scanning Probe Image Processor (SPIP) software (version 6.0.2, Image Metrol-

ogy, Lyngby, Denmark). Scans were performed at 1 nN with a 10 nm silicon probe (spring constant
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∼0.2 N/m and resonant frequency ∼20 kHz) under dry nitrogen conditions (0.1% relative humid-

ity).

Scanning Tunneling Microscopy and Scanning Tunneling Spectroscopy STM images were

collected with a variable-temperature scanning tunneling microscope (VT-STM) (Scientia Omi-

cron GmbH, Germany) system (with a base pressure < 1 × 10-10 mbar) using mechanically cut

Pt/Ir (80/20) tips. Constant-current mode images were obtained in a tip biasing and sample ground-

ing configuration, and analyzed with SPIP. Detailed bias voltages and tunneling currents were

described in each STM image. One hundred I-V curves were collected and averaged for each

spectrum, by sweeping the voltage bias from -2 V to 2 V. The set point used to stabilize the tun-

neling gap was +0.5 V and 500 pA. To avoid various tip effects, I-V spectra were discarded if the

subsequent imaging showed tip changes after the spectra were collected. All the images and the

I-V spectra were collected at room temperature.

Modeling of the Moiré Pattern Atomic coordinates for the unit cell of the 1T phase of MoS2

were acquired from the crystallographic information file from Springer Materials. The structural

relaxation was carried out with Density Functional Theory (DFT) calculations with the Quantum

ESPRESSO package. The General Gradient Approximation was used to describe the exchange cor-

relation functional with a Perdew-BurkeErnzerhof parametrization corrected by the semiempirical

Grimme scheme (PBE-D). Quantum Espresso was used to perform structural relaxation to confirm

that the structure was stable. The unit cell of 1T-MoS2 was replicated to form a 4×4 hexagonal

supercell to mimic the basal plane of MoS2. A 3×3 k-point Monkhorst-Pack grid was used with a

kinetic energy cut-off of 40 Rydberg and Methfessel-Paxton smearing (0.01 Rydberg) to ease the

optimization procedure. structure relaxation in Quantum Espresso resulted in insignificant devia-

tion from the initial structure. The supercell was replicated to obtain larger sheets (48×48) of 1T

phase MoS2 that were overlayed on a gold substrate to create the Moiré patterns. No further re-

laxation was performed on the MoS2/Au structure, and only the bottom (top) layer of sulfur (gold)

atoms are shown to improve clarity.
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4. ACCELERATED AGING OF MOS2 ON AU(111)

4.1 Introduction

MoS2 has received considerable attention over the past decade due to its promising mechanical

and electronic properties [1–3, 5–7]. Differing from graphenes atomically thin structure, MoS2

consists of a transition metal Mo layer, sandwiched between two layers of sulfur atoms. Similar to

graphene and other layered two-dimensional (2D) materials, MoS2 can be easily cleaved from its

bulk crystal due to the weak van der Waals forces between layers [43,44]. The resulting low friction

advocates its use as a solid lubricant in space tribological applications [80, 81, 163]. However, the

inevitable exposure to environments, such as water (H2O), molecular oxygen (O2), ozone (O3), and

atomic oxygen (AO) has been shown to modify the properties of MoS2, and significantly affect its

tribological performance [48, 164–167].

The accelerated aging of MoS2 on SiO2 has been extensively investigated under various con-

ditions. Anisotropic etching was reported for MoS2 when exposed to O2 at 300-340 ◦C [49, 50].

However, when annealed in an O2/Ar environment at 350 ◦C, a complete chemical transforma-

tion of MoS2 to MoO3 was observed by Dooyong Lee et al. [51]. A systematic study by Curry

and Jung revealed that the MoS2 oxidation depended significantly on the microstructure [48] and

crystallinity [168]. In addition to these aging studies at elevated temperature in oxygen rich envi-

ronments, the evolution of MoS2 was also investigated via oxygen plasma treatment. Although the

photoluminescent measurements of MoS2 led to controversial interpretations of the degradation

mechanisms, XPS experiments consistently showed the appearance of Mo6+ peaks, implying the

prevalence of MoS2 to MoO3 conversion after oxygen plasma reactions [52,53,169]. Additionally,

by tuning the oxygen plasma energy and exposure time, the oxygen species were able to physi-

cally adsorb on MoS2, preferentially oxidize the out-facing sulfur layer (forming S-O bonds) or

the topmost layer of MoS2 flakes (forming MoO3) [55, 170]. Another commonly used method to

examine the oxidation of MoS2 was UV/ozone treatment. Similar results were also reported with
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this approach, with the formation of both S-O and O-Mo bonds in MoS2 [56, 171–173].

Solid lubricant coatings made from MoS2 necessarily include interfaces attached to metal sub-

strates, which could strongly modify its chemical and tribological properties [174, 175]. Although

the accelerated aging of MoS2 has been extensively investigated on SiO2 in a wide range of con-

ditions, studies on metal substrates are still lacking. Here, we explore MoS2/Au(111) as a model

system to study the aging of MoS2 on metal surfaces via UV/ozone exposure. The reactive environ-

ment, consisting of gas species including O2, O3, and AO created under this condition was similar

to those in the extraterrestrial environments, especially in the low earth orbit (LEO) [164, 176].

We found that, the chemical interaction of MoS2 with these oxidizing environments depended

strongly on the number of layers of MoS2. Optical microscopy, AFM, XPS, and Raman spec-

troscopy collectively elucidated the evolution of MoS2 on Au(111) under UV/ozone condition.

Our work provides new insights of the accelerated aging of two-dimensional materials and the im-

pact of substrate electronic interactions, which offers a critical guidance for rational design of the

next-generation tribological systems.

4.2 Experimental Method

Mechanical Exfoliation Method The MoS2 on Au(111) samples were fabricated by a mechan-

ical exfoliation method which has been described in Chapter 3. This was a redesigned procedure

that eliminated tape residues typically seen in most scotch-tape methods. MoS2 samples were pur-

chased from SPI Supplies (West Chester, PA, USA). Au(111) substrates were acquired from Phasis

(Geneva Switzerland), which were 200 nm thick films on mica after flame annealing. The thermal

release tapes were acquired from Graphene Supermarket (Ronkonkoma, NY, USA).

UV-Ozone Treatment To investigate the accelerated aging of MoS2, MoS2/Au(111) samples

were exposed to UV/Ozone (Novascan PSD-UV, UV wavelength at 185 nm and 254 nm, average

intensity 28-32 mW/cm2 at 253.7 nm) from 0 to 60 min at a fixed lamp-sample distance ca. 1 cm.

Optical Microscopy and Raman Microspectroscopy Optical images were acquired using a

Witec 300 RA confocal microscope with a Nikon objective (100×, 0.9 N.A.).All Raman mea-
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surements were acquired using a Witec 300 RA with a Nikon objective (20×, 0.9 N.A.), an 1800

g/mm grating, and a 532 nm excitation source. Reported data were averages of 6 spectra with an

integration time of 10 s each. The laser power was kept at about 4.6 mW for all measurements. All

Raman spectra were processed with WITec Suite 4.0 software (Project FOUR).

X-ray Photoelectron Spectroscopy X-ray photoelectron spectra were collected with a Scientia

Omicron ESCA+ X-ray photoelectron spectrometer equipped with a hemispherical electron energy

analyzer and 128-channel micro-channel plate. The X-ray source was Mg Kα (1253.6 eV) with a

source power of 150 W (15 kV, 10 mA). The energy resolution was ca. 0.8 eV with a spot size of

ca. 54 µm in diameter. The pressure in the characterization chamber was maintained in the 10-10

mbar range. Survey scans were performed at a passing energy of 100 eV with 1.0 eV steps and a

dwell time of 0.1 s. Multiplexed high-resolution scans of Mo 3d and S 2p were taken at a passing

energy of 20 eV with 0.05 eV steps and a dwell time of 0.1 s. The survey and high-resolution

spectra were averaged with 3 and 10 scans, respectively. All the peak positions were calibrated

with respect to the Au 4f7/2 peak at 84.0 eV. Casa (version 2.3.22) software was employed for the

XPS data analysis.

Atomic Force Microscopy Contact mode AFM (Agilent 5500) measurements were carried out

with silicon tips (Mikromasch CSC37) in a dry nitrogen environment (relative humidity < 0.1%

and at room temperature). The normal spring constants were ca. 0.2 N/m and the tip radii were

ca. 10-20 nm. Scanning Probe Image Processor (SPIP, version 6.0.2, Image Metrology, Lyngby,

Denmark) software was used for AFM data analysis.

