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ABSTRACT (academic)

Molecules adsorbed on two-dimensional (2D) materials can show interesting physical and
chemical properties. This thesis presents scanning probe microscopy (SPM) investigation of
emerging 2D materials, molecular nanostructures on 2D substrates at the nanometer scale, and
biophysical processes on the biological membrane. Two main techniques of nano-probing are used:
scanning tunneling microscopy (STM) and atomic force microscopy (AFM). The study
particularly emphasizes on self-assembled molecules on flat and curved 2D materials.

First, we report the preparation of novel 1D Cgo nanostructures on rippled graphene. Through
careful control of the subtle balance between the linear periodic potential of rippled graphene and
the Ceo surface mobility, we demonstrate that Ceo molecules can be arranged into a 1D Cgo chain
structure of two to three molecules in width. At a higher annealing temperature, the 1D chain
structure transitions to a more closely packed, quasi-1D hexagonal stripe structure. The
experimental realization of 1D Cgo structures on graphene is, to our knowledge, the first in the
field. It could pave the way for fabricating new Ceso/graphene hybrid structures for future
applications in electronics, spintronics and quantum information.

Second, we report a study on nano-morphology of potential operative donors (e.g., Cso) and
acceptors (e.g., perylenetetracarboxylic dianhydride, aka. PTCDA) on wrinkled graphene
supported by copper foils. We realize sub-monolayer Ceo and PTCDA on quasi-1D and quasi-2D
real periodic wrinkled graphene, by carefully controlling the deposition parameters of both
molecules. Our successful realization of acceptor-donor binary nanostructures on wrinkled
graphene could have important implications in future development of organic solar cells.

Third, we report an STM and spectroscopy study on atomically thin transition-metal
dichalcogenides (TMDCs) material. TMDCs are 2D materials that emerged recently due to their
intriguing physical properties and potential applications. In particular, our study focuses on
molybdenum disulfide (MoS2) mono- to few-layers and pyramid nanostructures synthesized

through chemical vapor deposition. We observe an intriguing curved region near the edge



terminals on the few-layered MoS» nanoplatelets grown on gallium nitride (GaN) as well as the
pyramid nanostructures grown on the highly oriented pyrolytic graphite (HOPG). The measured
band gap in these curved regions is consistent with the direct band gap in MoS: monolayers. The
curved features near the edge terminals and the associated electronic properties may contribute to
understanding catalytic behaviors of MoS: nanostructures and have potential applications in future
electronic devices and catalysts based on MoS; nanostructures.

Finally, we report a liquid-cell AFM study on the endosomal protein sorting process on the
biological lipid membranes, a different type of 2D materials. The sorting mechanism relies on
complex forming between Tom1 and the cargo sorting protein, Toll interacting protein (Tollip).
The induced conformational change in Tollip triggers its dissociation from the lipid membrane and
commitment to cargo trafficking. This collaborative study aims at characterizing the dynamic
interaction between Tollip and the lipid membrane. To study this process we develop the liquid
mode of AFM. We successfully demonstrate that Tollip is localized to the lipid membrane via
association with PtdIns3P (PI(3)P), a major phospholipid in the cell membrane involved in protein

trafficking.
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General Audience Abstract

Two-dimensional (2D) materials are layered materials with thickness of single atom or few
atoms. The ultimate thickness leads to novel properties that are useful for a wide range of
applications in photovoltaics, electronics and quantum information. In order to explore these
properties at the nanometer scale, we used scanning probe techniques, i.e., scanning tunneling
microscopy (STM) and atomic force microscopy (AFM), to perform comprehensive investigations
on these emerging materials.

2D materials, such as graphene and atomically thin transition-metal dichalcogenides (TMDCs),
are promising candidates for building economic, safe and mechanically flexible solar cells with
desirable optical and electronic properties, e.g. tunable sunlight absorption. The first part of the
thesis focuses on graphene, a single-atom-thick carbon sheet. We deposited key components in
organic solar cells, such as perylenetetracarboxylic dianhydride (PTCDA) and Cso molecules, on
graphene. On these materials we observed various novel nanostructures, like quasi-1D Ceo
nanochains. The second part of the thesis focuses on mono- to few-layered MoSz, which can be
used as an active layer in high-efficiency solar cells. Our study has important implications in
improving efficiency of organic solar cells in the future.

In the final part of the thesis, we extended our subject to the biological lipid membrane, a 2D
material critical in biology, and biophysical processes occurring on the membrane. Using a liquid-
cell AFM, we investigated the endosomal protein sorting process on the biological membranes.
Our study contributes to understanding of the interactions between the adaptor proteins and cell

membranes in the protein sorting process that guides proteins to their proper destinations.
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Chapter 1. Introduction

1.1 Motivation

1.1.1 2D Materials

Two-dimensional (2D) materials, also referred to as single-layer or atomically-thin materials,
have attractive characteristics and countless applications in semiconductors, photovoltaics, and
electrodes [5-13]. Graphene is the first discovered 2D material, extracted from bulk graphite with
micromechanical cleavage techniques introduced by Andre Geim and Konstantin Novoselov in
2004 [14]. A single layer of graphene consists of a honeycomb lattice of sp?> hybridized carbon
atoms. It is this bonding arrangement that makes graphene unique, exhibiting fascinating physical
properties with numerous potential applications [15, 16]. Significant effort has recently been given
to studying the adsorption and desorption of different molecules on graphene, and to further
optimize the molecule/graphene hybrid structures in order to better understand the unique physical
and chemical properties of graphene. For those studies, graphene grown by chemical vapor
deposition (CVD) on different metals (Cu, Ru, Ir, Pt, Ni) is regarded as an ideal platform, providing
scalable production of high-quality graphene [17, 18]. Thus, a lot of scientific research has already
been focused on synthesizing large continuous graphene sheets through various ways and on
different substrates [17, 19-25]. Recent advancements in organic photovoltaic cells use graphene
as a flexible transparent electrode because of its high transparency, physical flexibility, huge
abundance, and semi-metallic conductivity [27-32]. Beyond graphene, there has also been a large
effort focused on other 2D materials due to their unusual characteristics. Atomically-thin
transition-metal dichalcogenides (TMDCs) are another family of 2D materials because of their
semiconducting and photonic properties [5-13]. TMDCs materials have the chemical formula,
MXo, with the M standing for the transition metal element (Mo, W, Ti, Ta, ...) and the X signifying
the chalcogenide element ( S, Se, and Te). In the family of layered TMDCs, MoS; is a widely used
semiconductor material, composed of planar atomic thin S-Mo-S sandwich layers held together by
van der Waals interactions [26]. The bulk form of MoS; has been extensively studied for decades
as solid lubricant [27-29]. Recently, mono- to few-layered MoS; has captured increasing broad

applications due to its optical, electronic, and catalytic properties [11, 30-42]. More specifically,



atomically-thin MoS; can be utilized as a hole-transport layer, electron-transport layer, interfacial

layer, and protective layer in fabricating heterojunctions solar cells [43, 44].

1.1.2 1D Nanostructures

Research during the recent decades has been very proficient at studying phenomena at the
microscale, but only very recently becomes effective at studying nanoscale phenomena. Already,
their particular properties and potential applications are promising for microelectronics and
optoelectronics applications as the rising demand for small, delicate electronic systems naturally
stimulates further research on these smaller dimensional nanostructures. Electronic and
optoelectronic devices are very common in modern society in simple household equipment or in
sophisticated hospital instruments, computers, and signal transmission equipment. The rising
demand for the smaller and also delicate electronic systems stimulates the development of research
on the smaller dimensional nanostructures. As such, 1D nanostructure will potentially break
through the physical and economic limitations of the microelectronic industry, reduce energy
consumption, and increase the speed of future electronic and optoelectronic devices [45, 46].

1D nanostructures transfer electrons or holes more effectively in one dimension due to the
reduction in dimensionality from 3D and even 2D materials, and from the fewer defects present in
these nanostructures. They can be synthesized into a single crystal form with controlled core
conditions during growth, and are stable as nanotubes, nanorods, nanowires, and nanobelts [45,
47-52]. Functional devices with these 1D nanostructures have been realized, ranging from field-
effect transistors and ultraviolet detectors, to light-emitting diodes, p-n diodes, nano-lasers, and
single nanowire solar cells [45-47, 53-56]. Furthermore, compared to 2D materials, 1D
nanostructures with fewer defects or grain boundaries offer inherent charge transport properties

[57-59].

1.1.3 Organic Solar Cells

The rapid increase of power conversion efficiencies in organic solar cells has given rise to

recent scientific and economic interests to an otherwise aging field developed over forty years ago.

Although organic materials have a relatively poor charge-carrier mobility, most of the organic



semiconductors have a large optical band gap around 2 eV, higher than that of silicon, and thus
enlarge the spectrum of the solar systems [60]. This, along with the physical flexibility to meet
different requirements as well as the advantage of lower cost, larger-scale production capacity, and
stronger light absorption coefficients, still promotes its development [61]. Solar cells can be
divided into three main generations according to their different junction types: single layer, bilayer
heterojunctions, and bulk heterojunctions [62]. For the single layer device, the efficiency is
typically well below 0.1% with poor ability to split the exciton pairs [63-65]. For bilayer solar
cells, the efficiency is less than 1% due to the much smaller fraction of excitons that can diffuse to
the interface of layers and thus split into carriers [66]. The diffusion length of excitons is around
10 nm, much shorter than the thickness of the active layers in bilayer heterojunctions, which is on
the order of 100 nm in order to effectively absorb sunlight. The bulk heterojunctions have mixed
absorption layers consisting of donor and acceptor organic molecules or polymers on the order of
nanometers, allowing excitons to reach an interface within their short lifetimes and dissociate at
the large donor-acceptor interfacial surface, so the efficiency has significantly increased to about
10%, but still very low compared to the inorganic solar cells (up to 46%), so there is an urgent
need to improve the efficiency of organic solar cells in order to capitalize on the aforementioned
advantages of them [67-71]. The bilayer and bulk heterojunctions are based on two types of organic
materials: electron donor and electron acceptor. Firstly, the donor-acceptor heterojunctions take
advantage of the photon to separate the electron from the hole in the electron donor material. Then,
the electron transfers from the excited state of the donor (lowest unoccupied molecular orbital,
LUMO) to the LUMO of the acceptor, which must be a good electron acceptor with a stronger
electron affinity. Subsequently, the electron and the hole have to reach the opposite electrodes, the
cathode and the anode, respectively. Thus a direct current can be achieved to an outer circuit [72,
73]. Almost all the research is focused on improving the power efficiency of organic solar cells.
Various factors would impact it, such as: solvent/thermal annealing conditions, weight ratio of
acceptor and donor materials, thickness of active layers and as well as other synthesis parameters
[74-77]. Since the active layers are critical determining factors in the performances of organic solar
cells, the challenging part of making effective organic solar cells becomes how to choose the right
donor and acceptor combinations [78]. There are many choices for donor and acceptor materials
proposed by previous studies [70, 73, 79-86]. There are also numerous types of organic solar cells

including small molecule-small molecule, small molecule-polymer, and polymer-polymer [78, 87-



92]. In these new studies, Cso combined with graphene as its transparent electrode has been
investigated, which gave us a hint about the combination of organic solar cells and 2D materials.
Although there are thousands of papers about organic solar cells, few of them talk about the
nanoscale characteristics, so the nanostructure of donor and acceptor materials for organic solar

cells needs more SPM research [93].

1.2 Outline of This Thesis

All the content above is a compact review on the popular 2D materials, novel 1D
nanostructures, and advantages of organic solar cells. The development and importance of 2D
materials is the starting point of this thesis. In the motivation part, we also explained the rising
demands of 1D nanostructures, and also the application and development of organic solar cells.

In chapter 2, we will introduce the physical mechanism of the STM—quantum tunneling.
will mainly introduce the Omicron STM designs including the electronics, the pumping system,
and the vibration isolation mechanisms. A home-made Knudsen cell is mounted in our STM
system in order to perform molecular deposition. I will illustrate the components, parts, and also
the complete version of the load lock part in the form of photos. Besides the experiments done
with STM, I also do a lot of measurements in AFM, so I briefly introduce the different measuring
modes and also the mechanism of it.

In chapter 3, we will show and discuss the formation of the quasi-1D Cgo nanostructures on
rippled graphene. Rippled graphene provides a novel quasi-1D template for Cso molecules, where
Csomolecules accommodate themselves to forming a quasi-1D chain structure. This kind of hybrid
structure is pretty sensitive to the thermodynamic effect, so we explore a new quasi-1D Ceo stripe
nanostructure after a gentle annealing. We will use 3D schematic models to compare the chain
structure and the stripe structure. We also demonstrate that rippled graphene is formed on the
Cu(100) facet. Finally we will discuss the formation of the bimolecular chains and the trimolecular
chains, and the mechanism how these two typical chain nanostructures transform into the Ceo stripe
structure after gentle annealing.

In chapter 4, firstly, we will talk about this new graphene wrinkles forming 1D and 2D
structures. And we will discuss the formation of this kind of novel quasi-1D or quasi-2D wrinkled

graphene substrate. Secondly we will show and discuss the formation of the quasi-self-assembled
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Cso and PTCDA nanostructures on quasi-1D or quasi-2D wrinkled graphene. These real wrinkles
have the modulation in the range of 0.2 nm to 0.4 nm, can provide a novel suspended template for
Ceo and PTCDA molecules, where Coo molecules can still form quasi-hexagonal close-packed
structure, and PTCDA also can still accommodate the wrinkled graphene with the herringbone
pattern too. Meanwhile we will discuss the differences between this graphene wrinkles and moiré
patterned graphene ripples (in chapter 3) from the aspects of the van der Waals binding energies.
We also find an interesting dynamic decay process of PTCDA on flat graphene substrate.

In chapter 5, we examine mono- to few-layered MoS; nanoplatelets and MoS, pyramid
nanostructures on gallium nitride (GaN) and highly ordered pyrolytic graphite (HOPG) by using
STM and STS. We firstly observe characteristic curved ripple regions close to the edge terminals
of MoS: on both GaN and HOPG substrates through STM measurement. The STS measurement
on the curved regions reveals a band gap of 1.96 = 0.10 eV, which is larger than the band gap of
bulk material. Finally we will discuss the reason of the discrepancy of band gaps on the curved
regions and on basal planes.

In chapter 6, we will introduce the effect of Tom!1 in mediating Tollip’s dissociation from
PtdIns3P (PI(3)P) and committing Tollip to cargo trafficking. Then the mechanism of the liquid
mode of AFM will be illustrated. After that, we will show the surface of mica substrate, the
morphology of suspended lipid bilayers (SLBs), the morphology of Tollip on SLBs, and finally
we successfully demonstrate that the Tollip is located on the endosome membrane via association
with PI(3)P.

In chapter 7, we will summarize this dissertation briefly and propose possible works in the

future.



