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ABSTRACT

An experimental study of buckministerfullerene on the Au(111) surface and of
chlorobenzene and oxygen molecules on the Si(111)-7x7 surface has been conducted with
variable and room temperature (RT) scanning tunneling microscopes, respectively. First, the
formation of hybrid clusters, (Cgo)n-(AU)m, from 110 K to RT has been studied at different Cg
molecule coverages. The properties of the hybrid clusters, such as rotation, transformation and
diffusion, were observed at RT. Mechanical manipulation of Cgo molecules in the hybrid cluster
was performed in order to explore the production of a single type of hybrid cluster. Cascade
manipulation was achieved by downsizing (Cgo)14-(Au)es clusters to (Ceo)7-(Au)ig Clusters at RT.
The manipulation of the hybrid clusters was performed at 110 K in addition to RT. A
comparative study of the non-local manipulation of chlorobenzene molecules and oxygen on the
Si(111)-7x7 surface was performed with the RT STM via electron induced from the STM tip. It
is found that a suppression region (~40 A) for both molecules is quite universal in the STM
experiments. A local desorption threshold of +1.4 V was found for the chlorobenzene molecule.
Local manipulation of bright and dark sites of oxygen were induced six different transformations

on the molecular sites.
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Chapter 1 Introduction

CHAPTER 1

INTRODUCTION

1.1  Overview

In the last century, one of the greatest scientific achievements was to produce an image of
an atom with the transmission electron microscope (TEM) [1, 2]. The scanning tunnelling
microscope (STM) was later invented by Binnig and Rohrer in 1981 [3], and subsequently Eigler
and Schweizer not only imaged Xe atoms but also wrote the IBM initials with Xe atoms on a Ni
surface at 4 K with the STM tip [4]. Now, the STM has been extensively used to create images
of individual atoms/molecules, and manipulate them for nanoengineering applications via
various mechanisms: mechanical (lateral, vertical), electric-field induced, and inelastic
tunnelling induced techniques [5]. The physical, chemical, electronic, and bonding properties of
adsorbed atoms and molecules have been widely investigated with the STM [6-10].

Miniaturization of electronic devices at the nanometer scale is one of the greatest
challenges for researchers. In this context, fullerenes attract considerable interest due to their
diverse potential applications in e.g. solar cells, organic electronics and single molecule devices
in nanoelectronics [11, 12]. There is a need to produce desired materials and properties derived
from Cgo molecular nanostructures for real-world industrial applications at realistic temperatures.
Such applications drive fundamental research on fullerene adsorption and assemblies. In this
context, the Au(111) surface offers beneficial properties, such as resistance to oxidation and
contamination over extended periods under in ultra-high vacuum (UHV) conditions. This surface

also exhibits a unique herringbone structure, which allows molecular trapping due to nucleation
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at the elbow sites [13] and charge transfer from the surface to the adsorbed molecule (in this
case, the fullerene).

By adsorbing Cgy molecules and exploiting the surface properties of Au(111), Xie et
al.[14] recently reported the fascinating production of hybrid (Ceo)m—(Au), clusters such as
(Ce0)7—(Au)1g, (Ce0)10—(Au)ss, (Ceo)12—(Au)ge, and (Ceo)14—(Au)sz at the elbow sites of the
herringbone of the Au(111) surface. These clusters were generated by sequential deposition of
Au atoms and Cgo molecules on the Au (111) surface at 110 K. The (Cso)m—(Au), clusters show a
clear magic number effect where only certain combinations of m and n are found to be stable
[14]. Because of the covalent interaction between the close-packed Au island at the heart of the
hybrid clusters and the surrounding Ceo molecules, the clusters are stable up to 400 K even
though individual Au atoms and Cg molecules are mobile on the Au (111) surface at this
temperature.

The STM is a versatile tool for manipulation selected Cg, molecules on different surfaces
using different approaches [15-22]. First, mechanical manipulation of Cgy at Cu(111) steps was
performed by Cuberes et al. [1996] via the repulsive interaction between the molecule and the tip
at room temperature [21, 22]. They could build an abacus by pushing of the molecules using a
STM tip. Afterward, pushing the molecule was studied to explore the binding site, polar angle
and an azimuthal site using STM as well as STS measurements and DFT calculations [23], and
also vibrational modes [24]. Both experimental [25, 26] and theoretical [18, 27, 28] studies have
shown that rolling of Cgy molecules on the Si(100)-2x1 reconstructed surface may be induced

using the attractive force between the molecule and the STM tip.
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More recently, the non-local manipulation of Cgo molecules has been observed by Nouchi
et al. [29]. In their work, the manipulation was stimulated by electron injection rather than direct
tip-molecule mechanical interaction. Non-local electron (or hole) injection of a Cg close-packed
layer on the Si(111)-7x7 surface at room temperature resulted in a ring-shaped structural
rearrangement of the Cgo molecule/s (polymerisation and depolymerisation). An example of local
manipulation is the rotation of the 5-6 bond of the Cso molecules on the Si(111)-7x7 surface via
bias voltage pulses at room temperature [15]. This rotation occurs possibly by first weakening
the Si-C bond with electron injection into the molecule, followed by rotation as a result of low
energy electron bombardment. Based on this mechanism, the manipulation of Cgy molecules is
possible at positions remote from the tip, without direct mechanical interaction with the
molecule.

The study of local and non-local manipulation is based on electronic excitation of the
bond between adsorbate and surface atoms remote from the tip [30]. The local manipulation
process is an electron injection (or holes) directly into the adsorbent. Similarly the adsorbate on a
surface can be manipulated far away from the STM tip by non-local electron (or hole) injection.
After manipulation, a desorption [31-35], diffusion [36-38], or transformation event [35] can be
observed due to electron injection into the adsorbent. The non-local desorption of chlorobenzene
molecules on the Si(111)-7x7 surface was investigated experimentally previously [39-41]. Local
manipulation of oxygen molecules on the Si(111)-7x7 surface was performed by Mayne et al.

[35].
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1.2 Structure of Thesis

In this thesis, the STM manipulation of molecules on surfaces at room and low
temperature will be discussed. Chapter 1 establishes the context for these experiments via a
literature review covering the principles of STM and details of its previous use in manipulation
experiments. Chapter 2 presents the experimental methods used, including a description of the
STM systems employed in these experiments. All experiments described in this work were
performed in ultra-high vacuum (UHV) using either a room-temperature (RT) or variable-
temperature (VT) STM. The VT-STM was used to produce hybrid magic number clusters at
liquid nitrogen (~77 K) temperatures, whilst the RT-STM was used for chlorobenzene (PhCI)
and oxygen studies of the Si(111)-7x7 surface. Chapter 3 is concerned with understanding the
hybrid magic number clusters (Cgo)m—(Au), on the Au(111) surface. The manipulation of these
clusters has been studied in terms of reproducibility, structure formation, and transformation in
terms of increasing Cgo coverage. To explore the effect of the initial Cgy deposition on the
surface, experiments have been performed where the amount of Au atoms is kept constant whilst
the amount of Cgy molecules on the surface is increased. The idea was to control the growth
process by controlling the amount of Cg molecules. Chapter 4 introduces the concept of
cascade manipulations of the hybrid magic number clusters at room temperature and 110 K.
Producing and manipulating nanostructures at room temperature offers a significant advantage
for realistic applications, e.g. bottom-up assembly of novel electronic structures. The
manipulation of a selected Cgo molecule from the top of a cluster and the rotation of a cluster,
taking into account the tip effect and temperature effect are also discussed. Chapter 5 describes

a comparative study of the non-local manipulation of chemisorbed chlorobenzene and oxygen
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molecules on the Si(111)-7x7 surface in order to explore a suppression region in the ~40 A
diameter range. It also covers the details of the local manipulation of chlorobenzene and oxygen
molecules on the Si(111)-7x7 surface at room temperature. In chapter 5, a detailed investigation
of the origins of the suppression region is described, including the effect of increasing tunnelling
current (thus decreasing tip-sample separation) and an electric field simulation (FEMM) on the
suppression region. Finally, an overall summary and consideration of the prospects for future

manipulation experiments will be presented in chapter 6.

1.3 The Principle of STM

One of the greatest recent advances in surface science has been the ability to directly
image single atoms and detailed surface structures. The Scanning Tunnelling Microscope (STM),
which was invented by Binnig and Rohrer in 1981 [3], has become an indispensable tool, not
only for atomic resolution imaging but also for three-dimensional imaging on surfaces [3]. Since
then, the STM has also been used to manipulate atoms and molecules for nanoengineering
applications. For example, mechanical (lateral, vertical), electric field-induced, and inelastic
tunnelling-induced manipulation are all major manipulation techniques applied in STM [5].
Before discussing STM-based manipulation experiments it is worthwhile to first briefly recap the
principles of operation behind the STM.

In classical mechanics, if an object does not have sufficient energy to pass over a
potential barrier, it will never pass through the potential barrier. On the contrary, in quantum
mechanics, when a particle with energy E meets a potential barrier, which has height Uy and

width L, there is a finite probability of the particle traversing the classically forbidden region and
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being found on the other side. This phenomenon is known as tunnelling and can be explained by
solving the one-dimensional Schroédinger equation.

In Figure 1, the one-dimensional rectangular potential barrier has a height of U = Up in
the region 0 < x < L [9]. The solution of the wave function for the three regions and the

transmission coefficient can be found via Schrodinger equation, as shown below

U(Z) N
Region 1 Region 2 Region 3

ot

Figure 1: Schematic diagram for a 1-dimensional potential barrier with U=Uj in the range 0<x<L shows quantum tunnelling. The

solution of the wave functions in the three regions and the transmission coefficient can be found via the Schrddinger equation.

h? d?

where 7 is Planck’s constant, m is the mass of the particle, E is the energy of the particle. We can
consider three regions in Figure 1 and the solution of the wave function will be different in each

region. In region 1, x <0 and U = 0, so the Schrddinger equation is

Py () = EW, (%)

2m dx?
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The solution of this equation is
Y, (x) = Aetik1* 4 Be~ikax

where kj is given by

For region 2, 0 < x <L and U = Uy, so the equation becomes

2y, (x) = (E—Up)¥, (x).

2m dx?
The solution of this equation is
Y, (x) = Cetka* 4 pe~keX,
where the second term becomes zero and the function exponentially decays in the region 2. Here
ks is given by,
k, = 2nGE)

h
The solution for region 3, L <x and U =0, is similar to region 1, so that,

W, (x) = Fetik1% + Ge~1k1% where k, = Y222,

The coefficients of these three equations (A, B, C, D, F, and G) can be found in terms of the
decay constants ki, ko and ks by inserting the boundary conditions into the wave functions, their
first derivatives have to be equal at x = 0 and x = L. The probability of a particle being
transmitted for G=0 is given by,

_ |¥3(transmitted)|> F *F
~ |¥,(incident)|2  Ax*A

After finding the coefficients and using the fact that koL > 1, the transmission probability

becomes
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_16E( E
=0

_) e—2ka2l =~ p=2k;L
Uo

Therefore, the transmission probability of particle decays exponentially across the barrier (region

2) [9]-

S — -
U, \
(D ..... -meme

sample N

EFsurfac \. \ J 9 \f
EFtip
\

Sample Tip
< >
X

Figure 2. A one-dimensional potential barrier diagram representative of tunnelling in the STM. L is the tip-sample separation
distance; the work function of the sample (tip) is ®qmpe (Prip). Here a positive voltage is applied to the tip which means the
electron tunnels from the sample surface to the tip through the vacuum.

When the STM tip is in the tunnelling regime, ~5-15 A, [42, 43], the number of electrons
which tunnel through the vacuum energy barrier depends on the bias voltage. The bias voltage,
(a result of tip or sample bias), causes a shift of the Fermi energy level away from equilibrium. A
one-dimensional potential barrier diagram representative of the tunnelling in the STM is given in
Figure 2: L is the tip-sample separation distance and the work function of the sample (tip) is

Psample (Prip)- The shaded areas show the occupied states for the surface, Ersurtace, and the tip,
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Erip-eV. As shown in Figure 2, the filled sample states are shifted by eV from the Fermi energy
level of the tip. Therefore, there is a probability that the electrons can tunnel from Efgsyrface tO
unoccupied tip states. The work function of Si and W is 4.60-4.85 eV and 4.32-5.22 eV,
respectively [44]. The average work function of the Si(111) surface and the W tip is
approximately 4.5 eV [43]. When a positive bias voltage is applied to the tip, the average work

function can be written as,
1
= 5 (q)samp - q)tip)-
And the decay constant becomes

k = J2m(®—-E)

- h
Applying a bias voltage increases the Fermi energy of the surface, thus, the electrons (0 < E <
eV) can tunnel through the tip to fill empty states in the tip. The transmission probability for a

small bias voltage, ® > eV, is:

V2m®
T(x=L)=e % n L

For a large bias voltage the energy, E, is included so the transmission probability is given by:

_Zw/zm(tb—E+eV/2)L
Tx=L)=e h .

There is a probability that electrons tunnel the barrier, thus, the tunnelling current can be written

as,

Ep

I Z | (x)|? e 2KE,

En=Ep—eV
The local density of state (LDOS) [9], which is related to the Fermi energy of the sample, is

given by
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Ep
o (xE) «% PRZOR

En=Ep—eV

Finally the tunnelling current can be expressed by

ev

Iocf p(0,E)T(x,E)dE

0
1 < Vp(0, Epgampre)e ~02V®.

The tunnelling current is proportional to the local density of surface states and the applied
bias voltage. The current shows an exponential dependence on the tip-sample separation, L e.g.
decreasing the tip-sample separation by 1 A causes the tunnel current to increasing by a factor of
ten [9]. Therefore, the tunnelling current can be extremely sensitive to atomic-scale corrugations
on a sample surface.

Finally, an important capability of the STM is Scanning Tunnelling Spectroscopy (STS)
by which the occupied and unoccupied local density of states of the surface can be probed. STS
can be performed to record an I-V curve by sweeping the voltage (typically from -2.0 V to +2.0

V) while recording the tunnelling current. The differentiation of the I-V curve gives the LDOS

[91,

dl
W x p(L' EFsample)-
1.4 STM Atomic Resolution

As mentioned above, the fundamental physics behind the STM is the quantum tunnelling
effect, which occurs when a bias voltage is applied between a sharp metallic probe (the STM tip)

and a surface that are less than 1.5 nm apart [42]. Once the tunnelling current is detected the

10
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surface topography can be measured by rastering the tip in the x and y directions. During a
surface scan, a small change in the distance between the tip and the surface can be determined by
observing the change of the tunnelling current. Thus, a surface image can be generated by
recording tip displacement due to the tunnelling current over the surface. An atomic resolution
image is strongly dependent on the tip apex and the local density of the state of the sample [11,
45]. Figure 3 shows a schematic diagram illustrating the essential components of an STM

system.

Feedback Tunneling Current Y
Locp Amplifiar X

X, Y, Z-piezo

Constant Current Mode

tip v A
trajectory . -~

odfifoe |,

Constant Height Mode

Data processing
and control

= Tunneling
Voltage

Figure 3. A schematic diagram showing the components of an STM system. Scanning the surface in the constant current mode or
constant height mode is possible, the former relies on using a z-piezo with a feedback loop for the control of the tip displacement

(The diagram is modified from ref. [46] and the 3-D image of the Si(111)-7x7 surface was produced in this study).

A constant tunnelling current, a feedback system is required for control of the z-height
displacement of the tip. The STM can work in different modes: a constant current mode and a

constant height mode (as shown in Figure 3). For the constant current mode, during scanning, the

11



Chapter 1 Introduction

tunnelling current and bias voltage are fixed, as the tip scans the surface and the z-height
constantly adjusted via a feedback loop in order to maintain a constant current. Therefore, the z
trajectory represents the surface topography via a constant charge density of surface. The
contrast on the image is due to variations in charge density [47]. On the other hand, in constant
height mode, the z-position of the tip is fixed and the tunnelling current change depending on
variations in the tip-sample separation due to the surface topography. In this thesis, for all

experiments, the constant current mode was used unless otherwise specified.

1.5  Atomic Manipulation

Since 1982, STM has not only been used for atomically-resolved individual atom
imaging but also for atomic manipulation, i.e. nanoengineering using the STM tip as a tool.
Atomic manipulation with the STM is possible by pulling, pushing, rearranging, and removing
atoms and/or molecules on a surface. This is achieved by utilising the tunnelling current, bias
voltage, electric field or via mechanical interaction with the STM tip. Lateral, vertical, electric-
field induced, and inelastic tunnelling induced manipulation are the major methods for STM

manipulation [3, 4, 30, 48].

1.5.1 Lateral Manipulation

The first manipulation technique, the famous “lateral manipulation” was performed in the
IBM Almaden Laboratory. As seen in Figure 4A, Eigler et al. [4] wrote the IBM initials with 35
Xe atoms on a Ni(110) surface at 4K. This technique relies on the tip-atom mechanical

interaction, and has been performed with many different atoms/molecules on various surfaces

12
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[30, 48-54]. Briefly, when the tip approaches the atom, a weak chemical interaction occurs
between them. As illustrated in Figure 4B, firstly the tip is lowered over a Xe atom until it
experiences an attractive force to the tip (a to b), it is then possible to slide the atoms (b to d) due
to the decreased tunnelling resistance, finally the tip is retracted to its initial position (d to e) and

leaves the atom on the surface [55].

A

400k

120k(

-~

CO

Pb Dim

a TIP \ TIP e
N > g
N/ \\T/" k
U B, &

LALAMMBPMIUIUILBSDS

MM Metal Subs
BN

Figure 4. Examples of atomic manipulation with the STM. A. IBM logo formed of Xe atoms on the Ni surface at 4 K [4],
generated by the lateral sliding manipulation process in B. C. Lateral manipulation of Cu, Pb, CO, and Pb dimers on the Cu(211)
surface with vertical and lateral tip movement profiles, left to right, and STM images [55]. Images are modified from given

references.
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When the tip approaches an atom, the tunnelling resistance (R) decreases and a strong
interaction (van der Waals) occurs between the tip and the atom [48]. For this manipulation,
minimum distances are required between the atom and the tip apex. The tip-atom distances (or
R) can be determined via the tunnelling current at a fixed bias voltage. At a certain tip height, the
tip/atom interaction is strong enough so that the tip is able to move the atom parallel to the
surface (preferably via a low-energy pathway e.g. a close-packed row [56]) without desorption.

In Figure 4C, another example is given for lateral manipulation. When the STM tip is
close enough to the atom/molecule (Cu, Pb, CO, and Pb dimers), an attractive force occurs
between the tip and the atom/molecule. Due to this force, the atom/molecule can actually hop
onto the tip and be transferred to elsewhere on the surface. This hopping is recorded as a tip
displacement, which is given in Figure 4C. Here, Cu, Pb, and Pb dimers are displaced by an
attractive force and the CO molecule is displaced by a repulsive force. Moreover, lateral
manipulation is not only used for single atom manipulation but also for the displacement of large

molecules [52, 57].

1.5.2 Vertical Manipulation

Once an interaction is established between the STM tip and the atoms/molecules, they
may hop between the tip and the surface. This movement between the tip and the sample is
called vertical manipulation [52, 58, 59]. Both electric field and inelastic tunnelling electrons can

be involved in this manipulation technique [55].
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Figure 5. A. Before and after images show CO manipulation performed by locating the tip over the molecule at +2.7 V for 3.2 s
and the molecule hops to the tip apex [5]. B. Assuming the tip binding energy is higher than the surface, with the desorption

probability of P = 5 x 10°®, the CO molecule desorbs from the surface and moves to the tip apex [5, 60].

Figure 5A shows before and after images of CO manipulation performed by positioning
stopping the tip over the molecule at +2.7 V for 3.2 s. Here, the molecule either hops to the tip
apex or moves on the surface. Consider the double well for the transfer of atoms/molecules, there
are two possible states: at the surface or at the tip apex as shown in Figure 5B. In the initial state
in Figure 5A, the tip has the lower energy and the atoms/molecules are adsorbed on the surface
state. When the tip has approached the surface and is directly over the atom/molecule and an
electric field is applied, the surface energy increases and the atoms/molecules prefer to move to
the lower energy state which is adsorbed onto the tip (as seen in Figure 5B). Thus, the
atoms/molecules are transferred from the surface to the tip. When a mechanical contact is
achieved between an adsorbate and the tip, the potential wells of the sample and tip are
overlapped. Applying the opposite bias voltage reverses the potential well between the tip and

the surface, and the atoms/molecules transfer back to the surface state. When the tip is close
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enough to the atoms/molecules so that the tip and the surface potentials overlap, the tip can hold
onto the atoms/molecules and transfer them across the surface.

STM provides a unique opportunity to image the bond structure of molecules due to the
fact that the tunnelling current is proportional to the LDOS close to the Fermi level. One of the
groundbreaking applications of vertical manipulation is the use of a metallic tip that is
terminated with an atom or molecule (H,, Xe, CO, CH,) to probe molecular bonds [6-8, 61, 62].
This was first demonstrated by Gross et al. [8] who observed the molecular bonds of the
pentacene molecule on the NaCl(2 ML)/Cu(111) surface by probing short-range forces with a

CO terminated tip.

1.5.3 Electric Field Induced Manipulation
The electric field in the tunnelling region is widely used for single atom/molecule

manipulation and is performed by changing the bias voltage between the tip and surface [63-66].

Increasing the bias voltage (>+3 V), which induces a stronger electrical field between the tip

and surface, is a method used for bond-breaking molecular manipulation and dissociation
experiments [64, 65]. Figure 6 illustrates one dissociation experiment in which a high field is
used to manipulate a B;oH14 molecule on the Si(111)-7x7 surface. Figure 6A shows the BioH14
molecule (bright spot) on the Si(111)-7x7 surface, while Figure 6B shows the dissociated
molecule after applying a voltage pulse of +8.0 V. Moreover, desorption and readsorption can be
observed between the tip and the surface by changing the bias voltage polarity between negative
and positive, in other words producing a repulsive or attractive electric field, respectively [67].

Alternatively, the electric field can result in the diffusion of atoms and molecules beneath the tip
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(for both positive and negative voltages) rather than dissociation [68]. This is because the electric
field bends the surface potential well; therefore, molecules/atoms migrate to the lower surface

energy site under the tip (see Figure 6C). The electrical field between the tip and the surface is

inversely proportional to the radial distance from the injection site (1/r) [69, 70].

Figure 6. STM images of the B;gH14 molecule. A. The BygHy4 (bright spot) molecule on Si(111)-7x7 surface. B. After electron
injection which leads to molecular dissociation at +8.0 V bias voltage [64]. C. The electric field effect on atoms/molecule leads to

migration under the STM tip for both positive and negative bias voltages [68].

1.5.4 Inelastic Tunnelling

One of the most widely used manipulation techniques is inelastic electron tunnelling
(IET) manipulation where energy is transferred from the tunnelling electron to an atom/molecule
to cause a transition of the vibration excitation of the atom/molecule [31]. This excitation may be
caused by single or multiple electron excitation processes. One electron may lead to the vibration

excitation of the atom/molecule [71]. Moreover, multiple electronic excitations with sufficient
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Time (ms) 300

Figure 7. The STM images for the p-diiodobenzene (CsHyl,) molecule on the Cu(111) surface. A, before and B, after the inelastic
tunnelling process, which breaks the C-I bonds of the molecule. C. Current-time graph indicates bond-breaking events with two
arrows during the manipulation. The first corresponds to the breaking of the C-1 bonds, while the second corresponds to the
diffusion of benzene away from the tip on the surface. The inset shows a plot of the dissociation probability over 70 events (This
figure is taken from ref. [48]).

lifetime may contribute to desorption of the atom/molecule [72, 73]. This process can be
controlled by applying a bias voltage and varying the tunnelling current to change the number of
electrons that interact with the atom/molecule. Moreover, IET manipulation may induce
molecular rotation [15], bond breaking [48] or dissociation and diffusion (see Figure 6A and B)
[64, 74] of the atom/molecule on the surface. Figure 7 represents a bond breaking process with
p-diiodobenzene on the Cu(111) surface due to inelastic tunnelling manipulation. Figure 7A and

B present the STM images for the p-diiodobenzene (CgHyl2) molecule on the Cu(111) surface:

before varying the current (electron injection), and after varying the current, which stimulates the
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bond-breaking process. The C-I bond is broken by electrons originating from the STM tip. The
current-time graph in Figure 7C shows two steps: first, the bond breaking and second, the C¢H,4
diffusion away from the tip on the surface. Furthermore, inelastic electron tunneling can
manipulate atoms or molecules on surfaces either locally or non-locally. These techniques will

be discussed in section 1.8 in detail.

1.5.5 Other Manipulation Techniques

There are some other special techniques that can be performed using a combination of
lateral, vertical, IET, and the electric field manipulations. The first of these is atomic/molecular
switching [53, 75] which can be applied the electronic properties of atoms/molecules or for
moving from one state to another via a voltage pulse (on and off mode). This switching
technique is useful in electronic devices applications. The second is chiral molecule (molecular
motor) manipulation via a voltage pulse that is applied to the legs of the molecule using the STM
tip. The molecule may rotate (90, 180 etc.) or move on the surface [76-78]. The next is the
break-junction technique [79], which is used to fabricate nanowires and is applicable at low or
room temperature [80]. Briefly, the STM tip makes contact with a metallic surface, and is
subsequently withdrawn slowly to produce an atomic scale nanowire. Applying a bias voltage or
tunnelling current breaks the junction. The electronic properties of the metal can be determined
with this technique. Finally, there is tunnelling current induced tautomerisation which is
interconversion of the positions of the constituent atoms of molecules. This process has been

performed both locally [81] and non-locally [82]. The idea is to vibrationally excite a single
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porphycene molecule by injecting electrons via IET, allowing H atoms to switch positions
internally.

In this thesis, mechanical manipulation will be introduced for the manipulation of hybrid
(Ceo)m-(Au), on the Au(111) surface at RT and 110 K. Also, IET manipulation via electron
injection will be performed for the local and non-local manipulation of chlorobenzene and

oxygen molecules on the Si(111)-7x7 surface at RT.

1.6 Si(111)-7x7 Surface

Silicon surfaces are widely used in the semiconductor technology due to their excellent
electronic properties, the ability to obtain extremely high purity Si, the abundance of the raw
material and the maturity of Si wafer processing technology. The complex Si(111)-7x7 surface
was first studied with Low Energy Electron Diffraction (LEED) [83, 84], was later directly
imaged by [85, 86] and was also comprehensively investigated by other combined studies [87,
88].

Takayanagi et al. [89] proposed the dimer-adatom-stacking-fault (DAS) model to
describe the bulk structure of the Si(111)-7x7 surface. This stacking fault consists of a unit cell
with unfaulted and a faulted halves. The faulted half arises from misalignment with the surface
bilayer and can be seen at negative bias voltage (i.e. occupied rest-atom states).