4.3 Results and Discussion

4.3.1 Optical Characterization of the Accelerated Aging of MoS2 on Au(111)

Similar to graphene on fixed thicknesses of silica [177], optical images of MoS2 on Au(111)

can be obtained that, due to refractive index differences, allow for the number of layers to be

visually distinguished. Figure 4.1 presents the optical characterization of the structural evolution

of MoS2 on Au(111) due to UV/ozone exposure as a function of time. MoS2 flakes are labeled
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as SLM for single layer MoS2, BLM for bilayer MoS2, TLM for trilayer MoS2, and Bulk for

bulk MoS2. Figure 4.1a shows the reference, as-exfoliated MoS2 nanosheets before exposing to

UV/ozone (the layer thickness was confirmed by AFM, see Figure 4.2). SLM can be identified

as the areas with a faint color contrast. As the exposure time increased from 0 min to 30 min

(Figure 4.1a to Figure 4.1f), the SLM films progressively faded. Intragranular/lamellar cracks and

breaks gradually appeared and grew inside the films, while BLM and TLM remained relatively

intact, indicating SLM might be more susceptible to UV/ozone induced oxidative degradation as

compared to BLM or TLM.

Figure 4.1: Optical characterization of MoS2/Au(111) before and after UV/ozone treatment. (a)
Initial as-exfoliated MoS2 nanosheets on Au(111) and (b)-(f) MoS2/Au(111) exposed to UV/ozone
for 1, 2, 5, 15, 30 min, respectively. (g) Grey intensity analysis of MoS2 as a function of oxidation
time. The grey scale intensities were taken from fixed areas of 1.85×1.85 µm2 in each image.

To quantitatively analyze the optical evolution of MoS2 nanosheets, the grey intensity of Au,

SLM, BLM, TLM, and Bulk were measured as a function of oxidation time (Figure 4.1g). The

grey-scale intensities were taken from fixed areas of 1.85×1.85 µm2 in each image. Bare Au had

the highest intensity (used as a reference), followed by SLM, BLM, TLM, and bulk MoS2 (the

60



Figure 4.2: Layer thickness measurement of as-exfoliated MoS2 nanosheets by AFM. (a) Optical
photograph of MoS2 nanosheets on Au(111). (b) AFM topography image showing SLM and Au
substrate in Area 1. (c) Corresponding AFM friction image in (b). (d) AFM topography image
showing SLM, BLM, and TLM in Area 2. (e) Corresponding AFM friction image in (d). (f)
Height profiles taken across the edges along the directions marked by black, red, and blue lines in
(b) and (d), confirming the layer thickness of SLM, BLM, and TLM.

bulk was much lower than the others). As the time increased from 0 min to 60 min, the intensity

remained the same for Au, and increased by a small amount for bulk MoS2, while the intensities

for SLM, BLM, and TLM all increased substantially and reached their plateau values at 60 min,

which were close but marginally smaller than the bare Au. The optical image of the same area at 60

min (see Figure 4.3) shows that most of the MoS2 nanosheets were optically seemed to be "etched

away". Nevertheless, whether the MoS2 nanosheets were physically etched away by UV/ozone as

well, was not determined, since this could simply be a refractive index effect.
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Figure 4.3: Optical images of as-exfoliated MoS2 nanosheets (a) and MoS2 nanosheets after 60
min of UV/ozone exposure in the same location.

4.3.2 Structural and Chemical Transformation of MoS2 under Short Exposure Times

To further evaluate the structural and chemical evolution of MoS2 on Au(111), AFM was em-

ployed to explore the corresponding structural change before and after 1 min of UV/ozone ex-

posure. Figure 4.4a illustrates the topography image of both SLM and MLM on Au(111) before

UV/ozone exposure (see Figure 4.5 for layer thickness determination). The elevated "bubbles",

which appear to be formed by trapped ambient adsorbates during the film deposition, have been

recently suggested to be predominately trapped water [161]. The height of the bubbles ranges

from 0.5 nm to 10 nm, and the width of the bubbles ranges from 10 nm to 100 nm based on AFM

measurements (tip radius of curvature from 10 to 20 nm). Figure 4.4b shows the corresponding

friction image of both SLM and MLM on Au(111). Overall, similar friction contrast was observed

for SLM and MLM, while the Au substrate showed a much higher friction. However, from the

friction cursor profile (inserted green curve along the white scan line), the friction on SLM appears

slightly higher than on MLM, consistent with the reported pattern of increasing friction with de-

creasing thickness for atomically thin sheets (graphene, MoS2, NbSe2, and h-BN) [3]. Moreover,

MoS2 bubbles possess isolated regions of slightly higher friction and this is attributed to the puck-

ering effect, where adhesion to the sliding AFM probe induces out-of-bubble deformation, leading

62



to increased contact area and friction. After 1 min of UV/ozone exposure, there was no significant

transformation observed in the topography image (Figure 4.4c), but notable difference observed

in the friction image (Figure 4.4d). Specifically, the friction on SLM (Au-supported regions) in-

creased considerably, while the friction on MLM only changed by a small amount relative to Au

(also shown in the inserted green friction-cursor trace). Interestingly, in contrast to the friction

increase for Au-supported SLM, the friction of the suspended SLM (bubbles) remained relatively

intact, suggesting the local substrate interactions might play an important role.

Figure 4.4: AFM characterization of MoS2 nanosheets on Au(111) before and after 1 min of
UV/ozone exposure. (a) AFM topography image showing SLM and multi-layer MoS2 (labeled as
MLM) before UV/ozone exposure. Both areas are free from tape residues. The bright protrusions,
e.g., in the blue circled location, are bubbles formed during the transfer. (b) Corresponding AFM
friction image in the same area before UV/ozone exposure. (c) AFM topography image in the
same area after 1 min exposure. (d) Corresponding AFM friction image in the same area after 1
min exposure. The green lines in Figure 2(b) and 2(d) are profiles of friction force along the white
scan lines.
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Figure 4.5: Layer thickness measurement of MoS2 nanosheets by AFM. (a) AFM topography
image showing SLM, MLM, and Au substrate. (b) Height profiles taken across the edges along the
directions marked by red and blue lines in (a), confirming the layer thickness of SLM and MLM.

We can understand the substantial increase in friction with Au-supported SLM when consid-

ering the underlying mechanisms influencing the associated change in both surface chemistry and

tip-sample interactions. First, considering the surface chemistry, it has been reported that both

UV/ozone and O2-plasma (at low power e.g. 15 mW/m2 and short exposure time on the order

of, e.g. 1 min) have been shown to alter the MoS2 surface through the formation of weak S-O

bonds without disrupting the Mo-S bonds [170, 172]. Additionally, DFT studies pointed out that

the formation of S-O bonds is energetically favorable and can occur without Mo-S bond break-

ing [56, 178]. Gold has also been well-recognized and widely-utilized as a catalytic promotor to

enhance the reactivity of MoS2 [179–181]. Therefore, we propose (and later confirm through XPS)

that, due to the enhanced reactivity for Au-supported SLM as compared to the elevated SLM (bub-

bles) or MLM (where the top layer of MoS2 is decoupled from the substrate Au), a much larger

density of top-layer S-O bonds are formed on Au-supported SLM regions. Such a change in the

surface chemistry would greatly increase the hydrophilicity on the Au-supported SLM regions and

thus, increase the adhesion and friction response with the AFM probes (silicon tips in our case

with thin oxidized layers on tip surface) as compared to the elevated SLM or MLM regions.