Chapter 2. Experimental Methods—Scanning Probe Microscopy

To characterize the morphology of molecules and atoms, a tool with nanometer spatial
resolution is essential in observing and mapping these nano-structures at the atomic scale. In
addition, the measurements need to be non-destructive, i.e. the structure should not be distorted or
damaged during the measurement process. Scanning tunneling microscopy (STM) is a fitting
choice due to its ultra-high atomic resolution, ultra-high vacuum, and weak sample interactions
compared to other measurement tools. In this thesis, all STM experiments are performed using the
ultrahigh vacuum (UHV) STM from Omicron Nanotechnology at a base pressure of 1 x 1071° Torr.

In this chapter, STM will be introduced, including the brief history of STM development and
the fundamental physical mechanism of it. Then we will show the main designs for the Omicron
STM in our lab. Finally, we will explain the other important parts mounted in our STM including

the thermal evaporator.

2.1 Introduction to Scanning Tunneling Microscopy

STM was invented by Gerd Binnig and Heinrich Rohrer at the IBM Zurich Research Lab in
1982, and they won the Nobel Prize in physics as a result in 1986 [94, 95]. Since then, a variety of
STMs with different sizes in different environments have been designed over a wide range of
pressures and temperatures [96-101]. The versatility and precision of the STM has made it one of

the most advanced atomic structure probing instruments in the world.



Fig. 2.1. Schematic diagram of the basic characterizing mechanism of STM.

Fig. 2.1 shows the fundamental working diagram of STM. There are two widely-used
operating modes of STM: constant-current mode and constant-height mode. In constant-current
mode, the more frequently used mode of the two, a feedback circuit is used to compare the
tunneling current with a preset current. This allows the real-time adjustment of the vertical
positioning of the tip with respect to the sample surface (z-position). Constant-height
measurements, on the other hand, keep the tip at a constant z-position so that the location-varying
tunneling current will be mapped when it scans over the sample surface. From the diagram, we
can see the atomically-sharp conducting tip at the nanometer scale as well as the scanned sample.
I will take the constant-current mode as an example to explain the working mechanism of STM.
A bias voltage V; is applied between the sharp tip and scanned sample so that a current forms in
this circuit even with an open vacuum gap due to the quantum tunneling effect. When the tip moves
parallel to the sample plane, i.e. varying the tip location (X, y), the tunneling current changes, an
indicator for the feedback circuit to adjust the distance z between the tip and the scanning point.
The morphology of the sample at that particular point z(x, y) on the surface can be detected after

finishing one measurement.



2.1.1 Quantum Tunneling Current

A fundamental requirement to performing STM is understanding how to calculate the tunneling
current. The real tunneling situation is pretty complicated due to different varieties of samples and
tips, but we only think about the simplest one: both tip and sample are metals, separated by tiny
vacuum. So the whole problem is simplified to a particle attempting to travel between a potential
barriers. In 1961, Bardeen proposed the time-dependent perturbation theory that was used most
widely [102].

There are three presumptions in Bardeen’s treatment: there is overlap in the density of states
between the tip and the sample because of the super small gap; this kind of the weak overlap does
not influence each density of states; wave functions exponentially drop to zero in the gap area.

Under all the prerequisites, we can calculate the tunneling current between the tip and the
sample. We apply the positive bias V' to the sample, then the Fermi level of the sample will be
dropped the amount of e}’ compared to the tip electrons, so electrons will prefer to tunnel from the
filled states of tip to the empty states of sample. The tunneling current passes through the barrier

with energy, E, relative to the Fermi level of the sample as described by Eq. 2.1:

lins = —2€ 2T/ [Mys)? - pe(EYF(E) * (ps(E + eV)[L~ f(E +eV)]) 2.1
In this equation, the factor 2 stands for the spin up and spin down states, -e represents the classical
negative electron charge, 2”/ A is the factor from the time-dependent perturbation theory, |M,,| is

the tunneling matrix influenced by the separation distance between the tip and the
sample, p;(E), p;(E) are the density of states for the tip and sample, respectively, and f(E) =
1/(1 + ef/k8T) is the famous Fermi distribution [103].

Eq. 2.1 is the dominant tunneling current between the tip and the sample, but there are still

electrons tunneling from the sample to the tip:

Iine = =T/, - |My|2 - pg(E + eV)f (E + eV) - (p(E)[1 — F(E)]). 2.2

The two tunneling currents are in opposite directions, so the total current should be the integral
over the all energies E after the subtraction of Eq. 2.2 from Eq. 2.1. Then we get the total tunneling

current from the tip to the sample:

Itotar = _4e7r/h ) f_oo IM|? - pe(E) - ps(E + eV) - {f (E)[1 — f(E +eV)] —[1—

Ep (sampl e)

f(EDIf(E + eV)}dE. 23



We can simplify Eq. 2.3 according to properties of Fermi distribution to:
0
Itotar = —4en/h S M1 - pe(E) - ps(E + eV) - dE. 2.4

For the simplest situation, the vacuum barrier is a square barrier with a smaller bias compared
to the sum of the work function of both the tip and sample, the tunneling matrix |M| can be written

as Eq. 2.5 under the WKB approximation:

oo |2m Pstdt
M2 =e 2N 2 ), 25

Where ¢, and ¢, represent the work functions of the sample and the tip, respectively [103, 104].

Finally, we get the total tunneling current:

e |2m Pstdr
_4e7t/h.e 257 )f_oevpt(E)-ps(E+eV)'dE. 2.6

ltotar =
Tersoff, J and D.R. Hamann proposed a s-wave-model to simplify the density of states of the tip
to a constant, so, we can simplify the tunneling current [106]:

oo [2Mm(Pstr
_4e7r/h ce B\h ( 2 ) - p(0) f_OeVPs(E +elV)-dE. 2.7

ltotar =

Therefore, we can differentiate the Eq. 2.7 to get the straightforward relationship:

dl
E (o8 ps(E + eV) 2.8

Thus, the simplified dynamic tunneling current conductance is just proportional to the local density

states of the surface.



2.2 Omicron STM Designs
2.2.1 STM Overview

Manipulator
{ Chamber

Pincer Grip
Wobble Stick

Magnetic
linear drive

Fig. 2.2. The RT-STM system.

Our main machine is the first generation of STM, from Omicron Company, as shown in Fig.
2.2. The load lock chamber is an important transfer station through which we can transfer our
samples and tips in or out of the main chamber easily without destroying the high vacuum in the
main chamber. The magnetic linear drive is responsible for all transferring processes. Manipulator
chamber is the place where we can prepare the sample for our main chamber, for example,

annealing or sputter annealing the sample, depositing molecules on the sample. Main chamber is
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the main part in a STM used to scan samples, including a tip, a scanner, sample stage and coarse

runner, which are suspended by springs, shown in Fig. 2.3

-
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Fig. 2.3. Photos showing the main part of the scanning head in RT-STM.

Due to the high-resolution requirement in the angstrom level, the shape of the tip end is
important. We use the hand-cut platinum-iridium tip as our backup tip in our chamber, and the
most common tip we used is the chemically etched tungsten (W) tip. We use the 2-step methods
to fabricate and polish a W wire with a diameter of 0.01 inch in the KOH solution and bubble in

order to get a good tip with one single atom at the top end of cone base. In order to check whether
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a tip is good or not, we need to check its overall shape with optical microscope first, then transfer
to the main chamber with Au (111) as the standard sample to test it. The basic requirement for a
good tip is that it can resolve the steps clearly in Au surface. A perfect tip can even resolve the
herringbone structure on stepped Au at room temperature.

In order to get the tunneling current, the distance between the tip and a sample is a few
angstroms only, so we need the help of a device to move a tip precisely in angstrom scale. This
part is the scanner. There are five requirements for a good scanner: high resolution in both lateral
(1 A) and vertical (0.01 A) direction; enough range — the tip should be moved to scan every spot
in a sample; good orthogonality — the dependence of three orthogonal directions; linearity — the
movement should be controlled precisely by the applied voltage; mechanical rigidity — vibration
isolation and feedback system need a rigid scanner in order to tone the high resonant frequency.
Commercial piezoelectric ceramic (PZT) satisfying all of these requirements is chosen to make the

scanners in most STMs.
2.2.2 Electronics of Scanning
From the Eq. 2.6, we can clearly notice the total tunneling current is related to the bias V, the

relative distance between the tip and the sample surface, s. In our real equipment, we utilize these

two parameters to get the topography of the surface.
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Fig. 2.4. Schematic drawing for the block feedback circuit of a classical STM.

The block feedback circuit of a classical STM is illustrated in Fig. 2.4. The electronic part in
the STM is designed with great attention paid towards avoiding any electronic noises or
instabilities from the feedback system. Computer-controlled digital-to-analog converter (DAC)
can provide the bias voltage to the tip or sample, and the range is usually from 1 mV to 4 V. A
preamplifier can measure the tunneling current between the tip and sample with a gain of 10°-10°
V/A, when the tip and sample are in the range of a few angstroms. Because the tunneling current
is exponentially related to the distance between the tip and sample, the logarithmic amplifier can
linearize the tunneling current to improve the dynamic range. This logarithmic amplifier is not that
necessary when the surface is pretty flat, but it is significantly essential for a rough surface. There
is a setup current (10 pA to 10 nA) to compare with the measured current, and the relative error

signal will be sent to the feedback loop, usually includes a proportional amplifier and an integrator
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amplifier. This feedback signal will finally go to a high-voltage amplifier in order to adjust the z
position of the tip through the z piezoelectric drive. Computer-controlled DACs with a subsequent

high-voltage amplifiers can control scanning the X-Y plane [107].

2.2.3 Pumping System

STM is kept in UHV conditions, and the base pressure is in the range of 10'° Torr. There are
two main purposes to maintain an STM in such high vacuum. First of all, a tip and samples can
keep clean for longer time periods (up to one month in UHV), which is crucial for getting
topographic images with better quality. The scanning distance between the tip and the sample is
only a few angstroms, so a cleaner sample has a lower chance of contaminating the tip, in return.
Secondly, the mechanism of STM relies on the tunneling current going through vacuum between
the tip and the sample, the existence of air will make the tunneling between tip and sample more
complicated, leading to inaccuracies in the measured topography [108].

In our pumping system, the mechanical backing pump, as the first backing pump, can pump
the pressure low enough before turning on the turbo molecular pump. Typically, this backing
pressure by mechanical backing pump is around 0.1 mbar and usually can even go down to 0.01
mbar. It is very hard to pump the backing pressure below 107> mbar where the mean free path of
air is around 70 mm because of the increased flow resistance of the vacuum pipe between the turbo
molecular pump and the mechanical baking pump. Once the pressure is pumped low enough so
that the turbo molecular pump is ready to be turned on, the whole pressure then can be pumped
down to intermediate high vacuum (~10~* mbar), and even down to the UHV conditions (~10~1°
mbar) after pumping for enough long time. When the vacuum is high enough, the ion pump can
be turned on to help keep the UHV pressure. The mechanism of ion pump is ionizing gas within
the vessel of STM using a high electrical potential, typically 3 kV-7 kV, which can accelerate the
ionized molecules into the solid electrode forming a residue. Ideally, 107! mbar UHV pressure

condition can be reached when all the pumps work well without any leaking.
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2.2.4 Vibration Isolation

High resolution is essential to STM measurement and therefore careful attention must be paid
to eliminating vibrations in order to get clear data. The source of the vibration noise can be any
vibrations in the building, such as walking along the lobby, moving chairs in the classroom, noises
from the repairmen of the building, or sometimes even loud speaking. The vertical resolution of
the STM is around 1 pm, which means the stability of the distance between the tip and the sample
should be in the level of 0.1 pm. But the normal floor vibration amplitude is around 1 pum, six
orders larger than the stable measurement requirement of STM, so a series of vibration isolation
design should be set for a STM [107].

STM instruments commonly make use of the combination of a set of passive damping
systems to isolate the environmental vibration. Viscoelastic materials (usually Viton and rubber),
and metal springs are the most commonly used methods for reducing vibrations. Depending totally
on the stretched length of the spring, metal springs have a rather low resonance frequency (1~6
Hz). Hence, in the real STM instrument, all these passive damping systems are combined together.
An eddy-current damping system composed of copper elements and permanent magnets is
combined in the whole damping system sometimes [107]. In our lab STM, commercial pneumatic
feet are a part of the vibration isolation system.

Besides the external damping combination system, a rigid STM makes good use of the
inherent damping mechanism to get better vibration isolation. The important relative part should
be the construction of the tunnel unit, the requirement of which is stiff and tiny. By combining the
rigid internal design and the external passive damping system, the high resolution requirement of
STM can be achieved.

In order to get the best vibration isolation, the STM has to be built in the basement. The floor
of the basement room should be covered by acoustic shielding. With all of the above damping

systems work together, the resolution of STM can go down to 0.1 pm.
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2.3 Other Experimental Equipment
2.3.1 Thermal Evaporator

. Home-made
| Knudsen cell

Load lock
Chamber

Fig. 2.5. Thermal deposition sub-system.

In our designs, different molecules need to be deposited onto the substrate surface such that
the aimed hybrid structures can be obtained. The standard UHV STM equipment does not have a
built-in setup for molecule deposition which will help in avoiding contaminations from outside
sources. We mount a home-made Knudsen cell evaporator in the load lock chamber separated from
the main chamber by a valve (Fig. 2.5). Normally the black valve is closed in order to keep the
UHYV in the main STM chamber. The Knudsen cell evaporator is mounted in the load lock chamber
and can be baked separately, which is also helpful for changing the molecules or refilling the
evaporator. The separated evaporator can also shorten the pumping time before the annealing

process, otherwise, the whole STM needs to be pumped and baked for one single deposition.
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Knudsen cell ‘Quartz tube

Thermocouple
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Fig. 2.6. The photos of the home-made Knudsen cell. (a) The home-made Knudsen cell with the
copper shell. (b) The detailed structure of the home-made Knudsen cell.