Figure 8 illustrates the Si(111)-7x7 surface which has 4 covalently bonded layers of
surface atoms: adatoms, rest-atoms, dimer, and corner hole, which occupy the uppermost, second
layer, third layer, and fourth layer, respectively, as shown in Figure 8A and B. The images in

Figure 8C and D show the reconstructed clean surface image of Si(111)-7x7 at +1.0 V and -1.5
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V allowing the unfaulted and faulted halves to be distinguished. The unit cell is indicated with a

white parallelogram.

Figure 8. Schematic diagram of the Si(111)-7x7 surface, A and B: top and side view showing the unfaulted and faulted half and
the surface atoms: adatom, rest-atom, dimer, and corner hole atom (ball model modified from ref. [89]). C and D: Reconstructed
clean surface images of the Si(111)-7x7 surface at +1.0 V and -1.5 V (images produced in this study). The unit cell is indicated
by a white parallelogram which outlines the unfaulted and faulted half.

Adatoms form the topmost layer of the surface and there are 12 Si adatoms in a unit cell
These adatoms together with the rest-atoms and corner holes contribute 19 dangling bonds (12
adatom, 6 rest-atom, and 4 corner holes shared between four unit cells) [90]. The STM can only
image the adatoms because they are in the uppermost layer, have states that are close to the

Fermi level and behave like a metallic surface. The experimental preparation method used to

obtain the Si(111)-7x7 reconstructed structure will be detailed in section 2.6.1.
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1.7 Chlorobenzene and Oxygen Molecules on the Si(111)-7x7 Surface
1.7.1 Chlorobenzene Molecules on the Si(111)-7x7 Surface

Chlorobenzene (CgHsCI) is mostly used as a solvent, a degreasing agent and in the
production of other chemicals. Therefore, understanding the adsorption mechanism of
chlorobenzene molecules on surfaces provides a useful insight into its properties. The first
systematic study of the adsorption of chlorobenzene molecules on the clean Si(111)-7x7 surface
was reported by Cao et al. using high-resolution electron energy loss spectroscopy (HREELS)
and thermal desorption spectroscopy (TDS) [91]. Further experimental studies [66, 91] and
density functional theory (DFT) calculations [92] indicated that the di-c binding geometry is the
most stable form for PhCI adsorption. The Si-C interaction for the chemisorbed and physisorbed
PhCI molecule is caused by a covalent bond and a weak attractive force, respectively. A recent
theoretical study [93] (in terms) of experimental results [37] of activation energies of the
chemisorbed and physisorbed PhCl molecule on the Si(111)-7x7 surface yielded values of 1.6
eV and 0.6 eV for the chemisorbed and physisorbed states, respectively. These energies are
presented in Figure 9 with a simplified potential energy diagram as a function of the reaction

coordinate.
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Figure 9: Simplified potential energy diagram as a function of reaction coordinate for chlorobenzene on the Si(111)-7x7 surface

showing the chemisorbed and physisorbed states with binding of 1.6 eV and 0.6 eV [93], respectively.

Figure 10 shows schematic diagrams and an STM image of the PhCI adsorption on the
Si(111)-7x7 surface. The clean surface schematic, with dangling bonds on adatoms and rest-
atoms, is presented in Figure 10A. Once PhCIl molecules are exposed to the surface, the carbon
atoms of the PhCI molecule are saturated by the dangling bonds of an adatom and a neighboring
rest-atom (see Figure 10B). The adsorption of the PhCl molecule by an adatom (yellow) and
rest-atom (blue) site is illustrated in Figure 10C with a ball model within one half of the
Si(111)7x7 unit cell and indicated in the STM with a white arrow in Figure 10D. The STM
image was obtained with a bias voltage of +1.0 V and tunnelling current of 100 pA using a dose

of 0.4 L of PhCI.
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Figure 10. Schematic diagrams of PhCI adsorption on the Si(111)-7x7 surface which is also highlighted with a white arrow in the
STM image. A. Clean surface diagram with dangling bonds on adatoms and rest-atoms. B. PhCl molecular bonding on the
surface to an adatom and a neighbouring rest-atom [89]. C. Ball model for adsorption states of a chlorobenzene molecule within
one half of the Si(111)-7x7 unit cell. D. STM image of PhCI adsorption (indicated with the white arrow) by an adatom (yellow)
and rest-atom (blue). The image was taken at +1.0 V, 100 pA with a dose of 0.4 L PhCI on the surface (image produced in this

work).

1.7.2 Oxygen Molecules on the Si(111)-7x7 Surface

Ultrathin silicon oxide films are very important in the semiconductor device technology.
Due to device miniaturisation requirements there is an impetus to reduce the thickness of gate
oxides in transistors. The oxidation process of silicon surfaces (Si(001), Si(100), Si(111)) has
therefore been extensively studied [94-96]. It is important to understand and be able to produce a
high-quality oxide layer on the Si(111)-7x7 surface, which depends greatly on the initial
oxidation process [97-99].

The initial oxidation process has been studied with the high-resolution electron energy
loss spectroscopy (HREELS) [100, 101], near edge x-ray absorption fine structure (NEXAFS)
[98] and ultraviolet photoelectron spectroscopy (UPS) [99] amongst others. The O-O bond
length (1.24 A) changes when introduced onto the Si surface and the bond length become 1.31

A, while O atoms establish a bond with silicon adatoms and rest-atoms [97]. The activation
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energy of 0.8 eV, requires the generation of molecular precursors and the stabilization energy of
the Si-O-0-Si is 4.2 eV [97]. The Si-O-O-Si type configuration appears as bright spots (higher
electron density), while the Si-O-Si-O appears as dark spots (lower electron density) under STM
[97]. The structure has a different nature at different substrate temperatures. Therefore, the

appearance under STM can vary with the substrate temperature.
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Figure 11: A. Ball model for the initial configurations of atomic and molecular oxygen adsorption on a Si(111)-7x7 surface at
300 K from ref. [99] (ins-oxygen inserted into the back bond of a Si adatom, ad-oxygen adsorbed on top of a Si adatom). B.
Primary and secondary oxidation processes of the Si(111)-7x7 surface at 30 K give rise to dark and bright sites in the STM from

ref. [35].

Ball models for the oxidation configuration of the Si(111)-7x7 surface at 300 K and 30 K
are presented in Figure 11A and B, respectively. The initial atomic and molecular oxygen
bonding configurations are indicated in Figure 11A for 300 K [99]. Here “ins” means oxygen is
inserted into the back bond of a Si adatom and “ad” means oxygen is adsorbed on the top of a Si
adatom. These configurations give rise to metastable oxygen via back bonding of silicon
adatoms at low coverages such as 0.05 and 0.1 Langmuir. The oxidation process at 30 K [35] is
shown in Figure 11B. When the oxygen molecule is introduced onto the surface, one oxygen

atom bonds with an adatom and rest-atom, while the other oxygen stays on top of the adatom.
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This configuration can appear as a dark spot under STM. Further oxidation causes two more
bonds between adatoms and rest-atoms which can appear as bright spots in the STM.

The numbers of bright and dark sites on faulted and unfaulted site of the Si(111)-7x7
surface have been studied at an oxygen exposure of 0.05 and 0.1 L at 300 K and 30 K by Mayne
et al. [35]. It was found that the number of bright sites was greater than the number of dark sites
and that the faulted half of the surface unit cell is more reactive than the unfaulted half. In

addition, the sticking coefficient varies with temperature from 0.1 at 30 K to 0.08 at 300 K.

1.8  Electron (or Hole) Induced Manipulation: Local and Non-local
1.8.1 Local Manipulation

The local desorption experiment is a bond breaking or weakening for an atom/molecule
located directly beneath the STM tip by electron (or hole) injection. It is induced by vibrational
excitation of molecules via inelastic electron tunnelling in the STM at varied temperatures.
Basically, there are two mechanisms involved in local desorption: multiple vibrational excitation
and electronic excitation [10, 102, 103]. In most cases, the dissociation, diffusion or desorption
rate increases with increasing current and increasing bias voltage but becomes constant at a high
voltages [65, 102-104]. Positive or negative bias voltages lead to different molecular dynamics.
When applying a positive sample bias, electron injection creates negatively charged molecules,
while a negative bias voltage causes the opposite effect. In the following dissociation, diffusion

and desorption will all be mentioned as examples of local manipulation.

26



Chapter 1 Introduction

C

Dissociation Rate (s™!)

10 100

0.1 1
Current (nA)

Figure 12: Consecutively acquired STM images, from ref. [104], before and after an electron pulse for 30 sec. at +0.3 V over
oxygen molecules adsorbed on the Pt(111) surface. A. Two O, molecules on the FCC (F) site before injection. B. After electron
injection, the image shows oxygen dissociation on the HCP (h) site via electron injection. C. The dissociation rate, Ry ~ IV,
determined as a function of bias voltage. N = 0.8 £ 0.2, 1.8 + 0.2 and 2.9 + 0.3 are found for +0.4, +0.3 and +0.2 V, respectively.

D. Thus one, two, or three electrons were involved in the bond breaking process at +0.4, +0.3 and +0.2 V sample bias,

respectively.

The bond breaking of oxygen molecules on the Pt(111) surface via resonant inelastic
electron tunnelling is presented in Figure 12. Electron pulses lasting for 30 s at +0.3 V break O-O
bonds by vibrational excitations and cause dissociation on the HCP surface site (see Figure 12B
and C). Further pulses cause additional bond breaking and then desorption from the surface (see

Figure 12D). The dissociation rate, Rq ~ I™, was determined as a function of bias voltage, where
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N=08=%0.2 18+0.2and 2.9 + 0.3 was found for bias voltages of +0.4, +0.3 and +0.2 V,
respectively. It was found that one, two, or three electrons were involved in the bond breaking
process with respect to a +0.4, +0.3 and +0.2 V sample bias, respectively.

The manipulation of dark (D) and bright (B) sites of oxygen atoms on the Si(111)-7x7
surface at 300 K were investigated by Mayne et al. (2003) [35]. The manipulation was performed
at different bias voltages between +4 V to +10 V using a fixed tunnelling current of 6 nA for 50
ms. The manipulation of dark and bright sites are summarised in Table 1. Different types of
transformations were observed during manipulation for both sites. The manipulation results for
the dark site are: 1) D removed, 2) D transforming into B, and 3) D displacing to a neighbouring
adatom. The bright site manipulations are: 1) B transforming into D, 2) B disappearing and a new

D appearing next to an adatom and 3) B remaining and a new D appearing next to an adatom.

Table 1: Possible manipulation outcomes for bright and dark sites with the number of events and percentages at room

temperature [35].

Transformation on Dark (D) Site Event Percentage Transformation on Bright (B) Site Event Percentage

D removed 9 56.2% B transformed into D 10 43.5%
D transformed into B 5 31.3% B disapp+new D next adatom 7 30.4%
D moved to next adatom 2 12.5% B remains+new D next adatom 6 26.1%

28



Chapter 1 Introduction

B | | — .
= Lt |
a B ]
T 0} ]
2 -2.0 ‘ I q
> 30b !
texc 2 3
— 10‘0 r \Jl__ I ]
< | | [
101 B ! ' ! | |
10-12 L4 ! ) | ! | 1

Figure 13. A and B. STM images before and after electron-induced diffusion of a biphenyl molecules on the Si(100) surface. The
red circles indicate the initial position of the molecule and the blue arrow shows the diffusive event hopping to the next atomic
site, without affecting the neighbour molecules. C. The record of the tip displacement (d), the bias voltage (V) and the tunnelling

current (1) as a function of electron-injection time (figures modified from ref. [105]).

To determine the properties of PhCl and polychlorinated biphenyl molecules on the
Si(111)-7x7 surface, our group performed many experiments at low and room temperature [65,
66, 106, 107]. Riedel et al. [105] studied the time-dependent diffusion of the biphenyl molecules
on the Si(100) surface at different bias voltages at low temperature (5 K). As shown in Figure
13A, before and B, after STM manipulation, the molecule diffused on the surface. During
manipulation, the tip displacement, bias voltage, and tunnelling current recorded as a function of
injection time (see Figure 13C). The tunnelling current were changes indicate the excitation time
of the molecule and the excitation time decays exponentially. In this experiment, the diffusion

threshold is observed at a bias voltage of about -2.7 V.
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Figure 14: Before and after manipulation STM images for chlorobenzene molecules on Si(111)-7x7 surface and desorption yield
over a wide range of bias voltage, with the partial density of p states (PDOS) calculation; from ref. [66]. A. PhCIl molecules on
the Si(111)-7x7 surface at room temperature show up as dark features at +1.0 V, which are marked with white circles. B. After
the scanning surface at +2.2 V and 50 pA. C and D. Desorption yield per electron, and PDOS for carbon and chlorine, plotted as
a function of sample bias from +4.0 V to -3.0 V.

Desorption of PhCl molecules from the Si(111)-7x7 surface was performed at room
temperature as a function of bias voltage (from +4.0 V to -3.0 V) and tunnelling current by Sloan
et al. [66]. Figure 14 shows the STM images, before and after manipulation, which are taken at
+1.0 V and 50 pA, along with the partial density of p states (PDOS) calculation for carbon and

chlorine. Chemisorbed PhCI molecules on the Si(111)-7x7 surface appear on the surface as dark

features at +1.0 V which are marked with white circles in Figure 14A. After the scanning the
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surface at +2.2 V and 50 pA, the molecules are desorbed (see Figure 14B). This desorption is
induced by single electron injection (N= 0.88 £ 0.09) with threshold voltages at +2.0 V for
electrons and -1.1 V for holes as seen in Figure 14C and D. The desorption yield per electron,
and PDOS for carbon and chlorine, increased with increasing sample bias voltage in the range of
+4.0 V to -3.0 V. This desorption mechanism is independent of field desorption, thermally

induced desorption, and mechanical tip-surface effects.

1.8.2 Non-local Manipulation

Polymerisation and depolymerisation, diffusion, dissociation and desorption events can
be performed non-locally. For these events, one or more electrons (or holes) may be involved in
manipulating numerous adsorbates on the surfaces which can be located far away from the
injection site. The first non-local reaction was observed by Nouchi et al.[29], where non-local
electron injection caused a ring-shaped surface modification (via polymerisation and
depolymerisation) of a Cgo close-packed layer on Si(111)-7x7 surface at room temperature.
Figure 15A and B show STM images after electrons were injected into the close-packed Cgo
layer at +3.3 V. Injected electrons propagated in 3D and dissipated their energy through
interacting with phonons along the close-packed layer which caused polymerisation and
depolymerisation as seen in Figure 15C. The radius of the ring-shaped formation increased with
increasing bias voltage. The author also performed the experiments at grain boundaries of the
Si(111)-7x7 surface for both positive and negative bias voltage. Asymmetric rings observed due

to the grain boundaries arise from back scattering of injected electrons (or holes).
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Distance

Figure 15: Ring formation in a Cgg close-packed multilayer on the Si(111)-7x7 surface, modified from ref. [29]. A. STM image
taken after electron injection into the marked point at +3.3 V leading to ring formation. B. Selected area from image A on the
ring shows six monomers (individual C¢y molecule) and six dimers (intermolecular bonded two Cg, molecules) with separations
of 6.6 nm (from A to B) and 6.0 nm (from C to D), respectively. C. A schematic energy plot with the STM image showing a
energy decrease from depolymerisation, Eq to energy polymerization, E, for the monomer and dimer molecules after electron

injection. D. Potential curve of ionic polymerization and depolymerisation.

A non-local CH3SSCH3 dissociation experiment was reported by Maksymovich et al.
[108] on the Au(111) surface at 5 K with increasing sample bias voltage from +1.2 V to +2.2 V.

In Figure 16A, an STM image is shown after electron injection for 200 ms at +2.5 V, 1.0 nA at
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the position of the blue dot and the dissociation range can be observed. In Figure 16B and C
STM images and ball models of the molecule before and after electron injection are presented.
Dissociation occurs through breaking the S-S bond when electrons collide with a molecule on
the surface (Figure 16C). The experiment was repeated at +1.8 V, 350 nA for 150 ms and
remained constant for 18 frames. The threshold was found to be > +1.4 V for the diffusion
events, which increase with increasing bias voltage (1.0 nA, 200 ms). The authors proposed two
possible mechanisms to explain the non-local effect for dissociation; first, the electric field due
to the high bias voltage and second, through localized injections from microtips. The group

found that dissociation was induced via a one-electron process.
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Figure 16:Non-local CH3SSCHj5 dissociation on the Au(111) surface at 5 K with increasing sample bias voltage (figures are taken
from ref. [108]). A. STM image after electron injection for 200 ms at +2.5 V, 1.0 nA at the position marked by the blue dot. The
dissociation range can be clearly discerned in the image. Inset: Zooming area in A showing u marks unreacted and r marks
reacted CH3SSCH3 molecules. B and C. STM images and ball model of the molecule before and after electron-induced S-S bond
breaking or dissociation occur. D. The number of dissociation event for electron injection at +1.8 V, 350 nA for 150 ms

remaining unchanged over 18 events. E. Dissociation events increase with increasing bias voltages (1.0 nA, 200 ms).
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A combined study of dissociation and desorption events of chlorobenzene molecules on
the Si(111)-7x7 surface was performed by Sakulsermsuk et al. [106]. Figure 17A and B present
STM images at +2.0 V and +1.0 V with the green circles indicating a chlorobenzene molecule
and the blue circles an empty adatom site. After scanning the surface at +3.5 V and 100 pA, the
molecule dissociated and desorbs from the surface (the green circle) and a new feature is imaged
due to chlorine atom adsorption on an adatom site, which is indicated by the blue circle in Figure
17C and D. All images were taken at +1.0 V and +2.0 V, 100 pA. Arrhenius plots for desorption
(Eges= 0.98 + 0.08 eV, A= 102" * 4 5.1), diffusion (Egif= 0.84 + 0.08 eV, A= 10**8*135.1) and

one-electron C-ClI dissociation (Eac= 0.8 £ 0.2 eV) events are presented in Figure 17E.
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Figure 17: Consecutive STM images for dissociation and desorption events of chlorobenzene molecules on the Si(111)-7x7
surface at room temperature, from ref. [106]. A and B. STM images taken before dissociation and desorption, at +2.0 VV and +1.0
V, respectively. Green circles indicating the chlorobenzene molecule which is imaged as semi-bright at +2.0 V and dark at +1.0
V. C and D. After the surface scanned at +3.5 V, 100 pA (not shown), the surface was again scanned at +1.0 V and +2.0 V. The
molecule indicated with green circles is desorbed and the blue circle indicates the new absorption site for a chlorine atom. E.
Arrhenius plots for desorption (Eges= 0.98 + 0.08 eV), diffusion (Eg= 0.84 + 0.08 eV), and C-ClI dissociation (Eaq= 0.8 + 0.2

eV) events with activation energies.
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Non-local STM manipulation was performed by Sloan et al. [39] to desorb chemisorbed
chlorobenzene molecules on the Si(111)-7x7 surface by electron injection. The idea was to break
the C-Si bonds of chemisorbed PhCI via electron injection by applying a voltage pulse (+2.7 V
[106]). The probability of PhCI desorption per electron was calculated as a function of radial
distances from the injection site by comparing the number of the molecules on the surface in
images taken before and after injection (see Figure 18A and B). The cleaned area is clearly
visible in Figure 18B. Non-local desorption was performed by increasing the tunnelling current
(while keeping the number of electrons constant) at +2.7 V and is plotted as a function of radial
distance from the injection site (Figure 18C). Electrons propagate across the surface and interact
with the molecules so that desorption occurs. Non-local desorption was found to be independent
of coverage (2-4 molecule per unit cell) and a single electron caused non-local desorption of the
chlorobenzene molecule (0.90 £ 0.03 eV). The injected electrons induced desorption over a
range of 25 nm. Therefore, the effect of electric field and mechanical interaction between the tip
and sample were ruled out. Here, 2D diffusive electron transport is attributed to the desorption
event. Electrons decay across the surface and therefore, less desorption occurs further away from

the location of the tip.
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Figure 18: Before and after STM images for non-local desorption of chlorobenzene molecules on the Si(111)-7x7 surface at room
temperature, yielding the desorption probability as a function of radial distance from the injection site (figures are taken from
ref. [39]). A and B. STM images before and after electron injection at +2.7 V, 250 pA for 7.5 s. C. The desorption probability as
a function of radial distances from the injection site for 50 pA/37.8s, 100 pA/18.9s, 150 pA/12.8s, 200 pA/10 s, 250 pA/7.5s, 300
pA/6.3s (i.e. same total electron dose).

As seen in Figure 18C, the probability of non-local desorption as a function of radial
distance from the injection site has been reported at different tunnelling currents (50 pA/37.8s,
100 pA/18.9s, 150 pA/12.8s, 200 pA/10 s, 250 pA/7.5s, 300 pA/6.3s, same total electron dose)
with an exponentially fitted decay length. However, there is a suppression region observed at
about 40 A. This region between 0-40 A is omitted in this exponential fitting. This suppression
region was not explained in this work. However, in Chapter 5, the region will be explored with
chlorobenzene and oxygen molecules on the Si(111)-7x7 surface at RT.

Figure 19A and B present an STS map of the clean Si(111)-7x7 surface and STS spectra
and the desorption probability per injected electron at different sites as a function of distance
along the unit cell axis (CH: corner hole, FC: faulted corner adatom, FR: faulted rest-atom, FM:

faulted middle adatom, DR: dimer row, UM: unfaulted middle adatom, UR: unfaulted rest-atom,

UC: unfaulted corner adatom, here, the figures have been modified from ref. [39]).
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Figure 19. A. STS map of the clean Si(111)-7x7 surface, corresponding to di/dV spectra taken at different sites (CH: corner hole,
FC: faulted corner adatom, FR: faulted rest-atom, FM: faulted middle adatom, DR: dimer row, UM: unfaulted middle adatom,
UR: unfaulted rest-atom, UC: unfaulted corner adatom). B. The probability of desorption of chlorobenzene molecule per injected
electron compared with STS were taken from 0 V to +3.5 V on the clean Si(111)-7x7 surface plotted as a function of distance
along the unit cell axis refer to Figure 19A (figures modified from ref. [39]).

The maximum probability was found at the corner hole site and the probabilities for the
faulted side were found to be higher than for the unfaulted side. These results demonstrate that,
not only the bias voltage, but also the injection site plays an important role for non-local
desorption experiments.

STM is a powerful tool for studying surface transport. Depending on the energy of the
electron and the properties of the surface or bulk, the electron can be transported in a certain
radius in the specimen via 2D-3D, ballistic or diffusive mechanisms. The electron transport
model for aromatic molecules on the Si(111)-7x7 surface at RT has been proposed as 2D
diffusive transport by Lock et al. [109] for the non-local desorption mechanism. This model
proposes more desorption in the suppression region, where we experimentally observe less

desorption of the molecules. The non-local desorption decay length decreases with decreasing
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temperature [110]. As we mentioned earlier in section 5.2.3 the 2D diffusion mechanism

suggests that the decay length is 2 = /Dt [109]. The diffusion coefficient, D, is temperature
dependent [111, 112], so the diffusion of the hot electrons, which are injected via the STM tip

into the surface, decreases with decreasing temperature.

1.9 Magic Number Cgo-Au Complexes on the Au(111) Surface
1.9.1 Au(111) Surface Properties

The crystallographic orientations of Au (111), (110) and (100) surface are widely used as
a template to explore atoms, molecules, and self-assembly properties in surface science and
nanoscience. The Au substrates offer the possibility to determine adsorbate properties due to its
inert metallic nature. The Au (111) template is preferred surface to the Cu and Ni surfaces
because of two-dimensional atomic [113-115] and molecular [116-118] growth on its unique
surface herringbone reconstruction. This reconstruction is formed of face-centered cubic (FCC)
and hexagonal close packed (HCP) stacking regions [119, 120].

Two STM images from a clean Au(111) surface [13] and the corresponding structural
model of the surface [121] are presented in Figure 20. The image in Figure 20A shows pinched
and bulged elbow sites. In Figure 20B presented a zoomed area from Figure 20A is presented
with atomic resolution that clearly shows the FCC and HCP regions and the nucleation site. The

4.55 % uniaxial compression along the [110] direction of the first layer of the Au(111) surface

results in a (22 x v/3) super-cell with three-fold symmetry. This cell consists of 23 Au atoms in
the topmost layer and 22 atoms in the second layer, giving rise to alternating the FCC and HCP

stacking regions with a 63 A periodicity [119, 122-125]. A single-atom vacancy on the elbow
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site occurs due to atomic distortion plays important role for the molecular adsorption. The bulk
lattice constant is found to be 4.078 A with an atomic diameter of 2.88 A by using the [112]
surface direction [124]. The FCC region is ~3.5 nm wide and the HCP region is ~2.4 nm which
are confirmed with by STM [122]. The surface potential well of the FCC region was found to be
25 £ 5 meV deeper than the HCP region [125]. Therefore, when atoms and molecules are

deposited onto the surface, there is a tendency for them to accumulate in the FCC region.

Figure 20: STM images of clean Au(111) surface and atomic model. A. The clean surface showing the FCC and HCP regions
with pinched and bulged elbow sites shown plus the surface directions, [112] and [110]. B. Atomic resolution image of Au
surface showing the nucleation site of FCC bulged and the atomic alignments through the FCC and HCP stacking regions
(images A and B are taken from ref. [13]). C. Atomic structural model for the reconstructed Au(111) surface showing

herringbone ridges, from ref. [121].

1.9.2 Au Atoms and Islands on the Au(111) Surface

Although at the macro scale most of the noble metallic surfaces are not reactive with
environment, at the nanoscale the two and three dimensional atomic metal clusters (Au, [126],
Ni, [127], Pt, [128], Agn [129], Cu, [130], Pd, [131], O < n < 100) are highly reactive. The

productions of metallic clusters have been of great interest as electrocatalysts for fuel cell
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applications in nanotechnology. The clusters offer the possibility of reduction of NO or oxidation
of CO molecules for fuel cell, catalytic, biological, and microelectronic applications [132].

Specifically, nanoscale Au clusters are of major interest due to their chemical, catalytic,
and electronic properties [126]. The Au(111) surface is widely used as a template for the
production of islands. Most of atomic clusters grow on the pinched and bulged elbow sites of the
herringbone surface due to the deeper surface potential energy and atomic defects on the elbow
sites. It is observed that two-dimensional Au islands grow on the elbow sites and are influenced
by the surface directions of the uppermost layer of the Au(111) surface. The growth of the planar
island on the elbow site is possible when the substrate temperature is less than 160 K. At high
temperatures, individual Au atoms diffuse to the surface step edges. The step edges of the planar
Au islands, as well as Ag and Cu island, are found parallel to the [110] direction of the surface
[133].

The charge state of the Au clusters is a key factor for the growth of atom/molecule
complexes due to electron donating/accepting relations. The 2D Au cluster has a different charge
state at its edges (negatively charged) and it’s middle (positively charged) [134]. A strong (or
weak) chemical bonding may occur due to the charge state relations between cluster atoms and
adsorbates at the cluster edges or on top of the cluster. Thus, the adsorbate electronic and
chemical properties can be altered.