Figure 4.6 illustrates the XPS results elucidating the chemical transformation of MoS2 nanosheets
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Figure 4.6: XPS characterization of MoS2 on Au(111) before and after 1 min of UV/ozone expo-
sure. (a) Bulk Mo 3d core level XPS spectra before and after 1 min of UV/ozone exposure. (b)
SLM Mo 3d core level XPS spectra before and after 1 min of UV/ozone exposure. (c) Bulk S 2p
core level XPS spectra before and after 1 min of UV/ozone exposure. (d) SLM S 2p core level
XPS spectra before and after 1 min of UV/ozone exposure.

before and after 1 min of UV/ozone exposure. Because of the size of the X-ray beam (ca. 54 µm),

we have only measured the XPS signals on SLM and bulk MoS2 (located using an optical lens in

the XPS). Regardless of the MoS2 thickness (either bulk MoS2 or SLM), 1 min UV/ozone exposure

resulted in a negligible difference in the Mo (Mo 3d5/2 and Mo 3d3/2) states. The signals at 229.5

eV, 232.6 eV, and 226.8 eV can be identified as Mo(3d5/2), Mo(3d3/2), and S(2s), respectively. Sim-

ilarly, the signals at 162.4 eV and 163.6 eV can be assigned as S(2p3/2) and S(2p1/2) from MoS2

nanosheets. Although no Mo-O peaks were detected, an additional S 2p doublet was detected at

164.4 eV and 165.6 eV, corresponding to the chemical adsorption of oxygen atoms and the fol-

lowing formation of S-O bonds. To quantify the S/Mo intensity ratios, the sensitivity-corrected

intensities were analyzed with the relative sensitivity factors (RSF) of 0.570 and 2.867 for S 2p

and Mo 3d, respectively [182]:
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Before UV/ozone exposure, the calculated S/Mo intensity ratios for SLM and bulk MoS2 were 1.95

and 1.94, which are close to the stoichiometric value of MoS2. After 1 min of UV/ozone exposure,

however, the calculated S/Mo intensity ratios for SLM and bulk MoS2 decreased to 1.70 and 1.87,

respectively. Such a result suggests a partial sulfur removal by oxygen occurs at this stage for

both SLM and bulk MoS2, where SLM experienced a higher sulfur loss percentage as compared

to bulk MoS2. Combined with the observation that the S-O bond signals on SLM showed higher

intensities comparing to the bulk, we can further conclude that, indeed, an enhanced reactivity for

SLM as compared to bulk MoS2.

4.3.3 Structural and Chemical Transformation of MoS2 under Extended Exposure Times

Figure 4.7: AFM characterization of MoS2/Au(111) before and after UV/ozone treatment. (a)
AFM topography image of as-exfoliated MoS2 nanosheets and (b)-(e) AFM topography images of
MoS2 exposed to UV/ozone for 1, 2, 15, and 30 min, respectively. (f) Corresponding AFM friction
image of as-exfoliated MoS2 nanosheets in (a) and (g)-(j) corresponding AFM friction images of
MoS2 exposed to UV/ozone for 1, 2, 15, and 30 min in (b)-(e).

To systematically explore the oxidative changes in the MoS2 nanosheets on Au(111), AFM

(Figure 4.7) was implemented to monitor both the topographic and frictional changes after ex-
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Figure 4.8: Optical photographs of MoS2/Au(111) before and after UV/ozone treatment. (a) Op-
tical image of as-exfoliated MoS2 nanosheets and (b)-(e) Optical images of MoS2 exposed to
UV/ozone for 1, 2, 15, and 30 min, respectively. AFM characterization in Figure 4.4 was im-
plemented in the square areas.

Figure 4.9: Zoomed-in AFM topography images of MoS2 nanosheets in Figure 4.4 (d) and 4.4(e)
after 15 and 30 min of UV/ozone exposure, showing the etched pits inside SLM regions increase
their sizes and densities.

posure to UV/ozone for 0, 1, 2, 15, and 30 min in the same location (see corresponding optical

images in Figure 4.8). After 1 min of UV/ozone exposure, similar results were observed that the

friction response on SLM increased considerably more than BLM, TLM, and MLM. After 2 min

of UV/ozone exposure, the friction increased on BLM, TLM, and MLM regions. No significant

contrast difference was seen in these regions as compared to SLM, showing that the formation of

S-O bonds is complete on various layer thickness (SLM, BLM, TLM, and MLM) at this stage.

Despite the complicated friction transformation for difference MoS2 layer thickness as a function

of exposure time, no variation was detected in the topography images at these short exposure times

(0, 1, and 2 min). In contrast, a considerable structural transformation on MoS2 nanosheets was
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Figure 4.10: AFM characterization of MoS2/Au(111) after 60 min of UV/ozone treatment. (a)
AFM topography images of MoS2 exposed to UV/ozone for 60 min. (b) Corresponding AFM
friction image of MoS2 exposed to UV/ozone for 60 min.

Figure 4.11: Raman spectra of SLM, MLM, and bulk MoS2 before and after 1, 2, 5, 15, 30 min of
UV/ozone exposure.

observed after 15 min of UV/ozone exposure. First, island-like structures were seen on all regions

(SLM, BLM, TLM, and MLM), particularly on the edge sites, reflecting a nonuniform formation of

MoO3 on MoS2 (as later confirmed by XPS). Second, in addition to the growth of MoO3, SLM was

further etched away, especially in the areas where fewer bubbles were observed. After 30 min of

UV/ozone exposure, negligible changes occurred on BLM, TLM, and MLM. However, the etched
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pits inside SLM regions increased their sizes and densities (close-up images in Figure 4.9) as com-

pared to 15 min of UV/ozone exposure. Further extension of exposure time to 60 min (Figure 4.10)

produced no significant morphological and frictional variations, reflecting that the oxidation of the

MoS2 nanosheets is complete at around 30 min. To further understand the structural degradation of

MoS2 nanosheets by UV/ozone exposure, Raman microspectroscopy measurements (Figure 4.11)

were carried out before and after 1, 2, 5, 15, 30 min of UV/ozone exposure. The intensities of

the E1
2g and A1g modes showed negligible attenuation for MLM and bulk MoS2, while these two

Raman modes completely disappeared after 30 min of UV/ozone exposure for SLM, indicating the

loss of crystal symmetry and ordering in the SLM lattice.

Figure 4.12: XPS characterization of MoS2 on Au(111) before and after 30 min of UV/ozone
exposure. (a) Bulk Mo 3d core level XPS spectra before and after 30 min of UV/ozone exposure.
(b) SLM Mo 3d core level XPS spectra before and after 30 min of UV/ozone exposure. (c) Bulk S
2p core level XPS spectra before and after 30 min of UV/ozone exposure. (d) SLM S 2p core level
XPS spectra before and after 30 min of UV/ozone exposure.

To fully understand the chemical transformation of MoS2 nanosheets after extensive time of

exposure, especially the resulting products on SLM, XPS was employed to fully characterize these
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MoS2 nanosheets. Figure 4.12 illustrates the XPS characterization of the chemical transformation

of MoS2 nanosheets before and after 30 min of UV/ozone exposure. As for bulk MoS2, the signals

at 229.5 eV and 232.6 eV can be assigned as Mo4+ 3d5/2 and Mo4+ 3d3/2 peaks. After 30 min of

UV/ozone exposure, an additional Mo 3d doublet at binding energies of 232.7 eV and 235.9 eV

is detected, which can be assigned to MoO3 [183, 184]. A similar Mo 3d doublet (Mo6+) was

observed for SLM after 30 min of UV/ozone exposure. However, the Mo4+ signals disappeared at

this point, suggesting all SLM was converted to a higher oxidation state. In addition, we observed

peak broadening of Mo6+ signals as compared to Mo4+ peaks which was likely due to the creation

of inhomogeneous surface potentials caused by uneven growth of MoO3, consistent with the island-

like structures seen in our AFM results (see above Figure 4.7) [185]. As for sulfur in bulk MoS2,

the signals at 162.4 eV and 163.6 eV can be assigned as S(2p3/2) and S(2p1/2) peaks, respectively.

There was no significant shift in the peak position observed before and after 30 min of UV/ozone

exposure, and the additional doublet at higher binding energies (that would result from S-O bonds,

as shown in Figure 4.6) no longer exists. Combined with additional evidence that the sulfur peaks at

0 min became attenuated at 30 min, this confirms the conversion to MoO3 at the top layers of MoS2.

The most interesting phenomenon is the unusual peak shift in the SLM S 2p spectrum after 30 min

of UV/ozone exposure. Unlike bulk MoS2, after 30 min of UV/ozone exposure, the S 2p doublet

peaks, S(2p3/2) and S(2p1/2) in SLM shift up to 168.1 eV and 169.3 eV, respectively, indicating

the formation of sulfate on the surface. The general chemical reaction associated with the MoS2

oxidation can be described by the following reaction (note we only use O2 as the oxidation source

due to complexity of the gas components during the UV/ozone exposure, including O2, O3, and

AO) [52, 186, 187]:

2MoS2 + 7O2 → 2MoO3 + 4SO2 (4.2)

Ross and Sussman [188] reported that the oxidation of MoS2 in the presence of H2O vapor would

undergo the following reaction at elevated temperature (85 to 100 ◦C):
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2MoS2 + 9O2 + 4H2O → 2MoO3 + 4H2SO4 (4.3)

Together with the results observed in our AFM, we propose that MLM (including BLM, TLM,

and bulk MoS2) undergo the general reaction pathway (Equation 4.2), in which MoS2 only reacts

with oxygen to form MoO3 at the top layers of the films, consistent with the results reported in

the literature [56, 171–173]. However, for SLM, the intimate contact with Au substrate catalyzes

the oxidation process via charge transfer [124] and lowers the energy barriers for Equation 4.3.