Fig. 2.6a shows the whole evaporator mounted in the load lock chamber. The copper shield
can prevent the molecules from contaminating the load lock chamber. This Knudsen cell
evaporator mainly consists of a quartz tube, W heating filament, thermocouple wire and
feedthrough illustrated in Fig. 2.6b. The quartz tube is used to accommodate the molecules; the
spiral W wire will heat the molecules in the quartz tube through applied current; the thermocouple
wire is used to measure the temperature of the molecules; the white ceramic piece is for holding
the quartz tube. The heated molecules will be sublimated out when the temperature is higher than
its melting point, and the amount of the sublimated molecules is determined by the temperature
and the deposition time. A small amount of the sublimated molecules will be in a gaseous phase,
so we usually check the change of the pressure in the load lock carefully in order to control the
amount of molecules deposited onto the substrate. The substrate is always kept in the main
chamber before the final deposition in order to keep fresh. After a long time pumping, we can get

the monolayer or sub-monolayer thin film in a pretty low pressure condition.
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2.3.2 Atomic Force Microscopy (AFM)

AFM is one kind of the scanning probe microscopies, with resolution on the order of
nanometer, 1000 times higher than the optical microscope. Because it can probe the surface on
both conductors and insulators, it is widely used across academic fields. Additionally, the scanning
efficiency of the AFM overall is much higher than that of STM, because of the ease of changing a
new AFM tip compared to the time consuming process of keeping a sharp tip during the STM
measurement. Thus the AFM is a fast probe instrument in labs and companies, therefore it is a
good supplement for STM in the lab experiment. We usually use AFM to take a quick look at our
new samples first, especially when the overall morphology of the samples is not so clear. In this
thesis, we used AFM to study Tollip on the endosome membrane via association with PI(3)P under

the liquid tapping mode.
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Fig. 2.7. Schematic drawing for the mechanism of imaging mode in AFM.
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The mechanism of imaging mode in AFM is due to the atomic force between the tip end and
the sample. The air mode is the most used one compared to the liquid mode in AFM. Both modes
have the contact, tapping and noncontact modes in the measurement. We will take the contact
mode in air as an example to explain how the AFM works to get an image. Just as shown in Fig.
2.7, an atomically sharp tip mounted at the end of the cantilever is automatically approached to
contact with the sample. Then the height variations of the sample surface will change the deflection
of the cantilever, the deflection will then be detected by the laser detector, and the signal from the
detector will be as an input to the controller electronics. This feedback loop will keep the atomic
force between the tip end and the sample a constant value through Z piezo. The voltage information
of the Z piezo will be recorded as the Z information of the sample. When the sample is raster
scanned over the aimed area of the sample along the X-Y grid, we can get the AFM image with

X-Y-Z information plotted in a pseudocolor style.
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Chapter 3. Quasi 1D Ceo Structures on Graphene

3.1 Introduction

Graphene, a single atom thick layer of sp? hybridized carbon atoms, is a unique 2D material
that exhibits fascinating physical properties and has numerous potential applications [15, 16]. To
understand the physical and chemical properties of graphene and explore its potential applications,
significant research efforts have recently been devoted to investigate the adsorption and desorption
of various molecules on graphene, and to further optimize and control the molecule/graphene
hybrid structures. For these studies, graphene grown by CVD method on metals is emerging as an
ideal platform, which is also one of the most promising candidates for practical applications of
graphene that require scalable production of graphene [17, 18].

Buckminsterfullerene, Ceo, 1s a closed-cage structure composed of 60 carbon atoms linked by
single and double bonds to form a hollow sphere. Due to its many exciting chemical and physical
properties, numerous applications have been demonstrated in single-electron transistors,
superconductivity, and photovoltaics [109, 110]. Due to its single element composition and highly
symmetrical shape, Ceo often serves as a model system for understanding molecule-surface
interactions. Ceo on epitaxial graphene, a system exclusively formed of elemental carbon, provides
an ideal model system to study interactions at the molecular level, electromigration, molecular
electronics and spintronics. On most metal or graphite surfaces, Cso molecules self-assemble into
isotropic thermodynamically favorable hexagonal close-packed monolayers [111-114].

A particularly interesting arrangement of Ceo is the quasi-1D structure. Highly ordered 1D
molecular configurations are excellent model systems and prototypes of 1D quantum confinement
of electronic states, and thus have potential importance in electronic nanodevices, spintronics and
solid-state quantum computation [115-118]. However, quasi-1D Cso nanostructures have been
rarely realized experimentally due to their highly anisotropic configuration. A few previously
reported experimental results include Cgo peapods by embedding Ceo molecules in carbon
nanotubes, 1D Ceo structures aligned along step edges on vicinal surfaces of metal single crystals,
and Ceo chains on self-assembled molecular layers [119-122]. For CVD graphene, periodically
linear rippled structures have been previously observed on various growth substrates [123, 124].

Here we experimentally realize quasi-1D Ceo nanostructures on rippled graphene by utilizing the

20



linear periodic potential in graphene as a template. Through carefully controlling the subtle balance
between the weak periodic potential and the surface mobility of Ceo, Cso molecules on rippled
graphene are arranged into a novel 1D Ceo chain structure with widths ranging from two to three
molecules wide. At a higher annealing temperature, the 1D chain structure transitions to a more
compact hexagonal close packed quasi-1D stripe structure. To the best of our knowledge, this is
the first experimental realization of 1D Ceo structures on graphene. Our experimental results may
pave a way for fabricating new Ceo/graphene hybrid structures for future applications in electronics,
spintronics (e.g. endohedral fullerenes with magnetic spins can be aligned in 1D configurations),

and quantum information.

3.2 Thermal Evaporation

Cso molecules were deposited onto graphene grown by the CVD method on Cu foil at the
background pressure below 2.0 x 108 mbar. All experiments were carried out in an UHV scanning
tunneling microscope system (Omicron LT-STM). Before Ceo deposition, the graphene grown by
the CVD method on Cu foil was annealed for 12 hours at 673 K in a preparation chamber with a
base pressure of low 107'% mbar. Ceo powder (MER Corporation, 99.5% purity) was loaded into
the homemade Knudsen cell mounted on the load lock of the LT-STM system. The Ceo source was
degassed at a pressure of low 10® mbar before deposition. Ceo molecules were then sublimated at
a deposition rate of ~ 0.9 monolayer per minute (ML/min) with the background pressure below
2.0 x 108 mbar. During the deposition process, the substrate was kept at room temperature. The
sample was then subsequently annealed at 423 K, 487 K, and 578 K respectively in the preparation
chamber of the STM system with the base pressure at low 107'° mbar. All the STM measurements
were performed at room temperature in the STM characterization chamber with a base pressure of

about 3.0 x 10" mbar.
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3.3 Results
3.3.1 Chain Structures

"‘m |
: 0.0

Fig. 3.1. STM images of type A and type B facets with Cso molecules covered after 423 K

annealing. (a) The topographic and (b) corresponding current images of type A and type B facets
with Ceo after 423 K annealing (Vs =2.00 V, 1=0.30 nA) [1].

1.0 A

1.5 nm

0.0

Fig. 3.2. (a) The high-resolution STM image of Ceo islands on type A facets (Vs=1.20 V, 1=0.50
nA). (b) Atomic resolution STM image of flat graphene on an empty area adjacent to a close-

packed Ceo island (Vs =10.10 V, I=3.50 nA) [1].

Cso molecules were deposited onto graphene grown by the CVD method on Cu foil at the

background pressure below 2.0 x 10 mbar. After post-deposition annealing at 423 K, we observed
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small atomically flat facets with typical sizes ranging from 50 nm to 200 nm. These facets can be
classified into two predominant types based on the distinguishable surface characteristics, labeled
as type A and type B, shown in Fig. 3.1. On type A facets, Cso molecules form hexagonal close

packed monolayers and islands shown in Fig. 3.2a.
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Fig. 3.3. 1D bimolecular and trimolecular Cgo chains after annealing at 423 K. (a) Large scale STM
image of Ceo on graphene showing well ordered 1D structure on Cu facets (Vs = 1.90 V, I =0.40
nA). (b) High-resolution image of bimolecular and trimolecular Ceo chains. Within the chains, the
Cs0-Cso intermolecular spacing is ~ 1.0 nm, and the inter-chain distance, defined as the distance
between the centers of adjacent Cso rows belonging to neighboring chains, is 1.23 nm (Vs = 1.95
V, I=0.50 nA). (c) A line profile along the close packed orientation as marked with the dashed
blue line in (b) [1].

On type B facets we observed a characteristic quasi-1D feature of Cso molecules as shown in
the large-area overview STM image in Fig. 3.3. A closer inspection of the high-resolution STM
images reveals the details of this 1D structure featured in Fig. 3.3b, in which each bright protrusion
represents a Ceo molecule. Typically, the 1D chains consist of two or three Ceo rows, referred to as
bimolecular and trimolecular Ceo chains, respectively. Within a chain, the Ceo-Cgo intermolecular
spacing is 1.00 + 0.01 nm, indicating that Cso molecules arrange in a close packed manner. From
the line profile shown in Fig. 3.3c that corresponds to the dashed line marked in Fig. 3.3b, the
isolation between adjacent Ceo chains can be clearly seen from the gap between the second and the
third peaks. Here, the second and the third peaks represent the Cso molecules belonging to
neighboring chains. The measured average inter-chain distance, defined as the distance between
the centers of adjacent Ceo rows belonging to neighboring chains, is 1.23 £+ 0.02 nm, as

schematically shown in Fig. 3.6a and Fig. 3.6¢. In our measurements, we observed that the chains
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consist exclusively of two or three Cso rows. From statistical analysis, the bimolecular chains are
shown to be more numerous, with a ratio of number of bimolecular to trimolecular chains of about
2.0. As observed in large-scale STM images, the chains are usually arranged in a 3-2-2 or 2-3-2
manner. In our measurements, we observed that the orientation of these Ceo chains was exclusively
along the same direction, nearly parallel to the bending axis. In the chain structure we also observed

some junctions where a bimolecular segment transitions into a trimolecular segment, or vice versa.

3.3.2 Stripe Structures

In order to investigate the temperature evolution of the Cso nanostructures on graphene, we
performed subsequent annealing at a higher temperature, 487 K, for 2 hours. After annealing at
this temperature, the Cso chain structure disappeared and a new, more compact hexagonal close
packed quasi-1D stripe structure emerged, as shown in Fig. 3.4a. The zoom in topographic STM
image in Fig. 3.4b reveals hexagonal close packed quasi-1D stripes with widths of three and six
Ceo rows. A noticeable difference from the Cso chain structure is that these quasi-1D stripes are
formed on staggered narrow terraces, which are between nearly straight and parallel step edges
(Figs. 3.4b and 3.4d). In the stripe structure there is no spacing between neighboring stripes. In
contrast, the quasi-1D stripe structure appears more crowded than the close packed structure. The
lateral inter-row distance between the two rows adjacent to the step edges, on the upper and lower
terraces respectively, is 0.75 £ 0.01 nm, as schematically shown in the ball models in Figs. 3.6b
and 3.6d. This high-density arrangement seems to accommodate the underlying narrow terraces
that formed after annealing at 487 K. On the narrow terraces, Cso molecules are arranged in a close
packed manner with a characteristic Ceo-Ceo intermolecular spacing of 1.00 + 0.02 nm. We also
noticed that the Cso row near the step edge on the upper terrace is with a measured height higher
than the other rows on the same terrace as shown in Figs. 3.4b and 3.4d. Different from the
dominance of Ceo chains with widths of two or three Ceo rows, the width of the stripes varies from
three to eight rows of Ceo. The most common stripes have a width of 6 Ceo rows. Fig. 3.4c is the

normalized distribution of the Ceo stripe width in terms of the number of Cso rows.
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Fig. 3.4. Self-assembled quasi-hexagonal close packed 1D Ceo stripe structure on rippled graphene
after annealing at 487 K. (a) Large-scale STM image of Ceo on graphene showing quasi-hexagonal
close packed 1D stripe structure (Vs =2.20 V, [=0.20 nA). (b) High-resolution image of the quasi-
hexagonal close packed 1D stripes (Vs =2.40 V, I =0.20 nA). (c) Normalized distribution of Cso
stripe widths in terms of the number of rows. (d) A line profile along the close packed orientation

as marked with the dashed blue line in (b) [1].

The 6-row stripes are the most common stripe structure, with a probability of 45%, and 5-row
stripes are the second most likely stripe structure. The 8-row and 3-row stripes are minority groups.
The lateral periodicity of these typical 6-row stripes is 5.08 £ 0.02 nm, almost exactly the same as
the lateral spacing of a bimolecular chain plus a neighboring trimolecular chain in the chain
structure, which is also 5.08 + 0.02 nm. The stripes are nearly parallel to each other and the
orientation of the stripes is along the same orientation with the Ceo chains. Similar to the chain
structure, there are junction regions in these quasi-1D stripes. Another detail worth noticing is that

the downhill direction of the stripes is determined by the boundaries of the facets. The protrusion
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boundaries are the downhill side while the depression boundaries correspond to the uphill side

shown in Figs. 3.5a and 3.5b.

12.0 nm

Ii

Fig. 3.5. STM images of type A and type B facets with Cso molecules covered after 487 K

annealing. (a) The topographic and (b) corresponding current images of type A and type B facets
with Ceo after 487 K annealing (Vs =1.50 V, = 0.30 nA) [1].

Fig.3.5 (a) shows the large scale STM image with both well-ordered (type B) and less-ordered
facets (type A). The left and right sides are type A facets with a type B facet in the middle. Here
we can see the connecting lines between vicinal type A and type B facets, which appear as either
a protrusion (marked by the black arrow) or a depression line (marked by the white arrow),
reflecting the different angles between the vicinal facets. Fig.3.5 (b) is the corresponding current
image, clearly showing the well-ordered Cso quasi-1D structures on type B facets and less-ordered

Ceo structures on type A facets.
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3.3.3 Schematic Modes for Chain and Stripe Structures

a b

0.87 nm 1.23 nm 0.75nm (.87 nm

-—-—-—1-___ =y

Fig. 3.6. Schematic models of the Cso chain and stripe structures showing the graphene layer (small
dark green balls) and the Ceo layer (dark blue space filling spheres) on top of the graphene layer.
(a) and (c) Bimolecular and trimolecular Cgo chains on graphene after annealing at 423 K. (b) and

(d) Ceo stripe structure with 6-row width after annealing at 487 K [1].

To compare the chain structure and the stripe structure more clearly and visually, we try to
use a 3D model to explain it. Figs. 3.6a and 3.6¢ is the schematic model for the bimolecular and

trimolecular Ceo chains with dark blue spheres representing Cso molecules and green spheres
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representing carbon atoms of underlying graphene. The single Ceo row on the left side is the
adjacent row in the next bimolecular or trimolecular chain. The width of a bimolecular cell (chain
plus the interchain spacing) plus a trimolecular cell is 5.08 + 0.02 nm. From these models, we can
clearly see the large spacing (1.23 nm) between adjacent chains (Fig. 3.6a). In the stripe structures,
the inter-row spacing between the Ceo rows adjacent to step edges from both sides is 0.75 nm,

narrower than the other Ceo rows arrange in a hexagonal close packed manner (Figs. 3.6b and 3.6d).