Other metals, such as Ni, Pt, Pd [127, 135] grow on the elbow sites of the Au(111)
surface. However, during the annealing process of the surface, these metals submerge and mix

with Au surface atoms to create Ni/Au (570 K [127]), Pt/Au [136], or Pd/Au [137] bimetalic
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surfaces. Therefore, for the magic number cluster production study, Au clusters were used rather

than other metals to avoid changing the electronic structure of the surface.

1.9.3 Cgo Molecule Properties on Surfaces

Fullerenes are made of carbon atoms (60, 70, 76, 84, etc.) with a shape like a sphere,
ellipsoid, etc. A unique spherical molecule containing 60 carbon atoms (Cg), Which is called
buckminsterfullerene (or bucky-ball), was discovered in 1985 [138]. This unique symmetry has
drawn widespread attention for applications in optoelectronic, superconductor and
semiconductor technologies. Cgo Is made of 12 pentagonal and 20 hexagonal rings [138, 139].
This geometry is formed of localized single and double bonds that lead to pentagon-hexagon
rings (5:6) and hexagon-hexagon rings (6:6). The length of the C-C bonds of the Cgo molecule
for the two type of rings are found to be 1.45 + 0.015 A, and 1.40 + 0.015 A for (6:6) and (5:6)
rings, respectively [140]. A schematic diagram of a Cgo molecule is presented in Figure 21A in
which the hexagonal and pentagonal rings of the Cgo molecule are highlighted in red and green,
respectively. The diameter of Ce is 7.1 A [141] as determined by electron diffraction. The
electronic diameter was found to be 10.34 A [142].

STS spectra obtained with two different parameters over Cgo molecules on the Au(111)
surface are shown in Figure 21B. The spectra were obtained on a Cgy molecule site which is
indicated with a red cross in the inset STM image: the red spectrum was obtained at +0.45 V bias
and 0.16 nA while the blue was obtained at +0.46 V bias, 0.20 nA. Two peaks for filled states
and a peak for an empty state are observed for both spectra, which are located at -2.06 eV, 0.60

eV, 1.80 eV for the red curve and -1.83 eV, 0.84 eV, 2.08 eV for the blue curve.
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Figure 21: A. Schematic diagram of a Cg, molecule. Hexagonal and pentagonal rings highlighted in red and green. B. Two
different STS spectra performed over Cqy, molecules on the Au(111) surface, the site of the spectra is indicated with a red cross on
the STM image: the red is at +0.45 V bias, 0.16 nA tunnelling current and the blue is at +0.46 V bias, 0.20 nA tunnelling current.
Two peaks for filled states and a peak for an empty state is observed for both the red and blue parameters. The figure in B is

modified from ref. [143].

The adsorption and growth of Cg molecules has been widely studied on a variety of
surfaces such as Au(111), Ag(100) and Cu(111). A charge transfer of 0.8, 1.7 and 1.6 electrons
per Cgo molecule were found for the Au(111l), Ag(100) and Cu(111), respectively [144].
Therefore, the adsorption, diffusion and desorption energies slightly differ from one surface to
the next [143]. The substrate temperature has an effect on the growth of Cgo layers supported on
metal substrates. At room temperature, the molecule can diffuse through long distances and will
eventually become bound at step edges where two-dimensional island growth starts. At low
temperature (less than ~200 K), the growth starts from the elbow sites of the herringbone
reconstructed Au(111) surface [145], as surface defects at the elbows sites are able to trap

molecules.
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Due to the depth of the surface potential energy of the FCC region [122, 125], the growth
on the FCC region is faster than on the HCP regions [146, 147]. The close-packed direction of
Ceo islands are found to have rotations of RO, R14, R30 with respect to the [112] surface
direction on the Au(111) surface [146-150]. The molecules reach sufficient energy to escape

from the elbow site at around 284 K and diffuse on the surface.

1.9.4 Magic Number Cg-Au Complexes

Magic number clusters, (Ceo)m-(Au)n, were first observed by Xie et al. [14] by adding Ceo
molecules and Au atoms one after another (or vice versa) on to the Au(111) surface at 110 K and
then annealing the substrate up to room temperature. The growth was observed only on the
elbow sites at 110 K. These clusters are formed with Csy molecules around and on top of planar
Au islands. The interaction between individual Cgo molecules is by strong van der Waals force
and between the molecules and Au atoms by charge transfer, which plays an important role in
keeping the cluster components together. Here, the Au island atoms behave like step edges of the
Au(111) surface.

Figure 22 shows STM images (at bias voltage of -1.8 V and tunnelling current of 0.03
nA) of magic number clusters on the Au(111) surface from ref. [14]. Cg molecules and Au
atoms were deposited on the surface at 110 K. The molecules and Au atoms prefer to sit on the
elbow sites (mostly FCC regions) with irregular shapes (see Figure 22A). Figure 22B shows a
room temperature scan of a surface area with (Ceo)7-(Au)1g Clusters. The magic number clusters
were formed by bringing the substrate temperature gradually to room temperature. As seen in

Figure 22C the height variations of two clusters as a function of lateral distance are indicated
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with the red and the blue line over (Ceo)7-(Au)1g, (Ceo)12-(Au), clusters, respectively. Here, the
Cso molecules surround the Au island (the orange balls) with an average height of 0.75 = 0.05
nm. One atomic layer of Au island atoms (0.22 + 0.02 nm) raises the Cgy molecule/s (bright
feature) to a total height of 0.98 + 0.05. The most frequently observed magic number clusters,
(Ce0)7-(AU)19, (Cs0)10-(AU)35, (Ce0)12-(AU)49, and (Ceo)14-(Au)sz and some other types of irregular

clusters are presented in Figure 22D.
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Figure 22: STM images (at -1.8 V, 0.03 nA) of magic number clusters produced on the Au(111) surface by cooperative self-
assembly. A. After deposition of Cg, molecules and Au atoms on the surface at 110 K. Both species prefer to sit on the elbow
sites (mostly in FCC regions) with irregular shapes. B. The substrate temperature is brought gradually up to room temperature
leading to more monodispersed (Cgp)7-(Au)yg clusters in the region shown. C. Height variations of two clusters as a function of
lateral distance are indicated by the red and the blue lines, corresponding to (Cgo)7-(Au)1e and (Ceg)12-(AU), clusters, respectively.
Orange balls are the Cgy molecules around the Au islands. On top of the Au islands, Cg molecule/s (bright orange balls) are
higher due to the atomic layer of Au island atoms. D. Irregular clusters are (Cgg)7+1 (A), (Ce)7-1 (B), (Ceo)10+4 (C), and (Cegp)74s5

(D), Au island (E), a ring cluster with (Cgo); (F) (All images are obtained from ref. [14]).

44



Chapter 1 Introduction

After deposition of Cgy molecules and Au atoms on the surface at 110 K, the magic
number Cgo-Au clusters are formed by losing or capturing Ceo molecule/s and Au atom/s while
the substrate temperature is increased gradually to room temperature. The clusters consist of an
optimal number of molecules packed around the Au island which are (Cgo)7-(AU)19, (Cs0)10-
(Au)ss, (Ceo)12-(Au)sg, and (Ceo)14-(Au)ss and stable up to 400 K. For the clusters, there are two
types of interactions in cluster components (Cgo molecules and Au atoms). A Cgo molecule on the

top of the cluster interacts with three Au island atoms and six neighboring Cgo molecules.

1.10 Cgo Manipulations
1.10.1 Electron (or Hole) Induced Manipulation of Cg

An important electron induced manipulation (non-local) of Cg, molecules on the Si(111)-
7x7 surface at room temperature is mentioned in section 1.6.2 in Figure 15. The non-local
reaction was observed by Nouchi et al.[29] by injection electrons and holes into an organized
layer of Cgo molecules on a Si(111)-7x7 surface. This manipulation causes a ring-shaped surface
modification (polymerisation and depolymerisation) of the Cg close-packed layer on the

Si(111)-7x7 surface at room temperature.
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Figure 23: A model diagram for the rotation of a Cgo molecule on the Si(111)-7x7 surface as a result of a bias voltage pulse at
room temperature. A. First, determining the initial state (5-6 bond) of Cgy, molecule on the surface with a STM image and then
weakening the bond between the molecule and the surface by electron excitation. B. Afterward, rotation of the molecule occurs
by low energy electron bombardment. C and D. Before and after STM images illustrating Cgq molecule rotation by 60° with
respect to the [101] surface direction (images modified from ref. [15]).

Another example is shown in Figure 23 for the rotation of the 5-6 bond of Csy molecules
on the Si(111)-7x7 surface via bias voltage pulse at room temperature [15]. The rotation is made
possible by first weakening the Si-C bond via injection electrons into the molecule and then
rotate via low energy electron bombardment. In Figure 23, a model diagram is introduced for the
rotation of Cgo molecule. The weakening of the Si-C bond by electron excitation is presented in
Figure 23A. This is followed in Figure 23B, by a rotation of the molecule, which occurs through

low-energy electron bombardment. STM images showing the orientation of the Cgy molecule

before manipulation are shown Figure 23C and D, respectively. The 60° rotation is observed by
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applying a positive bias voltage of +7.0 V with respect to the [101] surface direction. The
threshold voltage required to produce a rotation was found to be +6.0 V. A total of 12 rotation

angles were observed, thus 12 energy-equivalent states were found.

1.10.2 Mechanical Manipulation of Cg

The first mechanical manipulation of Cgo was performed by Cuberes et al. on the Cu(111)
step via a repulsive interaction between the Cgo molecule and the tip at room temperature [21,
22]. They could build an abacus by pushing the molecules using the STM tip. Moreover, the
pushing of the molecule was studied to explore the binding site and the polar angle using the
STM images, STS measurements, DFT calculations [23] and analysis of vibrational modes [24].
Further, the rolling of Cso molecules was demonstrated on the Si(100)-2x1 reconstructed surface
experimentally [25, 26] with an attractive force using the STM tip, and this mechanism is also
studied theoretically [18, 27, 28].

A single Cg molecule manipulation mechanism on the In-modified Si(111)-v3xv/3-Au
surface (produced by depositing first Au then In atoms) has been studied in terms of bias voltage,
tunnelling current, tip-sample distance and manipulation power [19]. It was observed that the
manipulation was possible under a range of bias voltages (from -1.5 to +0.5 V) and tunnelling
currents (from 0.02 to 100 nA). It was concluded that the manipulation was purely mechanical
origin, the effect of electric field was ruled out by performing the manipulation at zero bias
voltage. The thermal decomposition power threshold was found to be 1.0 to 21 pW [151, 152].
In this study, the average thermal decomposition power applied was 0.2 uW maximum.

Therefore, the effect of the thermal decomposition was also eliminated.
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Figure 24: Typical 1(Z) curve and STM images for Cg manipulation on the In-modified Si(111)-v3xv/3-Au surface. A. 1(2)
curve during manipulation at zero bias voltage, the manipulation has successfully occurred when the Z-displacement drops 0.4
nm. B and C. During and after manipulation images for a selected Cq, molecule, indicated with the white spot, and a Cg, vacancy
in the next image. D. A hexagonal island which consists of 37 Cg, molecules; the aim was to extract the bright molecule in the
middle using the STM tip. E, F, and G. Sequence of images to extract three molecules which appeared at the side (all images are

taken from ref. [19]).

In Figure 24, a typical 1(Z) curve and STM images are presented for the Cgo manipulation

on the In-modified Si(111)-v3x+v3-Au surface. The 1(Z) curve, in Figure 24A, indicates a
successful manipulation event with an acquisition time ~300 ms at zero bias voltage. The Z-
displacement drops 0.4 nm and saturates with decreasing manipulation current. The STM images
for during and after manipulation event are shown in Figure 24B and C, respectively. The
manipulation was performed on a selected Cgo molecule, which is indicated by the white spot,
and a Cgp vacancy in the next image is produced. Figure 24D, E, F, and G, show the hexagonal
Ceo islands that consist of 37 molecules. The aim was to extract a C¢o molecule from the middle
of the island using the STM tip. As seen in final image, G, three molecules were extracted and

appeared at the side of the island.
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When the STM tip approaches a selected Cgo molecule, the molecule is pressed down by
the tip and induces a stress on the molecule. This interaction between the tip and the molecule
abruptly and releases the molecule from it’s original position on the surface. This molecule either
moves into a nearby vacancy (if there is one) or diffuses on the surface and decorates a step
edge. Here, the average Z-displacement was found to be 4.7 + 0.6 A to extract a single Cego
molecule. The idea of this study is used as a reference in Chapter 4 for the manipulation of

hybrid (Cgo)m-(Au), clusters.

1.11 Diffusion and Nucleation

Surface diffusion has been the subject of considerable scientific interest for around a
century. After the development of good vacuum systems, the study of surface diffusion and
exploration of kinetic processes on surfaces became possible with high resolution field ion
microscopy [153] and, subsequently, scanning tunneling microscopy [3]. In this section, I will
describe the phenomenon of diffusion on surfaces including different diffusion modes and their
mechanisms. Specifically, I will discuss the diffusion of molecules and fullerenes on the Au(111)

surface.

1.11.1 Diffusion Mechanism

Surface diffusion can be defined as the motion of atoms, molecules and atomic/molecular
clusters on solid surfaces. This motion usually occurs from one lattice site to the next nearest
adsorption site on a surface by jumping. This movement depends on the nature of bonding

between the adsorbent and the surface and it is further influenced by surface orientation and
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chemical potential gradients. The probability of a successful jump of an adsorbent on a surface
depends on a thermodynamic factor and attempt frequency. The diffusivity rate of overcoming a
potential barrier of a magnitude Egi, which must be lower than the desorption energy, can be
written as:

— 102 ~Eairr
D = va“exp( e ).

Here a is the length between two neighboring adsorption sites, v is the attempt frequency of the
system, kg is the Boltzmann constant and T is temperature. va? can be written as a diffusion
constant, Do. The equation illustrates that the diffusion rate increases with increasing
temperature. One important relationship in this formula is that between Egir and kgT in the
thermodynamic factor. When Egi < kgT, the particle or the adatom can be found at any point on
the surface [154]. When Egiss > kgT, the diffusion rate is low allowing an accurate measurement
of the diffusion coefficient D. From the measured values of D as a function of T, Egir and Dy can

be determined from an Arrhenius plot of the rate constant versus the inverse temperature, 1/T.
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Figure 25: A. Schematic diagram of surface events after deposition. After atoms (yellow) land on the surface, diffusion,
nucleation, and island growth are possible events depending on temperature and coverage. B. Energy diagram for 1D diffusion on
a surface. The orange ball indicates an adsorbent which may diffuse on the surface from one adsorption site to another (at least by
a distance of a) by overcoming the energy barrier Egi¢s ( Ep in the inset schematic). The inset schematic shows the effect of step
edges on interlayer surface transport, Ehrlich-Schwoebel barrier, E,. The adsorbent can typically reflect from the top due to the

barrier of Eg or bind to the edge from below.
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Figure 25A shows surface events after deposition of atoms or molecules (yellow). When
particles land on the surface, diffusion, nucleation, or island growth can be observed depending
on the substrate temperature and the coverage. An energy diagram for 1D diffusion on a surface
is illustrated in Figure 25B. The orange ball indicates an adsorbent which may diffuse on the
surface from one adsorption site to another (at least by a distance of a) by overcoming the energy
barrier Egitt (Ep in the inset schematic). The presence of step edges gives an extra contribution to
the energy barrier on interlayer surface transport, Ehrlich—-Schwoebel barrier, E; [155],
illustrated in the inset diagram. The adsorbent can typically reflect from the top due to the barrier
of Eg or bind to the edge from below. Atomic/molecular clusters on the surface can diffuse via
gliding, shearing, reptation and dislocation [156], depending on the size of the clusters and on
surface directions. Moreover, there are different types of interactions which result in different
bonding strength and length between adsorbent and surface. These typical interaction types and
corresponding bond strength and length are presented in Table 2 with the nature of the

interaction [157].

Table 2: Typical interaction energies, bonding length and nature of interaction for different interaction types [157].

Interaction type Strength Bonding length Nature
van-der-Waals ~0.1eV 0.5...1 nm Non-selective

H bonding 0.1...0.5¢eV 0.20...0.35 nm Selective, directed
Electrostatic 0.1...3eV Up to several nm Non-selective
Dipole—dipole 0.1...0.5eV 0.2...0.3 nm Directed

Metal complexation 1..3eV 0.2...0.3 nm Selective
Substrate-mediated 0.1...1eV up to 7. nm Oscillatory
Reconstruction mediated leV System dependent Covalent
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1.11.2 Nucleation

The classical nucleation theory has been studied, with continuous research contributions,
for 90 years [158]. When individual particles arrive on a surface, they can from island by
diffusion (random walk) and aggregation [159]. These islands, small or large, tend to form stable
islands over time by the mechanism of Ostwald Ripening [160]. There are two characteristic
approaches to nucleation: the kinetic and thermodynamic approach. The kinetics of nucleation is
considered at the earlier stages in the time evolution of the system [161]. The number of particles
increases very slowly during the transient nucleation phase (a time-lag), and then increases
exponentially at the steady-state nucleation phase [158]. The free energy, 4G, increases with
increasing island size until this reach critical island size, N.. Beyond this critical size, the free
energy of the island decreases while the island sizes increase. [158, 162]. During this stage, the
island growth is irregular due to random attachment of additional atoms/molecules. In such a
system, the large island growth is a dominant process due to a high probability of attachment of
particles.

The thermodynamics of nucleation is a temperature effect on growth in reaching a stable
phase. The island size and nucleation energy barrier can be determined by the growth rate as a
function of temperature [160]. The relationship between the surface and island chemical potential
defines attachment/detachment and diffusion limited processes [133, 160, 163].

The activation energy of diffusion can also be determined by measuring the density of
islands on the surface as a function of the substrate temperature. The density can be written as:

Ediff)

— (1, BN\1/3
ne = (V) Peap(CiL
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Here, R is the deposition rate (Do, v and Egis are as previously defined in section 1.11.1). The
island density decreases with increasing substrate temperature, while island size increases. The
activation energy for diffusion of atoms, molecules and clusters varies on different surfaces
depending on coverage, substrate temperature and the nature of surface reconstruction [156].
Most relevant to the work reported in this thesis are the diffusion of Au atoms and Cgo molecules
and the formation of Au or Cg islands on the Au(111) surface.

There has been a number of studies of atomic diffusion on the Au(111) surface. The
activation energy for diffusion of a single gold atom on the Au(111) surface is found to be 0.029
eV [164, 165]. This can be compared to the diffusion energies of non-gold atoms on the Au(111)
surface as being higher for Ni: 0.078 eV, Cu: 0.089 eV, Pd: 0.111 eV, Ag: 0.075 eV, and Pt:
0.113 eV [156, 166]. Because of the unique surface structure of the Au(111) surface, it is hard to
determine the diffusion mechanism. In Figure 26, an example of Al island density size and shape
as a function of temperature on the Au(111) surface is presented via STM images (A-E). It can
be seen from the STM images that the size of Al islands on the surface increased with increasing

substrate temperature [167].
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Figure 26: Image captions from ref. [167]. A — E showing Al island density, size, and shape as a function of temperature onto

Au(111) with a coverage of 0.1ML. The island size increases with increasing the substrate temperature.

In comparison to atomic diffusion on surfaces, molecules and supramolecular self-
assemblies exhibit a much more complex diffusion mechanism due to their increased number of
degrees of freedom [168-170]. The diffusion of molecular assemblies can be observed as
hopping, rotation and translation due to substrate temperature and coverage [156, 170]. Surface
diffusion can be further influenced by the STM tip. The tip can cause diffusion by an electric
field (benzene on the Au(111) [171, 172]), or weakening of the bond between molecule and
surface via electron (or hole) injection (chlorobenzene on the Si(111)-7x7 surface [106]) or tip-
induced diffusion (benzene on Au(111) [173]) under the STM tip.

Nucleation/growth of fullerenes on Au surfaces were studied by Altman et al. [174]. The

growth at low substrate temperatures (< 200 K) was observed mostly on the FCC and HCP elbow
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sites, as well as at the step edge. But, at room temperature, the growth was mostly observed along

Au steps. Nucleation of molecular Cg island on a uniform Au(111) surface is illustrated in Figure
27 [175]. Ball models of close-packed Cgo islands with 2v/3x2v/3 R30° (A) and 7x7 (B)

structures are presented on the Au(111) surface. In the 2v/3x2+/3 R30° structure, Cgo molecules
are at the atop position. In the 7x7 structure, there are two different sites available for Cg
molecules: atop or bridge. Other structures of Cg islands are also possible but not presented due

to the complexity of the surface.
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Figure 27: Ball model showing the 2v/3x2v3 R30° (A) and 7x7 (B) structures for close-packed Cg islands on the Au(111)
surface. In the 24/3x2+/3 R30° structure, Cgo molecules are at the atop positions. In the 7x7 structure, there are two different

positions available for Cg, molecules: atop or bridge. The Cgo-Cgo distances for a ideal 2v/3x2+/3 R30° and 7x7 structures are

found to be 9.98 and 10.08 A, respectively [175].
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Cso molecules on the Au(111) surface can freely diffuse on the surface or terminate at step
edges [176]. Due to the stability of single-atomic vacancies of Au(111) and Ag(111) surfaces, it
is difficult to reorder the close-packed Cgp layer [176]. The diffusion energy of the Cgo molecule
is reported on the In-adsorbed Si(111) )-V3x3-Au surface by calculating the Cgo island density
as a function of increasing substrate temperature [177]. In Figure 28, STM images (A-D) show
Ceo island arrays formed by depositing 0.1 ML onto a Si(111)-V3x\3-(Au,In) surface held at
various temperatures. An Arrhenius plot of Cg island number density is presented in Figure 28 F.
Dashed blue and red lines show the plots for low temperature (110 — 140 K) and high-
temperature (160 — 240 K) ranges, respectively. The sum of the two exponents is shown by the
black line. One can clearly distinguish two regions which differ in gradient, and which indicate
different energy regimes on the surface. The activation energies for Cg diffusion in these regimes

are 33+ 6 meV at 110 - 140 K and 128 + 8 meV at 160 - 240 K [177].
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Figure 28: A-D. STM images showing Cg, island arrays formed by depositing 0.1 ML onto an Si(111)-V3x3-(Au,In) surface
held at various temperatures. E. Arrhenius plot of Cg, island number density. Dashed blue and red lines show the plot for the
activation energies, 33 + 6 meV and 123 + 8 meV, at low temperature (110 — 140 K) and high-temperature (160 — 240 K) ranges,

respectively; the sum of the two exponents is shown by the black line [177].
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CHAPTER 2

EXPERIMENTAL METHODS

All experiments were carried out under UHV conditions to avoid impurities on the
sample surfaces. Investigation of the hybrid Cgo-Au clusters on the Au(11l) surface was
performed in a VT-STM and the local and non-local manipulation of chlorobenzene and oxygen
molecules on the Si(111)-7x7 surface were performed in a RT-STM and the hybrid Cg-Au
clusters on the Au(111) surface performed in a VT-STM. In this Chapter, the experimental
research process and system details are discussed; the ultra-high vacuum (UHV) system along
with essential processes such as pumping, venting, and baking. VT-STM and RT-STM general
system properties, tip and sample preparations, and data analysis method will be discussed in this

chapter.

2.1 UHV system
In order to study surface science in STM background gases ultra-high vacuum conditions
are needed to eliminate surface contamination. The physics behind UHV conditions (i.e. a base

pressure lower than 10° mbar) are based upon the gas density (ideal gas equation for rate of

impingement on a surface P V = nRT), the mean-free-path of a gas molecule (1 = ﬁk%zp), and

surface contamination (Hertz-Knudsen equation R = ) [178]. From atmospheric

P
J2mmkgT
pressure to UHV pressure at 300 K, the gas density decreases, the mean-free-path of a gas

molecule increases, and the rate of surface contamination decreases by a factor of 10" [179].
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Best conditions are achieved by minimizing such factors, reducing background gases and
reducing contaminations on the chamber walls and sample.

UHV chambers are made of materials such as glass, stainless steel, aluminum or titanium
because of their low outgassing properties. To seal each connection, soft copper gaskets are
widely used, which are compressed between two knife-edges that are machined into the port
flanges. The alternative is to used rubber gaskets. Important considerations when dealing with
UHV are pumping size, chamber conductance, and choice of low vapour pressure materials and
elimination of contaminants.

Pumping and Pressure Measurement: Under typical operation conditions the UHV system
needs to be pumped down to 10™° mbar or lower in order to perform experiments. In this study, a
several types of pumps and gauges used to reach and measure this desired pressure. Table 3

presents different type of pumps and gauges operating pressure [180].

Table 3: Different pumps and gauges corresponding operations pressures in this study.

Type Operation Pressure Gauge
(mbar)

Rotary Mechanical atmosphere-1 0 Pirani

Turbo Molecular ~ Mechanical 10'3 - 0'9 Penning

Ion Getter 10'7_ 1 0'12 Ionisation

Titanium Getter e Ionisation
o 10 -10

Sublimation

(TSP)
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Here, ion pumps work by applying a high electric potential (typically at 3-7 kV range) to
electrodes to create ions in the vacuum. These ions ionize molecules which are then captured by
the cathode. A TSP usually accompanies the ion pumps to reduce H,, CO and O, gases in the
system. The TSP usually runs at vacuum lower than 107 mbar by applying around 40 A direct
current through a titanium wire. The sublimated Ti atoms chemically getter the reactive gas
molecules in the system. Generally, the type of gauge is determined by the pressure range to be
measured (which is dictated by the pump used) and sometimes by the gas being pumped, e.g.
whether it is corrosive.

Venting: The venting process is required to load a sample or tip from the load-lock or to fix or
change part of the vacuum system. The venting process is performed with pure N, gas produced
from liquid nitrogen (L-N,) or compressed N, gas, to reduce water vapour on the inside of the
chamber walls.

Baking: The Omicron VT STM has an automated bakeout control system that controls the
temperature (with an increment of 1 °C/min) to reach a maximum temperature (between 140 °C
and 150 °C) after 6 hours. Baking time varies from 24 hours to 52 hours with the system
protected by an interlock against excessive pressure or temperature during baking. Bakeout
process for the home-built UHV RT-STM is controlled by in-house-written LabVIEW programs
with monitoring temperatures at specific locations during baking. The baking process takes 48
hours to 72 hours by which time the pressure will reach 10”° torr. An important point is the
depolarization temperature of piezoelectric tubes on the STM head (~180 °C). The bakeout
temperature (max 150 °C) is safe below the critical temperature for piezoelectric tubes. Once the

entire system starts cooling down and the temperature reaches 100 °C, the ion pumps and TPS
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need to be degased by turning on/off at different voltages (7 kV to 3 kV) and currents (25 A to
42 A), respectively.