Therefore, SLM reacts with both oxygen and water at room temperature, producing MoO3 and

H2SO4, which could further react with each other to etch away the films and leave molybdenum

sulfate formed as the final product. This would also be consistent with why MoS2, fails as a

functional friction modifier in humid environments [174].

4.4 Conclusions

In summary, we have systematically investigated the oxidation of MoS2 on Au(111) surfaces

under UV/ozone exposure. The reactive environment, which includes O2, O3, and AO gases,

mimics the LEO environment, where MoS2 is frequently employed s a friction reducing agent.

Our work reveals that the extent and mechanism of oxidation depends strongly on the number of

layers in the MoS2 sample. After 1 min of UV/ozone exposure, SLM showed a higher reactivity

as compared to MLM with the formation of S-O bonds on top of the MoS2 nanosheets. After

15 min or longer time of UV/ozone exposure, although only the top-layer of MoS2 was oxidized

and converted to MoO3 in MLM, SLM was partially etched away, leaving molybdenum sulfate

formed as the final product. Our work reveals new insights of the support effect on the oxidation of

two-dimensional materials, which provides a platform for more informed design of solid lubricant

systems.
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5. MECHANICAL AND ELECTRONIC PROPERTIES OF DIACETYLENE AND

POLY-DIACETYLENE SELF-ASSEMBLED MONOLAYERS ON AU(111)*

5.1 Introduction

Self-assembled monolayers (SAMs) have attracted tremendous attention over the past few

decades due to their potential applications in molecular electronics [189, 190]. There are numer-

ous advantages to incorporating organic monolayers into electronic devices, such as their inher-

ent nanometer size, increased functionality, and ability to be employed in bottom-up fabrication

approaches. However, such miniaturization of electronic devices presents significant challenges.

This is mainly due to the lack of fundamental understanding of the structure-function relationships,

which relate to the synthesis, design, and assembling of molecules in the form of monolayers with

stable and desirable properties. As an ideal model system that has been well characterized in fun-

damental research, alkanethiolates attached on Au surfaces have found widespread use as a back-

ground support to stabilize other guest molecules or molecule assemblies of interest. For example,

one of the major results from our previous work has shown that by implementing alkanethiolates

(dodecanethiolate in our case) to support porphyrin thiolate assemblies on Au(111), the charge

transport mechanisms in porphyrin thiolate assemblies can be tuned by the nearest-neighbor inter-

actions from a tunneling mechanism to a charge hopping mechanism [191]. The transition of the

transport mechanisms was attributed to ensemble size effects since the charge-hopping character-

istics were only observed in large (ca. 10 nm) porphyrin islands as compared to single porphyrin

molecules. A problem we observed with using alkanethiolates as the surrounding matrix however,

is that the local organization and the size of the assemblies cannot be well controlled from long

periods of time, as the thiolates partially desorb from the Au surfaces with increased immersion

time in solution [191–193].

Polyacetylene materials, especially two-dimensional polyacetylene thin films, have extensive

*Reprinted with permission from Wu, F.; Bhupathiraju, N.D.K.; Brown, A.; Liu, Z.; Drain, C.M.; Batteas, J.D.
Mechanical and Electronic Properties of Diacetylene and Polydiacetylene Self-Assembled Monolayers on Au (111).
J. Phys. Chem. C 2020, 124(7), 4081-4089. Copyright 2020 by American Chemical Society.
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applications in photonics, molecular electronics, batteries, and solar cells [194–196]. One way

to fabricate polyacetylene materials is to add functional groups that can covalently bond to the

underlying substrates. Thiol-terminated poly-diacetylenes, with their highly conjugated polymer

structures, provide abundant possibilities to fabricate robust monolayers when attached to Au sur-

faces [60, 197–206]. Similar to diacetylene solids or Langmuir-Blodgett films, the polymerization

of DATs on Au(111) surfaces can be initiated by UV-irradiation [197]. The highly conjugated

polymer structures, combined with covalent bonds to the Au substrates, result in a more rigid fea-

ture compared to typical alkanethiolate monolayers. Additionally, the poly-DATs exhibit excellent

stability to repeated electrochemical cycling at extreme conditions, high temperature annealing up

to 200 ◦C, and long-time exposure to hot base solutions [60].

The superior stability of the poly-DATs as compared to the unpolymerized DATs or alkanethi-

olates, inspired us to implement a comprehensive study of these molecules and investigate their

structure-function relationships in terms of mechanical stability and electronic properties. Here,

we explore the diacetylene thiol HS(CH2)3C C C C(CH2)4CH3 (C3-DAT) on Au(111) surfaces

before and after polymerization. The molecules were synthesized to have the same chain length

as dodecanethiols for direct comparison. Fourier-transform infrared spectroscopy (FTIR), Raman

spectroscopy, X-ray photoelectron spectroscopy (XPS), atomic force microscopy (AFM), scanning

tunneling microscopy (STM), and scanning tunneling spectroscopy (STS) collectively, elucidate

the mechanical and electronic properties of C3-DATs and C3-poly-DATs on Au(111).

5.2 Experimental Methods

Synthesis of DATs

C3-DAT (HS(CH2)3C C C C(CH2)4CH3) was synthesized by a four-step procedure which

had been described in a previously published method [207]. This was a redesigned synthesis that

allowed 80% overall yields and gram-scale production.
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Self-Assembled Monolayer (SAM) Preparation

C3-DAT SAM Preparation Self-assembled C3-DAT monolayers were adsorbed onto 200 nm

thick, flamed annealed Au(111) on mica surfaces (Phasis, Geneva Switzerland). Before monolayer

adsorption, the Au(111) substrates were treated with UV/ozone for 10 minutes, rinsed with ultra-

pure water (18.2 MΩ·cm), rinsed with ethanol (Koptec, 200 proof) and dried with streaming N2.

Next, Au samples were exposed to UV/ozone (Novascan PSD-UV, UV wavelength at 185 nm and

254 nm) for another 5 minutes and cleaned again with the same procedure described above. The

Au samples were then immersed in 1mM C3-DATs in ethanol solution for 48 hours. The exposure

to natural light was minimized during the sample preparation. Following the monolayer forma-

tion, the samples were removed from the solution, rinsed with ethanol and dried with streaming

N2. The samples were then transferred and stored in a UHV chamber (∼ 10-10 mbar) for future

characterization.

Mixed SAM Preparation Prior to mixed monolayer adsorption, the Au(111) surfaces were

cleaned with the same procedure described above. The substrates were then immersed in 1 mM

dodecanethiol (Aldrich, 98%, used as received) in ethanol solution for one day. Following the

formation of the dodecanethiolate SAMs, the substrates were rinsed with ethanol, dried with N2,

and immersed in 0.1 mM C3-DAT in ethanol for one day. After that, the substrates were removed

from the C3-DAT solution, rinsed with ethanol and dried with streaming N2.

UV-Induced Polymerization For the UV-induced polymerization, the samples were placed in-

side a well-sealed container and irritated with a UV lamp (same UV source as above) under a

N2 purge for five minutes. It was important to note that the samples remained complete without

photooxidation occurring under this irradiation condition (as determined by the following STM

results).

Fourier Transform Infrared (FTIR) Spectroscopy

FTIR spectra were collected with a Thermo Nicolet 6700 equipped with an attenuated total

reflection accessory (VariG-ATR, Ge crystal, incidence angle 65◦C) and a liquid-nitrogen cooled

74



MCT (HgCdTe) detector. Spectra were collected with 512 scans at a resolution of 4 cm-1 for both

C3-DATs and C3-poly-DATs films. Omnic (version 8.2) software was employed for the FTIR data

analysis.

Raman Microspectroscopy

Raman microspectroscopy was employed to identify the UV induced polymerization. A WiTec

Alpha 300R (Germany) equipped with a Nikon objective (50×, 0.9 N.A.) was used to characterize

C3-DAT and C3-poly-DAT films. Reported spectra were each an average of 3 scans with an inte-

gration time of 5 seconds using 1800 g/mm grating and 532 nm excitation source. The laser power

was kept at 12.5 mW for all measurements. All the Raman spectra were processed with WITec

Suite 4.0 software (Project FOUR).