3.3.4 Rippled Graphene on Cu(100)

To gain detailed insight into the growth mechanisms of the quasi-1D Cego chain and stripe
structures, we used STM to characterize the underlying graphene of the empty areas adjacent to
the Ceo quasi-1D structures, and the bare graphene surface before Cso deposition and after Ceo
desorption. After annealing the sample up to 578 K, all C¢o molecules were desorbed from the
surface, and the surface was restored to bare graphene on Cu. The desorption temperature is close
to the desorption temperature of Ceo molecules on HOPG [125]. The similar deposition
temperature indicates a similar activation energy, which is 1.69 eV for Cso on graphite based on
the thermal desorption spectroscopy study [125]. Atomic-resolution images taken on small flat
facets of the substrates, where the quasi-1D Ceo chains and stripes are grown, show a well-defined
linear periodic graphene rippled superstructure with an orientation close to the chain and stripe

orientation.
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Fig. 3.7. STM topographic images of rippled graphene on Cu. (a) Large area STM topographic
image of the rippled graphene showing well-defined linear periodic modulation with a 0.75 nm
spatial modulation frequency (Vs = 0.80 V, I = 1.0 nA). (b) Magnified STM image of the rippled
graphene with the ball model of C¢o molecules in the arrangement of a bimolecular (right) and
trimolecular (left) chain with the orientation along the ripples. The blue arrow indicates the
orientation of the linear graphene ripples and the Ceo chains, with a measured angle of 15.0° + 0.5°
relative to the zigzag direction of graphene, indicated by the black arrow. The periodicity of the
linear modulation is 0.75 = 0.01 nm (Vs =0.80 V, I = 1.0 nA). (c¢) Suggested ball and stick model
of the overlay of graphene on Cu(100). The zigzag direction of graphene is rotated by 13.0° with
respect to the [011] direction of the Cu(100) underneath. The green balls represent carbon atoms
of graphene, and the yellow balls represent Cu atoms of the underlying Cu surface. The blue arrow

indicates the orientation of the linear moiré pattern, and the black arrow indicates the zigzag
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direction of graphene. (d) Line profile along the zigzag orientation of graphene (marked as a

dashed light green line in (a)) showing the periodic modulation [1].

Fig. 3.7a shows the typical linear periodic modulation of graphene with the periodicity of 0.75
+ 0.01 nm and with the same orientation of the observed Ceo chains and stripes, as indicated by the
blue arrow in Fig. 3.7b. The linear periodic structure as shown in Figs. 3.7a and 3.7b is attributed
to the case where the underlying Cu facet is Cu(100). To confirm that, we checked two
characteristic surface features. The step edges have a height of ~ 0.18 nm, which is the
characteristic step height of monoatomic steps on Cu (100) surface [126, 127]. This kind of linear
modulation of graphene due to the square lattice symmetry of the Cu(100) surface has been
experimentally observed before [123, 124, 126]. The superposition of a graphene lattice on a
Cu(100) surface with various angles produces linear rippled patterns with different periodicity
[123, 124, 126]. At some certain angle, there will be maze-like reconstruction of graphene on
Cu(100) [128]. However, superstructures of graphene on Cu(111) surface have characteristic six-
fold symmetry [129-134], which can be distinguished easily from the linear periodic ripple
structure in our experiments. In a few cases, linear superstructures of graphene on Cu(111) were
also observed, but they usually have a much larger periodicity and disappear after annealing to 500
K [135]. The graphene ripples in our experiments survive after annealing to 693 K. From all these
observations, it is reasonable to conclude that the Cu surface underneath rippled graphene is
Cu(100). Based on the periodicity of the ripples, we are able to calculate the relative angle between
graphene and the underlying Cu(100) surface. Fig. 3.7¢ is a suggested atomic model for the rippled
graphene. The zigzag direction of graphene has an angle of 13.0° relative to the [011] direction of
the underlying Cu(100). The calculated periodicity is 0.80 nm and the orientation of ripples is with
a relative angle of 15.2° to the zigzag direction of graphene, consistent with the measured angle of
15.0° £ 0.5°. The calculated periodicity is slightly larger than the measured periodicity of 0.75 nm.
This difference may attribute to the out of plane distortion of graphene ripples, as shown in the

line profile in Fig. 3.7d.

In both Cgo chain and stripe structures (Figs. 3.3 and 3.4), we notice that a few Cso molecules

appear higher than others, and the relative height shows bias dependence. The difference is
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possibly due to the defect sites in the underlying graphene that appear as bright sites in the STM
images of graphene (Fig. 3.7a).

3.4 Discussion

The orientation of the graphene ripples is fully consistent with that of the Cso chain structure.
Based on the rippled graphene structure, it is possible for us to explain the formation of the chain
structure from the point of view of mechanical stability [136]. The most common morphology for
the Ceo on flat graphene is the hexagonal close-packed structure due to the weak diffusion barrier
on flat graphene and the much stronger Ceo-Ceo interaction [137, 138]. On rippled graphene, the
linear periodic potential provides a template for Ceo to arrange into more stable 1D configurations.
The linear periodicity of rippled graphene, 0.75 + 0.01 nm, is smaller than the typical inter-row
distance of 0.87 nm in the Ceo closed packed arrangement. Cso molecules randomly occupy the
valley sites of the linear periodic potential at the initial stage of growth. It is possible for Ceo
molecules to settle down in the adjacent ripples at a less stable state because Cso molecules are
forced to stay slightly off the valley sites. In this way, two or three adjacent linear graphene ripples
are filled up. This is consistent with the observation that almost all Ceo chains consist of two or
three rows. Based on a geometrical and energetic argument, it is easy to see that chains with four
or more rows are less likely to form. Compared with the formation of the bimolecular chains, the
possibility to form trimolecular chains (both sides need a Cgo molecule sitting down around the
middle Cso molecule) is about half the probability of the formation of the bimolecular chains,
which only need one side to be occupied with Ceo molecules. From a Monte Carlo statistical
approach, Cso molecules adsorbed on such a linear graphene sheet will be stabilized in one of the
valleys, and if a second or a third molecular row packs closely to the stabilized molecular row, the
chain structure consequently forms [136]. We expect that C¢o molecules with less thermal energy
can form monomolecular chains. That is one of the possible directions to further tune and control
the formation of these 1D structures.

In order to understand how the bimolecular and trimolecular chains transform into the Ceo
stripe structure after annealing at 487 K, we will start by considering the diffusion of Cu atoms
underneath graphene and the arrangement of Ceo molecules on graphene. When annealing at a

higher temperature of 487 K, Ceo molecules have a higher probability to overcome the potential
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energy difference between the hilltop and the valley sites of rippled graphene and rearrange into
chains with larger width due to the higher thermal excitation. The junction structure in the
bimolecular and trimolecular chains probably provides diffusion channels for Ceo molecules to
transfer between adjacent chains resulting in emergent chains with larger widths. Considering that
the arrangement of bimolecular and trimolecular chains is usually 2-3-2 or 3-2-2 as described
above, it is reasonable to assume that the emergent chains with width of five Ceo rows are the
configuration with highest probability to form, compared with chains of other widths. The
distribution of chains widths and stripe widths may imply that at the annealing temperature of 487
K, the thermal excitation can only drive Cso molecules to cross over one or two energy barriers,
but not more. When adjacent bimolecular and trimolecular chains merge into a 5-row chain, the
interchain spacing between the merged 5-row chain to its neighboring chains can be generated
from the initial inter-chain spacing in the chain configuration (1.23 nm), which is 1.59 nm. This
spacing is slightly smaller than the interchain spacing of 1.73 nm required for a new Cgo row to fill
in the empty space. It has been previously reported that Cu atoms can easily diffuse underneath a
graphene sheet even at room temperature [126]. These detailed observations suggest that copper
atoms can diffuse along smooth step edges and kinked sites, and even dissociate from step edges,
indicating a weak interaction between the graphene sheet and the underlying copper atoms [126].
Considering the boundaries of the facets (see the Fig. 3.5a), it is likely that the depression
boundaries provide a source of copper atoms while the protrusion boundaries provide a drain. Fig.
3.5a shows the large scale STM image with both well-ordered (type B) and less-ordered facets
(type A). The left and right sides are type A facets with a type B facet in the middle. We can see
the connecting lines between vicinal type A and type B facets, which appear as either a protrusion
(marked by the black arrow) or a depression line (marked by the white arrow), reflecting the
different angles between the vicinal facets. Fig.3.5b is the corresponding current image, clearly
showing the well-ordered Ceo quasi-1D structures on type B facets and less-ordered Ceo structures
on type A facets. Here the surface reconstruction due to diffusion of underlying copper atoms
provides the possibility for another Ceo row to form along the straight step edges and results in
quasi-hexagonal close packed 1D Cep stripes with the typical width of six rows. The origin of Ceo
stripes with other number of rows can be attributed to the emergence of different combinations of

Ceo chains, such as two bimolecular chains emerging into a stripe with five Cgo rows.
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3.5 Other Structures

Besides the aforementioned quasi-1D Ceo chained and striped structures on rippled graphene,
we also have some other interesting structures during our measurements, including the single Ceo

chain structure (Fig. 3.8) and rhombic shaped structures (Fig. 3.9).

0.5 nm

0.0 0.0

Fig. 3.8. 1D single, bimolecular and trimolecular Ceo chains. (a) 1D single, bimolecular Ceo chains
on rippled graphene (Vs = 1.90 V, I = 0.40 nA). (b) High-resolution image of single molecular,
bimolecular and trimolecular Cso chains (Vs=1.95 V, 1= 0.50 nA).
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Fig. 3.9. Self-assembled rhombic shaped Ceo structures on rippled graphene. (a) High-resolution
STM image of rhombic shaped Cso structures on rippled graphene (Vs =2.10 V, I =0.30 nA). (b)

Schematic drawing of the rhombic shaped Cgo arrangement.

The Cep single chains and rhombic structures appear after direct deposition of Cep molecules,
without any further annealing. The existence of the single molecule chain structure further
confirms the mechanism of formation of the bimolecular and the trimolecular chains in our
previous discussion part. For the rhombic structure (dashed rectangular area in Fig.3.9 a), we
define al and a2 in the diagonal directions of the rhombic as the characteristic lengths. Surprisingly,
the dimension of al is 1.5 nm, exactly double the size of the graphene ripple periodicity, and a2
has the dimension of 1.32 nm, which form a rhombic shape with one of the supplementary angle
as 82.7°. This rhombic structure of perfectly matches our rippled graphene substrate shown in Fig.
3.9 b. In the modeling process, we find Cso molecules can form this rhombic structure if they are
exactly in the valley sites of graphene ripples. That means all the Cso molecules occupy the most

stable sites on the rippled graphene substrate in the rhombic structure.

3.6 Conclusion

In summary, our results demonstrate that novel Cgo 1D structures can be realized on rippled

graphene. The chain width is controllable by tuning the temperature, with a range from single Ceo

34



to three Cso molecules, and then to a quasi-hexagonal close packed 1D stripe structure. Our results
pave a way for fabricating 1D Ceo/graphene hybrid structures. In our experiments, temperature is
the main tunable parameter. Based on the subtle balance between the intermolecular and the
molecule-substrate interactions, as well as the size of the ripples due to the moiré patterns, we
expect that we will be able to further tune and control the 1D Ceo molecule structures on rippled
graphene by varying the size of the ripples, the coverage of adsorbed Cso molecules, and the

temperature.
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Chapter 4. STM Measurements of Donor and Acceptor Molecular Nanostructures: Céo and
PTCDA

4.1 Introduction

Within two decades, organic solar cells have risen to rival the power conversion efficiencies
seen in conventional silicon solar cells, with up to 1% and 10% power conversion in bilayer and
bulk heterojunction solar cells respectively [66-71]. Unlike the older designs of single-layer solar
cells, bilayer and bulk heterojunction solar cells utilize p-n junctions, allowing incident photons to
form excitons, bound electron-hole pairs, in the n-type electron donor region [63-65]. In bulk
heterojunctions, the excitonic lifetime is long enough for excitons to traverse to the large donor-
acceptor interface, where they are dissociated to electrons and holes. To create efficient organic
solar cells, however, different factors that would impact their efficiencies need to be considered,
such as solvent/thermal annealing, weight ratios between donor and acceptor, as well as the
thickness of the active layer [74-77]. Of these different factors, the active layer plays a significant
role in the solar cell’s performance, so one of the challenges is to choose suitable donor and
acceptor materials for the active layer that maximize power conversion efficiency [78]. Previous
research has tested many combinations of donors and acceptors [70, 73, 79-86]. There are also
numerous types of organic solar cells according to different choices of active layer, including small
molecule-small molecule, small molecule-polymer, and polymer-polymer [78, 87-92]. In our work,

we test Ceo-PTCDA bilayer solar cells.

Bulk heterojunctions are based on two types of materials: electron acceptor and electron donor.
Ceo, as a good donor, has been studied in many works related to the photoexcitation [73, 81-83].
Meanwhile, as a small molecule, it is easy to determine the morphology in the hybrid structure.
PTCDA, as a good electron acceptor for Ceo according to their energy levels, can be combined
together with Ceo in the potential organic solar cells. PTCDA is an organic dye molecule and an
organic semiconductor widely used as a precursor to a class of molecules known as rylene dyes,
which are useful for pigments and dyes. It is a dark red solid with low solubility in aromatic
solvents. This compound has attracted much interest as an organic semiconductor. In this chapter,

we will focus on the submonolayer of C¢o and PTCDA on wrinkled graphene. Research on these
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binary molecular nanostructures may potentially pave a way for improving the efficiencies of

organic solar cells in the future.

4.2 Experimental Methods
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Fig. 4.1. The setup for thermal deposition in the load lock chamber of the room temperature STM
(RT-STM). The home-made Knudsen cells A and B are filled with PTCDA and Cso powders,
respectively. When the temperature of two molecules is high enough, the graphene substrate will
be transferred to the specified position in the chamber, facing down, with an angle of 45° relative

to the gas flow of molecules. An ion gauge is used to monitor the pressure in the load lock chamber.

In order to control the deposition rate of both Cso and PTCDA molecules, we have done many
test experiments and related calibrations. Before the evaporation of Cso and PTCDA molecules,
the graphene grown by the CVD method on Cu foil is annealed for 12 hours at 693 K in the
preparation chamber with a base pressure of low 107!° Torr. PTCDA powder (TCI AMERICA,
99.0% purity) is loaded into the homemade Knudsen cell A mounted in the load lock of the RT-
STM system. Cgo powder (MER Corporation, 99.5% purity) is loaded into the homemade Knudsen
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cell B shown in Fig. 4.1. The PTCDA and Cgo sources are degassed at a pressure of low 107 Torr
before deposition. All experiments are carried out in an UHV STM system (Omicron RT-STM).
Ceso and PTCDA molecules are deposited simultaneously onto graphene at the background pressure
below 2.0 x 108 Torr at a deposition rate of 1.0 ML/min. During the deposition process, the
graphene substrate is kept at 413 K. This well-prepared sample is then subsequently annealed at
423 K for 1 hour in the preparation chamber of the RT-STM with the base pressure at low 107
Torr. All the STM measurements are performed at room temperature in the STM characterization

chamber with a base pressure of about 1.9x 1071° Torr.