We can decide whether or not the system require baking process by looking STM images
after prepare the sample. In Figure 29, STM topographies are given for the clean p-type Si(111)-
7x7 surface. The images take in 2 hours after flash and reconstruction the sample at 1200 °C and
960 °C, respectively. Figure 29A is a clean surface may acceptable for experiments after
background (defects and impurities) subtractions. However, if the chamber is contaminated due
to the impurities or high pressure in the system, more impurities will be placed on the sample
surface before the start experiments (see Figure 29B). The evidence of impurities on the surface

indicates that the system must be baked to obtain a clean surface as given in Figure 29C.

Figure 29: STM topographies 2 hours after flashing and reconstruction the surface at 1200 °C and 960 °C, respectively. A. Clean
reconstructed Si(111) surface with an acceptable level of surface defects and impurities. B. More impurities present an surface.
C. Successful bakeout process, a clean surface can be re-obtained. All images were taken at +1.0 VV 500 pA and 40 nm x 40 nm

area.

A residual gas analysis of systems was performed (using a Spectra Metrics RGA) and is
presented in Figure 30. Mass spectra were taken for clean UHV (A), contamination (B),

chlorobenzene (C) and oxygen gas (D).
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Leak Detection: If the system pressure does not reach the UHV range, there might be a leak in
the system. Before starting the leak detection, mass spectra lead to decide what kind of
contamination occurred in the system (see Figure 30B). The most preferred method to detect a
leak is by connecting separate unite a mass spectrometer to the system and with He gas detect
possible leak spots. Because He gas has very small mass (4 amu), it will flow into the system and

be detected by the mass spectrometer.

Figure 30: Mass spectra were taken for clean UHV (A), contamination (B), chlorobenzene (C) and oxygen gas (D).

2.2  Tip Preparation and High Temperature Annealing of W Tip
For the STM experiments, the tip is critical obtaining high-resolution images. The
resolution depends upon the sharpness of the tip. To obtain a suitable tip for STM, there are two

common methods: mechanical cutting and electrochemical etching. Mechanical cutting is
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typically done by cutting and simultaneously pulling up on a soft wire (mostly Au or Ir/Pt) [181,
182] with a sharp clipper, so that an angle is obtained forming a sharp tip. Electrochemical
etching provides more control in obtaining a sharp tip when compared with mechanical cutting.
In our experiments, we produced tips with the electrochemical etching method (for a schematic
illustration of the etching layout see Figure 31) followed by in-vacuum heating and annealing to
remove the residual oxide layer on the tungsten (W) tip [183-187]. W wire with a purity of
99.95% and a diameter a 0.25 mm was purchased from ADVENT Research Materials Ltd..
Before starting the etching process, the W wire was cleaned with isopropanol and acetone in an
ultrasonic bath (each for 10 minutes) to remove organic contaminations. Moreover, the etching
apparatus was kept clean and isolated from any vibration to avoid a nonuniform tip forming.

A 2 M NaOH solution is prepared and stored for no longer than 24 hours prior to use. A
circular gold wire is mounted in to the solution beker and connected to the cathode on the
etching unit. Here, the W wire serves as an anode (see Figure 31A). The overall electrochemical

reaction between the anode and cathode is given by:

W(s) + 20H™ + 2H,0 -> WO, + 3H2(q).

Earlier works suggest that the aspect ratio of a tip should be less than 1 because a long tip
(h/d>>1) causes more vibration (see Figure 31B). To obtain a good tip, two etching steps are
performed. The first etch removes the mechanically cut edge which may cause splitting along the
wire axis and multiple tips. The W wire is inserted into the solution 5 mm below the surface and
the threshold current set to 1 mA, the etching voltage to 9 V, and differential sensitivity to 7 to
control drop-off during tip etching [188]. The etching current is controlled and monitored via the

power supply. When, the threshold current drops to 0.02 mA, then the power supply switches off
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automatically so that the tip is not etched further once drop-off occurs. Next, to obtain the actual
tip, the tip is immersed 3 mm deeper into the solution and etched again [188]. A prepared tip is
shown in Figure 31B. After the final process, any chemical or particles on the outer surface of

the tip are removed by rinsing the tip with distilled water at least 10 times.

A B C W wire
L Tip holder )
Cathode | load-lock g
. P~107 Tor
W wire Anode " Y
Gold ring ~—
) 50
20° | |5mm
0 S 14 - J
H; DC power
NaOH

Figure 31. A schematic diagram of the tip etching system A. Here, the W wire and gold ring serve as the anode and cathode,
respectively. B. An optical micrograph of an etched tip showing the aspect ratio h/d. C. Tip annealing stage in load-local with a

~107 torr base pressure.

Before installing the tip into the tip holder for the RT STM, tip heating-annealing is
required to remove the oxide layer on the W tip. This layer sublimates at a high temperature,
1348 °C [185]. After carefully mounting the tip into the tip annealing stage (Figure 31C), a DC
power supply is connected to two metal electrodes to apply the current which passes directly
though the tip shank. Nominal applied current is usually 3-5 A (until the tip turns a bright orange
colour about 1000 °C) for 2 seconds in high vacuum followed by decreasing the current until it is

a dark red colour for 10 minutes. After turning off the power supply, the tip reaches room
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temperature after 15 min. Alternatively, after tip preparation the tip may be inserted into the VT-
STM and degased on the manipulator at 150 °C for 30 mins.

Once inserted into the STM, leaving the tip to scan at a high voltage for several minutes
or increasing the voltage from £ 1 V to + 5 V causes impurities to drop from the tip, giving
improved resolution. Crashing the tip into the soft Au(111) surface may results in the formation
of an Au nanotip at the end of the W tip apex. However, this process is not suitable for the hard

Si(111) surface.

2.3 VT STM

In this thesis, all temperature-dependent studies concerning the production and
manipulation of Cgo-Au hybrid cluster on the Au(111) surface were performed in the VT STM (a
block diagram for the VT STM is shown in Figure 32). This is because it is possible to follow
changes on the surface as a function of substrate temperature. The substrate temperature is
controlled by and cooling/heating control unit alows to study at helium temperature or up to 700
K.

A schematic view of the UHV VT STM is shown in Figure 32A. The system has two
chambers: a fast-entry-lock (FEL) pumped with a Pfeiffer TS600 turbo pump and a rotary pump,
and the main chamber which is pumped with a Varian Starcell ion pump, TSP, Leybold
Turbovac 151 turbo pump and rotary pump. The sample/tip is loaded via the fast entry lock
(FEL) and after 2 hours opens the valve between FEL and can be introduced in the main
chamber after 2 h pump-down. The sample/tip is transferred via wobble stick to the manipulator

for annealing or Ar" sputtering. Finally, it is placed in either sample/tip carousel or the STM
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stage. As seen in Figure 32, the main chamber has an ion gun, ion gauge, residual gas analyser

(RGA), home-built effusion cell of Cgp and a CreaTec high temperature effusion cell of Au.
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Figure 32. Schematic diagram for the UHV VT-STM (A) and home-built effusion cell for Cg, (B).

In order to obtain high-resolution images, the vibration isolation system plays an
important role. The STM system is located in an acoustic booth where vibration from the
environment or the building is reduced. The vibration isolation system consists of three parts: a
vibration isolation platform, a damping stage and a floating sample stage with four fixed springs.
The STM stage can be locked in place with a push-and-pull motion (PPM) drive, during
sample/tip loading, but is unlocked during scanning.

The Omicron VT STM can reach liquid nitrogen (~77 K) and helium level temperatures
(~4 K) using a bath cryostat. This cryostat is connected to a copper braid which is mechanically

connected to the top of the sample holder. While the sample cools, the tip can either remain at
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RT or can be cooled somewhat by approaching it close to the surface (thus reducing thermal drift
during scanning).

To cool down the sample, a valve that is connected to the cryogen storage dewar (L-N2
or He) is opened, and a rotary pump pumps the cryogen from the dewar to the bath cryostat.
Here, a gas flow control block is used between the pump and cryostat to control the amount of
flow. A temperature controller measures the temperature of the sample and in the bath cryostat
and keeps the temperature either heating or cooling at a set value.

To heat the sample, direct heating or indirect resistive heating may be required depending
on the sample. For indirect heating, a pyrolytic boron nitride (PBN) plate, which is directly
behind the samole, which is heated and can be heated up to 750 K. During heating or cooling the
sample, thermal drift may occur because of temperature differences between the sample and tip.
To reduce this drift, scanning same area for an extended period is required until the temperature

stabilises.

2.4 RT STM

The UHV 400 RHK model STM was purchased from RHK Technology. The UHV
system can be separated into 4 main parts: the STM chamber (main chamber), the preparation
chamber, the load-lock, and the gas line. The base pressure of the system is in the low 10-11 torr
range. The microscope and preparation chambers are separated by a gate valve to avoid
contamination of the microscope during sample preparation.

The main chamber contains a Varian Diode 300 lon pump and TSP. In the preparation
chamber, there are two pumps and an ion gauge: a Varian Diode 150 ion pump and a Pfeiffer

TMU 250 pumping turbo pump used during the baking by opening V13. A quadrupole mass
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spectrometer can also be connected to this chamber to check the amount of PhCl in the vacuum.
Tip and samples are transferred through the preparation chamber from the load-lock to the STM
chamber. The load-lock is pumped by a Pfeiffer TPH 062 turbo pump and an Edwards RV 5
Dual-Mode rotary pump. The pressure here is monitored via a Penning gauge. Tip
annealing/flashing to remove residual oxide is also performed in this chamber under low

pressure (10 torr).
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Figure 33. Shows a block diagram for UHV room temperature STM system

There are three gas lines connected to the three chambers for chlorobenzene and oxygen

deposition. These gas lines are connected to leak valves for both the main chamber and the
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preparation chamber. A stepper motor which is attached to the leak valve of the main chamber is
used precisely control gas introduction by computer using a LabVIEW program. The RT-STM
system is in an acoustic booth and supported on a 10 ton vibration isolation platform. The STM
itself is suspended in a single-stage spring system.

As seen in Figure 34, a Beetle-type [189] scan head has 4 piezo legs, three of them are
separated by 120° and the other holds the tip for scanning in the middle. The bottom parts of the
outer legs are made of sapphire balls which sit on the sample holder. When a voltage is applied,
these piezo legs extend in x or y directions on the sample holder. The surface can scan a
maximum area of 400 nm x 400 nm. RHK Technology provides a program (XPMPro 2.0.1.6) to

control the tip, acquire data and analyse images.

Figure 34. Beetle-type STM head, tip, piezo legs, and sample holder.
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2.5 Sample Prepation

To obtain the Au(111) surface, Au is first deposited onto a HOPG substrate by thermal
evaporation under high vacuum in an Edwards evaporator Auto 306 Turbo. This is followed by
in-situ preparation of Cg molecules and Au atoms which are evaporated on the Au(111) surface

using effusion cells in the UHV VT STM.

25.1 AuonHOPG

300 nm thick Au films on cleavead HOPG substrates (4 mm x 8 mm) were prepared by
evaporation of 99.99% purity Au wire at 1 x 107 mbar in an Auto 306 Turbo Edwards thermal
coater. The film thickness was monitored during deposition with a quartz crystal balance. The
substrate was held at a temperature of 493 K during deposition to improve film quality [190].
After deposition, the sample is allowed to reach room temperature before being transferred to the
UHV VT-STM system.

Further sample treatment is performed in the UHV system. The sample is first annealed
by resistive heating at 1100 K for 90 mins in the sample manipulator (see Figure 32) to remove
impuities and to obtain a flat surface (see Figure 35A). It is then sputtered with 1 keV Ar* ions
for 7 mins with a sputter current of 10-14 pA to remove impurities (see Figure 35B). This
annealing-sputtering process is repeated until clean, large flat terraces (100 nm x 100 nm) are

obtained in STM images of the surface, as seen in Figure 35C.
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Figure 35: STM topographies for (A) the dirty Au surface (at -1.65 V, 47 pA, 44 x 42 nm?), (B) after Ar" sputtering at 1 keV for
7 min (at -1.73 V, 47 pA, 105 x 105 nm?), and (C) the clean Au(111) surface produced by annealing the sputtered surface for 2 h

at 1000 K (-1.5 V/, 47 pA, 182 x 186 nm?).

2.5.2 Deposition of Cg Molecules and Au Atoms on the Au(111) Surface

To obtain (Cgo)m-(Au), clusters on the Au(111) surface, Cgo molecules and Au atoms are
deposited in-situ on the surface at different amounts and sequences. Au wire with 99.99 % purity
placed in an alumina cirucible and evaporated at 1373 K from an effusion cell (purchased from
CreaTec). The deposition is pricisely controlled using a shutter on the evaporator and measuring
temperature with thermocouples. Here the Au deposition rate is 0.018 ML/min estimated direcly
from STM images. For Cg, deposition a home-built effusion cell is used with a tantalum foil
crucible and K-type thermocouple to measure the foil temprerature (see Figure 32B). Cgo
moleucles are evaporated at 673 K at a base pressure of around 10° mbar and a deposition rate
of 0.045 + 0.003 ML/min which has been estimated direcly from STM images. Both evaporators
were outgassed extensively prior to use. The surface is checked before and after every Cgo or Au

deposition by STM to ensure that Cg and/or Au have been successfully deposited.
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2.6 Surface Prepration and Molecules Dosing
2.6.1 Si(111)-7x7 Surface Prepration

P-type (phosphorus doped) single crystal silicon wafers, which are (111) oriented, 100
mm diameter, 500-550 pum thickness, and 0.01-0.02 Qcm resistivity (made by SILTRONIX),
have been used for the local and non-local PhCl desportion experiments. A 2 mm x 9 mm wafer
is cut using a diamond cutter and is placed onto the sample holder. Here the silicon wafer is
placed on a ceramic washer and connected to the sample holder body with tantalum plates which
allows a direct current to be applied throguh the sample for resistive heating. Before loading the
sample into the load-lock, N, gas is used to blow off any particles or dust from the sample. After
loading, the sample is degassed for 12 hours at 873 K by direct current heating to remove
contamination from the surface. To obtain the Si(111)-7x7 reconstraction, the sample is flashed
three times for 20 seconds each at 1473 K, followed by a final flash for 5 seconds at 1473 K and
then annealed at 1233 K [89]. In order to calibrate these flashing and annealing temperatures to
the applied current, the current power supply is incremented while the temperature is measured
using an infrared pyrometer. Before starting the experiment, the sample was left for 3 hours to

cool down to room temperature.
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5nm 5nm

Figure 36. Clean Si(111)-7x7 surface images. A. A phosphorus doped (n-type) surface (500-550 pm thickness and 0.01-0.02
Qcm resistivity) B. A boron doped (p-type) surface (380 um thick and 1-30 Qcm). Both images were taken in constant current

mode at +1.0 V, 500 pA, over a 40 nm x 40 nm area.

Figure 36 shows a reconstructed Si(111)-7x7 of 40 nm x 40 nm in size. P-type silicon
wafers have fewer surface defects than n-type wafers. Therefore, the statistical errors due to the

surface defects are reduced and a p-type Si wafer was used for all experiments.

2.6.2 Molecule Dosing on the Si(111)-7x7 Surface at RT

For the local and non-local manipulation experiments chlorobenzene (PhCI) and oxygen
molecules were dosed on the Si(111)-7x7 surface at RT. A laboratory bottle (1L) of oxygen gas
was purchased from Argo International Ltd. with 99.6% purity (typical analysis of 0.4% is TCH
(as CH4) < 20 vppm and H,0 < 3 vppm). PhCI (Sigma-Aldrich) was diluted to 2% in 18.2 mL
distilled water and 20 mL was decanted into a test tube with a DN16 conflat flange on one end.
Both the PhCI tube and O, bottle were connected to the valves, V9 and V10, respectively (see

Figure 33). The “freeze-pump-thaw” process must be conducted to pump some undesirable gases
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out and purify the PhClI gas in the tube. Cooling PhCI reduces the solubility of gas in the liquid,
these gases separate out and are pumped away, PhCI luquid subsequent warming to room
temperature results in purified.

To purifiy the PhCI in the tube, the load-lock first needs to be pumped. Then the valve
V7 was opened and the gas line pumped to below 107 torr. The next process was to freeze the
PhCI in the tube by submerging it in liquid N2 and then thawing it in tap water. The thawing must
be done carefully because the fast temperature change may break the tube. This freezing and
thawing process was continued until no bubbles were observed in the tube (this may require 3-4
cycles). The purity of the PhCl gas can be tested via the mass spectrometer in the UHV system
via filling the gas line with PhCI gas. Once this process was completed the PhCl was ready for
dosing the sample surface.

The dosage of PhCI and O, were controlled and monitored using a LabVIEW program.
The gas line is connected to the STM chamber with a leak valve that is controlled by a stepper
motor. The LabVIEW program controls the amount of the molecules that are introduced in the
chamber. Gas dosages are expressed in Langmuir (1 L=1 x 10 torr s) by multiplying the

pressure (below 8 x107 torr) of gas by the time of exposure.

2.6.3 Analysis Methods and Programs

Image analysis was done by three separate purpose-written MATLAB programs. These
address finding silicon atoms and PhCI molecules on an Si(111)-7x7 surface, locating the tip
position on the surface, and the non-local desorption analysis. Si adatoms image as orange

protrusions and PhCIl molecules images as black depressions in STM images.
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To find molecules on the surface, the program considers the image as a 2D matrix. The
user can select a region and manually or automatically choose basis vectors over three corner
holes in the raw image (see inlet Figure 37A). With the three selected corner hole sites, the
program can identify Si atoms (bright colour) and PhCl molecules (dark colour) and count them
(see Figure 37C). Moverover, defect areas on the surface or erroneously identified molecules
could be selected and cut from the image. Misassigned adatoms and molecule sites could also be
corrected.

After the molecules were mapped in the images taken before and after the experiments,
the injection site (on a corner hole) could be found in the second program (black dots on Figure
37A and B). For non-local desorption analysis, ten experiments were performed for each
measurements. The data were binned in 10 A radius intervals. The error of distribution were
calculated based on the binominal distrubution. By counting molecules (red circles) and silicon
adatoms (yellow circles) in the images before and after injection (see Figure 37C and D) the
probabilty of the desorption of PhCI can be calculated and the result saved into an output file.

After mapping molecules (i.e. counting PhCI molecules on the surface), the desorption
probability P(r) = N(r)/N,(r) is calculated by comparing molecules before injection No(r) and
molecules that have moved on the surface after injection N(r). In this process, there are roughly
1300 PhCI molecules and 3500 silicon atoms in a 51.2 nm x 51.2 nm image. When we compare
the images taken within a 51.2 nm x 51.2 nm square, the matched maximum radius is about 250
A. Therefore, the probability of non-local desorption is omitted after 250 A for all data taken at

different injection currents.
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Figure 37. Non-local desorption experiment analysis programs. A. Before injection image with injection site (black dot) and

inlet: unit vector (green and red line). B. After injection image with with injection site (black dot) and inlet: unit vector (green

red and yellow circles indicate PhCl molecules and the surface

and red line). C and D. Counted molecules on the surface

adatoms.
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2.6.4 Desorption Probability Calculation

For the non-local desorption experiment, one of the important experimental errors may
come from thermal desorption of PhCl molecules at room temperature during the experiment
[35]. For thermal correction [191], 8 L of PhCI molecules were dosed on the Si(111)-7x7 surface
and the STM images of the same area (51.2 nm x 51.2 nm) were recorded over a 1 h. This
experiment was repeated three times for up to 35 minutes each time and thermal desorption
could be observed after each scan. In order to account for the number of thermal desorption
events, the time spent during each simulated desorption experiment was measured and matched
against the comparable thermal desorption experiment. The number of the thermally desorbed
molecules could be subtracted from the number of PhCI molecules before and after the injection
at each annulus. Then the non-local desorption probability is calculated as described below.

Sloan et al. [39] investigated the non-local desorption probability formula per electron,
taking into account background effects (i.e. thermal desorption, clean surface defects). The

formulas used are presented below.

dN(r) _

ke —k N(r)a(r).

This equation is the change in the number of molecules (N(r)) over time at radius r from the
injection site. Here a(r) is the number of injected electrons that impinge on a molecule per

second and is given by;

a(r) = (eszlir) f@).
Here, f(r) is the radial decay of the surface current, L is the cross section of a PhCl molecule
(taken to be 5 A), and s is the fraction of the current conductivity from the ratio of the surface to

bulk (taken to be 1). Combining them and integrating, kef(r) is given by;
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kof(r) = —(e2nrin[N(r)] — In[Ny(r)])/stIL.
No(r) is the number of molecules remaining on the surface after charge injection.

The defects, which are imaged as dark spots, will be counted by the atom-finding
program. Most of the defects come from the doping (boron-phosphorus atoms) which comes out
after the reconstruction process. This is why we need to subtract these dark spots generated by
surface defects from the raw desorption data. For this reason, 4 clean surface images were taken
by STM before the PhCI dosing, then the average dark spots on the clean Si(111)-7x7 surface
can be counted. The number of the dark spots in the annulus B(R) (between R and r) is given by;

number of dark spots  outer area (R) — inner area (1)

B(R) =
(R) number of adatom sites the area of the unit cell

number of dark spots  wR? — mr?

B(R) =
(R) number of adatom sites Asite

Here, R and r are the outer and inner radii, respectively. The ratio of dark spots to adatom sites is

counted from the clean surface images and Asit IS given by,

. — Aunit cell
site ™ 1 (adatom)’

Here, Aunit cenl 1S the area of the Si(111)-7x7 unit cell, and Asit is the area per silicon atom. The

final process is subtracting B(r) from the number of molecules before and after injection using:

N(r)-B
No (T)—B

k.f(r) = —e2nrin]| ]/stIL.

Finally, the probability of desorption of a PhCl molecule is obtained after subtraction of
the thermal and clean surface defect populations. Figure 38 shows the plot of the non-local
desorption probability for a 1 nA electron injection experiment (sample biased at +2.7 V and

electron injection for 3.2 s). The raw data before subtraction and after thermal and clean surface
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subtraction is plotted as in the black and the red curves, respectively. The artificial increase of

desorption after 150 A is removed by the subtractions.

1.0 . : . : . : . :

= raw for 1 nA
= thermal&surface defect corrected
08 |- _

St gty i
;:;JOA- }J Jll}l -
Lo

Radial distance from injection site (A)

Figure 38: Non-local desorption probability analysis with raw data for the injection of electrons at 1 nA for 3.2 second with a
sample bias of +2.7 V. The black points show raw data, and the red points show the data after correction for thermal desorption

and surface defects.
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CHAPTER 3

IMAGING HYBRID (Ceo)m-(Au)s CLUSTERS ON an Au(111) SURFACE

In this chapter, the formation of hybrid clusters, as well as the rotation and transformation
of clusters are presented in detail. First, the behavior of individual Au atoms and Cgy molecules
on an Au(111) surface at low temperature with a view to understanding the basic process of
cluster formation and their spatial distribution on the FCC and HCP regions will be studied. The
Ceso/Au ratio is altered systematically by keeping the amount of deposited Au at a constant 0.036
ML and increasing the amount of Cgy molecules. The idea was to find an optimized Cgo/Au ratio

for a particular sized cluster size, and hence improve the selectivity of the growth process.

3.1  Adsorption of Cg Molecules and Au Atoms on the Au(111) Surface
3.1.1 Adsorption of Cg Molecules on the Au(111) Surface at 110 K

Cso molecules have a relatively high mobility on the Au(111) surface at room
temperature due to the weak interaction (van der Waals force) with the surface atoms, therefore,
Ceso molecules deposited at room temperature tend to diffuse long distances on the Au(111)
surface and congregate at step edges. If deposited at low sample temperature (less than 200 K),
Cso molecules can become trapped at the potential wells provided by the defects at elbow sites.
However, once a second Cgo molecule arrives due to continuous deposition of the Cgo, the elbow
site does not offer enough space to permanently hold the second Cg,. Therefore, the second

molecule tends to move away from the initial, single Cgo molecule and finds another site, such as
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an empty elbow site, step edge or a big Ceo island. In this study, the deposition of Cgy molecules

for all experiments is carried out at 110 K.

Figure 39: STM topographies are for different Cgo molecule coverage on an Au(111) surface at 110 K, 0.036 = 0.003, 0.072 £
0.005, 0.108 + 0.008, and 0.144 + 0.010 ML, illustrated in images A, B, C, and D, respectively. Major FCC and HCP regions
indicated with white arrows. The islands growth increases with increasing coverage on the FCC region, but the occupancy at the

HCP region remained mostly single, or at most with only few Cg, molecules, until the coverage reached 0.144 ML.

Figure 39 shows STM images, taken with different Cgo coverages of the Au(111) surface
using a tip bias of -1.97 V and a tunnelling current of 47 pA at 110 K. The coverages are 0.036
0.003, 0.072 + 0.005, 0.108 + 0.008, and 0.144 = 0.010 ML, in Figure 39A, B, C and D,

respectively. The major FCC and HCP regions are indicated by the white arrows on the images.
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During the deposition process, Ceo molecules land randomly on the Au(111) surface.
They have sufficient energy to diffuse along the surface until they are trapped at either an elbow
site or step edges. The elbow site and the step edges have higher electron densities and are thus
able to trap the molecules due to efficient charge transfer to the electronegative molecules and
the subsequent formation of a chemical bond. As the surface coverage increases, growth on the
FCC region increases much more quickly than on the HCP region. This is because the growth at
the FCC region is more energetically favorable, having a higher surface potential energy and
being wider than the HCP region [122]. Mostly, the C¢p molecules either grow and become large
islands or remain as isolated molecules at the elbow site. First, these large islands capture
individual Cep molecules, diffusing on the surface with the strong attractive Cgo-Cgo force. On the
other hand, because of an atomic defect at the elbow sites, the single Cgp molecules prefer to sit
as isolated moleculates at such a site. Therefore, most of the time, it is only a single Cgo molecule
which is immobilized at an elbow site. The growth was observed mostly on the pinched elbow
sites for all coverages used.

In Figure 40A and B, the area selection of the STM images are presented for 0.036 +
0.003 ML, 0.108 £ 0.008 ML Cg molecules coverage on the Au(111) at 110 K. The white
arrows indicate the growth at the FCC and HCP elbow sites for both coverages. In Figure 40B,
the formation of single and trimer Cg islands on the HCC elbow site are circled in red and
yellow, respectively. At low coverage (e.g. 0.036 ML), both the FCC and HCP elbow sites prefer
to capture a single Cgo molecule. Additional Cg molecules are highly mobile around this single
Ceo island. This is because a single atomic defect on the surface can only capture single Cgo

molecules; therefore, a single Cgo molecule is much more stable than a Cgo dimer or trimer at an
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elbow site. Adding more Cgy molecules to the surface leads to the molecules preferentially
migrating into the FCC region, while the HCP elbow sites maintain only isolated molecule
coverage. If the growth an the FCC elbow site is close to an HCP region, only a single Cgo
molecule is generally observed (the red circle) on the HCP elbow site. The fast growth on the
FCC elbow site prevents the growth on the HCP elbow site due to the strong van der Waals
interactions between Cgo molecules. However, there is a possibility that the single Cgo molecule
can capture additional Cgy molecules and from dimer or trimer islands (the yellow circle).
However, if there is a nearby large island growth at an the FCC elbow site, the Cgo molecule
remains single. We observed that the close-packing directions of Cg islands, A, B, and C are

found by using the surface [112], [011], and [110] directions.