X-ray Photoelectron Spectroscopy (XPS)

XPS measurements were obtained with a Scientia Omicron ESCA+ X-ray photoelectron spec-

trometer equipped with a Mg Kα radiation source (1253.6 eV, source power 300 W, 15 kV, 20

mA). The energy resolution is ca. 0.8 eV with a spot size of ca. 54 µm. The base pressure of

the analysis chamber was maintained in the ∼ 10-10 mbar range. Survey scans were acquired at a

passing energy of 100 eV with 1.0 eV steps and a dwell time of 0.1 s. Multiplexed high-resolution

scans of C(1s) and S(2p) were carried out at a passing energy of 20 eV with 0.05 eV steps and a

dwell time of 0.1 s. The survey and high-resolution spectra were averaged with 3 and 50 scans,

respectively. All the peak positions were calibrated with respect to the Au (4f7/2) peak at 84.0 eV.

Casa (version 2.3.22) software was employed for the XPS data analysis.

Atomic Force Microscopy (AFM)

Contact mode AFM (Agilent 5500) measurements were carried out with silicon tips (Mikro-

masch CSC37) in a dry nitrogen environment (relative humidity <0.1% and at room temperature).

The normal spring constants were ca. 0.2 N/m which were determined by the Sader method [208].

The tip radii were ca. 10-20 nm which were calibrated by the blind tip reconstruction utilizing the

standard procedure with Scanning Probe Image Processor (SPIP, version 6.0.2, Image Metrology,
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Lyngby, Denmark). The lateral force calibration factors were determined by the corrected direct

force balance method for the friction force measurements [209]. FD curves (1000 data point) were

acquired with a maximum applied load of 10 nN, during time 1s, and an approach and retract rate

of 2 µm/s. Force-volume mapping with a 16 × 16 point grid was used to obtain FD curves on 250

nm2 surfaces. The force-volume mapping was taken before and after the friction measurements to

confirm no tip changes occurred during scanning. Friction vs load curves were carried out using a

pre-coded script to increase and decrease the applied load during the friction force measurements.

On a 250 nm2 area with a 256 point/line resolution, the nominal load was ramped from -10 to 20

nN, with the tip being temporarily brought out of contact with the sample in between the loading

and unloading cycles. Each loading and unloading cycle were measured and averaged three times

for each of the measured C3-DAT and C3-poly-DAT areas.

Scanning Tunneling Microscopy (STM) and Scanning Tunneling Spectroscopy (STS)

STM images were collected with a variable-temperature scanning tunneling microscope (VT-

STM) (Scientia Omicron GmbH, Germany) system. The base pressure was maintained in ∼ 10-10

mbar range. Mechanically cut Pt/Ir (80/20) tips were used for constant-current imaging in a tip

biasing and sample grounding configuration. Detailed bias voltages and tunneling currents were

indicated in each STM figure. One hundred I-V curves were collected and averaged for each STS

measurement, by sweeping the voltage bias from -2 V to 2 V. The setpoint used to stabilize the

tunneling gap was +1.4 V and 20 pA. To avoid various tip effects, I-V spectra were discarded if

the following imaging showed tip changes after the spectra were collected. All the images and the

I-V spectra were taken at room temperature and analyzed with SPIP.

5.3 Results and Discussion

5.3.1 Spectral Characterization of C3-DATs and C3-Poly-DATs on Au(111)

Figure 5.1 shows the spectral characterization of C3-DATs and C3-poly-DATs on Au(111) sur-

faces. Vibrational transitions at 2923 cm-1 and 2854 cm-1 (FTIR spectra in Figure 5.1a) arise from

the asymmetric and symmetric stretching modes of CH2, respectively. An additional mode around
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Figure 5.1: Spectral characterization of C3-DATs and C3-poly-DATs on Au(111) surfaces. (a)
ATR-FTIR spectra of C3-DATs and C3-poly-DATs on Au(111) surfaces. (b) Raman spectra of
C3-DATs and C3-poly-DATs on Au(111) surfaces. (c) S(2p) core level XPS spectra of C3-DATs
on Au(111) surfaces. (d) C(1s) core level XPS spectra of C3-DATs on Au(111) surfaces. (e) S(2p)
core level XPS spectra of C3-poly-DATs on Au(111) surfaces. (f) C(1s) core level XPS spectra of
C3-poly-DATs on Au(111) surfaces.

2960 cm-1 can be assigned to the Fermi resonance of the methyl asymmetric stretch [210–212].

These vibrational modes confirm the existence of C3-DATs and C3-poly-DATs on Au surfaces.

After polymerization, there is no shift in the position of these peaks, although there is a slight de-

crease in the peak intensity. This is due to the polymerization process which induces the decrease

of the tilting angle inside the alkyl chains [200]. Raman spectra from Figure 5.1b further confirm

the polymerization of C3-DATs on Au(111) surfaces. Before UV irritation, there were no peaks

observed for C3-DATs. After UV irritation for 5 minutes, the spectrum shows vibrational modes

around 1875 cm-1 and 2450 cm-1 which can be attributed to double and triple bonds after polymer-

ization. As expected, these peaks are blue-shifted relatively to the peaks reported in the literature

due to the odd-numbered nature of the spacer as well as the spacer length effects (relative short

spacer group comparing to literature) [199]. Figure 5.1c to Figure 5.1f illustrate the XPS spectra
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for S(2p) and C(1s) before and after polymerization. Overall, there are no significant differences

in the XPS spectra for both C3-DATs and C3-poly-DATs. However, the deconvolution of the S(2p)

demonstrates two different sets of S peaks. Here, we assign the signals at 163.1 eV and 161.9 eV

as S(2p1/2) and S(2p3/2) for bound S to the Au substrates. The signals at 164.5 eV and 163.3 eV

are identified as S(2p1/2) and S(2p3/2) for unbound S species. We postulate that when the C3-DATs

are assembled on the Au surfaces, some are directly stabilized on the surfaces through the S-Au

bonds, while others are assembled by intercalation without the formation of any bonds to the Au

substrates (another explanation could possibly be the formation of diacetylene dimers containing

S-S bonds during the self-assembling process). This is further confirmed by AFM and STM as dis-

cerned by the formation of cluster-like features taller than the background SAM matrix. In terms

of the C peaks, the signals at 288.8 eV, 286.1 eV, and 284.8 eV for the C 1s spectra can be assigned

to C S, C C (or C C), and C C groups, respectively [213].

5.3.2 AFM Characterization of C3-DATs and C3-Poly-DATs on Au(111)

Figure 5.2: AFM characterization of C3-DATs and C3-poly-DATs on Au(111) surfaces. (a) To-
pography image of C3-DATs on Au(111) surfaces (applied load 1 nN) (scale bar = 200 nm). (b)
Topography image of C3-poly-DATs on Au(111) surfaces (applied load 1 nN) (scale bar = 200
nm). (c) Friction force vs applied load curves for C3-DATs and C3-poly-DATs. The loading and
unloading cycles for C3-DATs are represented by wine and orange dots, respectively. The loading
and unloading measurements for C3-poly-DATs are represented by navy and violet dots respec-
tively.

Figure 5.2 demonstrates the AFM characterization of C3-DATs and C3-poly-DATs on Au(111)
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surface. Figure 5.2a and Figure 5.2b illustrate the topography images before and after polymeriza-

tion at a relatively small load (∼ 1 nN). Contrasting against the well-known structure of alkanethi-

olates on Au(111), we have seen molecular clusters scattered throughout the whole surfaces. After

the polymerization, these clusters become less noticeable which indicates a structural evolution

during the formation of the polymer backbones. Due to the resolution limitation of our AFM, a

more accurate and detailed discussion of these clusters is given below based on STM measure-

ments.