4.3 Results and Discussion

PTCDA and Cgo molecules are deposited simultaneously onto graphene substrate. After post-
deposition annealing at 423 K for one hour, we observe small atomically flat facets with typical
sizes ranging from 250 nm? to 40000 nm?. These facets are covered by PTCDA or Cg or just bare,
most of facets can be classified into three predominant types based on the distinguishable surface
characteristics, labeled as type A, type C and type D. On type A facets, graphene forms normal
flat or hexagonal close packed Moiré patterns, and either PTCDA or Cgo forms normal herribone
structures or hexagonal close packed structures. On type C and type D facets, we get the large
curved wrinkled graphene structures with height modulation from 0.2 nm to 0.4 nm and periodicity
from 3.2 nm to 5 nm. The difference between type C and type D facets is that type C facets have
quasi-1D wrinkles, but type D facets have quasi-2D perpendicular wrinkles. PTCDA or Ceo just

randomly grows on the whole substrate, so both molecules on three types of facets are observed.
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4.3.1 Quasi-1D Wrinkled Graphene/Cu (Type C)

0.2 nm

00

0.0

Fig. 4.2. STM topographic images of graphene on Cu showing graphene moiré pattern labeled as
A. (a) Large area STM topographic image of graphene (Vs =-1.850 V, I=10.340 nA). (b) Atomic
STM image of the flat moiré pattern graphene type A, measured from the green squared region in

(a) (Vs=-1.850 V, 1= 0.450 nA).

We check our annealed graphene on copper foil substrate first before the molecular deposition
process. On one spot of the bare graphene substrate, type A graphene forms moiré pattern labeled
with the capital letter A in image 4.2a. From the zoomed-in atomic STM image in Fig. 4.2b, we
can clearly observe the moir¢ pattern due to the superposition between graphene and Cu(111) facet.
The moiré pattern has a hexagonal super lattice with the periodicity of 2.0 nm , a classical moiré
pattern of graphene on Cu(111) facet with a misorientation-angle of around 7° that has already
been reported by Li Gao et al. [131]. Except for this small area flat graphene in Fig. 4.2a, all the
other surrounding facets present as wrinkled properties. In order to obtain more details about these

special wrinkles, we will explore them next.

Following the principle of researching from simple surfaces to complicated ones, we will talk

about the quasi-1D graphene wrinkles first, then the quasi-2D wrinkles.
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Fig. 4.3. STM topographic images of wrinkled graphene type C on Cu. (a) Large area STM

topographic image of the wrinkled graphene showing linear periodic modulation (Vs =-2.340V, I
= 0.110 nA). (b) High-resolution STM image of type C wrinkled graphene (Vs =-0.340 V, I =
1.900 nA). (c) Atomically resolved STM image of the wrinkled graphene measured from the white
squared region marked in (b). The schematic model on top of it shows the wrinkles along zigzag
direction (Vs =-0.280 V, I = 1.900 nA). (d) Line profile perpendicular to the wrinkled graphene

(marked as a blue line in (b)) showing the periodic modulation.

Besides the flat graphene facet we presented in Fig. 4.2, we observe another facet with quasi-
1D wrinkled graphene structures, labeled as C in Fig. 4.3. On this facet the graphene forms quasi-
1D wrinkles along one single orientation. The high-resolution STM image (Fig. 4.3c) reveals the
honey-comb lattice of graphene on top of each wrinkle measured from the white frame in Fig. 4.3b.
In order to vividly illustrate the wrinkled graphene, we directly draw the schematic honey-comb
graphene wrinkle model on top of this atomic image shown in Fig. 4.3c, which shows these
wrinkles are zigzag graphene wrinkles. Our measurement is consistent with the simulation from
density functional theory based tight-binding approximation and the ab initio calculations for the
force model, due to the lower energy of zigzag wrinkles at the total energy minimum compared to

that of the armchair wrinkles [ 139, 140]. From this line profile shown in Fig. 4.3d measured along
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the blue line in Fig. 4.3b, we know that this group of wrinkles has the periodicity of 5 nm with the
modulation of 0.24 nm. Typically, these type C quasi-1D wrinkles have the height in the range
from 0.2 nm to 0.4 nm, and their periodicities are around 3.2 nm to 5 nm. The size of these quasi-
1D graphene wrinkles is much bigger than our previous graphene moiré patterns, which can rule

out the formation of the misorientation between graphene and copper substrate [1].

4.3.2 Quasi-2D Wrinkled Graphene/Cu (Type D)
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Fig. 4.4. STM images of graphene showing type A and type D facets. (a) STM topographic image
of continuous graphene on two different Cu facets, labeled as A and D: flat graphene and quasi-
2D wrinkled graphene, respectively (Vs =-2.74 V, I = 0.045 nA). (b) STM current image of (a)
clearly showing the two different graphene nanostructures. (c) High-resolution STM image of the
quasi-2D wrinkled graphene, measured from the white squared region marked in (a) (Vs = -2.600
V, 1 =0.068 nA). (d) Line profile along the blue line in (c) showing the periodic modulation of
graphene wrinkles with a spatial period of 4.2 nm and a height of 0.27 nm.
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Graphene wrinkles are quasi-2D wrinkles on this type D graphene facet in Fig. 4.4. Compared
to the quai-1D type C graphene wrinkles, they are shorter, crossed, and more complicated. This
quasi-2D graphene has one dominant wrinkled direction, especially shown in the closer high-
resolution STM image in Fig. 4.4c. The blue line crosses three leading wrinkles in Fig. 4.4c. We
measure its wavelength as 4.2 nm and the modulation as 0.27 nm.

According to our observation, periodicities of either quasi-1D or quasi-2D wrinkles are 4 nm
in average and modulations are in the range of 0.2 nm to 0.4 nm. In order to get more details for

the wrinkled facets, we try to inspect different characteristics of these structures.

4.3.3 The Formation of Wrinkled Graphene Nanostructures

To gain detailed insight into the mechanisms of these three types of nanostructures, we use
STM to characterize the bare graphene areas with both flat and wrinkled surfaces. We find the flat
graphene surface is always on Cu(111) facet (labeled as A in Fig. 4.2a, 4.3a and 4.4a), which can
therefore form a hexagonal moiré super lattice. All the other copper facets lead to the formation of
graphene wrinkles. Dae Woo Kim et al. demonstrated that the surfaces of Cu foils were easily
wrinkled to a particular direction along abundant terraces and step edges except Cu(111) surface
due to the weak interaction between graphene and copper foil [141]. This is reasonable because
graphene and Cu(111) facet have similar symmetries and rather matched lattice constants, so their
interactions are relatively stronger than the other copper facets. Although, in 2012, Levente
Tapaszt6 et al. reported a wrinkled graphene on Cu(111) measured through STM, where graphene
nano wrinkles exhibited highly regular periodic oscillations, with a wavelength of ~0.7nm and
modulation of ~0.1nm, their wrinkle structures were only formed in confined vacancy trenches
with well-defined widths of 5 nm and length in the range of 20 nm to 80 nm, different from our
continuous wrinkles along certain whole Cu facets [139]. Also, their nano wrinkles have much
smaller wavelength and amplitude than the wrinkles we measured. We can conclude they are two

different kinds of graphene nanostructures.

During our experiments, we find either type C quasi-1D wrinkled or type D quasi-2D wrinkled
graphene facet always appears together with the flat graphene facet type A. Sometimes we can
observe the three different nanostructures in one image in our STM measurement (Figs. 4.5a and

4.5b). But these three facets can be easily distinguished by their different characteristics: type A is
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an overall flat surface; type C shows quasi-1D wrinkled nanostructure and type D has quasi-2D
wrinkles. As we already confirmed, the flat facet is on top of Cu(111) facet, so the other two
wrinkled facets C and D are certainly not on Cu(111) facet. They may have a larger possibilities

found on Cu(100) and Cu(110), the second two most common copper facets.
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Fig. 4.5. STM images of wrinkled graphene on Cu(100) facet. (a) STM topographic image of
continuous graphene forming on facets A, C and D of Cu foil (Vs =-1.900 V, I =0.060 nA). (b)
Current image of (a). (¢) Line profile of the wrinkled graphene on Cu(100) facet, measured along
the blue line in (a), and the black arrow shows the height of the step. (d) STM topographic image
of continuous graphene showing type A and type D nanostructures (Vs =-2.200 V, I = 0.520 nA).
(e) Current image of (d). Green and black lines indicate two orientations of wrinkles. (f) Line

profile spans two terraces along the orange line in (d) and the black arrow indicates this step height.

These two sets of type C and D graphene wrinkled structures are attributed to the case where
the underlying Cu facet is Cu(100) as shown in Fig. 4.5a and Fig. 4.5d. To confirm that, we
measure the height of step edges on the two large facets. The step height of 0.37 nm shown in Fig.
4.5¢ measured along the blue line in Fig. 4.5a is the characteristic bilayer step height for Cu (100)
terrace [126, 127]. However, this kind of linear modulation of graphene is not due to the square

lattice symmetry of the Cu(100) surface that has been experimentally observed before or the ripple
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graphene we discussed in chapter 3.3.4 [123, 124, 126]. That modulation is only 0.5 A, much
smaller than what we observe now. According to previous studies, linear graphene moiré patterned
ripples are formed with different periodicities with modulation less than 0.1 nm, much smaller
compared to our wrinkle structures (from 0.2 nm to 0.4 nm) [123, 124, 126]. In Figs. 4.5(d, e, and
f), another group of winkles clearly shows typical quasi-2D graphene wrinkles labeled with green
and black lines in current image (Fig. 4.5¢) with step height 0.55 nm (Fig. 4.5 f). This height
demonstrates this step is attributed to triple layers of Cu(100). Another interesting detail in Fig.
4.5a and Fig. 4.5b is the existence of rough copper area labeled as Cu, which gives us a hint about

the formation of graphene wrinkles.

8.7 nm 7.4 nm
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Fig. 4.6. Large-scale STM images of wrinkled graphene near edges. Unlabeled clean areas are
wrinkled graphene, and rough areas labeled as Cu in all four images are amorphous oxidized Cu.
Scanning parameters are (Vs =-2.300 V, I =0.100 nA) for (a), (Vs =-2.700 V, I = 0.0380 nA) for
(b), (Vs=-2.700 V, 1= 0.0380 nA) for (c), and (Vs =-1.900 V, I = 0.040 nA) for (d), respectively.
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With that amorphous oxidized Cu boundary in mind, we find these wrinkled structures are
always around bare copper boundaries, as shown in Fig. 4.6. Our graphene on Cu foil substrate,
annealed only at 693 K, defined as low-temperature annealing according to the report by Jongweon
Cho et at., still keeps an amorphous oxidized copper area, with a distinct discontinuity around the
graphene island boundary [124]. In these four STM images of Fig. 4.6, we can see the wrinkled
graphene and flat graphene on staggered facets surrounding the oxidized copper area, which

provides us an excellent tip for the formation of these wrinkled graphene.
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Fig. 4.7. STM topographic images of a collapsed wrinkle of graphene. (a) Large-scale STM
topographic image of continuous graphene forming a collapsed wrinkle on Cu(111) (Vs=-1.06V,
I1=0.315nA). The insert STM image shows the graphene moiré pattern on the right flat area (Vs
=-0.750 V,1=0.315 nA). (b) Zoomed-in image of the collapsed wrinkle (Vs =-0.600 V, I =0.850
nA). (c) Line profile of the collapsed wrinkle, measured along the blue line in (b). (d) Further
zoomed-in STM image of the collapsed wrinkle (Vs =-0.560 V, I =0.8750 nA). (e) Atomically
resolved STM image of one of the collapsed wrinkle showing graphene honey-comb lattices (Vs

=-0.560 V, 1=0.8750 nA). (f) Schematic model for the wrinkle.

Besides the step height and the oxidized copper boundary information, we have more data

related to the morphology and the formation mechanism of periodic graphene wrinkles. The insert
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image of graphene moir¢ pattern in Fig. 4.7a clearly demonstrates the collapsed wrinkle is formed
on Cu(111) facet. This long and uniform collapsed graphene wrinkle on Cu(111) surface can
demonstrate that Cu(111) facet inhibits the growth of periodic graphene wrinkles on it. The
wavelength and modulation of this collapsed wrinkle measured along the blue line in Fig. 4.7b are
in the range of periodic wrinkles we mainly discuss in this chapter. We also have beautiful atomic
images of this collapsed wrinkle shown in Fig. 4.7d and 4.7e, from which we can tell the curved
wrinkles are along the zigzag direction as the aforementioned wrinkles. This consistency helps us
to understand the aforementioned periodic wrinkles a little more. Firstly, the size of this collapsed
wrinkle is consistent with the periodic wrinkles. Secondly, the collapsed wrinkle is on Cu(111)
surface, but the periodic wrinkles are not on Cu(111) facet, which indicates that the Cu(111) facet
is not suitable for the growth of periodic wrinkles. This discovery is consistent with previous
observation and theory [141]. Thirdly, the total height of the collapsed wrinkle in Fig. 4.7c is
around 0.9 nm, while the height of the saddle is only 0.4 nm, so the pair peaks of the wrinkle are
freestanding. These three characteristics demonstrate that the periodic wrinkles we observed in our
system are real freestanding suspended wrinkles, not the normal moiré pattern for graphene on
different copper facets.

From all these observations, it is reasonable to conclude that the underneath of type A graphene
is Cu(111) due to their relatively stronger interaction [141]. Based on the periodicity and the
modulation of the real wrinkles, we are able to conclude that these quasi-1D or quasi-2D wrinkles
are more complicated than the linear moiré pattern of graphene ripples on Cu(100) facet in chapter
3. It is related to different interactions between graphene and different underneath Cu facets, the
boundary between graphene and Cu foil, the lattice mismatch between graphene and Cu foils, and
also the mismatch of thermal expansion between graphene and Cu foil [141-143].

In order to systematically understand the formation of the graphene wrinkles along zigzag
direction, we need to consider the negative thermal expansion coefficient (TEC) of graphene,
because the copper metal has a positive TEC. Extra volume of graphene will be left on copper foil
when the annealing temperature begins to go down. This extra-length graphene can diffuse in the
middle domain of graphene, but there is no extra space to diffuse along the boundaries. Meanwhile
the rough oxidized copper along the graphene boundaries shows higher energy barrier for graphene,
so there will be relatively more graphene to distribute along the boundaries. The extra graphene

will prefer to form wrinkled structures instead of rough random structures. Because the free energy
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of wrinkles is lower than that of the rough structure when the temperature is lower than a specific
temperature due to the compression-relaxation mechanism [144]. However, the zigzag wrinkles
have lower free energy compared the armchair wrinkles according to the ab initio calculations
[140]. Thus, the excess graphene will form the zigzag wrinkles surrounding oxidized copper on

copper foil except the Cu(111) facet [141].