Figure 40: The area selection of the STM images from Figure 39, with 0.036 + 0.003 ML and 0.108 + 0.008 ML Cg, molecule

coverage on the Au(111) surface at 110 K, as illustrated in A and B, respectively. Single Cg and trimer islands are formed on the
HCC elbow sites circled in red and yellow, respectively. The close-packed directions of the Cg islands, A, B, and C are found

using the surface [112], [011], and [110] directions, respectively.
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When Cgo molecules land on the surface at 110 K, the molecules prefer to attach to large
islands, rather than elbow sites or small Cg islands. This is because the strong interaction (van
der Waals force) between the Cg molecules and the island occupying a large area on the
Au(111) surface. Therefore, there is a tendency to favour attachment to, and hence the growth of,
large islands rather than small islands. Deposition of Cgy molecules at 30 K and 46 K results in
different size and site distributions [146]. Because of the increased temperature of the surface,
the Cgo molecules are more mobile when they land on the surface. Thus, the molecules can
diffuse longer distances and will tend only to become trapped at either step edges or big Cgo

islands.

3.1.2 Size Distribution of Cgy Molecular Islands

In this section, a systematic study will be carried out on the growth of Cg islands on an
Au(111) surface at 110 K. The adsorption of Cgy molecules shows different behavior across the
surface with as the potential energies and the surface depth of the FCC and HCP elbow sites.
Therefore, the size distribution of the Cgo island is studied as a function of surface coverage at
110 K. Figure 41 illustrates the normalised size distribution of Cg islands via counts of counting
the number of Cgy molecules in each island on each FCC elbow site. The molecules were
counted as a function of increasing coverage, 0.036 £+ 0.003, 0.072 = 0.005, 0.108 + 0.008, and
0.144 + 0.010 ML, as panels A, B, C and D, respectively. More than 150 molecular islands were
counted from several images and the frequency is normalised by dividing the number of Cg

molecule each island to the total number of island in unit area.
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Figure 41: The normalised size distribution of Cgo molecules at 110 K on FCC elbow sites for different coverages, 0.036 + 0.003,
0.072 £ 0.005, 0.108 + 0.008, and 0.144 + 0.010 ML, for panels A, B, C and D, respectively. Increasing Cg, cOverage increases
the extent of the size distribution and decreases the number of smaller Cg islands. An inlet-magnified distribution of 0.144 ML

coverage is presented in D.
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Figure 42: Panels A, B, C and D shows the normalised size distribution of Csy molecules at 110 K on the HCP elbow sites at
different coverages of 0.036 + 0.003, 0.072 + 0.005, 0.108 + 0.008, and 0.144 + 0.010 ML, respectively. Increasing Cg, COverage

decrease the number of small Cg islands on the HCP elbow sites and increase the growth on the HCP bulged elbow site.

At 0.036 ML coverage, for the most part only single Cgo molecules are observed, with a broad
tail up to about 40 Cgo molecule islands. It is found that approximately half of the islands on the
surface are single Cgo molecules on the FCC elbow sites for this lowest coverage. Increasing the
amount of Cgy molecules decreases the number of single Cg islands and increases the range of

sizes seen in the distribution. As shown in Figure 43B, C, and D, increasing coverage increases
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island size and the extent of the size distribution, whilst simultaneously showing a reduced
number of single Cgo molecules. The percentage of single Cego islands for all coverages is
presented in Figure 43. The percentage decreased from 0.51 + 0.07% to 0.03 £ 0.02% as
coverage was increased from 0.036 + 0.003 ML to 0.144 + 0.010 ML, at the same time, the
number of Cgo molecules forming the biggest islands was found to increase from 42 to 96.

The size distribution of Cgo molecules (normalised as a function of surface area) on the
HCP elbow site is presented in Figure 42A, B, C and D, showing the different coverages used of
0.036 £ 0.003, 0.072 + 0.005, 0.108 £ 0.008, and 0.144 + 0.010 ML, respectively. Increasing the
Cso coverage decreases the amount of small Cg islands on the HCP elbow sites, and indeed the
island that started to grow on the HCP bulged elbow site at 0.144 + 0.010 ML coverage. The
molecules in the HCP region preferentially remained single, only occasionally forming dimers or
trimers. At lowest coverage, 0.84 + 0.09% of the elbow sites are occupied with a single Cg
molecule at the pinched elbow sites. Increasing coverage decreases the amount of single Cego
molecules at the HCP elbow sites with the larges Ceo islands being observed at 0.144 + 0.010
ML coverage. Eventually, Ceo growth starts at the HCP bulged and pinched sites, with the
highest Cgo coverages found on the surface.

Figure 43 illustrates the percentage of single Cg islands on the FCC and HCP elbow sites
as a function of increasing Cgo coverage. The percentage of single Cg islands on the FCC elbow
site dramatically decreased with increasing coverage. The general trend of the percentages for

the HCP elbow sites also decreased same trend.
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Figure 43: The normalised probability of single Cg islands on the FCC and HCP elbow sites as a function of Cg, coverage. The

probability of founding single Cg, molecule on the surface decreases with increasing coverage.

3.1.3 Au Atoms on Au(111) Surface at 110 K

Au atoms on the Au(111) surface move to the step edges due to their high mobility at
room temperature. At 110 K, the Au atoms preferentially stay at the FCC or HCP elbow sites. In
this experiment, a coverage of 0.036 + 0.006 ML of Au atoms was held constant whilst
increasing the number of Cg islands on the surface to produce the hybrid cluster. In Figure 44,
the STM topographies presented show a 0.036 + 0.006 ML coverage of Au atoms on the
Au(111) surface at 110 K. Figure 44A shows a 134 x 114 nm? area, which illustrates the Au
atoms situated on the FCC and HCP elbow sites. The region in Figure 44B shows a 57 x 57 nm?

area selected from that shown in Figure 44A and illustrates the FCC and HCP regions with

surface directions. Au atoms are trapped by FCC and HCP elbow sites (excluding step edges).
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Figure 44: The STM topographies for a 0.036 £ 0.006 ML coverage of Au atoms on the Au(111) surface at 110 K. A. 134 x 114
nm? area showing Au atoms at FCC and HCP elbow sites. B. A selected 57 x 57 nm? area from panel A showing Au atoms at the

FCC and HCP regions with surface directions.

3.1.4 Size Distribution of Au Atomic Islands

Most observed hybrid clusters contain two-dimensions islands of 19, 35, 49, and 63 Au
atoms as suggested in ref. [14]. The Au coverage and deposition parameters remained constant
for all experiments (0.036 £ 0.006 ML deposited on a Au(111) surface at an 110 K substrate
temperature). The estimated areas of different sizes of Au islands, which are formed as hybrid
clusters, are presented in Table 4. The estimated areas on the surface range from 1 to 4 nm?
depending on the number of Au atoms.

After Au atoms are exposed to the Au(111) surface surface at 110 K, the area of the Au
islands at the elbow sites are measured using the ImageJ image analysis program. The island
sizes are binned in 0.4 nm? intervals, and the frequency is normalised by dividing the number of

Au islands to the total number of island. The distribution fitted with Lorentzian multi-peaks. The

88



Chapter 3 Imaging Hybrid (Cg)m-(Au), Clusters on an Au(111) Surface

blue line shows first four peaks at around 0.62, 1.40, 2.60, and 3.39 nm? The calculated Au

island areas are in rough agreement with the measured areas of 2.60, and 3.39 nm>.

Table 4: The number of Au atoms in most observed hybrid clusters and estimated areas on the surface.

Clusters Auatoms Au radius (nm) Estimated Area (nm?)
(C60)7-(AU)19 19 0.135 1.09
(Ceo)lo-(AU)gs 35 0.135 2.00
(Cso)lz-(AU)49 49 0.135 2.80
(C50)14-(AU)63 63 0.135 3.61
0.16 u T T T T T J T i T T T
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Figure 45: The normalised size distribution of Au atoms on the elbow sites at 110 K with a 0.4 nm? binning interval. The dark
blue line is Lorentzian multi-peaks. The blue line shows first four peaks at around 0.62, 1.40, 2.60, and 3.39 nm?.

3.2 Cluster Formation
This study focuses on understanding hybrid cluster formation in order to obtain further

control over cluster formation. The ultimate aim is to produce one type of cluster across the
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entire surface. For this reason, after deposition, a single area was followed as the temperature the
surface was raised from 110 K to 294 K to observe cluster formation as a function of elevated
temperature. Figure 46 shows STM topographies of the observed area from 110 K, panels A and
B, to 294 K, panels C and D. Deposition of the Cgy molecules and then Au atoms at 110 K causes
the formation of irregular clusters, whilst individual Au islands form at the empty elbow sites.
The individual Au islands disappeared at around 160 K and clusters started to become compact
at around 200 K. When the substrate temperature was brought to room temperature, only the
hybrid clusters remained on the surface. In this section, unless stated otherwise, all images are
taken with a -1.93 V tip bias and a 47 pA tunnelling current.

After Cgo deposition, Au atoms were deposited on the surface and migrate under or
around irregular Cgo islands, or to empty elbow sites. In Figure 46 B and E, the blue rings show
individual Au islands at the elbow site. The pink arrow shows Au atoms at the side of the Cgo
island in Figure 46B. The irregular clusters, circled in green in Figure 46C, are Au atoms located
under Cg islands. Au atoms can diffuse on the surface at 110 K, but tend to stay on elbow sites
whether covered with Cg islands or not. Once they reach a Cg island, the Au atoms either prefer
to stay around the island or to diffuse under the Cgo islands and sit directly on the elbow site. Au
atoms under the Cg island results in increase the height of the Cg islands, which can be seen by
an increase in brightness on the associated STM images (Figure 46C the green circle). To form a
cluster, both Cg islands and Au atoms must combine. Additionally, individual Au atoms and Cg
islands may diffuse to step edges as temperature increases (the blue and green circle in Figure 46

E and F, respectively).
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Figure 46: A surface area followed from 110 K, panels A, B and C, to 294 K, panels D, E and F. All images are recorded with a
tip bias of -1.93 V and a tunnelling current of 47 pA. Evaporating first Csy molecules and then Au atoms at 110 K results in
individual Au islands (blue circle) and formation of irregular clusters with Au atoms which have diffused under a Cgq island
(green circle). The pink arrow shows Au atoms at the side of the Cg island. Once the substrate temperature is brought to room
temperature (D), the clusters become compact form. Here, the blue ring illustrates an removed Au island (E), whilst the green
circle illustrates compact cluster (F).

The proof of cluster formation comes from the modified behavior of the Au atoms and
Cso molecules; Figure 47 provides a good example of this. Two irregular clusters were followed
from 110 K (Figure 47A) to 289 K (Figure 47K). The first is a large Cgp island with a small Au
island underneath it. The second is with a single C¢o molecule and small number of Au atoms.
Increasing the substrate temperature increases the thermal energy of Cgso molecules, thus their
mobility. The big island starts to lose its outer Cgo molecules as the temperature increases.
During the temperature increase, more Au atoms diffuse under the Cg island and the two Cgo
molecules become bright (Figure 47D); the height of the bright Cgo molecules is same as one Au
atomic step [14]. At all temperatures, the close-packed Cg island are directed parallel to the

surface directions ([112], [011], and [110]). On the other hand, the small cluster starts to

capture additional Cgo molecules and become an open cluster (Figure 47K). Due to the increased
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temperature, the mobility of the Cgo molecules increases and they diffuse along the substrate
surface. These Cgo molecules may have come either from freely diffusing molecules, or from
molecules that have escaped from a nearby large Cgo island. Finally, close to room temperature,
both clusters become hybrid clusters, (Ceo0)10-(Au)3s. It can be seen that the hybrid clusters may

form due to either losing or capturing Cgo molecules with increasing temperature.

Figure 47: STM topographies to observe two examples of cluster formation with increasing substrate temperature from 123 K to
289 K. The big island (indicated as 1) formed a (Cgo)10-(Au)ss hybrid cluster by diffusion of Au atoms under the Cg island and
the loss of outer Cqq molecules. The small island (indicated as 2) with a single Cg and Au atoms formed a hybrid (Cgg)10-(AU)35

cluster by capturing mobile Cgq molecules.

The STM topographies (250 x 250 nm?) for a single area with time and temperature
dependence are given in Figure 48A, B and C. The number of clusters on the surface is reduced
as temperature is increased from 279 K to 294 K; this process continues whilst scanning same
area for an hour at 294 K. The white and yellow circles indicate the clusters which have
disappeared from the surface due to temperature and time, respectively. The small clusters, such
as (Ceo)7-(Au)19 and (Ceo)10-(Au)ss, are more prone to disappear. This is probably because it is

easier to overcome interaction between Cgy molecules when driven by temperature. Increasing
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temperature decreases the surface tension and increases the mobility of the molecules. Therefore,

it was found that the cluster structure can break at 400 K [14].

At 294 K
= L& after1h

'

-

W

-

Figure 48: STM topographies (area of 250 x 250 nm? area) scanning the same area to show time and temperature dependence in
panels A, B and C. Clusters on the surface disappeared with an increasing substrate temperature from 279 K to 294 K and were
also found to disappear whilst scanning same area for about an hour, as indicated by the white and the yellow circles,

respectively.

3.3 Hybrid Clusters at RT

At room temperature, the most commonly observed clusters were (Cgo)7-(AU)19, (Ceo)10-
(AU)ss, (Ceo)12-(AU)ag, and (Cegp)14-(AlU)es. In Figure 49A, the STM topography of a (Ceg)7-(Au)1e
cluster is illustrated. This is the smallest stable cluster observed comprising of seven Cg
molecules, six of which are located around the Au island with the remaining one located on top.
The size and shape of the Au island formed by 19 Au atoms, is shown by yellow circles in
Figure 49B. The structural model proposed shows optimal gold atom distances for the close-
packed Cgp island [14]. The Cgo molecule is raised due to a single atomic layer of Au (the yellow
spheres) which results in the topmost cluster showing a bright feature in the associated STM

image. Here, the blue and purple atoms are the first and the second layers of the Au(111) surface,
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respectively. The green atoms are the first layer of the Au(111) surface atoms, which interact

with the six Cgg molecules around the cluster.
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Figure 49: A. STM topography of (Cgo)7-(Au)yg cluster. B and C. The corresponding structural model proposes optimal Au atom
distances for the close-packed Cqy molecules. Here, the blue and purple atoms are the first and second layer of the Au(111)
surface, respectively. Each three green (the first layer of the Au surface) atoms interacting with C¢y molecules around the cluster.
The 19 yellow atoms are an Au island surrounded by six Cgy, molecules with one further Cs, molecule located on top. Therefore,

the bright future appears in STM due to an atomic step height.

The (Ceo)10-(AU)as, (Ceo)12-(AU)as, and (Ceo)14-(AU)es Clusters are presented as atomistic
models alongside the STM images in Figure 50A, B, and C, respectively. The size of the cluster
increases with an increasing amount of Au atoms and Cgy molecules. For the (Ceo)10-(AU)3s
cluster, two Cgo molecules sit on 35 Au atoms; for the (Cso)12-(Au)ag Cluster, three Cgo molecules
sit on 49 Au atoms; and, for the (Cgo)14-(Au)s Cluster, four Cgo molecules sit on 63 Au atoms. The

other Cgo molecules are positioned around the edge of the Au island.
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>

Figure 50: STM topographies and the associated structural models for the (Cgp)10-(AU)ss, (Coo)12-(AU)ge, and (Ceg)1a-(AU)sz
clusters are shown in panels A, B, and C, respectively. The bright future arises from sitting two, three, and four Cgo molecules on

sitting on 35, 49, and 63 Au atom islands (the yellow spheres), respectively.

3.4  Diffusion and Rotation of Clusters on the Surface

As mentioned in cluster formation, section 3.2, some hybrid clusters may disappear with
increasing temperature or over time at (constant) high temperature due to the increasing surface
energy and thermal energy of the Cg molecules. Additionally, the independent rotation of
clusters on the surface is also possible. We observed that only the (Ceo)10-(Au)ss cluster rotates
on the surface elbow site (FCC region) and this rotation is shown in the associated STM images
(Figure 51). We did not observe the rotation of the other hybrid clusters with the STM. In Figure
51, the rotation of (Cep)10-(Au)ss clusters is observed by repeatedly scanning the same area for a
period of time (~1 hour), during which time the temperature is also increased from 289 K to 294
K. For the (Ceo)10-(Au)ss cluster, three orientations are found by using the [112] direction of the
Au(111) surface as a reference: along the [112] direction, and + 60° from the [112] direction
(three-fold). Either the STM tip or the increasing thermal energy of the cluster may drive this

rotation. Although an area is scanned at different time by retracting the tip and approaching it
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again, the rotation of the cluster is still observed. However, the effect of the tip on the rotation of

the cluster is undeniable.

Figure 51: STM images showing the rotation of two (Cgo)10-(AU)ss clusters by increasing temperature and overscanning at room
temperature. Three orientations are found by using the [112] direction of the Au(111) surface as a reference at RO and +R60.
Although, we observed that all clusters are formed at the elbow sites, the clusters may
diffuse on the surface along the FCC region. This diffusion or, looked at another way, escape
from the FCC elbow site, should be because of the increased surface energy and the increased
thermal energy of the clusters at high temperature (close to room temperature). Figure 52A and
B show the STM topographies for the diffusion and the rotation events at different contrasts (Al
and B1). About 95 + 3% of the diffusion events were observed on ring clusters. A ring cluster
probably diffused from the FCC elbow site to the FCC region as indicated by the blue arrow in
Figure 52A. After retracting the tip, and subsequently returning it to the same area after 50 min,
it was observed that the cluster had diffused back to an elbow site (shown with the yellow
circle). During the STM tip absences, the cluster, indicated with the purple circle, also appears to
have rotated on the surface when reimaged. Imaging to find same area is also an example of

cluster rotation that is independent of the STM tip effect (or electric field effect).
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Figure 52: STM topographies at the different contrasts. A. A ring cluster, which probably diffused from the FCC elbow site to the
FCC region. After 50 min., it had diffused back the original position (shown with the blue arrow and yellow circle). The cluster

indicated with the purple circle had rotated on the surface after 50 min when scanning the same area (72 x 48 nm?).

More diffusion of the ring clusters from the elbow sites to elsewhere on the FCC regions
is shown with the yellow arrows and circles at different contrasts (85 x 41 nm?) in Figure 53.
Three clusters had already diffused from the elbow sites, as seen in Figure 53A. This diffusion
was continued, and was observed again after 24 minutes. During this time, the tip was retracted
and the same area is subsequently relocated for imaging (see Figure 53B). Moreover, the
diffusion has been studied by scanning the same area over 5 hours at room temperature;
however, all hybrid cluster remained on the elbow sites. As a conclusion, most of the ring

clusters diffused easily over the surface with time, but the hybrid clusters remained in place.
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Figure 53: The diffusion of ring clusters is shown with the yellow arrows and circles at different contrasts (85 x 41 nm?). A.
Three clusters had already diffused from the elbow sites to the FCC regions. B. Continuous diffusion of the ring clusters

observed after 24 minutes with the STM tip retracted and then relocating the same area.

3.5  Cluster Distribution at Different Cgy Coverages

To explore the effect of initial Cgo deposition, we performed the experiment keeping the
amount of Au constant and increasing the amount of Cgo molecules on the surface. The idea was
to control the growth process through the Cgo molecule dose. All experiments were carried out
using a 0.036 = 0.006 ML dose of Au atoms and increasing the dose of Cgo molecules from 0.036
ML to 0.144 ML. The reverse experiment, depositing Au atoms first at different coverages
followed by a fixed Cgp molecule dose, was performed by a colleague, Miss. Mahroo Rokni Fard
[192]. In short, these two studies show that there was no observed effect due to deposition
sequence, but increasing the number of Au atoms caused the formation of more ring-like clusters

on the surface than hybrid clusters.
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Figure 54: The clusters obtained dosing first 0.036 ML Cg, molecule then 0.036 ML Au atoms at 110 K and size distribution for

Senesl

all type of clusters on the surface at RT (total 525 clusters counted). Major hybrid clusters are (Cgp)7-(AU)19, (Ceo)10-(AU)s3s,

(Ce0)12-(AU)49, and (Cgp)14-(AU)gs.

Figure 54 shows the size distribution of hybrid clusters obtained using a 0.036 + 0.003
ML coverage of Cg molecules and a 0.036 = 0.006 ML coverage of Au atoms at 110 K. The
substrate temperature was brought to room temperature to obtain hybrid clusters. The dominant
hybrid cluster fraction was found to be (Ceo)7-(Au)1e, Whilst other major hybrid clusters
observed, had 10, 12, and 14 Cg, molecules, as seen in Figure 54. For this rate, the big and
combined clusters were also observed. For all coverages, the (Cgo)7-(Au)19 cluster is the most
commonly observed hybrid cluster. This is because the initial amount of Au atoms deposited on
the surface defines the cluster size distribution. On the other hand, the number of joined clusters

increases with an increasing number of Cgo molecules deposited.
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Figure 55: A. Cluster size distribution as a function of increasing Cg, coverage. The percentage differences remained steady for
(Cos0)7-(AU)19, (Ceg)10-(AU)3s, (Ceo)12-(AU)sg, and (Cep)14-(Au)es Clusters. However, the number of joined clusters is increased. B,
C, D, E, and F. Major types of clusters are the hybrid (Cgo)7-(Au)19, (Cso)10-(AU)35, (Ceo)12-(AU)sg, and (Cep)14-(Al)es Clusters and

joined clusters, respectively.

3.6 Adding Csy Molecules on the Surface at RT

The cluster transformation was explored by adding an additional 0.036 + 0.003 ML
coverage of Cgo molecules to the existing clusters at room temperature. The diffusion length of
Cso molecule on the Au(111) can be quite large at RT [193]. The extra molecules were added,
whilst scanning the surface to see real-time cluster transformations. However, a cluster
transformation was not observed with additional Cg, molecules on the surface. This might have
been because the tip was able to block the scanning area to the ingress of additional Cgg

molecules so, the experiment was continued with the tip retracted rather than actively scanning
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the area while the depositing Cgo molecules were deposited. After Cgo deposition, the tip was
approached to the surface, and different areas were scanned to obtain statistically reliable results.

The cluster size distribution after adding more Cgy molecules to the existing clusters at
room temperature is shown in Figure 56A. The percentages of four major cluster fractions are
given as a function of the initial coverage of Cg molecules. The numbers of clusters were
counted before and after the Cgo molecules are added. The associated before and after cluster

percentage ratios are plotted in Figure 56B to emphasize the change in cluster percentage.
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Figure 56: A. The percentages of (Cgo)7-(AU)1g, (Ceo)10-(AU)3s, (Ceo)12-(AU)sg, and (Cgp)14-(Au)es clusters and joined clusters after
adding 0.036 £ 0.003 ML Cg, on the existing clusters at room temperature. Four major cluster percentages are plotted as a
function of the initial coverage of Cg, molecules on the surface. B. The ratio of after/before comparisons of the cluster
percentages for (Cgo)7-(Au)1s, (Ceo)10-(AU)zs, (Ceo)7+1-(AU)1s.

As can be seen in Figure 56A, the percentages of the major cluster fractions remained
constant with an increasing initial coverage of Cg molecules. However, the number of joined

clusters increased. This was an expected result purely due to the additional Cgyp molecules. As

more Cg molecules diffuse on the surface, they become captured by the larger clusters and
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transform into joined clusters or the combination of two nearby clusters with additional diffusing
molecules. When we examine the ratio of clusters before and after the extra Cgo dose for the
(Ce0)7-(Au)1g cluster decreases from 1.5 + 0.2 to 1.1 + 0.2 and the (Ceo)7+1-(Au)19 Clusters
increases from 1.9 £ 0.55 to 2.8 £ 1.3. This means that additional Cg, molecules prefer to attach
to a cluster and remain attached, but that the (Ceo)7-(Au)1s clusters were not themselves

transformed.

3.7  Adding Au Atoms to the Surface at RT

This final experiment was undertaken in order to understand the effect of additional Au
atoms at room temperature on the hybrid cluster. Therefore, additional Au atoms, at 0.018 *
0.003 ML, were added to the surface after standard hybrid cluster formation. We observed that at
room temperature the additional Au atoms do not stay on the bare Au surface but diffuse to the
step edges. It is predicted that Au atoms may preferentially join hybrid clusters and change the
cluster forms. Several images were taken before and after each deposition to insure sufficient
good quality images to allow for a statistically significant analysis. The STM tip was kept away
from the surface to eliminate tip shadowing on the scan area. However, no differences were
observed when comparing the before and after images. The tip was retracted before the Au dose
was applied and found the original scan area located, after which several images were captured.
This method showed unique transformations of the clusters.

The comparison of before and after images for the addition of Au atoms on the surface is
shown in Figure 57A and B. The images were illustrated at different contrasts Al and B1,

respectively. The hybrid clusters were obtained by adding 0.036 ML + 0.006 Au atoms and

102



Chapter 3 Imaging Hybrid (Cg)m-(Au), Clusters on an Au(111) Surface

0.108 + 0.008 ML Cgy molecules at 110 K; an additional 0.018 ML + 0.003 of Au atoms was

dosed on to the surface at room temperature.
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Figure 57: A and B. Before and after images at different contrasts Al and B1, respectively. Additional Au atoms (0.018 + 0.003
ML) prefer to join with the hybrid clusters and transform them by increasing their size. Here, Cgy molecules, which are already
on the surface, diffuse over long distances at room temperature and join the clusters simultaneously with the additional Au atoms.

As can be seen images Al and B1, the changes in the clusters sizes are indicated before and after.

Additional Au atoms prefer to join to the hybrid clusters and transform them to larger
sized clusters, as well as migrating to the step edges. The Cgo molecules can already diffuse large
distances on the surface at room temperature. These molecules join to the clusters
simultaneously with the additional Au atoms and induce the cluster’s transformation. As can be

seen in Figure 57A1 and B1, the change in the cluster size is indicated with the appropriate
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before and after images. From the results it is clear that there are high probabilities of capturing
more Cgo molecules with large clusters.