Friction force measurements have been performed with the same AFM tips for both C3-DATs

and C3-poly-DATs to assess the impact of polymerization on the mechanical properties of the

tip-SAM interface. Figure 5.2c demonstrates the representative load-dependent frictional behavior

of C3-DATs and C3-poly-DATs on Au(111) surfaces. For the loading cycles, the applied load is

increased from -10 nN to +20 nN and for the unloading cycles, the applied normal force is de-

creased from +20 nN to -10 nN, respectively. The AFM tips snap into contact at ca. +2 nN during

the loading measurements and snap out of contact at ca.-8 nN during the unloading cycles for

both C3-DAT and C3-poly-DAT samples. The tips were calibrated before and after the friction

measurements to ensure that no changes to the tips occurred from the measurement. From Fig-

ure 5.2c, hysteresis is observed between the loading and unloading cycles for both C3-DATs and

C3-poly-DATs. Additionally, these monolayers also exhibit higher frictional response as compared

to dodecanethiolate SAMs reported in the literature [214]. The greater frictional response and the

hysteresis behavior of C3-DATs and C3-poly-DATs together, indicate a lower crystallinity and a

higher degree of disorder (as compared to dodecanethiolate SAMs), which is consistent with our

FTIR spectra. Furthermore, C3-poly-DATs also shows higher friction as compared to C3-DATs at

all applied positive loads. Such a trend shows consistency to previous work reported by Mowery

et al. [215]. Generally self-assembled diacetylene monolayers show different structural order due

to the presence of internal molecular scaffoldings that organize the monolayers laterally. Thus, the

monolayer structures can be considered to consist of three different regions: the spacer regions

between the surface and the diacetylene, the tail regions over the diacetylene, and the diacety-
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lene regions themselves. Before polymerization, the crystallinity of the C3-DATs can be treated

as the entire monolayers themselves with enhanced internal interaction due to the strong π − π

stacking. However, after polymerization, the crystallinity needs to be re-considered by different

regions. This is verified by several studies showing that diacetylene monolayers of different tail

and spacer groups have illustrated two spectroscopically discernible regions, corresponding to the

spacer and the tail groups [204, 206]. Therefore, the mechanical properties of the C3-poly-DATs

are highly dependent on the structures in the tail regions since the diacetylene and the spacer re-

gions are locked by the UV-induced polymerization. With this in mind, we can understand the

different frictional behavior between C3-DATs and C3-poly-DATs when considering the underly-

ing mechanisms influencing the associated difference in both molecular spacing and chain-length

dependent local ordering.

5.3.3 STM/STS Characterization of C3-DATs and C3-Poly-DATs on Au(111)

Figure 5.3: STM/STS characterization of C3-DATs and C3-poly-DATs on Au(111) surfaces. (a)
STM image (Vbias = +1.4V, It = 20 pA) of C3-DATs on Au(111) (scale bar = 20 nm). (b) STM
image (Vbias = +1.4V, It = 20 pA) of C3-poly-DATs on Au(111) (scale bar = 20 nm). (c) Averaged
IV curves (100 curves for each) of C3-DATs and C3-poly-DATs on Au(111). (d) Numerically
calculated derivatives (dI/dV spectra) of the I-V curves in Figure (c).
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First, after polymerization, there is an intrinsic, although not significant, expansion within the

SAMs, due to the formation of the covalent bonds. Therefore, the van der Waals forces stabilizing

the tail regions diminish which results in a lower local ordering in the tail regions and a higher fric-

tional response. Second, it is well-known that the frictional forces depend strongly on the number

of carbon atoms in the molecular chains [214]. For example, when the number of carbon atoms in

the molecular chains is larger than eleven, the friction forces are relatively similar for alkanethio-

lates. For the number of carbon atoms less than eleven, the frictional behavior is noticeably differ-

ent. The higher frictional response for short-chain length is attributed to the increased disorder that

occurs when decreasing the carbon number. Before polymerization, the C3-DATs (twelve carbon

atoms in our case) are stabilized together by the van der Waals interactions. After polymerization,

due to the interlock inside the diacetylene regions, the C3-poly-DAT films are expected to have a

higher compressibility as the tail groups are now stabilized by a reduced number of carbon atoms

(five carbon atoms). Therefore, a lower local ordering occurs which makes it possible to excite

numerous surface defects and energy-dissipating channels, increasing the frictional response for

C3-poly-DATs at the same applied load. Although the overall monolayer rigidity increases due to

the polymerization, the rigidity of the tail regions decreases due to the two mechanisms discussed

above.

To better understand the structural evolution of C3-DATs caused by the UV-induced polymer-

ization, it is necessary to fully characterize both C3-DATs and C3-poly-DATs using STM which

provides a higher resolution. Additionally, STS has also been implemented at the same time to ex-

tract the electronic information before and after polymerization transition. First, from Figure 5.3a

and Figure 5.3b, similar molecular clusters are observed for both C3-DATs and C3-poly-DATs.

This is consistent with the AFM topography images and the XPS spectra describe above, showing

part of the SAMs intercalated into the background SAMs as molecular clusters without bonding

to the Au surfaces. The height of the C3-DAT clusters ranges from 0.25 nm to 1.3 nm and the

lateral size varies from 3 nm to 7 nm. The height of the C3-poly-DAT clusters ranges from 0.25

nm to 1.2 nm and the lateral sizes varies from 4 nm to 8 nm. The height of the molecular clusters
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shows no significant change after polymerization, while the lateral dimension increases slightly. In

addition, small crystal domains with averaged size around 5 nm appear in the background SAMs

after polymerization (Figure 5.3b). This is contrary to earlier findings, in which the polymerization

is known to result in unidirectional micro-sized domains in Langmuir-Blodgett films [216, 217].

The reason behind could possibly be the increased interactions between the thiolate groups and

the substrates which limits the degree of freedom within the monolayers as well as the relative

short spacer length. It is difficult to obtain molecular-resolution images for both C3-DATs and

C3-poly-DATs, because of the relatively higher defect densities and smaller domain sizes. An-

other noteworthy phenomenon differs from typical alkanethiolates on gold is that the etch pits in

C3-DATs are very small and scattered throughout the whole surfaces (Figure 5.3a). The depth

measured is around 0.25 nm, similar to the etch pit depth in alkanethiolates on Au surfaces. The

feature becomes less obvious in Figure 5.3b as the crystallinity decreases during polymerization.

In the most widely accepted mechanism proposed by Poirier [218], the formation of the etch pits

is explained by the surface relaxation and reconstruction process. During SAM formation, two Au

atoms are released per primitive unit cell and then leave one vacancy behind in one primitive unit

cell. The Au atoms diffuse and attach to the step edges while the vacancies nucleate and grow into

large vacancy islands in the terraces which are called etch pits. Following such a consideration,

the difference in the etch pit structures between C3-DATs/C3-poly-DATs and alkanethiolates can

be attributed to the decreased mobility of the vacancies during the adsorption process. It has been

reported that the metal-metal bonds can be weaken due to the chemical adsorption [219,220]. The

weakening magnitude is mainly determined by surface coverage and the adsorbate-metal bonding

strength. Due to the highly conjugated structure inside the C3-DAT/C3-poly-DAT chains, the S-

Au bonding energies are inferred to be weaker compared to the alkanethiolate SAMs, which leads

to a higher diffusion barrier and a low mobility for the surface metal atoms. Similar results have

also been reported for arenethiolate SAMs from previous literature [221]. Note that the STM im-

ages of C3-poly-DATs appear less defined than that in the C3-DAT SAMs, with additional streaks

and spikes shown in the images. There are comments arguably saying this might be due to the
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contaminants from the environment during the UV-induced polymerization process. However, our

experiments on C3-poly-DATs embedded in dodecanethiolate matrix illustrate atomic resolution

images after polymerization, clearly indicating the UV process in N2 environment will not cause

any contamination or oxidation issues to the SAMs on Au surfaces.

Figure 5.3c and Figure 5.3d demonstrate the representative I-V and dI/dV spectra on C3-DATs

and C3-poly-DATs from a voltage range of -2 V to +2 V. Note the reason to choose such a bias

range is because reliable I-V data has barely been achieved successfully larger than 2.5 V due

to the junction breakdown in large electric fields. Unexpectedly, these spectra look very similar

in both I-V and dI/dV. The main difference between C3-DATs and C3-poly-DATs is the higher

current magnitude at greater bias for C3-poly-DATs (especially at negative bias region) compared

to C3-DATs, which could arise from resonant tunneling due to the conjugated backbone structures.

Small shoulder-like features at around 1.8 V can be attributed to Au-S bonds at the C3-DATs/C3-

poly-DATs interfaces. The electronic structures for the molecular clusters are not discussed here

due to the wild and random behaviors of the I-V measurements on these locations.