4.3.4 Ceo on Wrinkled Graphene
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Fig. 4.8. STM images of self-assembled hexagonal close-packed Ceo on type A and type C
graphene. (a) Large-scale STM topographic image of Ceo on graphene with superlattice showing
well-defined moiré patterns on facet A. The inset image in (a) shows moiré pattern of Ceo on facet
A. The letter ‘G’ indicates graphene (Vs =-2.80 V, I = 0.090 nA). (b) Zoomed-in STM image of
self-assembled hexagonal close-packed Cso on graphene type C wrinkles (Vs =-2.80 V, I =0.090
nA). (c) A line profile of Cso on wrinkled graphene along the blue line in (a). (d) Another large-
scale STM topographic image of the Ceo on type A and type C graphene (Vs =-2.80 V, I=0.060
nA). (e) High-resolution STM image of Cgso moir¢ pattern image of type A measured from the black
squared region of (d) (Vs =-2.80 V, 1 =0.060 nA). (f) A line profile showing the periodicity and

modulation of Cgo on wrinkled graphene along the black line in (d).
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Since wrinkled graphene type C, type D and flat graphene type A coexist in the same substrate,
it is easy to understand Cso molecules can be absorbed on all these graphene nanostructures. From
Figs. 4.8a and 4.8d, we can observe Cgo molecules distributed on two types of graphene wrinkles
due to different copper facets. On facet A, Ceo molecules form hexagonal close packed structure
shown in Fig. 4.8e. The inset image of Fig. 4.8a shows the same hexagonal close packed Cgo on
type A graphene on Cu(111) too. Then the other slant facets in Figs. 4.8a and 4.8d are definitely
not on Cu(111). Its magnified STM image (Fig. 4.8b) reveals the hexagonal close packed
arrangement of Ceo on quasi-1D wrinkles. We also check the wave size of quasi-1D Cgo wrinkles.
Similar to the graphene wrinkles in Fig. 4.3, the wavelength of the Cso wrinkles is about 3.2 nm
(blue line shown in Fig. 4.8¢) with a modulation of 0.22 nm, which is smaller than that of the
graphene wrinkles in Fig. 4.3d, but 0.22 nm is correct according to a simple geometric calculation.
The other Cgo wrinkles labeled by the black line shown in Fig. 4.8f have the same size as the
graphene wrinkles. This consistency of graphene and Ceo wrinkles has confirmed they are both

relative to the same kind of wrinkles.
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Fig. 4.9. STM images of Cso on type C wrinkled graphene. Self-assembled quasi-hexagonal close-
packed Cgo on wrinkled graphene. (a) Large-scale STM topographic image of the Cso on wrinkled
graphene showing well-defined linear periodic modulated wrinkles defined as C facet (Vs =-2.60

48



V, 1 =0.060 nA). (b) Zoomed-in STM image (measured from the black frame of (a)) of Ceo on
long periodic graphene wrinkles (Vs = -2.60 V, I = 0.050 nA). (c) High-resolution STM image
(measured from the blue squared region of (c)) of the quasi-hexagonal close-packed Ceo on quasi-
1D wrinkled graphene (Vs =-2.60 V, I = 0.040 nA). (d) A schematic model of hexagonal close-
packed Cso on wrinkled graphene sheet. (¢) High-resolution image of the quasi-hexagonal close
packed Ceo on quasi-1D wrinkled graphene, showing each molecule clearly (Vs = -2.60 V, I =
0.040 nA). (f) A line profile along the perpendicular direction of the wrinkled graphene as marked
with the blue line in (c).

A typical type C graphene wrinkles with Ceo absorbed on is shown in Fig. 4.9. This set of
wrinkled images clearly show Cgo on the long periodically curved graphene. From Fig. 4.9¢, we
can observe Cgo molecules form quasi-1D hexagonal close packed structure on the quasi-1D
wrinkled graphene. These wrinkles measured in Fig. 4.9f have the periodicity of 3.2 nm with the
modulation of 0.21 nm, pretty consistent with the quasi-1D graphene wrinkles obtained from our

previous measurement.

49



4.5 nm

0.0
0.5 nm d
' 0.5
€04
=03
502 |
2ol PN N
0

0123456172829
0.0 Distance (nm)

Fig. 4.10. STM images of self-assembled hexagonal close packed Cso on wrinkled graphene type
D. (a) and (b) Large-scale STM topographic and current image of the Cso on graphene(Vs = -2.840
V, 1 =0.054 nA). (¢) Zoomed-in STM image of self-assembled hexagonal close packed Cso on
graphene type D wrinkles. Black and green arrows show the perpendicular wrinkles directions (Vs
=-2.740 V, 1=0.0460 nA). (d) A line profile showing the size of Csp molecules absorbed on type
D wrinkled graphene along the blue line in (c).

Besides the coexistence of hexagonal close-packed Ceo structures on facet A and C, hexagonal
close-packed Ceo structures on facet D are observed in our data shown in Fig. 4.10. From Fig.
4.10c, we can see these quasi-2D winkles more clearly with the help of marked green and black
lines, respectively. These two wrinkled directions are perpendicular to each other. The size of these
wrinkles shown in Fig. 4.10d is consistent with the quasi-2D bare graphene wrinkles shown in Fig.
4.4d. It demonstrates Cep still forms hexagonal close packed structure accommodated to the type

D graphene wrinkles.
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In a word, either quasi-1D graphene wrinkles or quasi-2D graphene wrinkles cannot influence
the normal hexagonal close-packed Ceo arrangement. We are really curious about why these wider,
higher wave modulations cannot change the Ceo arrangement as much as the smaller subtle
graphene ripples in chapter 3. Thus, we compare these two main different graphene structures from
both morphology and van der Waals binding energy aspects in Fig. 4.11. We use the same Y scale
in 4.11a and 4.11b, so we can directly compare them. From 4.11a and 4.11b, the suspended
wrinkles are much higher and obvious in morphology. However, the van der Waals binding energy
difference is only 0.5 eV from the valley to the hilltop spot in Fig. 4.11d, while there is 1.1 eV
difference for the graphene moiré pattern ripples shown in Fig. 4.11c, which is more than two
times bigger than that of the suspended graphene wrinkle structures we discussed in this chapter
[136, 138]. The binding energy differences in these two systems are due to different spaces to their
underneath copper substrate: moiré pattern rippled graphene is relatively closer to the copper
substrate compared to the suspended graphene wrinkles with the modulation up to 0.4 nm. Various
binding energy in one system is due to different interacting areas between Ceo and graphene at
different spots. Because of the largest interacting area in the curved valley, the van der Waals
binding energy is also the largest, compared to that on the flat graphene or that on the hilltop spot.
From the Figs. 4.11c and 4.11d, the smaller energy difference means the smaller energy barrier for
the Ceo molecules to diffuse among these modulations, so it is much easier for Csp molecules to
transition among adjunct valleys in the suspended graphene wrinkles to form self-assembled
hexagonal close packed arrangement. This explains the reason why the bigger graphene wrinkles
cannot affect the Cso arrangement as much as the smaller subtle graphene ripples. In return, this
energy difference demonstrates that the observed quasi-1D and quasi-2D graphene wrinkles are

free-standing.
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Fig. 4.11. Comparisons between moir¢ pattern ripples and suspended wrinkles. (a) Morphologic
line for the typical 1D graphene moiré pattern ripples shown in Fig. 3.7d in chapter 3. (b) Showing
the morphologic line for the typical 1D graphene suspended wrinkles. (¢) Van der Waals binding
energy from the valley to the hilltop point for the typical 1D graphene moiré pattern ripples shown
in (a). (d) Van der Waals binding energy from the valley to the hilltop point for the typical quasi-
1D suspended graphene wrinkles shown in (b).

4.3.5 PTCDA on Wrinkled Graphene
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Fig. 4.12. STM images of self-assembled herringbone packed PTCDA on flat graphene. (a) Large-
scale STM topographic image of the PTCDA on flat graphene (Vs = 1.800 V, I = 0.030 nA). (b)
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Zoomed-in STM image of self-assembled herringbone packed PTCDA showing lowest
unoccupied molecular orbital (LUMO) on flat graphene. Black arrows al and a2 indicate the short
and long lattice vectors of a unit cell of PTCDA herringbone pattern (Vs =1.800 V, I = 0.030 nA).
(c) High-resolution STM image of herringbone packed PTCDA showing LUMO orbital on facet
A (Vs=1.800V,1=0.030 nA).

Because of the coexistence of Cso on A, C and D types of graphene, it is understandable that
we can get similar PTCDA molecule distribution on all these three types of graphene
nanostructures, as shown in Fig. 4.12, Fig. 4.13 and Fig. 4.14. The most common arrangement for
PTCDA molecules is the herringbone pattern on graphene as reported previously [145-153]. From
the large STM image of PTCDA on flat graphene in Fig. 4.12a, PTCDA can continuously cross
over two terraces without changing their herringbone arrangement. The size of herringbone pattern
of PTCDA can be easily measured from Fig. 4.12b with al = 1.300 nm, a2 = 1.960 nm, and B =
90°, consistent with unit cell in Zhou et al. report and the B-face (102) plane of PTCDA bulk

structure within the error limit. The rectangular outline drawn with the lattice vectors al and a2

specified on the STM image of Fig. 4.12b is to indicate one herringbone pattern unit [147, 154,
155].
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Fig. 4.13. STM images of self-assembled herringbone packed PTCDA on wrinkled type C and D
graphene on Cu. (a) STM topographic image of the herringbone packed PTCDA on type D
graphene wrinkles (Vs = -2.000 V, I = 0.050 nA). (b) Large STM image of herringbone packed
PTCDA on long periodic type C graphene wrinkles (Vs =-2.000 V, I =0.030 nA). (¢c) Zoomed-in
STM image (measured from the blue frame of (b)) of herringbone packed PTCDA (Vs=-2.000 V,
I =0.032 nA). (d) Another high-resolution image of herringbone packed PTCDA on quasi-1D
wrinkled graphene (Vs =-2.000 V, I =0.053 nA). (e) A line profile showing the wavelength and
the modulation of the quasi-1D wrinkles along the black line in (d). (f) A line profile showing the

wavelength and the modulation of the quasi-1D wrinkles along the blue line in (c).

After measuring the herringbone pattern of PTCDA on flat graphene, we need to check the
morphology of PTCDA molecules on the other two types of wrinkles, as shown in Fig. 4.13. The
morphology of PTCDA on type D graphene is shown in Fig. 4.13a with two perpendicular
orientations of wrinkles, which is consistent with the bare wrinkled type D graphene in Fig. 4.4d.
In this area PTCDA fully covers the bottom right side of wrinkles without any defects, and the top
left side is the bare wrinkled graphene. For the morphology on type C wrinkled graphene, fully
arranged PTCDA on the quasi-1D long periodic graphene is shown in Figs. 4.13b and c. We also
measured the size of the type C wrinkles with PTCDA self-assembled on in Fig. 4.13e and 4.13f,
along the blue line in Fig. 4.13c and the black line in Fig. 4.13d. Although they have different

wavelength and the modulation, the sizes of them are in the range of the type C graphene wrinkles.

1.0 nm

0.0

Fig. 4.14. STM images of self-assembled herringbone packed PTCDA on wrinkled graphene type
C. (a) STM image of herringbone packed PTCDA on wrinkled graphene showing well-defined
quasi-1D linear periodic modulated wrinkles defined as type C (Vs =-2.510 V, I = 0.042 nA). (b)
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Schematic model of PTCDA arrangement showing quasi-1D herringbone packed PTCDA on type
C wrinkles (Vs =-2.510 V, [ =0.042 nA).

One STM image for PTCDA molecular arrangement on top of wrinkled graphene shows the
self-assembled herringbone arrangement, as shown in Fig. 4.14. From the image 4.14a. We can
see the orbital structures of most PTCDA molecules on the top part of wrinkles. We combine
several images in a series to obtain its molecules arrangement, as shown in Fig. 4.14b, which shows
the quasi herringbone patterned PTCDA crossing the waved graphene wrinkles, with each blue
schematic PTCDA standing for one PTCDA molecule. Even though some molecules are not clear
enough to resolve their orbital structures, we can still see the sub-monolayer PTCDA with
herringbone pattern arrangement on top of the wrinkled graphene. The wrinkled graphene does
not affect the stable herringbone pattern of PTCDA, which is understandable due to the weaker
interaction between PTCDA and graphene/Cu compared to their inter-molecular interactions [158-

166].

4.3.6 Dynamic Decay Process of PTCDA on Graphene

Due to the weak interaction between PTCDA molecule and graphene on copper substrate, we
predict that PTCDA monolayer islands should decay very easily. In order to get their dynamic
decay data, we perform continuous scanning on defined areas, which is keeping the same scanning
conditions at the same area. We measure three different PTCDA monolayer islands, and we can
observe the decay process. The interesting thing is that in one island there are two different sub-
stable PTCDA molecular arrangements. Once there is a sub-stable seed in the scanning area, as
shown in the white framed region and in the bright blue curved region in Fig. 4.15a, then these
two kinds of sub-stable patterns will grow and change their morphology during the scanning
process. While in all these nine STM images, the PTCDA molecules in the half right side all keep
self-assembled herringbone structures without any decay, even their molecular orbitals change a

little because of different tip states.

We are more interested in the sub-stable structures, so we will focus on discussing the dynamic

process of the sub-stable structures in the following part. We define the sub-stable pattern in the
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white curved frame as type I and the sub-stable pattern in the bright blue frame as type II. The
PTCDA sub-stable island I keeps growing from Fig. 4.15a to Fig. 4.15f shown from the increasing
size of the white frames; the island II keeps becoming bigger from Fig. 4.15a to Fig. 4.15c¢, but
from Fig. 4.15¢ to Fig. 4.15¢ this island gradually evolves to the type I pattern, which is illustrated
by the blue islands gradually becoming smaller in images. As a result, the area of white islands
keeps increasing during static scanning. Thus all type II patterned PTCDA molecules switch to the
type I pattern in Fig. 4.15f, but the tip state changes in Fig. 4.15g, and the tip begins to remove this
sub-stable pattern from the kinked boundary as shown in Fig. 4.15g. After four scanning cycles,
we get the Fig. 4.15h with half of the island having been removed; after another two scanning
cycles, all this sub-stable patterned island is removed by the tip in Fig. 4.151. From this evolution
process, we can see the type Il sub-stable pattern is less stable than type I sub-stable pattern, which
is the reason why the type I island can merge with the type II island. However, the type I state is
not as stable as the normal herringbone pattern, and it is sensitive to different tip states, so once
the tip state changes its island decays quickly. We are still looking for the mechanism for this

dynamic decay process.
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Fig. 4.15. STM images of a set of PTCDA decay data from self-assembled herringbone pattern to
two sub-stable arrangements on type A flat graphene. (a-1) The typical decayed images from initial
seed state to the final self-assembled herringbone pattern. All nine images have the same scanning
conditions: Vs =-2.500 V, I = 0.030 nA, and the same scanning size as 23 nm x 23 nm. The white
curved frames in images show the type I sub-stable arrangement, while the bright blue curved

frames show the type II sub-stable arrangement.
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4.4 Conclusion

In summary, we realized sub-monolayer Cso and PTCDA on quasi-1D and quasi-2D periodic
wrinkled graphene by carefully controlling the deposition parameters of both molecules. We
analyzed the differences between this suspended graphene wrinkles and graphene moiré pattern
ripples, which provided us insights for further tuning molecular arrangement on flat and curved
graphene. Our successful realization of acceptor-donor binary nanostructures on wrinkled

graphene could have important implications in future development of organic solar cells.
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Chapter 5. Step Edges in MoS: Few Layers and Pyramid Nanostructures

5.1 Introduction

TMDCs have attracted intensive research efforts due to their remarkable physical properties
[156]. In the family of layered TMDCs, MoS> is a semiconductor, comprised of 2D S-Mo-S
sandwich layers held together by van der Waals interactions as schematically shown in Fig. la
[26]. Bulk MoS; has been extensively explored for decades as dry lubricants [27-29]. Recently,
mono- to few-layered MoS» has captured increasing research attention across disciplines due to
their optical, electronic, and catalytic properties [30, 33-42].