In Table 5, the percentage of hybrid clusters transformed by the additional Au atoms are
reported. 70.3% of the (Cgo)7-(Au)1g Clusters remained the same, whilst 18.5% were transformed
to another hybrid cluster form, (Cso)10-(Au)ss. However, significant fractions of the (Cgo)7-(Au)19,
(Ce0)10-(AU)35, (Cp0)12-(AU)sg, and (Ceo)14-(Au)ss clusters transformed to a larger-sized cluster.
The most common transformation was growth towards the next largest hybrid cluster by
capturing two additional Cgp molecules along with the appropriate number of Au atoms. It has
been revealed that in order to transform clusters, Au atoms must be involved. Adding Ceo
molecules increases the size of joined clusters or Cgo molecules around the cluster only, but does

not cause cluster transformation.

Table 5: The percentage of transformed major clusters on the surface after adding Au atoms. The table information was obtained

by counting 91 clusters.

Remain same 70.3% 38% 30.7% 33.3%

1 size bigger 18.5% ((Cso)10) 42.8% ((Ceo)ya) 61.5% ((Cep)ia) 44.4% ((Ceo)16)
2 size bigger 0% 0.1% ((Ceo)1a)  0.1% ((Ceo)ie) 0%

Disappear 0.1% 0.1% 0% 0%

Ring 0% 0.1% ((Ceo)1s) 0% 22.2% ((Ceo) 1)

3.8  Bias Voltage Effect
The STM images in this study were taken at negative bias voltage as well as the

manipulation of the hybrid cluster which will be presented in chapter 4. To explore the electric
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field effect on the size distribution of the hybrid clusters at room temperature, the surface was
scanned using different bias voltages. The existing Cgo molecules could migrate long distances
on the surface due to their high mobility. These molecules may attach to clusters, but do not
otherwise cause the transformation from one cluster to another (as indicated in section 3.6). The
STM images recorded while scanning the surfaces at negative and positive bias voltages are
presented in Figure 58 and Figure 59, respectively. The clusters remained unchanged whilst
scanning at -1.93 V for one hour (see the before and after images in Figure 58A and B).
However, as seen in Figure 58C and D, increasing the bias voltage to -2.46 V, and thus
increasing the electric field, caused Cgy molecules to migrate under the tip and attach to the
clusters. It can be seen from the images that the hybrid clusters do not change due to the

additional Cgy molecules.

Figure 58: Negative bias voltage-dependent scanning. A and B. Before and after scans of the same area after 1 h at a -1.93 V bias
voltage. There was no cluster transformation or no additional C¢y molecules observed around the clusters. C. Scanning same area
at -2.46 V resulted in additional Cgy, molecules around clusters, but again no cluster transformation was observed in D (All

images areas 55 x 55 nm? and room temperature).
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Figure 59: Before, during and after STM images. A. Scanning the area first at -1.31 V as a record and then scanning all areas at
+1.31V for after images for comparison. There is no transformation or additional Cgy molecules around the clusters for +1.31 V.
B. Scanning the area at +1.71 V resulted in additional Cgo molecules around the clusters without transforming them. C. Scanning
the area at +2.05 V lead to even more Cg, molecules around the clusters. (All images are taken at 47 pA, 55 x 55 nm?, at room

temperature).
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The surface was also scanned at positive bias voltages. It is known that STS shows two
peaks at +0.8 VV and +2.1 V and a further peak at -2.0 V (see Figure 21B). It can be seen that the
positive bias voltage has a greater effect on the Cg molecules due to the filled state of the
surface. The usage of three different positive bias voltages is presented in Figure 59 before, after
and during the recording of the scan images. Scanning the surface at +1.31V did not affect on the
clusters, and no additional molecules were observed (see Figure 59A). However, increasing the
bias voltage to +1.71 V caused additional molecules to attach around the clusters (see Figure
59B). Moreover, at +2.05 V, further additional molecules migrated to positions around the
clusters and elbow sites. Here, the additional molecules sat on the FCC regions. Typically, there
is no stable single molecule on the surface due to the high mobility of the Cgo molecules at room
temperature. It is likely that applying a positive bias voltage (electrons tunnel from the tip to the
surface) desorbed Cgo molecules from the tip surface with some additional atoms (maybe Au or

0). These molecules may sit on the elbow site due to the associated contamination.

3.9  Conclusions

In this chapter, the cluster formation studies started with Cgy molecule and Au atom
distributions on the Au(111) surface at 110 K, before investigating their formation up to room
temperature. Four major hybrid clusters fractions were observed on the surface at room
temperature, which were (Cgo)7-(Au)1g, (Cs0)10-(AU)3s, (Ceo)12-(AU)ag, and (Ceo)14-(AU)ss. The
enhancement in the rate of Cgo molecule coverage with constant Au atom coverage was studied.
Increasing the amount of Cgy molecules did not change the fractional percentages of the cluster

distribution, but the amount of joined clusters increased. These clusters are mostly stable on the
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surface, however, for the (Ceo)10-(Au)ss cluster, three main rotation orientations, RO and +R60
were found by using the [112] direction of the Au(111) surface as a fixed reference. In time, the
ring clusters may diffuse from elbow sites along the FCC region of the surface.

Adding Cgo molecules and Au atoms to the hybrid clusters at room temperature was also
studied. Additional Cgy molecules did not change the size distribution of the clusters due to the
high mobility of these molecules. Surprisingly, added Au atoms joined with the hybrid clusters
and increased the size of the cluster, typically increasing to the next major cluster fraction. This
IS because Au atoms combined with mobile Cg molecules on the surface, which then
subsequently joined with clusters to transform them. Finally, these clusters were found to remain
stable while scanning with a negative bias of up to -2.0 V. For positive bias voltages greater than

+1.71 V, additional Cg, molecules migrated to the clusters to the elbow sites.
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CHAPTER 4

MANIPULATION HYBRID (Cgo)m-(Au), CLUSTERS on the Au(111) SURFACE

In this chapter, we study the manipulation of (Cso)m—(Au), hybrid clusters on the Au(111)
surface presented in Chapter 3. Here, we report the cascade manipulation of (Cgo)m—(Au), hybrid
clusters by STM. We demonstrate that a (Ceo)m—(Au), clusters on the Au(111) surface can be
tailor modified by downsizing them from one hybrid number cluster to another at room
temperature. This manipulation is a pure mechanical interaction between the STM tip and a Cg
molecule of the cluster. This highly efficient manipulation process does not need to remove
atoms/molecules one-by-one using the STM tip and yet the final product is “error-free” due to
the stability of the hybrid number cluster. Cgo molecules are highly mobile at room temperature
due to weak interactions forces between the molecule and the surface. Therefore, this experiment
was also performed at 110 K to gain more thermal control over the Cgy molecules and to
determine the new state on the surface. With this in mind, directional manipulation has been

achieved at 110 K.

4.1 Drift Velocity Over Time

Before starting to present the manipulation data, the STM tip drift during manipulation
should be mentioned. STM manipulations are often disturbed by thermal drift or creep of the
piezoelectric scanner. These drifts result in a moving scanning frame in a certain direction or

angle. To avoid thermal drift, we scan the same area long enough (for our system, this time is
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about an hour) for the thermal extension of the tip and sample to become very small. Here, we
are not trying to correct images for these drifts, as we manually correct the position of the
scanning frame after each scan. Our aim is to ensure the STM tip is on the selected molecule
during the manipulation event.

A schematic diagram is given for the calculation of drift velocities (vx and vy) in lateral
directions in Figure 60A and B. First, the initial cluster coordinates are taken as (X1, y1) (see
Figure 60A). Then, the final position of the cluster coordinates is taken as (X, y2) with the two
sets of coordinates obtained as consecutive images. The up lateral scanning direction is indicated

with a blue arrow in each frame.

A (00 T x B oo X X
yl /
2 Y2 2
Ywv Yv

Figure 60: Schematic diagram to calculate lateral drift velocity with tracking a cluster at room temperature. A. Initial position of
a cluster (x4, y1). B. The final position of the cluster in the consecutive image (x,, y,). The lateral scanning direction is indicated
by the blue arrow in the frame.
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Lateral drift velocity formulas, which are given by v, =

generated from Ref. [194]. Using the schematics given in Figure 60, the v,, v,, and the resultant
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vector of lateral drift velocities, r is plotted as a function of scanning time in Figure 61A. Here, At
is the time between two consecutive images.

Figure 61B, C, D, and E illustrate consecutive images taken at room temperature after 6,
30, 70, and 150 minutes, respectively. It can be seen that after the first scan the drift is extremely
large as indicated by the green circle, at ~1.2 nm/min. Moreover, in first 50 minutes, the drift
velocity is ~0.8 nm/min (indicated by the blue circle) then the velocity decreases dramatically to
~0.17 nm/min in 65 minutes. The acquisition time for all manipulation experiments is 12.8 ms..
The drift during manipulation is 19 pm, determined for immediately after the first scan where the
drift is highest. The manipulation experiment can still be done successfully even with a 19 pm
drift, as the STM tip will be still on the molecule. To reduce drift and to ensure the tip is indeed
still on the molecule during manipulation, we scanned the same area for at least 45 minutes at
room temperature. Thus, STM tip drift was eliminated accounting for thermal effects and piezo
creeps. During the manipulation event, the image quality and the tip state did not change and,

therefore, tip deformation could be neglected.

4.2  Manipulation of a Selected Cg, Molecule in an Island

The aim of this chapter is to produce desired geometries and properties with Cg
molecular nanostructures at both the nanoscale and at realistic temperatures for practical
applications. Hence, the STM tip is a great tool with which to manipulate a selected Cg
molecule on the different surfaces studied previously [15-22]. Before performing cluster
manipulations, we investigated a single Cgo manipulation on a Cg island on the Au(111) surface

at room temperature to determine our various manipulation parameters.
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Figure 61:A. Analysis of lateral drift velocity at room temperature whilst tracking a cluster. B, C, D, E. In consecutively obtained
images taken at a -1.97 V bias voltage and, 47 pA tunnelling current, with 150 nm/s scanning speed on a 50 x 50 nm? area after 6,
30, 70, 150 minutes, respectively. Green, blue, orange, and purple circles show the cluster on the images and the drift velocity
analysis on the graph.

The experimental procedure was as follows, as can be seen in Figure 62A, B, C: first, a
topographic scan of the Au(111) surface was taken to observe the Cgo island under normal
scanning conditions. Next, the STM tip was placed on a selected Cg molecule and the
manipulation performed after the feedback loop was switched off for 12.8 ms acquisition time
(Figure 62B). During this time, the tip-sample distance was decreased by up to 1.8 nm and the
tunnelling current was recorded as a function of tip displacement. Finally, to see the
manipulation event, the surface was scanned once more under normal scanning conditions
(Figure 62C). A selected Cgo molecule manipulation is possible at various bias voltages and
tunnelling currents [19]. However, we determined the tip displacement parameter, Z, for a single

Cso manipulation by moving the tip towards the surface by ~1.2 nm for gentle and precise
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manipulation experiments. All STM images reported in this chapter, unless otherwise indicated
were taken at a -1.67 V bias voltage and 47 pA tunnelling current, using a 12.8 ms acquisition

time.
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Figure 62. A, B, and C. Initial manipulation images showing before, during and after removing a single Cgo molecule from a Cgg
island (at 0.072 £ 0.005 ML of Cg, coverage) on the Au(111) surface at room temperature. The STM tip removes the Cg
molecules highlighted by the green from the Cg, island. After manipulation, the Cg, molecule found on the island. D. The
effectiveness of the manipulation a single Cs molecule from the island for different tip Z-displacements. Decreasing the tip-
sample distance to 1.2-14 nm was found to be the optimal parameterisation for removing a single Cgy molecule from the island
with different tungsten tips. E. Manipulation current versus tip movement during a single Cgy, manipulation event. After 0.4 nm

tip movement towards the island, the current saturates when the tip contacts a single Cg, molecule.
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Figure 62 illustrates the initial manipulation experiment to optimise the Z displacement.
Removing a single Cgo molecule from a Cg island with a coverage 0.072 + 0.005 ML on the
Au(111) surface is shown before, during and after manipulation in Figure 62A, B and C,
respectively. The STM tip is placed on a selected Cgo molecule on the Cg island, as indicated by
the green circle in Figure 62B. After manipulation, the Cgo molecule found on the island. Figure
62D illustrates the distribution of manipulation events for Ce¢o molecule/s from the island for
different tip-surface distances. Decreasing the tip-surface distance by 1.2 nm results in 80%
successful manipulation. However, the optimal tip displacement for removing a single Cgo
molecule from the island (observed with different tungsten tips) is achieved at 1.3 nm. Figure
62E shows the recorded manipulation current as a function of tip displacement during the
manipulation event. After a 0.4 nm tip Z-displacement towards the island, the tip contacts the Cg
molecule and, consequently, the current saturates. Moreover, to explore the electric field effect
on single Cgo molecule extraction from the island, zero bias voltage manipulation was performed
by using a macro program written in the Omicron Scala control program, which was coded as

follows:
acq_time, 2000

delay, 200
feedback, 0
set_v, 0.0

delay, 50
loop_times, 10
deTay, 50
measure

add_z, -0.13
loop_end
delay, 50
measure

reset_v
reset_z
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deTay, 100
reset_feedback
delay, 50

The feedback loop, first, switched off and sets the bias voltage to 0 V by the program for the
manipulation experiment. Here, all timings and delays are given in units of microseconds. The
acq_time (us) is acquisition time for each loop, set_v (V) is the bias voltage for the manipulation
event after feedback loop is off, loop_times is the number of measurement for the manipulation
experiment, and add_z (nm) is the step size of the STM tip towards the surface. After the
manipulation has been performed, all parameters are reset to scanning conditions.

The minimum Z-displacement for the manipulation of a single Cg, molecule at zero bias
voltage is found to be 1.2 nm. Thus, the manipulation ruled out electric field effect by using a
zero bias voltage manipulation. The manipulation is also performed at negative bias voltage
conditions. The threshold of the Z-displacement was found to be between 1.2 to 1.4 nm for a
selected single Cgo molecule for a given bias voltage and tunnelling current, (-1.67 V and 47 pA,
respectively) without disturbing the island size and shape. By decreasing the tip-sample distance
by a further 0.2 nm or 0.4 nm, two and three Cgo molecules can be removed from the island. In
this experiment, we used the 1.2 nm setting to produce a very gentle contact during
manipulation.

The possible mechanism has been extensively studied in terms of bias voltage,
manipulation current, tip-sample distance and manipulation power [19]. It has been concluded
that the manipulation is not due to the thermal decomposition of Cg. It was observed that the
manipulation is possible under a wide range of bias voltage and current values, and thus that the
electric field and tunnelling current were not the reason. Moreover, the manipulation power is

5.4 = 0.7 nW for our study, which is lower than the thermal decomposition threshold (1.0 to 21
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uW) [151, 152]. Therefore, the manipulation event is purely mechanical in origin, where the tip
apex interacts with the selected Cgo molecule due to a repulsive force. The tip approaches a Cgo
molecule and makes contact, pressing on it until it is ejected from the island and moved
somewhere onto the tip or the substrate surface, ending up on either the step edges or a
neighbouring vacancy. The average of the tip displacement was found to be 0.44 + 0.19 nm and
the manipulation current as 3.27 £ 0.03 nA when the tip is in contact with the molecule. This

displacement is quite similar to earlier findings [15, 19, 25].

4.3  Cascade Manipulation of Hybrid (Cgo)m—(Au), clusters at RT

We have reported the production of hybrid (Ceo)m—(Au), clusters in chapter 3, such as
(Ce0)7—(Au)1g, (Cos0)10—(Au)zs, (Ceo)12—(Au)sg, and (Ceo)14—(Au)sz at the elbow sites of an
Au(111) surface. These (Cgo)m—(Au), clusters show a clear ‘magic number’ effect, in that only
certain combinations of m and n are allowed [14] because of they maximise the interaction
between close-packed Au islands with the surrounding Cgo molecules.

In this section, we investigate an experiment at room temperature to obtain a
transformation from one of the larger magic number clusters, (Cgo)14—(Au)es, to the smallest
cluster, (Ceo)7—(Au)19, by removing a selected Cgo molecule from its side. We also discuss the
manipulation of a selected Cgo molecule from the top of a cluster. During such manipulation,
cluster rotation is also possible due to deformation by the tip. Performing the STM tip
manipulation to produce nanostructures at room temperature rather than at low temperature is a

great advantage in terms of realistic applications.
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Figure 63: Schematic diagram of the manipulation of a (Cgg)7—(Au)ye cluster with STM images and atomic ball models. The
atomic tip interacts with the selected molecule and squeezes it towards the surface and moves it elsewhere on the surface or the

tip by breaking the weak interaction between the cluster components and the surface.

The schematic diagram in Figure 63 demonstrates the manipulation of a (Cgp)7—(Au)1g
cluster via the STM tip. The atomic tip interacts with the selected molecule and squeezes it
towards the surface; the molecule moves away due to breaking the interaction between the
cluster components and the surface. After manipulation, the molecule either diffuses elsewhere
on the surface or attaches to the tip. As can be seen in Figure 63, the interactions of Cg
molecules on the side of the cluster involve three surface atoms (the green atoms), an Au island
step edge (the yellow atoms), and three Cgo neighbouring molecules (one on top and two at the

sides). The interactions of the Cg molecule on the top of the Au island is with three Au island
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atoms and six Cgo neighbouring molecules around the cluster. The interactions in the bigger

clusters are as described above.

(Ceo)1asa—{AU) g3 (Ceo)1241-(AU)ss

(Coo)ra—(Au)yo - (Csohro={Au);s

4

(Ceo)yo—{Au);3s (Cso)y—(Au)yg

Figure 64. Cascade manipulation images showing before, during and after manipulation of the (Cgg)14—(Au)g3, (Cgo)12—(Au)sg and
(Ce0)10—(Au)3s clusters in panels A, B and C, respectively. The manipulation is performed at the site on clusters indicated with
white circles by driving the tip toward the surface by 1.2 nm. After each manipulation, two Cgy, molecules and Au atoms were

removed, a process that ultimately obtaining the smallest hybrid cluster, (Cgo)7—(Au)1o.
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A cascade manipulation process is illustrated with the before, during, and after STM
images shown in Figure 64. A manipulation is performed to remove a single Cgo molecule from
the side of the (Cgo)14—(Au)es Cluster which is highlighted by the white circle and indicated with a
white arrow. The manipulation of the molecule is made possible by driving the tip 1.2 nm nearer
the surface. In Figure 64A, we start with a (Ceo)14+1—(Au)ss cluster, which consists of four Cg
molecules sitting on top of an Aues island and 10 Cgy molecules around the island. Here, an
additional Cgy molecule (+1) is attached to the side but, in the next step, this molecule is
removed. Figure 64B illustrates how the (Ceo)i2—(Au)sg Cluster can be further modified to
(Ce0)10—(Au)ss and (Ceo)7—(Au)1ge, Which is the smallest stable cluster (see Figure 64C).

We achieved the manipulation of a (Cg)14—(Au)es cluster to a (Cgo)7—(Au)1g Cluster. The
STM tip is actually driven towards a selected molecule by 1.2 nm by temporarily disrupting the
close-packed cluster. The atoms and molecules are able to re-group, forming the (Ceo)12—(Au)ag
cluster, which is a magic number cluster that is “one size smaller” than (Cegp)14—(Au)ss.
Immediately upon removal of the Cg molecule, the cluster’s transforms over a very short
timeframe. During this interval, the cluster close-packed structure is disturbed and forced to
transform to another stable structure. Hence, two Cg molecules and 14-16 Au atoms are
removed simultaneously from the initial (Ceo)14—(Au)ss cluster. As studied in chapter 3 and
reported in ref. [14], there is no another transition hybrid cluster between (Ceg)14—(Au)ss and
(Ce0)12—(Au)ag. We can show that the (Cep)10—(Au)ss cluster can be modified further to
(Ce0)7—(Au)1g, Which is the smallest and most observed cluster. Here, Cgo molecules and Au
atoms that have been removed either move elsewhere on the surface due to their high mobility at

room temperature, or to somewhere on the tip. This transformation occurs very short timescale
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(immediately after manipulation), so cannot be imaged by STM. The tip may also disturb the
cluster by removing a few Au atoms from the Au island. This may increase the distance between
the Cgo molecules and the step edge of the island, and hence the cluster transforms to a “one size
smaller” stable cluster. Certainly, these molecules and atoms do not move to the tip apex,

because the tip state did not change during or after the manipulation.

(Cso)1a~(Au)gs

(Ceo)1a—(Au)gz (Ce0)1a~(Au)g3

Figure 65. A and B. Before, during, and after images of the manipulation of a single Cgo molecule on the top of a (Cgp)14—(Au)s3
cluster. The manipulation of the selected single Cgo molecule on the top is possible by a 1.2 nm Z- displacement towards the
surface. However, because of the mobility of single Cg, molecules at room temperature and the tip effect, the Cqq molecule on the

top of this cluster hops from one empty site to another.

Figure 65 demonstrates the removal of a selected Cg molecule from the top of a

(Ce0)14—(Au)sz cluster with before, during and after images. Figure 65A shows a successful
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manipulation (the white circle) for a selected Cgo molecule. However, it can be seen that on the
after image, the Cgo molecule on the top moves to the empty site. Figure 65B is another example
showing the repositioning of a Cg molecule from the top of the cluster after attempting to
remove the selected Cgo molecule. Nevertheless, this attempt was also unsuccessful and another

Ceo molecule filled the position.

Before

Before

Figure 66. Before, during, and after images for a single Cg, molecule manipulation on the side and top of the (Cgp)12—(Au)sg
cluster are shown in panels A and B. A. Manipulation of a single Cg, molecule from the side of the cluster without deforming the

cluster. B. Manipulation of a single Cgo molecule from the side of the cluster.

A first Cgo manipulation is possible on the top. However, because of the high mobility of
the Cgo molecule and the tip effect, the Cgo molecule moves to another empty site on the top of

the structure. Therefore, it was not possible to manipulate a second Cgy molecule away from the

121



Chapter 4 Manipulation of Hybrid (Cgo)m-(Au), Clusters on the Au(111) Surface

top of the cluster. Once the binding stability of the top four Cgo molecules has been broken, they
move on the Au island towards the empty sites via an attractive tip-induced force [18, 25].

During the cascade manipulation process, there is a small possibility that the cluster
shape can remain unchanged. Figure 66 shows the manipulation of a single Cgo molecule from
the tops and sides of (Ceo)12—(Au)ag Clusters with before, during and after images. In Figure 66A,
a selected Cgo molecule from the side of the cluster is removed successfully and whilst the
cluster framework remains the same, it is transformed to the (Cgo)11—(Au)sg Cluster. In Figure
66B, a selected Cgo molecule from the top of the cluster is removed successfully; however, a Cgo
molecule from the side of the cluster jumps onto the top of the cluster. We consider the number
of Au atoms in the island did not change due to the unchanged cluster framework.

Removing a Cg molecule from the side and top of the cluster is possible at room
temperature. As mentioned earlier, the molecules interact only weakly with the Au(111) surface
so, therefore, Cgo molecules have a high mobility and can thus travel large distances across the
surface. As seen in Figure 66B, the after image, one of the Cgo molecules has jumped to top of
the cluster to fill the empty site. We assume that the Cgo-Cgp interaction on the top of the cluster
is stronger than the side, because a Cso molecule on the side of the cluster can interact with two
neighboring and one on the top Cg molecules, an additional Au surface and an Au island step.
However, a Cg situated on the top of the cluster interacts with two neighbouring clusters on the
top, four sides of the cluster and an Au island. From this, it is probable that the summed
interactions for a Cgo molecule situated on the top of the cluster are larger than those for one

situated on the side, and therefore the Cgo jJumps from the side to the top of the cluster.
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(Ceo)1a—(Au)gs (Ce0)12—(Au)

e

Before

(Ce0)12—(Au),o (Ceo)16—(Au)gs

(Ce0)10—(Au)ss (Ce0)7—(Au)4q

Figure 67: Pushing down at the centre of the bright molecules with an STM tip, as applied to different clusters: (Cgg)14—(Au)gs,
(Co0)12—(Au)a9, and (Cgp)10—(Au)zs, Shown in panels A, B, and C, respectively. Driving the tip at the centre of clusters with Z=1.3

nm, transforms the clusters to either a one (magic number) size smaller cluster, or a ring cluster.

Pushing down on the bright molecules on the top of the cluster with an STM tip, Z=1.3
nm, allows for the transformation of the cluster to either one (magic number) size smaller or to a

ring cluster (see Figure 67). The STM tip is placed on the middle of the (Cg)1a—(Au)ss,
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(Ce0)12—(Au)ag and (Ceo)10—(Au)ss Clusters, as indicated by the white circle in Figure 67A, B and
C. After manipulation, the (Cgo)14—(Au)ss, and (Ceo)10—(Au)szs clusters are transformed to the next
smallest stable cluster, (Cgo)12—(Au)sg and (Ceo)7—(Au)1g, respectively. On the other hand, the
(Ce0)12—(Au)gg cluster is transformed to a ring cluster.

Different Z-displacements (1.5, 1.4, 1.3 and 1.2 nm) were used for the manipulation of
the middle of the clusters. The best displacement was found to be 1.3 nm; the displacements of

1.5 and 1.4 nm destroyed the clusters.

(Co0)12—(AU),o 2nm

(Co0)1241—(AU),0 2nm

Figure 68. STM images showing, before, during, and after images for the clusters disturbed by STM and causing a rotation with
the STM tip. A. The (Cgo)12—(Au)gg cluster rotates 180° from initial R37 to R42. B. The (Cgg)12+1—(Au)gg Cluster rotates from
initial R37 to R63. The close packing directions of the clusters are found by using the [112] direction of the Au(111) surface as a

reference.
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The manipulation of a selected Cgo molecule (indicated by the white circle) belonging to
the (Ceo)12—(Au)ag Cluster caused a rotation, which is illustrated by before, during, and after
images in Figure 68A. The manipulation caused a rotation (upside down) R47 without
destroying the shape of the cluster. Figure 68B is another example of a rotation by the
(Ce0)12+1—(Au)gg cluster, from R37 to R63. Here, the close packing directions of the clusters are
found by using the [112] direction of the Au(111) surface as a reference.

During the manipulation, the STM tip modifies the orientation of the cluster on the
Au(111) surface. The manipulation of the clusters is successful about 80% of the time at room
temperature. When manipulation is not successful, the clusters will at rotate on the surface due to
the tip. Once a Cgo molecule is removed from the cluster, the molecule may return to the cluster
due to the high mobility of the Cgo molecule at room temperature. This may, in itself, result in a
rotation of the cluster on the surface.

The atomic configuration of the tip is not well known. We consider two possibilities for
the tip apex. First, annealing the tip up to 473 K does not remove the oxide layer that forms
during the electrochemical etching process. The adsorption of Cg molecules study on the
WO,/W(111) surface at room temperature [195] also demonstrates that the weak molecule-
surface interaction causes diffusion of the molecules on the WO,/W(111) surface due to the low
barrier to diffusion. Therefore, if the molecule moves the tip state, it can diffuse across a long
distance instead of a localised attachment to the tip apex. Second, the tip apex is very likely to be
terminated by crashing the tip to the surface and picking up Au surface atoms due to the high
voltage pulses used. This is because molecules not attached to the tip apex probably diffuse either

onto the surface or elsewhere on the tip.
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In the contact regime, short-range forces, van der Waals forces and electrostatic forces
can be valid. The electrostatic force increases with increasing bias voltage (independent of
polarity). We observed that manipulation is also successful at zero-bias voltage. Thus, the effect
of bias voltage can be easily excluded. The short-range and van der Waals forces depend on the
tip/sample separation; as separation decreases, the forces increase. In the contact regime, the
molecule is mechanically pushed away from the STM tip due to the repulsive forces between the

tip apex and the Cgo molecule.