To understand the size-dependent electronic and transport properties of C3-DATs/C3-poly-

DATs on Au(111) surfaces, mixed monolayers of C3-DATs/C3-poly-DATs and dodecanethiolates

are prepared. Figure 5.4 and Figure 5.5 demonstrate the STM/STS characterization of C3-DATs

and C3-poly-DATs within dodecanethiolate background matrix on Au(111) surfaces. The back-

ground molecules are dodecanethiolates and the bright protrusions are C3-DAT/C3-poly-DAT is-

lands. The molecular structures are well-resolved for dodecanethiolates and the C3-DAT/C3-poly-

DAT islands are more organized within the dodecanethiolate surrounding matrix. The apparent

height measured for C3-DAT SAMs is approximately 0.1 nm higher compared to dodecanethio-

lates, while the apparent height difference between C3-poly-DATs and dodecanethiolates is around

0.2 nm (see Figure 5.6 and Figure 5.7). The transformation in apparent height could either originate

from the height change after polymerization or be due to a greater conductance for C3-poly-DATs

since the apparent height measurement in STM is a convolution of both geometric and electronic

effects.
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Figure 5.4: STM/STS characterization of C3-DATs within dodecanethiolate background matrix
on Au(111). (a) STM image (Vbias = +1.4V, It= 20 pA) of a C3-DAT island (∼1 nm in size)
surrounded by dodecanethiolates on Au(111) (scale bar = 2 nm). (b) and (c) Corresponding I-V
(averaged by 100 times) and dI/dV (numerically calculated from I-V) curves of the C3-DAT island
within dodecanethiolate matrix in (a). (d) STM image (Vbias = +1.4V, It = 20 pA) of a C3-DAT
island (∼10 nm in size) surrounded by dodecanethiolates on Au(111) (scale bar = 10 nm). (e) and
(f) Corresponding I-V (averaged by 100 times) and dI/dV (numerically calculated from I-V) curves
of the C3-DAT island within dodecanethiolate matrix in (d). (g) STM image (Vbias = +1.4V, It =
20 pA) of a C3-DAT island (∼20 nm in size) surrounded by dodecanethiolates on Au(111) (scale
bar = 20 nm). (h) and (i) Corresponding I-V (averaged by 100 times) and dI/dV (numerically
calculated from I-V) curves of the C3-DAT island within dodecanethiolate matrix in (g).

All I-V curves on C3-DAT islands (Figure 5.4) show asymmetric features from a voltage range

of -2 V to +2 V. The asymmetry within all I-V curves is due to the experimental factors such as

material differences between tips (Pt/Ir) and substrates (Au), and the intrinsic asymmetry of the

C3-DATs employed in our experiments. However, there are some interesting differences observed

in electronic properties (I-V and dI/dV) of the C3-DAT SAMs (Figure 5.3c and Figure 5.3d) as

compared to the C3-DAT islands (STS in Figure 5.4). For the ∼ 1 nm C3-DAT islands (Figure 5.4

a,b,c), the I-V curve shows a higher conductance at positive tip bias comparing to negative tip

bias. As the size of the islands increase from ∼ 1 nm to ∼ 10 nm (Figure 5.4 d,e,f), then to ∼
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20 nm (Figure 5.4 g,h,i), the higher conductance shifts from the positive region to the negative

region. In fact, for island sizes ∼ 20 nm, the I-V spectra (also dI/dV) already looks very similar

to the complete C3-DAT SAMs on Au(111) (Figure 5.3c and Figure 5.3d). It is expected that for

small C3-DAT islands (single or a few C3-DAT molecules, total size ∼ 1-2 nm), the current should

be much larger for positive tip voltage (electron transport through HOMO) than for negative tip

voltage (electron transport through LUMO) since the highest occupied molecular orbital (HOMO)

is a sulfur-based level that couples much stronger to the Au compared to the lowest unoccupied

molecular orbital (LUMO). However, as the C3-DAT island increases in size (e.g. to ∼ 20 nm), due

to the strong π−π stacking in the diacetylene regions, the nearest-neighbor interactions appreciably

alter the alignment of the frontier orbitals comparing to the Fermi level of the electrodes, which

shifts the transport through LUMO more favorable at negative tip bias.

Figure 5.5 illustrates the STM/STS characterization of C3-poly-DATs within the dodecanethi-

olate background matrix. Again, molecular resolution is still achievable after polymerization,

clearly indicating that UV exposure in N2 environment does not lead to any degradation to the

SAMs on Au(111) surfaces. The most interesting results emerge when measuring the I-V on these

C3-poly-DAT islands. Figure 5.5b and Figure 5.5c demonstrate the I-V curve and the correspond-

ing dI/dV curve of the poly-DAT island (∼ 1-2 nm) in dodecanethiolate matrix. Based on the

size and packing density of C3-DAT SAMs on Au(111) surfaces, such a small island of 1-2 nm

could contain 2 to 5 polymerized C3-DAT molecules. Surprisingly, the electronic structure mea-

sured for the C3-poly-DAT island (∼ 1-2 nm) shows appreciable difference as nearly no gap was

observed in the dI/dV curve (Figure 5.5c), suggesting the higher conductance for C3-poly-DAT

island (∼ 1-2 nm) compared to C3-DAT island (of same size) and C3-poly-DAT SAMs. Although

very insignificant, additional densities of states show up around -1.01 V and +0.34 V (Figure 5.5c)

compared to C3-poly-DAT SAMs (Figure 5.3d), indicating the band structure change, as well as

new transport mechanisms being activated after polymerization. Similar results have also been

observed for C3-poly-DAT island around 20 nm in size (Figure 5.5h and Figure 5.5i), showing

a higher conductance character and mid-gap states appearing around -1.29 V and +0.30 V with
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Figure 5.5: STM/STS characterization of C3-poly-DATs within dodecanethiolate background ma-
trix on Au(111). (a) STM image (Vbias = +1.4V, It = 20 pA) of a C3-poly-DAT island (∼1 nm in
size) surrounded by dodecanethiolates on Au(111) (scale bar = 2 nm). (b) and (c) Corresponding
I-V (averaged by 100 times) and dI/dV (numerically calculated from I-V) curves of the C3-poly-
DAT island within dodecanethiolate matrix in (a). (d) STM image (Vbias = +1.4V, It = 20 pA) of
a C3-poly-DAT island (∼10 nm in size) surrounded by dodecanethiolates on Au(111) (scale bar
= 10 nm). (e) and (f) Corresponding I-V (averaged by 100 times) and dI/dV (numerically cal-
culated from I-V) curves of the C3-poly-DAT island within dodecanethiolate matrix in (d). (g)
STM image (Vbias = +1.4V, It = 20 pA) of a C3-poly-DAT island (∼20 nm in size) surrounded by
dodecanethiolates on Au(111) (scale bar = 20 nm). (h) and (i) Corresponding I-V (averaged by
100 times) and dI/dV (numerically calculated from I-V) curves of the C3-poly-DAT island within
dodecanethiolate matrix in (g).

increased intensities. If we now turn to C3-poly-DAT islands of ∼ 10 nm, the dI/dV measurement

(Figure 5.5e and Figure 5.5f) exhibits analogous new states at around -1.13 V and 0.60 V. How-

ever, a blockade-like behavior is observed in which the current is considerably suppressed with the

voltage range from -0.5 V to +0.2 V. We believe the unique I-V (or dI/dV) for the C3-poly-DAT

island (∼ 10 nm) results from the single electron tunneling effects, i.e. Coulomb blockade. For

comparison, the I-V curve (dI/dV) has also been measured on dodecanethiolate SAMs as a refer-

ence (see Figure 5.8). The I-V curve is relatively linear with small slopes at low bias, consistent
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Figure 5.6: STM characterization of C3-DATs within dodecanethiolate background matrix on
Au(111). (a) STM image (Vbias = +1.4V, It = 20 pA) of a C3-DAT island (∼1 nm in size) sur-
rounded by dodecanethiolates on Au(111) (scale bar = 2 nm). (b) Height profile taken across the
C3-DAT island (∼1 nm in size) along the direction marked by the red line in (a). (c) STM image
(Vbias = +1.4V, It = 20 pA) of a C3-DAT island (∼10 nm in size) surrounded by dodecanethiolates
on Au(111) (scale bar = 10 nm). (d) Height profile taken across the C3-DAT island (∼10 nm in
size) along the direction marked by the orange line in (c). (e) STM image (Vbias = +1.4V, It = 20
pA) of a C3-DAT island (∼20 nm in size) surrounded by dodecanethiolates on Au(111) (scale bar
= 20 nm). (f) Height profile taken across the C3-DAT island (∼20 nm in size) along the direction
marked by the blue line in (e).

with no Coulomb blockade in dodecanethiolate SAMs. To achieve the Coulomb blockade, two

conditions must be met for the observation of single electron tunneling effects at room temper-

ature. First, the thermal energy of the system (KBT ) must be below the charging energy of the

island (Ec = e2/2C); Second, the tunneling resistance Rt, should be large than h/2πe2, due to

the Heisenbergs uncertainty principle. In order to analyze the Coulomb blockade effects, the semi-

classical double barrier tunneling junction (DBTJ) model is implemented here [222, 223]. The

schematic of the two tunneling junctions are shown in Figure 5.9. The first tunneling junction

contains the alkane spacer groups sandwiched by the diacetylene regions and the Au substrates.