Particularly, as an atomically thin semiconductor, MoS> has a band gap that makes it a perfect
complementary layered material to graphene for future ultrathin electronic and optical devices [35,
38, 157-160]. The monolayer form of MoS», due to the symmetry break, is a direct band gap
semiconductor with a band gap of 1.90 eV, while bulk MoS> has an indirect band gap of 1.29 eV
[33, 161, 162]. Monolayer MoS: can also be utilized to produce energy efficient field-effect
transistors, photodetectors and flexible photoelectronic devices [9, 38, 156, 162, 163]. For any
practical applications listed above, synthesis of high quality mono- or few-layered structures with
large single-crystalline areas is required. It has been recently shown that synthesis of large films
of polycrystalline monolayer and few-layered MoS> could be achieved using CVD [36, 164, 165].
Measurements of CVD grown monolayer MoS: have shown typical carrier mobility on the order
of <10 cm? V! s, much lower than mechanically exfoliated samples with typical mobility values
of around 300 cm? V! 57! and as high as 1090 cm? V' s [166-169]. The difference is attributed
to the grain boundaries and other structural defects induced during the growth process [170].

Compared with the transport and optical measurements on atomically thin MoS,, little is
known about the microscopic structures and associated electronic properties. It has been known
that the grain boundaries in graphene and edges of graphene nanostructures, such as graphene
nanoribbons and nanoplatelets, have significant influence on the electrical, thermal, optical and
mechanical properties of 2D materials [170-173]. For example, grain boundaries have been shown
to weaken the mechanical strength and reduce the charge mobility of graphene [172, 174, 175].
On the other hand, grain boundaries, edges, and other structural defects provide ample

opportunities to tailor the local properties and create new functionalities, such as zigzag edges of
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graphene nanoribbons which can host edge states and enhance optical excitations [176, 177]. For
energy related applications, MoS, could potentially offer an earth abundant replacement to
platinum as a catalyst and/or co-catalyst in the hydrogen evolution reaction (HER) as well as be
used as a catalyst in the hydrogen desulfurization process [41, 178-181]. The edges of MoS;
nanostructures are claimed to be closely related to the catalytic properties of MoS,, such as the
hydrodesulphurization reaction [182]. MoS» nanoparticles with greater exposure of sulfided edges
are believed to be the next step towards producing more viable HER catalysts. Previous STM
studies of MoS; as catalysts revealed that the edge sites as the catalytically active regions of the

nanoparticles [182].

5.2 Experimental Methods

We examined CVD-grown MoS; mono- to few-layered nanoplatelets on HOPG and pyramid
nanostructures on GaN and HOPG, respectively, by using STM and STS. MoS; mono- to few-
layers nanoplatelets on HOPG were synthesized in a tube furnace using CVD techniques [183,
184]. Molybdenum chloride (MoCls) powder was placed at the center of a furnace while sulfur
powder was placed upstream towards the entry to the furnace and the receiving HOPG substrate
downstream. Conditions for MoS> mono- to few-layer growth are a temperature of 850 °C, a flow
rate of 50 sccm, and a pressure of 2.0 Torr. The mono- to few-layered MoS, samples were
transferred through air to the ultra-high vacuum preparation chamber of a customized Omicron
STM system with a base pressure of low 107'° Torr and annealed at 420 °C for 7 hours. The sample
was then characterized in the STM chamber with a base pressure of low 107! Torr. The second
sample we exanimated is a mono- to few-layered MoS: nanoplatelets on GaN. This sample was
cleaned by annealing at an elevated temperature with the same procedure for cleaning the layered
MoS; on HOPG samples. The third sample is a MoS; nanostructure with much higher density of
edges, called MoS; nanopyramids on HOPG. These MoS, pyramid nanostructures were
synthesized using CVD techniques as well. The same growth conditions were used for
synthesizing the pyramid nanostructures as for MoS> mono- to few-layers, except that the pressure
was kept at a higher 760 Torr [183, 184]. Before the STM measurement, the sample was annealed
at 325 °C for 12 hours at a base pressure of low 4.8x107'° Torr.
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5.3 Results

In our STM experiments, we have observed that there are ripple structures near characteristic
curved regions close to the MoS; edge terminals. These ripple structures have a typical height of
11.0+3.5 A and a width of 80.3 £20.4 A. The STS measured on the curved regions reveals a band
gap of 1.96 + 0.10 eV, which is close to previous measured band gap of MoS, monolayers. On the
basal plane, the measured band gap is 1.44 + 0.12 eV. The difference in band gap on the curved
regions and basal planes can be attributed to the decoupling between layers on the rippled regions

near the edge terminals.

5.3.1 Layered MoS; Nanoplatelets on HOPG
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Fig. 5.1. (a) Ball model of MoS>. (b) Constant current STM image of MoS> (Vs =—1.35V, I =
1.20 nA). (c) Constant current STM image of HOPG (Vs =—1.50 V, I =0.80 nA).

MoS; mono- to few-layers nanoplatelets on HOPG were synthesized using CVD techniques.
The synthesis procedure details were described in our previous experimental sections. This sample
showed large area coverage of mono- to few-layers with little edge exposure. Fig. 5.1b is a
constant current STM image of MoS> monolayer on HOPG, showing a measured lattice constant

of 3.1+ 0.1 A. As a comparison, Fig. 5.1c is an atomic resolution image of the HOPG substrate.
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5.3.2 Layered MoS; Nanoplatelets on GaN
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Fig. 5.2. Constant current STM images of few-layered MoS> on GaN. (a) A MoS; island on top of

a larger MoS> island with curved edges (Vs =—2.15 V, I =0.20 nA). The upper left inset shows
an atomic resolution image of the few-layered MoS2 (Vs=—1.70 V, I =0.90 nA). The lower left
inset is a line profile along the line as marked with the dashed black line. (b) A zoomed-in image

of curved MoS; edges. The upper left inset is a schematic of a curved edge (Vs =—2.00 V, [ =
0.42 nA).

To investigate the edges of MoS, few layers, we exanimated mono- to few-layered MoS;
nanoplatelets on GaN with high edge exposure and density of edges, as shown in Fig. 5.2. The
inset in Fig. 5.2a is an atomic resolution image of MoS: on these nanoplatelets. The typical size of
these nanoplatelets varies from a few to tens nanometers. An intriguing feature is there is a curved
region near the edges, shown as the bright protrusion in Fig. 5.2a and 5.2b. And a line profile in
Fig. 5.2a clearly shows this curved feature. The average height of the curving edges of MoS: on
the GaN substrate is 11.62 + 4.0 A while the average width is 40.3 + 14.2 A, calculated from 35
different locations on monolayer edges over 9 different scan areas. To interpret the curving edge
feature, firstly we are able to confirm that the observed curving parts are a topographic structure,
because the measured height is way higher than the height different due to local electronic density
that is typically less than one angstrom. For example, Lauritsen et al observed a local protrusion
features with a height of 0.4 A in triangular nanoclusters on Au(111), which were attributed to the
metallic properties of the MoS; edge sites [182].
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5.3.3 MoS» Pyramid Nanostructures on HOPG
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Fig. 5.3. (a) SEM and (b) AFM images of MoS: nanopyramids. (¢) Constant current STM image
of a MoS: nanopyramid (Vs=—1.55 V, 1 =0.20 nA) (d) Line profile from (c) shows cross section
over six layers. Monolayer thickness is determined to be 6.3 A, and the curved regions near edge

terminals are shown as bumps in the line profile.

We further examined a MoS» pyramid nanostructures on HOPG with much higher density of
edges. Fig. 5.3 shows scanning electron microscopy (SEM), AFM, and STM images of the MoS»
nanopyramids. In both large-scale SEM and AFM images (Figs. 5.3a and 5.3b), a spiraling
structure terminating at the top can be clearly seen, indicating spiral driven growth of these
nanopyramids. The nanopryamids range in size from 2-8 pm side edges and 40-120 nm in height.
One intriguing feature of the pyramid platelets is that they all have a consistent ratio between their
height and lateral length. This ratio, along with the fact that all of the nanoparticles regardless of
size are complete pyramids, suggests that the pyramids are not likely deposited layer by layer.

Instead, they grow out in all three dimensions around an initial starting point. A fairly constant
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growth rate under these circumstances would lead to complete pyramids with similar three
dimensional proportions, regardless of their size. In Fig. 5.3a, on the top of the MoS pyramid, a
spiral structure can be observed. This growth pattern could also help explain the spiraling shape of
the pyramids observed by AFM, STM, and SEM. The average hillock slope of the pyramids from
AFM measurements was 0.03 £ 0.01, but ranged from 0.02 to 0.06. The average Hillock slope for
the pyramid observed in this STM study was 0.06 + 0.01. The monolayer height is 6.3 = 0.2 A and
the average terrace width is 11.0 £ 0.3 nm as calculated from the Hillock slope and the measured

monolayer height from the STM studies.

5.4 Discussion

From higher resolution STM image of the MoS, nanopyramids, as shown in Fig. 5.3c, a
prominent feature observed in the MoS, nanopyramids is the curving region near the edge
terminals, similar to the curved regions near edge terminals observed in few-layered MoS»
nanoplatelets on GaN substrates in Fig. 5.2. The curving parts appear to be a result of the
monolayer curving down and allowing the edge terminal to interact with the lower layer with a
small contacting angle. For MoS, nanopyramids, if the edge curving features are a result of the
monolayer folding down and reducing edge exposure, this could partially explain the poor
performance of the nanoparticles in the HER [184]. The edge termination could help explain why
this interaction with the underlying layer occurs. There are two types of edges that can occur, S
edges and Mo edges. In hexagonal shaped MoS, monolayers, both occur alternating around the
perimeter. In triangular shaped monolayers, one or the other is the edge termination. S edges have
been shown to interact more strongly with supporting substrates than Mo edges on Au(111) and
graphene [185]. The corners of the monolayers indicate that both terminations may be equally
likely to interact with the supporting layer beneath. While most of the corners terminate at a 60°
point, there are still many that have more of a hexagonal, flattened end. These flattened points have
different edge terminations than the two edges leading up to it, but still show the same curving

edges with the same proportions.
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Fig. 5.4. (a) I-V and (b) dI/dV spectra taken on the basal planes of the MoS, pyramid terrace (blue)
and near the curved regions of the MoS: pyramid terraces (yellow) (Vs=—1.55V,1=0.30 nA,
Vwigg =20 mV, f=1 kHZ)

Scanning tunneling spectroscopies from the basal planes and the curving regions are shown
in Fig. 5.4. In the average dI/dV curves (Fig. 5.4b), we linearly fitted lines to the sloped parts that
correspond to the valence band and the conduction band. The band gap is estimated by
extrapolating these linear lines to their crossings with the minimum conductance and finding the
separation between the two intersections. The spectroscopies on the basal planes of the MoS»
terraces show a band gap that agrees with the band gap of bulk MoS; of 1.44 +0.12 eV, as shown
the blue line in Fig. 5.4a. However, spectroscopies on the curving part near the corners of the
pyramids show a band gap with a value of 1.96 + 0.10 eV, as shown the yellow line in Fig. 5.4a,
consistent with monolayer MoS> [33, 162, 186]. Yet, previous STS measurements of the
monolayer MoS: band gap on graphite measured at 77 K show that monolayer MoS; has an energy
gap of 2.15 £ 0.06 eV and an exciton binding energy of 0.22 + 0.1 eV [157]. The discrepancy in
band gap is a result of different interactions between the underlying terrace and the curving parts
near the edge terminals or terrace basal planes with the layer above. On the basal terrace plane, the
layer interaction with lower layers is the same as bulk MoS». In conclusion, it appears that there
is decoupling around the edges and corners that causes the electronic properties more like its
monolayer form.

Spectroscopies from around the edges show somewhat of an intermediate band gap between
the corners and the terrace plane. The size of the band gap is sensitive to the distance from the

edge whereas the spectroscopies taken from around the corners show less deviation with distance
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from the corner and therefore have a much larger effective area to sample from. This is likely a

result of greater decoupling at the corners where two edges meet.

5.5 Conclusion

In summary, we have observed an intriguing ripple feature near the edge terminals in MoS»
few-layered nanoplatelets and pyramid nanostructures. Based on STM images, these ripple
features are curved structural segments. Our STS data on these ripple structures show a band gap
of 1.96 +0.10 eV, near the band gap of monolayer MoS». The geometrical and electronic properties
likely contribute to the catalytic efficiency of MoS: nanostructures, and would potentially provide
opportunities for unprecedented applications of atomically thin MoS; layers and MoS»

nanostructures.
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Chapter 6. Membrane Trafficking Studies by AFM

6.1 Introduction

In eukaryotic cells, vesicular ubiquitinated cargo is the initial product for the degradation. Toll
interacting protein (Tollip) and Target of Myb protein 1 (Toml) are adaptor proteins that
participate in endosomal cargo trafficking [2,187]. In human bodies, as an inhibitory adaptor
protein, Tollip is encoded by the Tollip gene [188-190]. Tollip, containing an N-terminal Tom1
binding domain (TBD), a central conserved 2 (C2) domain, and a CUE domain, is an inhibitory
adaptor protein in Toll-like receptors (TLR) signaling pathway which is an important part of the
innate immune system of humans [189, 190]. In the innate immune system of humans, the TLR
pathway is important for structurally recognizing any conserved molecular patterns of microbial
pathogens and helping to build a responding inflammatory immune response. Tom1 is another
protein involved in membrane trafficking and protein degradation in human bodies. It contains an
N-terminal VHS domain followed by a central GAT domain, and similar to Tollip protein, it is

encoded by the TOM1 gene.