4.4  Conclusion for Manipulation at RT

In conclusion, with the STM tip, the manipulation of a selected Cgo molecule is possible
for Ceo islands or for the hybrid clusters. In this section, we determined the best manipulation
parameters at room temperature. The manipulation of a (Ceso)14—(Au)es cluster to another small
size cluster in the appropriate magic number sequence is possible by disturbing the clusters
packing. Here, we showed that there is no transition form of cluster between the hybrid clusters.
Removing a Cgo molecule also results in the removal of the Au atoms attached to it (or maybe
attached to the tip). Removing these Au atoms leads to a shift of the Au island underneath the
Ceo layers and, therefore, the cascade manipulation from the (Cgp)14—(Au)ss cluster to
(Ce0)7—(Au)1g cluster is successful at room temperature. A selected Cgo from the top of the
cluster can be successfully removed; however, removing a second Cg is ‘prohibited’ because of
tip effects and the switching of Cgo molecules from one empty site to another on the top of the
cluster. If we consider the two different configurations for a cluster, the bright and the framing

Ceo molecules, then a Cgo On top of the Au island is more stable than those arranged around the
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island. This is most probably due to a stronger total van der Waals interaction between the Cg
molecules on the top of the island than those at its edges. During manipulation, the STM tip may
alter the orientation of a cluster on the Au(111) surface. This is because the high mobility of Cg
molecules at room temperature and the consequently, relatively high possibility of a Ceo
molecule coming back to the cluster after any attempt to remove a selected Cg molecule.
Pushing down on the top bright molecules on the clusters caused a cluster transformation, either
to one magic number size smaller or to a ring cluster. When such a transformation was not
observed after manipulation, there was the likelihood that a rotation of the cluster had occurred
on the surface (at room temperature). In this manner, hybrid clusters are stable on the Au(111)
surface at room temperature even when removing a selected Cg, molecule via the STM tip. Such
a manipulation is also successful with a zero bias voltage, thus it can be seen that the
manipulation is independent of the electric field. It was found that the manipulation of the hybrid

clusters is possible via the mechanical interaction between the tip and Cgo molecule.

45  Manipulation of Hybrid (Cgo)m—(Au), Clusters at 110 K

Because of the high mobility of Cg molecules on the Au(111) surface at room
temperature, we decided to perform manipulation experiments at low temperature (110 K). One
of the main reasons behind this thinking was that, if we were to perform the manipulation
experiment at low temperature, we might be able to take away all Cgop molecules from the upper
terrace of the cluster, because the thermal motion of the molecules is effectively frozen (or, at
least, significantly reduced). This would allow for the creation of a hollow cluster. One might

consider, however, the possible consequences of the removal of the top bright molecules: would
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the shape of the cluster remnant change, or would it lose its regular shape? If you then contact
the tip on a different cluster to pick up Cgo molecules and move the tip over the hollow cluster,
can one (re)fill the hollow?

Next, if we remove one molecule from the edge of the cluster, where does the molecule
move to? Simply, the removed molecule may attach to the tip, or might displace sideways on the
cluster. In subsequent scan, we might find this molecule at the side of the cluster or, indeed, if
this molecule had a small number of Au atoms around it, this molecule might have a different
appearance from a normal isolated Cg, molecule.

Finally, for the (Ceo)12-(Au)as cluster, if the tip is pushed down at the centre of the three
bright molecules, can we perhaps squeeze all three molecules down the atomic terrace?
Therefore, after the production of hybrid clusters, the sample will be cooled to 110 K and we will
perform our manipulation experiments. First, we determined the optimal manipulation Z
displacement, which is determined from the same statistic approach as discussed in section 4.2.
Hence, the Z displacement chosen for our experiments was 1.2 nm for the majority of
manipulations. In this section, unless otherwise indicated, all images are recorded at a -1.744 VV
bias voltage and 47 pA tunnelling current, and manipulations are performed with tip

displacement of 1.2 nm at 110 K.
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Before

*

Mobile C,,

Figure 69: Manipulation of the molecules on the top of the (Cgo);-(Au)yg cluster, as performed at 110 K ( are shown is 10 x 10
nm?). A Cg molecule on the top was removed (indicated by the white circle on the during image) and observed at the side of the

cluster in subsequent scans (indicated by the green arrow).

We performed the manipulation on the smallest cluster, (Cego)7-(Au)1e, at 110 K,
attempting to remove a Cgo molecule from the top of the cluster, as shown in Figure 69. It can be
seen that the molecule was successfully removed from the top (indicated by the white circle on
the during image). A hollow cluster was generated and the removed molecule was observed at
the side of the cluster in subsequent scans (indicated by the green arrow on the first after image).

It is obvious that the removed Cgy molecule preferred to stay around the cluster. This is
because the mobility of the molecules is decreased by the reduction in temperature to 110 K.
Certainly, this temperature is not enough to freeze the molecule on the surface, so we observed
mobile single Cg molecule even around the cluster, after only a few subsequent scans. It is hard
to know whether the number of Au atoms in the cluster remained the same or not as shown in
Figure 69. Therefore, the manipulation experiment performed for the top three molecules of the
(Ce0)12-(AU)gg cluster is shown in Figure 70. The three Cg molecules were systematically
removed from the top of the cluster. These molecules were subsequently observed at the side of
the cluster in scans performed after the manipulation. The selected molecules are indicated by

the white circles on the during images.
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Before

(Coo)is—(Au) s

Figure 70: Manipulation of the Cs, molecules on the top of the (Cgo)12-(Au)ag cluster was performed at 110 K (15 x 15 nm?). The
three Cgo molecules (indicated by the white circles on the during images) were systematically removed from the top. These

molecules were later observed at the side of the cluster.

Removing Cg molecules from the top of the cluster was successfully achieved without
removing any Au atoms and destroying the Au island orientation. The first Cs molecule
removed was observed around the cluster, and was quite mobile. This movement of the single
Cso molecule around the cluster is probably due to the tip field effect or temperature. The
energetic barrier to escape from around the cluster to moving elsewhere on the surface is larger
at 110 K. However, once we remove the second and third molecule at the side, these three
molecules became stable. This is probably because the first molecule (mobile) interacts with
additional two Cgy molecules and results in to stopping the mobility of the molecule. If it can
overcome the effect of the additional Cgo molecule, it may leave this orbit and move elsewhere

on the surface.
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During

Figure 71: Manipulation of the molecules on the top of the (Cgg)16-(AU)77 cluster, as performed at 110 K (15 x 15 nm?). The STM
images show the successful manipulation of three molecules on the top of the cluster. However, after removing the third
molecule, the next molecule starts to jump to the empty sites on the top while the removed molecules can be observed around the

cluster.

The results of the manipulation of the selected molecules on the top of the (Cgo)16-(AU)77
cluster are presented in Figure 71. The first three molecules were removed without destroying
the cluster framework, as can be seen in consecutive STM images. After removing the three
molecules, the next molecule starts to jump to the empty sites on the top, while the removed
molecules remain around the cluster. Performing the manipulation to the molecules on the top of
the (Ceo)16-(Au)77 cluster indicates that removing three Cgo molecules resulted in empty sites on
the top of the cluster. In the following manipulations, the molecules preferred to jump to the

empty sites on the top, rather than jump to the side, of the cluster.
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2nm

(Ceo)ra42-(Au)y;

Figure 72: Manipulation of the (Cgo)14+2-(AU)77 cluster, as performed at 110 K (15 x 15 nm?) to remove the molecules on the top
of the cluster, which already has vacancies. As seen in consecutive before, during and after images, the manipulation was

performed on the bright molecules one by one. However, the molecule moved to existing vacancies.

In Figure 72, the manipulation of the (Cgo)14+2-(Au)77 cluster is continued at 110 K to
remove three top molecules when the cluster already had vacancies. As seen in the associated
consecutive images, the molecules jumped to existing vacancies on the top of the cluster.
Removing a molecule from the top where several vacancies are already present is clearly not

possible.

4.6  Directional Manipulation of Hybrid (Cgo)m—(Au), Clusters at 110 K

Using with the considerable advantages offered by low temperature, the manipulation can
be performed with increased control. After manipulation of the clusters at room temperature, the
Cso molecules and Au atoms move instantly from the clusters and transform into another small,

stable cluster. However, at 110 K, the Cg molecules prefer to stay at elbow sites around the
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clusters, as well as Au atoms. Therefore, we achieved a removal of Cg, molecules without the
associated room temperature removal of Au atoms. With this advantage, we investigated a
directional manipulation. A schematic diagram for the directional manipulation on a Cg
molecule is illustrated in Figure 73. The green line indicates what is considered to be the
imaginary centre line of the molecule, the red cross indicates the selected manipulation point,
and the yellow arrows indicate the direction of motion of the molecule after the manipulation
attempt. If the manipulation was performed at the bottom of the line, the molecule moves in the
up’ direction (see Figure 73A). If the manipulation is performed to the left, the molecule moves

to the right (see Figure 73B).

Figure 73: Schematic diagram for the directional manipulation experiment. A. If the manipulation is performed at the bottom, the
molecule moves towards the ‘up’ direction around the cluster. B. If the manipulation is performed to the left, the molecule moves
to the right. Here, the green line is considered the nominal imaginary centre line of the molecule, the red cross indicates the

selected manipulation point, and the yellow arrow indicates the direction of motion of the molecule.

The directional manipulation of a selected Cgo molecule on the (Cgo)16-(Au)77 cluster was
performed with a tip displacement of 1.3 nm (indicated by the white circles) in Figure 74. As

seen in these consecutive images, the molecule at the side is removed to a location near to the
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cluster. In the next manipulation process, the additional molecule at the side is kicked back to
original position and the hybrid cluster is reformed. This is because the cluster does not lose Au

atoms during manipulation, thus maintains the shape of the Au island.

During During After
(Coa)s~(Au)y;

Figure 74: Manipulation of the (Cgo)16-(Au)+7 cluster, as performed at 110 K (15 x 15 nm?) to remove a molecule from the side

(indicated by the white circles). As seen in consecutive before, during and after images, the molecules are removed from the side
to nearby the cluster. In the next manipulation process, the additional molecule at the side is kicked back to its original position,

reforming the original hybrid cluster.

With the directional manipulation, the removed Cgy molecule can return to its original
position. This arises from the fact that the manipulation can be performed without the lost of Au
atoms from the Au island of the cluster. We decided to try the directional manipulation by
removing a few Cgy molecules, which we anticipated might then kick back to empty sites to
obtain a hybrid cluster. This idea was tested on the (Cgo)12-(Au)ag Cluster.

In Figure 74, the manipulation of a selected Cg molecule on the (Cgp)12-(Au)ag cluster
was performed (indicated by white circles). Three molecules were removed from the side of the
cluster, one by one to lie nearby the cluster. In the next manipulation process, the additional
molecules on the side had kicked back to their original positions, thus reforming the original
hybrid (Ceo)12-(Au)ag Cluster. First, the cluster is intentionally disturbed towards another irregular
cluster, as seen in Figure 75. The removed molecules stayed around the cluster. Then, using the

directional manipulation idea, the molecules were manipulated back to their original positions.
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Figure 75: Manipulation of the (Cgg)12-(AU)ss cluster, as performed at 110 K (12 x 12 nm?) to remove a molecule from the side

(indicated by white circles). STM images before, during and after show the three molecules removed from the side of the cluster,
one by one, to lie around the cluster. In the next manipulation process, the additional molecules on the side kicked back to their

original positions to obtain the hybrid (Cgg)12-(Au),g cluster.

4.7 Conclusion for Manipulation at 110 K

Cluster manipulation at 110 K contributed to the answers to the questions reised in
section 4.2. Removing all the Cg molecules from the top for small clusters (i.e. less than 12 Cg
molecules) can be achieved without destroying the cluster frame or removing Au atoms form the

Au island. However, removing a molecule from the top for big clusters is not possible when
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there are more than a few vacancies on the top of the cluster. Even at 110 K, the molecules are
still sufficiently mobile that they can jump to the empty sites on the top of the Au island. After
manipulation, Cgo molecules prefer to stay on the surface around the cluster. It is clear that the
molecules did not attach to the tip. A single molecule around the cluster is highly mobile until an
additional molecule is kicked to the side. It can be seen that even a surface temperature of 110 K
is not enough to freeze molecules on the surface or the top of the Au island. The molecules still
have sufficient mobility to move around fairly freely. One other important achievement is the
directional manipulation. The molecule can be manipulated in such a way as to be moved a
certain direction via the STM tip. Hence, we can reform the cluster without changing the Au

island orientation.
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CHAPTER 5

COMPARATIVE STUDY of MANIPULATION of CHLOROBENZENE and OXYGEN

MOLECULES on the Si(111)-7x7 SURFACE

The surfaces of semiconductors play in important role in microelectronic and photonic
device technologies. The scanning tunnelling microscope is a powerful tool to determine not
only the surface structure but also to manipulate individual atoms and molecules adsorbed on
these surfaces [5]. The main purpose of this chapter is to compare (suppression of) non-local
manipulation of two different molecules (chlorobenzene (PhCl) and oxygen) on the Si(111)-7x7
surface at room temperature. The suppression effect was discussed in terms of injection current-
dependent measurement of PhCl molecules and the effect of electric field across the surface.
Non-local manipulation of oxygen has not been studied before. The chapter also covers the
details of the local manipulation of chlorobenzene molecules on the Si(111)-7x7 surface at room
temperature. Further, the local manipulation of bright and dark sites of oxygen molecules was

performed to determine the manipulation threshold voltage.

5.1 Local and Non-local Desorption of Chlorobenzene Molecules
5.1.1 Local Desorption of Chlorobenzene Molecules

In this section, local manipulation of PhCl molecules was studied by electronic excitation
of the bond between the adsorbate and the surface atoms. Initial adsorption of chemisorbed and

physisorbed chlorobenzene molecules on the Si(111)-7x7 surface has been extensively studied
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[32, 91-93, 110, 196]. In this preliminary study, we focused on local STM manipulation by
measuring the excitation time for manipulation of chemisorbed PhCl molecules on the Si(111)-
7x7 surface as a function of applied bias voltage. The excitation time is the time for desorption
of a PhCI molecule to occur as a results of the electron current. During the manipulation, the
STM tip was kept over the molecule in constant current mode (100 pA), then a sample bias

voltage was applied for 2 seconds.
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Figure 76: Local manipulation of PhCl molecules on the Si(111)-7x7 surface performed at fixed tunnelling current at room
temperature. A, B, C. STM topographies show before, during and after manipulation images, respectively. The manipulation was
performed with a bias voltage of +1.4 V and tunnelling current of 100 pA for 2 s while feedback loop is switched on and
scanning conditions were +1.0 V and 100 pA for all images. The blue arrow indicates the site of PhCl molecule (bonding with an
adatom and a rest-atom), the black circle indicates the manipulation site, and the green arrow indicates the clear Si surface site

after manipulation. D. The tip displacement and tunnelling current recorded during manipulation as a function of the injection

time.
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A dose of 0.4 + 0.06 L of PhCI molecules was dosed on the Si(111)-7x7 surface at room
temperature to obtain one molecule per unit cell. A local manipulation experiment is shown in
Figure 76. In this experiment, a single PhCl molecule is removed from the Si(111)-7x7 surface
by electron injection at fixed tunnelling current at RT. Figure 76A, B, C are STM topographies
taken respectively before, during and after the manipulation. Here, the manipulation was
performed at +1.4 V and 100 pA for 2 s and scanning conditions were +1.0 V and 100 pA. A 2
second injection was repeated up to 5 times (total 10 s), so that the drift of the STM tip was
reduced during electron injection. The blue arrow indicates the site of the PhCl molecule (dark
adatom site) bonding to an adatom and a rest-atom. The red dot indicates the manipulation site,
and the green arrow indicates the clear Si surface after the manipulation. The tip displacement
and fixed tunnelling current are recorded during manipulation as a function of the injection time
(see Figure 76D).

The feedback loop remains engaged with a constant tunnelling current during electron
injection into the PhCI molecule. Thus the tip movement as a function of time confirms the
successful desorption of the molecule, by pulling away from the surface (since the molecule
suppresses the conductance), as seen in Figure 76D. At constant tunnelling current, the tip
displaces ~55 pm during the manipulation event. The meaning of this tip displacement is that the
molecule is desorbed from the surface after the excitation time of 0.65 s via electron injection.
This injection leads to breaking of the bond between the adatom and rest-atom of silicon and the
carbon atoms of the PhCIl molecule. This desorption results in the appearance of a normally
bright adatom spot at the site corresponding to an increased tunnelling current, thus the STM tip

displaces.
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Figure 77: The characteristic timescale of desorption of the PhCI molecule as a function of injection bias voltage. The desorption

threshold is found to be +1.4 V and the desorption time decreases linearly with increasing injection bias voltage.

Figure 77 illustrates the characteristic timescale of the PhCl molecule as a function of
injection bias voltage. All injections were induced into the molecule at fixed tunnelling current
of 100 pA for 2 s pulse as demonstrated in Figure 77. The injection voltage was increased from
+1.0 V to +2.0 V. The timescale decreases linearly with increasing injection bias voltage. This
linear trend is similar with the timescale of desorption of toluene molecule on the Si(111)-7x7
surface [109]. The desorption threshold is found to be +1.4 V (no desorption observed below this
point). This point reveals the position of lowest unoccupied molecular orbital (LUMO) for
electron induced desorption [109]. The non-local desorption activated at +2.1 V for the PhCI
molecule on the Si(111)-7x7 surface at room temperature [66]. The local desorption threshold,

+1.4 V, is lower than non-local desorption, +2.1 V.
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5.1.2 Non-local Desorption of Chlorobenzene Molecules

To explore the effect of the tip-sample distance in non-local desorption of the PhCI
molecule on the Si(111)-7x7 surface, the non-local injection current was increased from 0.2 nA
to 8 nA at constant injection voltage of +2.7 V while keeping the number of injected electrons
constant. The idea is to decrease the tip-sample distance up to 1 A to explore the effect of the tip
proximity and especially the electric field on desorption in a range of 40 A from the tip which is
called the “suppression” region.

The clean surface was prepared at RT as mentioned in Section 2.6. First, a Si(111)-7x7
surface with chemisorbed PhCl was scanned (51 x 51 nm? area) at +1.0 V bias, 100 pA
tunnelling current, as shown in the STM image of Figure 78A. Then, a corner hole was chosen in
the middle of the image (indicated with a red dot). Electrons were injected into the selected
corner hole with a bias of +2.7 V (chosen above non-local desorption threshold of +2.1 V) while
keeping the number of electrons constant. Here, Charge (C) = Current (A) x Time (s), therefore,
the charge dose is constant at about 4.0 + 0.1 x 10" e per injection experiment. The XPMPro
2.0.1.6 software allows us to apply drift correction, which is used to minimize unwanted tip X
and y displacement due to piezo creep and thermal expansion/contraction during the injection.
Finally, after the charge injection step, the area is scanned again to compare before and after
images and thus count the number of desorbed molecules. It is apparent from the image shown in
Figure 78B that there is a central area (diameter of 40 A) where the PhCl molecules are removed
from the surface. The size of this area increases with increasing bias voltage or with an

increasing number of electrons injected into the surface.
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Figure 78. STM images before (A) and after (B) for non-local desorption. The red dot and circle indicate the injection point and
the main affected area. The images cover a 51.2 x 51.2 nm? area and the passive imaging parameters are +1 V, 100 pA. The
injection is performed at +2.7 V, 0.5 nA, for 14 s.

Sloan et al. [39] employed a formula for the non-local desorption probability per electron
when counting the number of PhCl molecules in ‘before’ and “after’ images (for more details see
section 2.6.3 “Analysis Method”). Additionally, background effects, i.e. thermal desorption and
clean surface defects were carefully subtracted from the raw data. The formula used in ref. [39]
is given by

N(r)-B

k.f(r) = —e27rrln[N0(r)_B

]/stIL.

Here, kef(r) is the non-local desorption probability as a function of radial distance from
the injection site. N(r) and No(r) are the number of molecules on the surface before and after
charge injection for t seconds. s is the fraction of the current (I) which propagated across the
surface (taken to be 1), f(r) is the radial decay function of the surface current, L is the in-plane

linear cross section of a PhCl molecule (taken to be 5 A). Finally, B contains the number of
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surface defects of p-type (phosphorus doped) silicon and the number of dark sites which occurs

in time after reconstructing. The detailed formula derivations are explained in section 2.6.4.
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Figure 79. A. Non-local desorption probability as a function of radial distance from the injection site for 8 nA injection (+2.7 V,
8 nA for 0.8 s). Shaded area shows the suppression region for this specific experiment. B. The length-scale of the suppression

region as a function of tunnelling currents ranging from 0.2 nA to 8 nA.

The first results presented by Sloan et al. [39] concerned the probability of the non-local
desorption as a function of injection current (from 50 pA to 300 pA). They did not report the
region up to ~40 A from the tip injection site. One example of our new non-local desorption
probability data (after 3-point smoothing) is illustrated as a function of radial distance from the
injection site in Figure 79A. Here the electrons were injected at a bias voltage of +2.7 V with
tunnelling current of 8 nA for 0.8 s and normal scanning parameters before and after injection
were +1.0 V, 100 pA. In our case, the probability first increases, up to around 40 A, and then
exponentially decays. The shaded area in Figure 79A shows the suppression region for this

specific experiment (at +2.7 V and 8 nA for 0.8 s). The radius of the “suppression region” as a
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function of different injected currents (from 0.2 nA to 8 nA) is presented in Figure 79B. We
observe that the radius of the suppression region (~40 A) does not change when the tip-sample
distance is decreased by increasing the tunnelling current from 0.2 nA to 8 nA. This results will

be discussed in section 5.4.1.

5.2  Oxygen Molecules on the Si(111)-7x7 Surface

The oxidation process of the clean Si(111)-7x7 surface has been studied for increasing
oxygen exposures at room temperature in UHV (base pressure 1 x 10™° torr). The clean surface
was imaged before oxygen exposure of the surface in all cases. In Figure 80A, B, C, and D, the
STM images correspond to the clean surface and oxygen exposures of 0.3 + 0.05 L, 0.4 £ 0.06 L
and 25 + 3.7 L, respectively. The results of the oxidation process can be seen in the images for
0.3 £0.05 and 0.4 + 0.06 L as an increasing number of black sites on the surface, Figure 80D
corresponds to a few MLs of coverage (25 L). All the images were taken at a surface bias voltage
of +1.0 V and tunnelling current of 100 pA over a 40 x 40 nm? area. The oxidation process was
explored to determine a reasonable coverage for the local and non-local manipulation
experiments. The coverages of 0.3 £ 0.05 and 0.4 £ 0.06 L were used for local and non-local
manipulation, respectively.

A coverage of 0.3 + 0.05L oxygen dosed on the Si(111)-7x7 surface at RT is again seen in
Figure 81 but now at two different voltages, +1.0 V and +2.0 V. Increasing voltage causes the
appearance of multiple bright sites of oxygen across the whole image, both bright and dark sites
can be seen in Figure 81B at a bias voltage of +2.0 V. The dark sites on the surface can be seen at

both +1.0 V and +2.0 V bias voltages.
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Figure 80: Oxidation of the clean Si(111)-7x7 surface (A) at different oxygen exposures, 0.3 + 0.05 L (B), 0.4 £ 0.06 L (C) and

+3.6 L (D), respectively. All images recorded at +1.0 V bias voltage, 100 pA tunnelling current over a 40 x 40 nm? area.

25

less than 0.1 L (low coverage), bright sites are prominent

When the exposure to oxygen is

on the surface and mostly on faulted sites [197]. Increasing the amount of oxygen increases the
proportion of dark sites on the Si(111)-7x7 surface. The additional oxygen molecules seem to
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join the bright site and this results in the formation of dark sites. The initial oxidation process

with the bright and dark site structures is presented schematically in Figure 82.

Figure 81: A and B. STM images at different bias voltages, +1.0 V and +2.0 V for 0.3 £ 0.05 L oxygen dosage on the Si(111)-
7x7 surface at RT. Increasing voltage causes the appearance of bright sites which are indicated with white circles and both the

bright and dark oxygen configurations are observed at +2.0 V.

A ball model of the oxygen adsorption on the Si(111)-7x7 surface is presented in Figure
82. The model is produced from references [35, 198, 199]. The top orange atoms indicate the
silicon adatoms with their dangling bonds, the lower three orange balls are the silicon rest-atoms
and the blue atoms are oxygen atoms. The initial oxidation of the clean surface by an oxygen
molecule is given in Figure 82A. Oxygen atoms are believed to ‘back bond’ between rest-atom
and adatom and appear bright under positive sample bias (>+1.5 V) of the STM image.
Continuing oxidation of the surface results in an increasing number of dark sites due to bonding

of additional oxygen atom which transform the bright sites into dark sites (see Figure 82B).

146



Chapter 5 Comparative Study of Manipulation of Chlorobenzene and Oxygen Molecules

Oxygen saturates on top dangling bond, thus lower density of state which results in dark site [34,

198, 200].

= Q¢ 0
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Bright Dark

Figure 82: A ball model of oxygen adsorption on the Si(111)-7x7 surface at 300 K [35]. The top orange atoms indicate the silicon
adatoms with their dangling bonds, the lower three orange balls are the silicon rest-atoms and the blue atoms are oxygen atoms.
A. The initial oxidation of the clean surface by an oxygen molecule which is believed to back bond between rest-atom and an
adatom and appears bright on the STM image. B. Continuing oxidation process which transform bright sites into dark sites.

In one unit cell there are 12 dangling bonds associated with the adatoms, 6 from rest-
atoms and one from the corner hole. Oxygen molecules are dissociatively adsorbed by the
surface adatoms and rest-atoms. The involvement of the bonding configuration of oxygen with

the silicon adatoms manifests in the STM images, however the bonding with the rest-atoms is

hard to show due to the limited capacity of STM of an Si(111)-7x7 surface to observe rest atoms.
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Table 6: The number of bright and dark sites due to oxygen on the Si(111)-7x7 surface at RT in a 56 x56 nm? area . Four
different positions are presented in the unit cell of the Si(111)-7x7 surface at an STM image bias of -1.5 V. Corner and center

positions for faulted half (FH) and unfaulted half (UH) are indicated with the red and blue arrows, respectively.