The second tunneling junction consists of an insulating alkane barrier between the STM tip and the

highly conductive diacetylene regions. Each junction has a capacitance and an effective resistance,
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Figure 5.7: STM characterization of C3-poly-DATs within dodecanethiolate background matrix
on Au(111). (a) STM image (Vbias = +1.4V, It = 20 pA) of a C3-poly-DAT island (∼1 nm in size)
surrounded by dodecanethiolates on Au(111) (scale bar = 2 nm). (b) Height profile taken across
the C3-poly-DAT island (∼1 nm in size) along the direction marked by the red line in (a). (c) STM
image (Vbias = +1.4V, It = 20 pA) of a C3-poly-DAT island (∼10 nm in size) surrounded by do-
decanethiolates on Au(111) (scale bar = 10 nm). (d) Height profile taken across the C3-poly-DAT
island (∼10 nm in size) along the direction marked by the orange line in (c). (e) STM image (Vbias

= +1.4V, It = 20 pA) of a C3-poly-DAT island (∼20 nm in size) surrounded by dodecanethiolates
on Au(111) (scale bar = 20 nm). (f) Height profile taken across the C3-poly-DAT island (∼20 nm
in size) along the direction marked by the blue line in (e).

which are represented by Ci and Ri, with i = 1 or 2. Generally, a fractional charge Q0 exists on

the diacetylene regions, which is arguably originated from the work function difference between

the electrodes within the junctions, permitting the asymmetry of the I-V curves in our case. From

Figure 5.5e and Figure 5.5f, the charging energy of the Coulomb blockade island (∼ 10 nm) is

determined at around 0.30 eV and therefore, the corresponding total tunneling capacitance Ct can

be calculated as Ct = e2/2Ec = 2.67 × 10−19 F. Based on the calculated total capacitance, the

effective diameter is determined as d = Ct/2πεε0 = 1.9 nm for this two-dimensional Coulomb

blockade island. In addition, based on the equation developed by Hanna et al. [222], R2 can be

extracted at around 37 GΩ, as well as C1 = 2.21× 10−19 F, C2 = 0.46× 10−19 F, and Q0 = 0.32e.

The insignificant appearance of the Coulomb blockade effects within the small C3-poly-DAT is-
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Figure 5.8: STS characterization of dodecanethiolate SAMs on Au(111) surfaces. (a) I-V (average
of 100 scans) and (b) dI/dV (numerically calculated from I-V) curves of the dodecanethiolate
SAMs. The setpoint used to stabilize the tunneling gap in I-V measurements is 1.4 V and 20 pA.

Figure 5.9: Schematic of the nanostructure at the tip-Au interface and the equivalent circuit repre-
senting the semiclassical double barrier tunneling junction (DBTJ) model.
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land (∼ 1-2 nm) is caused by the quantum confinement effects. For the large C3-poly-DAT island

(∼ 20 nm), although we can still observe the Coulomb blockade, due to the reduction of the capac-

itive charging energy as size increases, the thermal energy (KBT ) becomes more dominant during

the transport, which leads to a decrease in the Coulomb gap, ultimately extinguishing the Coulomb

blockade effects as in the C3-poly-DAT monolayer case.

5.4 Conclusions

In summary, we have explored the diacetylene thiol C3-DAT (HS(CH2)3C C C C(CH2)4CH3)

on Au(111) surfaces before and after polymerization. The formation of C3-DATs and C3-poly-

DATs on Au(111) surfaces is confirmed by FTIR, Raman spectroscopy, and XPS. After polymer-

ization, the molecular films exhibit a higher frictional response in AFM due to the reduced local

ordering. In addition, small molecular clusters and etch pits have been observed throughout the

whole surfaces. STS spectra illustrate similar I-V (dI/dV) for both C3-DAT and C3-poly-DAT

SAMs. However, significant size-dependent differences in electronic structures arise for C3-DAT

and C3-poly-DAT islands when embedded into dodecanethiolate matrix. The Coulomb blockade

effects are revealed and discussed in these C3-poly-DAT nanostructures.
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6. SUMMARY AND CONCLUSIONS

This dissertation has explored the evolution of MoS2 on metal surfaces. The phase transition,

accelerated aging, and defect engineering by diacetylenethiolate-based chemisorption of MoS2

have been discussed in details. The whole first chapter lays the keynote for this work, with a re-

view on the evolution of MoS2 on Au(111) surfaces. The literature briefly introduces the structure-

function properties of 2D-TMDs, strategic fabrication of 2D-MoS2, phase transition of MoS2 on

Au(111), evolution of MoS2/Au(111) under accelerated aging conditions, and tuning the electronic

properties of MoS2 by defect engineering of chemisorption. To systematically investigate the struc-

tural and chemical transformation of MoS2 on Au(111) surfaces, a fundamental understanding of

the experimental surface science techniques that target specific phenomena is required. In second

chapter, the theoretical consideration of the major instrumental techniques was discussed, includ-

ing scanning tunneling microscopy, atomic force microscopy, Raman spectroscopy, and X-ray

photoelectron spectroscopy. Moving forward to Chapter 3-5, three questions have been addressed

to understand the evolution of MoS2 on metal surfaces. I) How does the structure of MoS2 evolve

after deposited on gold substrates. II) How does MoS2 on Au(111) evolve under accelerated aging

conditions. III) What’s the mechanical and electronic properties of diacetylene and polydiacetylene

SAMs on Au(111) surfaces.

Chapter 3 reported the formation of the coherent single-layer 1H-1T MoS2 heterostructures by

mechanical exfoliation on Au(111), which were chemically homogenous with matched lattices,

but showed electronically distinct semiconducting (1H phase) and metallic (1T phase) character.

This could be attributed to a combination of lattice strain and charge transfer. The exfoliation

approach employed was free from tape residues usually found in many exfoliation methods and

yielded single-layer MoS2 with millimeter size on the Au. Raman spectroscopy, XPS, AFM, STM

and STS were employed to elucidate the structural and electronic properties of MoS2 monolayers

on Au substrates. Bubbles in the MoS2 formed by the trapping of ambient adsorbates beneath the

single layer during deposition, were observed and characterized.
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The inevitable exposure to environments, has been shown to alter the properties of MoS2,

and significantly affect its tribological performance. In the meantime, solid lubricant coatings

made from MoS2 include interfaces attached to metal substrates, which could strongly modify its

chemical and tribological properties. Therefore in Chapter 4, we explored MoS2 on Au(111) as a

model scheme to systematically understand the accelerated aging of MoS2 on metal surfaces by

UV/ozone treatment. The reactive environment, including molecular oxygen, ozone, and atomic

oxygen, was very close to the extraterrestrial scenario, especially intended for space applications

in LEO environment. We found that, the accelerated aging varies strongly with the layer thickness

of MoS2 sample. After a short time of UV/ozone exposure, single-layer MoS2 exhibited enhanced

reactivity as compared to multi-layer MoS2. After an extensive time of UV/ozone exposure, while

only the top-layer of MoS2 was oxidized and converted to MoO3 for multi-layer MoS2, single-

layer MoS2 was partially etched away, leaving molybdenum sulfate as the final product. This work

reveals new insights of the support effect on the accelerated aging of two-dimensional materials,

which provides a critical guidance for future design of nanotribological systems.

Because of the intrinsic defects on MoS2, these undercoordinated surface sites can be identified

as potential synthetic starting points for surface modification. Particularly, when functionalized

with thiol-terminated molecules, it is possible to tune the electronic properties of MoS2 comparing

to the inertness of complete MoS2 sheets (either p-dope or n-dope depending on the electronega-

tivity of head groups). In Chapter 5, before directly doping MoS2, we examined thiol-terminated

diacetylenes, especially the polymerized diacetylene thiols on Au(111) surfaces first. The highly

conjugated structures, combined with covalent bonds to the MoS2 substrates, will result in a more

rigid feature compared to typical alkanethiols or other thiol-containing molecules. In particular, we

explored the diacetylene thiol, HS(CH2)3C C C C(CH2)4CH3, assembled on Au(111) surfaces

before and after polymerization. The monolayers were found to exhibit higher friction follow-

ing polymerization due to structural changes in the films. Electronically, although I-V (dI/dV)

measurements showed similar spectra for both C3-DAT and C3-poly-DAT monolayer films, size-

dependent differences in the electronic properties were found to arise for C3-poly-DAT islands of
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ca. 10 nm when embedded into a dodecanethiolate matrix, which could be attributed to Coulomb

blockade.
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