-Tom1
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Fig.6.1. Model of Tollip association with/without Tom1 at the surface of early endosomes. (a)
Model of Tollip association without Tom1 at the surface of early endosomes, in which Tollip is
initially associated with PI(3)P (the green lipid in the membrane) and the ubiquitinated cargo
proteins on the endosome. (b) Model of Tollip association with Tom1 at the surface of early
endosomes, which is required for receptor degradation, in which Toml interactions with Tollip
induces the unfolded TBD domain of Tollip to fold, and then this folding modulates binding of
Tollip to PI(3)P lipid [2].

The contrast model aims to explain the role of Tom1 in the endosomal cargo trafficking process
shown in Fig. 6.1 [2]. As shown in Fig. 6.1a, initially, Tollip is located on the endosome membrane
via association with PI(3)P. When the ubiquitinated cargo protein is transported to the endosome,
adaptor protein Tom1 can be recruited (Fig. 6.1b). Then, the N-terminal TBD of Tollip is induced
from its initial unfolding state to folding state through binding to Tom1. This folding can mediate
the dissociation of Tollip from PI(3)P lipid and participate in cargo trafficking with Toml.
However, this theoretical model proposed by Xiao et al. through the nuclear magnetic resonance
analysis, HeLa cells experiment, and SPR measurement still needs to be demonstrated by some
more visualization tools [2]. AFM is a powerful microscope with excellent resolution as high as
10 m that can be used in liquid and has already been widely applied in exploring biological
properties on living or model biological systems [3, 191-194]. Therefore, AFM is applied in this
study to “observe” how this Tollip can specifically associate on PI(3)P lipid.

6.2 Introduction of AFM and Liquid Mode

As one of the highest resolution microscopes, AFM can scan a variety of specimens, with
good resolution on the order of 10m, 1000 times higher than the optical microscope. The core
part of AFM is a sharp probe at the end of a cantilever which can directly scan the measured surface.
Because it can probe the surface on both conductors and insulators, it is widely used across
disciplines. Additionally, the scanning efficiency of the AFM overall is much higher than that of
STM due to the ease of changing a new AFM tip compared to the time consuming process of
replacing a tip for STM scanner. Another convenience is that AFM does not need the UHV

environment. Thus AFM is a fast probe instrument in labs and companies. It is a good supplement
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for STM in our lab. We usually do a quick look at our new sample first with AFM, especially when
its overall morphology is not so clear.

The most common scanning environment of AFM is in air, but when the specimen is a
biological sample that must be kept in solution environment we have to use the liquid mode to

detect it.

R PO L :
Fig. 6.2. Photos of Bruker Dimension Icon AFM and its scanning head.

Fig.6.2a is Bruker Dimension Icon AFM. It mainly contains scanning head, sample stage,
controller and display. Scanning head is the core component shown in Fig. 6.2b. There is no
scanning tip on the scanning head now. The four golden pins at its bottom side is the position
where we need to amount AFM tip. After the installment of a suitable AFM tip with the liquid cell
(Fig. 6.3a), liquid cell cover is always required in liquid mode. In Fig. 6.3b, it shows the ready-to-
scan scanning head with a scanning tip protected by a white liquid cell cover. The reason why a
liquid cell cover is compelling at the end of the scanning head is that it can always isolate the
scanning head from the liquid that the scanning tip needs to touch. Otherwise, liquid may flow into
the liquid cell when the scanning tip is immersed in the liquid, which will damage the scanning

head.
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Liquid cell with tip on it

Fig. 6.3. Photos of AFM tip, liquid cell and cover mounted in scanning head. (a) A tip is mounted

in the liquid cell first, then the whole cell is plugged into the golden pins. The white plastic cover

in (b) is for protecting scanning head.

y

Fig. 6.4. Optical microscope images of all the six tips in one MSCT model AFM tip. (a) One tip

on one side. (b) Five different tips on the other side.

The model for our AFM is Dimension Icon from Bruker Company. The tip we are using is
the MSCT model from Bruker, a tiny micro lever AFM probe having soft silicon nitride cantilevers
with sharpened silicon nitride tips, ideal for all modes in liquid operation. MSCT model is a

complicated one with six different tips at two ends shown in Fig. 6.4. There is only one triangular



tip A on one side of this MSCT model, while five tips labeled from B to F on the other side. All
these six tips have different tip sizes and different spring constants. In order to get the most stable
AFM images and not to damage the soft sample surface, all our measurements are done with tip
C, the softest tip with the spring constant as 0.01 N/m, and the size as 310um L x 20um W. In all
our measurements, we use the tapping mode in liquid.

The difficult part for the liquid mode is how to focus the laser on the end of the C tip. The
focal point will change from air to solution due to the diffraction effect, so it is a little more
complicated than the focusing process in air mode. There are two typical methods for focusing,
but we usually use the basic one because it is easier. Firstly, we need to focus the laser in the air,
and approach the tip close to the sample so that we can clearly see the optical microscope image
of it; then add water to both the sample and the tip side (avoid bubbles in the tip side); adjust the
position of tip mildly. When the reflected signal from the tip end is the maximum value, the
focusing process is finished. Besides the challenge of the laser focusing in liquid, tuning the
driving frequency and the amplitude of the cantilever is also difficult. Because the auto tune does
not work in the liquid mode, we need to manually tune the frequency and amplitude through fast

thermal tune method.

6.3 Protein Measurement under AFM Liquid Mode
6.3.1 Morphology of Pure Mica

1.2nm 5.3°

e - A A o
Fig. 6.5. AFM images of bare mica substrate. (a) The height image and (b) the phase image.
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We choose mica as our substrate, and grade V1 mica is purchased from TED PELLA, INC.
The mica substrate needs to be newly cleaved by scotch tape before each experiment in order to
keep the whole sample system clean. The fresh mica substrate is really flat even in the scanning

range of 10 um x 10 pum, just as shown in Fig. 6.5.

6.3.2 Morphology of Lipid on Mica

Fig. 6.6. The method commonly used for preparing SLBs for AFM analysis-fusion of lipid vesicles.
(a) The schematic drawing for lipid, including the hydrophilic head and the hydrophobic tail. (b)
Representative structure of liposome. (c) The schematic diagram for the formation of the SLBs on

top of mica [3].

In order to study the protein-lipid association, the suspended lipid bilayers (SLBs) are applied
to mimic a membrane environment. SLBs need to be prepared from lipid solution. As a background,
each lipid has a hydrophilic head and a hydrophobic tail, as shown in Fig. 6.6a. In chemistry,
hydrophilic means a molecule or other molecular entity that is attracted to water molecules and
tends to be dissolved by water. Hydrophobic means the physical property of a molecule (known
as a hydrophobe) that is seemingly repelled from a mass of water. Therefore, lipids will
automatically form a liposome structure (Fig. 6.6b) in a water environment. A liposome is a
spherical vesicle having at least one lipid bilayer, which can be used as a vehicle for administration

of nutrients and pharmaceutical drugs. Fig. 6.6c shows the whole process from the liposome to
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SLBs on top of mica: drop the fresh lipid solution from a dropper onto the fresh mica surface, then
incubate the liposome on top of mica above the transition temperature for 10 to 15 minutes. The
liposome will form plane SLBs by itself on mica surface shown like the right down final image in
Fig. 6.6¢c. In this study, different lipids 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC) and
PI(3)P [1 mM, DOPC: PI(3)P in a 97: 3 M ratio] are dissolved in an organic solvent (methanol:
chloroform: HoO = 2:1:0.8). Once the lipid solution turns clear, the solvent is removed under a
gentle nitrogen stream to yield a lipid film. The vial is placed in a vacuum chamber for overnight
to get rid of all the residual organic solvent. The formed lipid films are hydrated by adding a
preheated HEPES-buffered saline (HBS; 100 mM NaCl, 20 mM HEPES, 10 mM MgCl,, pH 7.4)
above the transition temperature of the lipids. After vortex, the mixture can form different types
of liposomes, which include small unilamellar vesicles (SUV), large unilamellar vesicles (LUV),
MLV, and multivesicular vesicles (MVL), as shown in Fig. 6.7. In order to get homogeneous SUV,
a probe tip sonication is used to disrupt MLVs and MVLs into SUV. After sonication, the diameter

of vesicles is between 70 nm and 150 nm.

Lipid bilayer

Hydrophobic tail

Hydrophilic head

OQOOD

SUvV LUV MLV MVL

Fig. 6.7. Schematic drawing for different types of vesicles formed in solution. SUV, small
unilamellar vesicles; LUV, large unilamellar vesicles; MLV, multilamellar vesicle; MVL,

multivesicular lamella [4].
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Fig. 6.8. AFM images of SLBs on mica and the corresponding types of vesicles. (a) Schematic
drawing of the MLV and MVL. (b) Representative AFM image of SLBs formed by liposomes
without sonication treatment. (c) The typical step height of SLB measured from the second SLB
to the first SLB along the blue line in (b). (d) The model of SUV or LUV. (e) Representative AFM
image of SLBs formed by liposomes with sonication treatment. (f) The step height of SLB from

the mica substrate.

AFM images of SLBs show the existence and coexistence of these several types of liposomes,
as in Fig. 6.8. The topography of SLBs in Figs. 6.8b and 6.8e is recorded using the tapping mode
of AFM. For Fig. 6.8b, there are about 1.2 SLBs on top of mica, and almost no bare mica left, the
light yellow circular SLB is the second layer on top of the first SLB. This kind of circular toppings
are formed due to these two types of vesicles-MLV and MVL. The step height of it is 2.8 nm + 0.2
nm in Fig. 6.8c, consistent with the height of lipid bilayer. There are several curved dark lines in
Fig. 6.8e, which are the bare mica surface, but the majority area is the lipid bilayer. The line profile
in Fig. 6.8f along the blue line marked in the image shows the height of the SLB on mica, consistent

with the theoretical height of it.
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6.3.3 Morphology of Protein on Lipid

20 nm 20 nm

0.0 0.0

Fig. 6.9. AFM images of Tollip binding PI(3)P on SLBs. Both topographies are recorded using the
tapping mode of AFM, and obtained in HEPES-buffered saline (HBS; 100 mM NaCl, 20 mM
HEPES, 10 mM MgCl,, pH 7.4). (a) Representative AFM image of SLB assembled using
liposomes with PI(3)P pre-incubated with Tollip. The bright dots show the PI(3)P liposomes with
Tollip clusters. (b) Representative AFM image of SLB assembled using liposomes without PI(3)P
pre-incubated with Tollip. The earthy yellow area stands for the bare SLB, and the dark dots show

the bare mica.

As we predicted from the introduction part, Tollip is assembled on the SLBs membrane via
association with PI(3)P, shown in Fig. 6.9a. The bright dots show the PI(3)P liposomes with Tollip
clusters. The dark yellow area shows the bare SLB. In order to demonstrate our prediction, we
prepared another check experiment: it is similar to the original one except the choice of lipid,
where we only add DOPC lipid, without PI(3)P in preparation for lipid solution. The check result
shown in Fig. 6.9b is obviously different from the assembled clusters with PI(3)P lipid, because
there is no Tollip on top of the SLB, which, however, are observed as bright dots in Fig. 6.9a.
This set of check experiments successfully demonstrate that Tollip is located on the endosome
membrane via association with PI(3)P. This specific association is the first step we need to

demonstrate, which gives us a good start.
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6.4 Discussion

From the aforementioned experiments, we successfully demonstrate that the Tollip can be
located on the endosome membrane via association with PI(3)P, and the AFM can be properly
used in the protein-lipid study. For the future study, we will further illustrate the formation of
Tollip-Tom1 complex on the endosome membrane and the association with ubiqitinated cargo

proteins.
6.5 Conclusion

We successfully demonstrate that the adaptor protein Tollip is specifically associated with the
endosome membrane through PI(3)P, which is an important initial step for exploring this folding

theoretical model. And liquid mode of AFM is a perfect technique to detect this kind of soft and
tiny nanostructures, so AFM will be further applied in this study.
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Chapter 7. Conclusion and Outlook

The experiments in this dissertation focus on organic solar cells taking advantages of 2D
materials. 2D materials, such as graphene and atomically-thin TMDCs, provide options for
building economic, safe, mechanically flexible solar cells with adjustable sunlight absorption and
desirable optical/electronic properties. Ceo, as the common used material in organic solar cells,
especially with the combination of graphene for flexible transparent electrodes, is promising
candidates for building future solar cells. In our experiments, novel Cgo 1D structures were realized
on rippled graphene. The width of 1D pattern is controlled by the annealing temperature, with a
range from single Ceo to three Cso molecules, and then to a quasi-hexagonal close packed 1D stripe
structure. Besides the 1D Cep structures, quasi-hexagonal close packed 1D Cgo structures on quasi-
ID or quasi-2D wrinkled graphene are observed in our second experiment. We explored the
mechanism why Cso forms various nanostructures on graphene moiré pattern ripples and the
suspended graphene wrinkles, and calculated the binding energies for different configurations,
which would provide us critical information for further tuning molecular arrangement on different
types of graphene. PTCDA, a good electron acceptor, can be utilized in the active layer by combing
with Ceo for organic solar cells. We realized sub-monolayer Cso and PTCDA on quasi-1D and
quasi-2D real periodic wrinkled graphene, by carefully controlling the deposition parameters of
both molecules. Based on the subtle balance between the intermolecular and the molecule-
substrate interactions, as well as the different kinds of the ripples due to the moiré¢ patterns or
suspended structures, we expect that we will be able to further tune and control the 1D Ceo
molecule structures on 1D graphene by varying the types of the ripples, the coverage of adsorbed
Ceso and PTCDA molecules, and the temperature. Other combinations for organic solar cells can
also be explored in the future, for example, Cso/ Boron subphthalocyanine chloride (SubPc) bulk
heterojunctions. Our results pave a way for optimizing bulk heterojunctions with a combination of
emerging 2D materials for organic solar cells in the future. We also performed SPM measurements
on one of atomically thin TMDCs, the mono- to few-layered MoS>, which has potential
applications as active layer in solar cells. In addition to applications in solar cells, our study on
MoS; atomically thin nanostructures are also important in in photovoltaics, electronics and

quantum information.
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In the final chapter of this thesis, we used liquid-cell AFM to verify that the adaptor protein
Tollip on biological membranes (a very different type of 2D materials) is associated with the
endosome membrane through PI(3)P in the proposed membrane trafficking process. In order to
understand this series of actions in more details, other works still need to be investigated in the
future, for example, the formation of the Tollip-Tom1 complex on SLBs, the morphology of
different lipid compositions of membrane, and the impact of polyubiquitin chain topology on

membrane trafficking process.
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