Bright Site Dark Site

Faulted Unfaulted Faulted Unfaulted

0; (L) | Corner Center | Corner | Center | Corner Center Corner | Center

03L 81 40 31 30 90 66 61 34

04L 81 35 26 19 100 126 37 60

The number of bright and dark sites due to oxygen adsorption at the Si(111)-7x7 surface
is counted at RT over a 56 x 56 nm? area and presented in Table 6. Four different positions are
determined for a unit cell of the Si(111)-7x7 surface in the STM image at a bias of -1.5 V.
Corner and center positions for the faulted half (FH) and unfaulted half (UH) are indicated on the
image with the red and blue arrows, respectively. The surface defects have been subtracted from
the number of dark sites. When increasing the oxygen dosage, the number of dark sites increased
on both faulted and unfaulted halves. In contrast, the number of bright sites remained constant
for faulted corner sites but decreased for other sites. This is because less number of dangling

bonds at the corner hole site.
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5.3  Local and Non-local Manipulation of Oxygen Molecules
5.3.1 Local Manipulation of Oxygen

Local manipulation experiments were performed on the bright and dark sites of oxygen
on the Si(111)-7x7 surface at room temperature. The chemisorbed oxygen atoms were subject to
electron injection from the STM tip to see whether oxygen atoms desorbed, dissociated or
transformed their bonding configurations. Three examples of such local site manipulations for
dark and bright sites are presented in Figure 83 and Figure 84, which show before and after STM
images (bias voltage of +1.5 V, tunnelling current of 100 pA, 6 x 6 nm?). All manipulations were
performed on the labelled site (white points) with a tunnelling current of 6 nA for 50 ms while
the feedback loop was switched on and a given bias voltage labeled. Figure 83 shows before (A)
and after (B) STM images for a successful dark site manipulation at a bias voltage of +9.1 V.
The dark site is displaced to a neighboring adatom site due to electron injection, which is
indicated with a white arrow. Another dark site manipulation is presented in Figure 83C and D
for a bias voltage of +9.8 V, here the site is transformed to a bright site. Removal of a dark site at
a bias voltage of +5.0 V is illustrated in Figure 83E and F.

Electron injection into a bright site at +7.7 V, Figure 84A and B, causes a new dark site
to be created on a neighboring adatom while the bright site still remains. Figure 84C and D show
the bright site manipulation at +8.5 V. The site is transformed to a dark site. The last example for
a successful bright site manipulation at +8.5 V is presented in Figure 84E and F, here the site is

removed and new dark sites are created near the injection site.
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Figure 83: Before and after STM images are taken at a bias voltage of +1.5 V and tunnelling current of 100 pA, 6 x 6 nm? for the
dark site manipulation. All manipulations are performed on a selected point (white circles) with a tunnelling current of 6 nA for
50 ms and the bias voltages labelled. A and B. A dark site manipulation at +9.1 V shows the dark site displaced to a neighboring
adatom. C and D. A dark site manipulation at +9.8 V shows the site transformed to a bright site. E and F. A dark site removed at
+5.0V.

In summary, electron injection leads to three possible manipulation outcomes for each of
the bright and dark sites. First, for the dark site: 1) the dark site moves to a neighboring adatom;
2) the dark site is transformed to a bright site; 3) the dark site is removed. Secondly, for the
bright site (reproduced with statistic): 1) the bright site remains and a neighboring adatom is
transformed into a dark site (46.1 + 8.1%); 2) the bright site disappears and a dark site appears on

a neighboring adatom (30.8 + 7.5%); 3) the bright site is transformed to a dark site (23.1 +

7.0%). The percentages given were found over 15 manipulation events.
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Figure 84: Before and after STM images are taken at a bias voltage of +1.5 V and tunnelling current of 100 pA, 6 x 6 nm? for the
bright site manipulation. All manipulations are performed on a selected point (white circles) with a tunnelling current of 6 nA for
50 ms and the bias voltages labelled. A and B. A bright site manipulation at +7.7 V and the site remain and a new dark site
appeared on an adatom. C and D. A bright site manipulation at +8.5 V shows the site transformed to a dark site. E and F. A bright
site manipulation at +8.5 V shows the site removed and new dark sites created.

The threshold voltage for local manipulation of bright site plotted in Figure 85. The
threshold voltage for the manipulation of the sites is found +3.8 V, which is quite a match with
earlier finding [35]. Removing a dark site indicates that a single oxygen atom is removed from
the top of a silicon adatom which is not backbonded with oxygen. In contrast, the transformation

of the dark site to a bright site indicates that a single oxygen atom is removed from the top of a

silicon adatom which has three oxygen backbonds [35]. However, the final structure of O/Si
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cannot be concluded with confidence because, although this is only one type B site more than

one D site configuration is possible.
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Figure 85: Reaction probability of local manipulation of bright site as a function of injection bias. All injection performed at

tunnelling current of 6 nA for 50 ms.

5.3.2 Non-local Manipulation of Oxygen Molecules

Oxygen molecules on the Si(111)-7x7 surface were manipulated non-locally via injection
of electrons at a corner hole. In Figure 86A, B and C, before, during and after STM images (15 x
15 nm?) are presented for the non-local manipulation of oxygen on the Si(111)-7x7 surface at
room temperature. Electrons were injected at the corner hole marked with black circles in each
case for 8 s at +4.0 V bias voltage and 100 pA tunnelling current. The bias voltage was chosen
above the threshold voltage for manipulation which was found in section 5.3.1. Transformation

of dark sites associated with adsorbed oxygen is observed in a range of 90 A. The blue arrows
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show the transformations in which the dark sites are removed and adatoms appeared. The red

arrows indicate the transformations from dark sites to bright sites (i.e extra bright adatom sites).

Figure 86:A, B and C. Before, during and after STM images (15 x 15 nm?) for non-local manipulation of oxygen on the Si(111)-
7x7 surface at RT. Electrons injected for 8 s at +4 V bias voltage and 100 pA tunnelling current at a corner hole which is
indicated with black circles. Transformations are observed only at the dark sites. The blue arrows show the transformations
which the dark sites removed and adatoms appeared. The red arrows indicated the transformation from the dark site to the bright
site.

The non-local manipulation of dark sites is illustrated in Figure 87A. The data induced
desorption, transformation (to bright site), and diffusion, which are all possible as also for local
manipulation. The reaction probability was increased as a function of injection bias (at a
tunnelling current of 100 pA for 2 s). The threshold voltage of +4.0 V for non-local reaction was
identified for the surface state. The non-local reaction probability plotted in Figure 87B as a
function of radial distance from the injection site (at an injection bias of +4 V and tunnelling
current of 100 pA for 8 s). We clearly observe that the manipulation probability first increases in
a range of 50 A then decrease. The reaction beyond 90 A vanishes for the chosen injection
parameters. There is no transformation observed for bright sites, which are quite stable for the

chosen injection parameters.
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Figure 87: A. Non-local reaction of dark sites increasing as function of injection bias and threshold voltage is found to be +4.0 VV
(injection at 100 pA for 2 s). B. Non-local reaction probability of dark sites as function of radial distance from injection site

(injection bias of +4 V at tunnelling current of 100 pA for 8 s). Shaded area shows the suppression region for this experiment.

Table 7 presents the possible transformation events after non-local electron injection at a
corner hole. There is no transformation observed for 165 bright sites over 12 non-local
manipulation experiments. Only dark sites are manipulated in the range of 90 A. The possible
dark site transformations are found 1) dark site removal, 2) dark site transformation from into a
bright site, 3) dark site moves to next adatom. These possible transformations are the same as
those observed for local manipulation experiments, as well as in the study of local manipulation

of dark sites performed by Mayne et al. [35].
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Table 7: The reaction of dark sites by non-local (in this work) and local [35] electron injection showing the number of events and

calculated percentages.

Non-local (In this work) Local (Mayne et al. [35])
Transformation on Dark Site Event Percentage Event Percentage
D removed 41 (69.4 + 6.0) % 9 56.2%
D transformed into B 15 (25.4 £5.7) % 5 31.3%
D moved to next adatom 3 (5.1+£29)% 2 12.5%

5.4  Discussion
5.4.1 Discussion of Desorption of Chlorobenzene Molecules

The threshold voltage for PhCl molecules desorption is determined as +1.4 V, which
indicates LUMO, in local electron-induced manipulation of the molecule at a positive bias
voltage. As found by Sukulsermuk et al. [106], the desorption is induced by a single electron.
The desorption probability increases with increasing bias voltage. This effect is also observed for
toluene molecules on the Si(111)-7x7 surface [109] of previous PhCl as a function of bias
voltage [201], and our data.

We observed the suppression region which is about 40 A for all electron injections up to
8 nA tunnelling current. This region is independent of the tip-sample separation, thus tunnelling
current. In order to explore the region in terms of dopant effect, previous studies by Sloan et al.
reported the voltage-dependent (for both positive and negative polarity at 100 pA) desorption
yield of PhCI on p-type and n-type Si (111)-7x7 surfaces [39, 65]. The conclusion was that the
desorption yield is enhanced with increasing bias voltage, is not dependent on the dopant, and

that the threshold voltage is different for the positive (+2.1 V) and the negative (-1.1 V) bias
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voltages [65]. Moreover, further experiments were done with increasing current (from 50 pA to
300 pA at a constant voltage of +2.7 V) where the suppression behaviour of PhCI molecule
observed in below 40 A on the n-type silicon surface [39]. In this work, p-type silicon wafer used
for non-local desorption experiments and the same suppression behaviour observed. Therefore,

we ruled out the dopant effect on the suppression behaviour.

5.4.2 Discussion of Manipulation of Oxygen Atoms

A total of six types of transformations were observed via local electron injection on the
bright and dark sites of oxygen for 50 ms at 6 nA tunnelling current over a wide range of bias
voltage from +3.8 V to +10.0 V. Comparison of these statistic with earlier findings in ref. [35]
shows that the bright sites are more stable in our experiments. This may be because of the
increased oxygen coverage from 0.05 ML to 0.4 ML, which results in saturated dark and bright
sites. However, the atomic structure of the transformed oxygen configurations on the Si(111)-
7X7 surface after manipulation is unknown. The non-local injection at a corner hole with a bias
voltage of +4.0 V, tunnelling current of 100 pA and duration 8 s, results in only dark site reaction
in the range of 90 A. Most importantly, there is also a suppression region observed on the scale
of 50 A. This region is quite comparable as mentioned in section 5.4.1. Observing this region for
different nature molecules may also questioned a ring formation of Cey molecule in a range of 60
A [29] on the Si(111)-7x7 surface both bias voltage polarities.

The diffusion length of hot-electrons is calculated to be ~10 nm for non-local desorption
of chlorobenzene molecules on the Si(111)-7x7 surface at room temperature, as given by Lock et

al. [201]. This length matches quite with the oxygen reaction length. Therefore, injected
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electrons may correspond to a manipulation of dark sites far away from the injection point.
However, there is no decay observed beyond the suppression region 50 A. There is no
transformation observed for bright sites due to non-local injection. This may be because either
the bright sites are much more stable at room temperature than the dark sites or the number of
electrons is not sufficient to cause a transformation. It is known that the bright site may diffuse

due to increased substrate temperature to 620 K [35].

5.4.3 Discussion of Suppression Region

We will now discuss possible causes for the suppression region observed in the non-local
desorption experiments, specifically, electric field, hot electron transport, a result of the physical
presence of the tip suppression of desorption.
Electric Field Simulation: In this section, we explore the effect of the electric field on the
surface as a function of tip-sample separation. The separation can be decreased with increasing
tunnelling current, thus the current dependent data will be simulated. A considerable amount of
literature has been published on the tip-sample bias dependence of the induced electric field.
These studies report that at high sample bias voltages (>+3.0 V) the field has a significant effect
on the tunnelling barrier [202]. On the other hand, a low bias voltage (<+3.0 V) generates a field
that is rather weak and ineffective [5, 50, 202]. Considering “the effect of an electric field an
atomic manipulation” under the STM tip, one possible mechanism was proposed by Tsong [68].
Regardless of the bias voltage polarity, adsorbates on the surface migrate to the region under the
tip due to the inhomogeneous electric field. In our case (electron injection at a constant bias

voltage of +2.7 V), increasing the tunnelling current results in a tip displacement towards the
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surface. However, for our experiments, it is difficult to prove that new molecules migrate under
the tip due to electric field. All PhCl molecules appear as dark site on the Si(111)-7x7 surface in
the STM images and the dark site cannot be distinguished either diffused or existing molecule.
The electric field between the tip and surface is inversely proportional to the distance
from the tip apex to the surface. Performing manipulation at low bias voltage means the electric
field is weak [37]. However, at higher voltages the electric field may induce many effects on the
surface [203-205]. In the case of a 10 A tip height and 10 nm radius tip, the field beneath the tip
apex is 1 V/m and decreases by approximately 80% at 50 A radius [69]. To investigate whether
the electric field plays a role in the short-range suppression of non-local manipulation of PhCl on
Si(111)-7x7 surface we performed Finite Element Method Magnetics (FEMM) method

simulations.

W tip apex

S

Figure 88:FEMM simulation at 7 A tip-surface separation. A. Magnified W tip. B. Zoom of tip apex. C. Tip apex with radius
shown. Colour map of the simulated electric field, from turquoise (1.96 x 10°° V/m) to purple (3.92 x 10°° V/m), shows strong

electric field under tip apex.
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The metallic tip is simulated in FEMM based on a real tip length, radius, and shape, as
seen in Figure 88. In the simulation, the semiconductor surface is modelled as silicon with
relative permittivity, e = 12, and the realistically size metallic tip as tungsten € =1 [206]. For the
simulation meshes are created with 638655 nodes. The tip-sample system is modelled with
different radii of 5, 10 and 20 nm, different fixed bias voltages (from +1.7 V to +3.3 V) and
several tip-sample distances (from 7 A to 6 A). The initial tip height is estimated as 7 A from ref.
[33] while increased because of the tunnelling current, from 0.2 nA to 8 nA, the tip-sample
distance is decreased by about 1 A. The colour map of the simulated electric field shows field
strength and ranging from 1.96 x 10 V/m (turquoise) to 3.92 x 10° V/m (purple). Figure 88C
shows a strong electric field under the tip apex which decays rapidly away from the point of
minimum separation.

The simulation results along the surface under the tip apex are presented in Figure 89.
The field strength is plotted in Figure 89A as a function of voltage from +1.7 V to +3.3 V and for
different tip radii of 5, 10, and 20 nm (black, red and blue, respectively). Figure 89B shows the
effect of tip radius at a set voltage of +2.7 V. The tip radii are again 5, 10, and 20 nm (black, red
and blue, respectively). The change of the field strength along the surface is plotted in Figure
89C with increasing bias voltages from +1.7 to +3.3 V for 10 nm tip radius. Figure 89D shows
the decreasing tip-sample distance from 7 A to 6 A for a +2.7 V biased tip with 10 nm radius
simulating an increase in the tunnelling current from 0.2 nA to 8 nA.

Looking at Figure 89A, we see a linear dependence of maximum field strength upon
sample bias. This is true for all tip radii, with only a small variation in the field strength seen

under the tip as radius varies. However, the radius of the tip has a strong effect on the lateral
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decay of the field across the surface. As can be seen in Figure 89B, the field for a 20 nm tip is
high across a significantly larger area of the sample. Also the maximum electric field is 3.48 x
10° V/m and 3.60 x 10° V/m for 5 nm and 20 nm tip radii. The maximum field slightly
increases with increasing the tip radius.

Figure 89C and D show that the tip bias and tip-sample separations have a pronounced
effect on the maximum field strength. In Figure 89C, the maximum field strength grows from
2.35 x 10”° V/m to 4.60 x 10”° V/m with a change in the bias from +1.7 V to +3.3 V. In Figure
89D, we see that the variation in the tip-sample separation (which corresponds to changing the
current set point in the manipulation experiments) also alters the maximum field strength though
to a limited degree. The electric field increases only 15% when decreasing the tip-sample
separation from 7 A to 6 A.

Our colleagues at the University of Bath have been working on bias-dependent non-local
desorption. They have also observed the suppression region for different aromatic molecules on
the Si(111)-7x7 surface. The size of the region increases linearly with increasing bias voltage at
constant tunnelling current [201]. Thus one possible origin of the suppression behaviour might
be the electric field, since it is obvious that increasing the bias voltage increases the electric field
on the surface. However, there is a serious problem with this idea that a study of non-local
desorption at step edges up to 5 monatomic steps high on the Si(111)-7x7 surface clearly shows
that the suppression region on the upper or lower terraces has the same size on both side of the
step [40]. Therefore, the electric field effect model is not a likely explanation for the suppression

region.

160



Chapter 5 Comparative Study of Manipulation of Chlorobenzene and Oxygen Molecules

5.0 T T T T T T 5 T T T T T T
[a o, G| B
A p =%u | N p
g ' /:/ g 3L 4
a5l /=/ S
2/ /= S~ 2L ]
ms.o 3 /=/ g E
— =/ 1 i
25F H/ .
2.0 . . . . . . ot 3
15
Along Surface (nm)
. D T emA
L 4l | ——6.66 A
?/ 2r T 2/ 2t -
w W
w o ] N ]
0t J 0
-10 60
Along Surface (nm) Along Surface (nm)

Figure 89: FEMM simulation of tip-surface electric field. A. The electric field across the surface simulated for voltages from
+1.7 V to +3.3 V and for different tip radii 5, 10, and 20 nm (black, red and blue, respectively). B. The electric field simulated at
+2.7 V for three tip radii 5, 10, and 20 nm (black, red and blue, respectively). C. The lateral of the field is simulated for a 10 nm
tip radius at different bias voltages. D. The lateral profile of the field increase with decreasing tip-sample distance (from 7 A to 6
A) for a +2.7 V biased tip with 10 nm radius

Tip Induced Re-Adsorption: Numerous studies have found that typical electrochemically etched
tungsten (W) tips radii have less than 100 nm [183, 186, 207]. The suppression region may be
related to the tip size or tip proximity effect. One interpretation could be tip proximity effect.

When the tip apex is close enough to the surface during injection, physisorbed state of Si and W

tip will interpenetrate. Once injected electrons interact with the PhCl, molecules may either
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desorb from surface or move to chemisorbed tip state or the interpenetrated tip-surface
physisorbed state. The molecule is then prevented from desorbing by the presence of the tip and
prefers to move back to the surface chemisorbed state because of the lower energy barrier to the
surface. Therefore, a suppression region may occur beneath the STM tip and then exponentially
decreases away from the tip. However, it is obvious that the tip does not have spherical or
uniform shape. Moreover, this region is also observed on silicon atomic steps (up to 5) [40] and

independent of temperature [109].

55  Conclusions

The main purpose of this chapter has been to study the initial adsorption states as a basis
for local and especially non-local manipulation studies of oxygen and chlorobenzene on the
Si(111)-7x7 surface at RT. In local manipulation, the molecules are manipulated via electron
injection by placing the STM tip right above the molecule. In non-local manipulation, the
molecules are manipulated far from the tip by electronic propagate across the surface. First, the
desorption of chemisorbed chlorobenzene molecules was induced from +1.4 V by local charge
injection on the molecule. This threshold indicated LUMO for PhCI molecule on the Si(111)-7x7
surface. Increasing the bias voltage decreases the characteristic desorption time of the molecule
from the surface. In non-local manipulation, a suppression regime of 40 A radius was observed,
that was not reported by Sloan et al. [39]. We studied the effect of increasing tunnelling current
from 0.2 nA to 8 nA (thus decreasing tip-sample separation) on the suppression regime which is

independent of tip-sample separation.
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For oxygen, both the observed bright and dark sites correlate to different oxygen bonding
configurations in a unit cell of the Si(111)-7x7 surface [35]. It is found that the number of bright
sites decreases with increasing oxygen dosage from 0.3 L to 0.4 L. The local manipulation of the
bright and dark sites of oxygen molecules was performed over a wide range of bias voltage for
an electron injection of 50 ms.. The threshold voltage is found to be +3.8 V which refers LUMO
for local manipulation. Displacement, transformation and desorption of oxygen molecules were
all observed due to electron injection at the oxygen sites and the same channels observed in the
non-local experiment. Moreover, in the non-local studies only the manipulation of the dark sites
was possible in the range up to 90 A, beyond this point there no reaction was observed. There is
also no transformation observed on the bright sites due to non-local injection.

We find a suppression region of 50 A for non-local manipulation of adsorbed oxygen. This
region is quite comparable with our findings for chlorobenzene, as well as other studies, toluene,
benzene [201], and Cgo molecules [29] on the Si(111)-7x7 surface. It was found that the region
seems to be quite universal in the STM experiments. This region is also independent of the tip-
sample separation for chlorobenzene molecules. The best currently available mechanism,
proposed by the University of Bath group, is coherent inflation of the electron wave packet,
which inhibits desorption on the scale of the suppression region. Beyond this point diffusive
transport gives rise to efficient manipulation. In another words, the electrons propagate out quite
far from the injection site before they undergo the first scattering event [208], and this defines

the suppression region.
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CHAPTER 6
CONCLUSIONS AND OUTLOOK

6.1  Conclusions

In this thesis, | have presented a detailed study of hybrid clusters formed from Au atoms
and Cgo molecules assembled on the Au(111) surface and local and non-local manipulation of
oxygen and chlorobenzene molecules on the Si(111)-7x7 surface. In chapter 3, the production
and transformation of these clusters studied in terms of Cg, coverage, while keeping the amount
of Au coverage constant. In chapter 4, mechanical manipulation by the STM tip was performed
on the hybrid clusters at RT and a “cascade manipulation” was achieved. Similarly, this
manipulation was continued at 110 K with more control and “directional manipulation” was
achieved. In chapter 5, local and non-local manipulation of oxygen and chlorobenzene molecules
on the S(111)-7x7 surface at RT was performed at RT using electron induced manipulation
technique.

The first part of this work, we studied the formation of hybrid clusters with imaging the
surface while increase the substrate temperature from 110 K to room temperature. This allowed
us to demonstrate the clusters only exist when Cg, molecules and Au atoms simultaneously on
the elbow site. Surprisingly, the clusters were transformed to a size bigger cluster due to
additional Au atoms introduced on the surface at RT. These Au atoms forced to the clusters
captured additional mobile Cg, molecules (already diffuse on the surface at RT) to maintain
optimal distance and maximal interaction between Cgy molecules and Au island [14]. The size
distributions of the major hybrid clusters were defined by the initial and additional amount of Au

atoms.
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In chapter 4, a successful cascade and directional manipulation were investigated via
mechanical manipulation by removing a selected Cgo molecule within either Cgg islands or hybrid
clusters. First, the (Ceo)1a—(Au)ss cluster was manipulated to another small size cluster by
removing a selected Cgo molecule from the side of the clusters packing. Removing the molecule
from the (Ceso)14—(Au)ss cluster caused a transform to (Cgp)12—(Au)sg cluster due to additional
simultaneous separation of Cgy molecule and Au atoms from the cluster. These additional
separations led to a shift and rearrangement of the Cgo molecules and Au atoms in the island of
the cluster. Further, the (Ceo)12—(Au)ag Cluster successfully transformed to (Cgo)7—(Au)1g Cluster
at RT. This manipulation was purely mechanical origin between the STM tip and the molecule
ruling out the effect of electric field via performing the manipulation at zero bias voltage and the
tip effect [19]. Manipulation of hybrid clusters at 110 K provided more control on Cgy molecules.
All Cg molecules (up to 3 Cg) on the upper terrace of the clusters were removed without
destroying the cluster frame and Au island. These molecules were preferred to stay on the
surface around the cluster rather than attaching to the tip or diffusing somewhere on the surface.
We observed that 110 K was not enough to freeze the Cgo molecules on the top of the cluster.
Therefore, the molecules on the top jumped on an existence vacancies in presence of the tip. The
Ceso molecule around the cluster was manipulated to a certain directions. Thus, a directional
manipulation was achieved by which a Cgy molecule around the cluster moved back the original
position to obtain the original form of the cluster.

In chapter 5, the study of local electron injection on chemisorbed chlorobenzene
molecules on the Si(111)-7x7 surface at RT showed that the excitation time was decreased by

increasing bias voltage. Non-local desorption of chlorobenzene molecules were also studied as a

165



Chapter 6 Conclusions and Outlook

function of tunnelling current from 0.2 nA and 8 nA to explore the suppression region at ~40 A.
the region was independent of the change of the tunnelling current (thus decreasing tip-sample
separation). Exploring possible reasons such as electric field (by FEMM), the macroscale tip
structure and the dopant (n or p-type) did not explain the suppression region.

Following, the initial adsorption states and local and non-local manipulation of oxygen
and chlorobenzene molecules studied on the Si(111)-7x7 surface at RT. Bright and dark sites of
oxygen were appeared under STM image due to different bonding configuration between silicon
adatoms and rest-atoms. The local manipulation on these sites caused a displacement,
transformation and desorption of oxygen molecules [35]. The manipulation threshold voltage
such a wide range of bias voltage from +2.0 V to +10.0 V corresponded to +3.8 V for an electron
injection of 50 ms. The non-local manipulation results in a suppression region in a range of 50 A
nm via electron injection in a corner hole at +4.0 V. Surprisingly, no transformation observed on
the bright sites. It was found that the region seems to be quite universal in the STM experiments.
A private communication with our colleague Miss. Rusimova from The University of Bath, the
possible reason can be interpreted as a coherent inflation of an electron wave packet which no
desorption happens in the suppression region. Another word, the electrons explode quite far

before they undergo the first scattering event [208].

6.2  Outlook
Controlling number of Au atoms and Cgy molecules on the elbow site of the Au(111)
surface was a great challenge to produce just one type of hybrid cluster. We achieved to covered

the surface about 50% with (Ceso)7-(Au)1g clusters by varying the initial amount of Cgo molecules.
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Instead of finding the right amount of Cg molecules and Au atom dosages, elevating the
substrate temperature up to 400 K may lead to reduce the size of the cluster vie loosing Ceo
molecules and Au atoms. Thus we can also study the diffusion of hybrid clusters on the surface.
An STS measurement will be a useful technique to determine the electronic structure of the
cluster components (the top or side of the clusters) as well as theoretical calculation. Perhaps, a
local and non-local electron (or hole) induced manipulation can be performed to manipulate the
cluster via controlling charge transfer between Cgo molecule and Au atoms. We experienced that
performing manipulation at 110 K was not enough to stop the mobility of the Cgy molecules.
Therefore, with helium temperature, we may be able to take away all molecules from the upper
terrace and thus create a hollow on the cluster. Then we could fill the hollow by contacting the
tip on a different cluster to pick up Cg molecule/s, and move the tip back to the hollow cluster.
Moreover, instead of Cgo molecules and Au islands, C7o molecules and other metals (such as Ni,
Ag, Cu, Pt, Pd, etc.) can be possible candidates for the hybrid cluster formation.

Local and non-local manipulation of oxygen molecules resulted in diffusion, desorption
or transformation of the bright and dark site features. The atomic-level structures are still
unknown after manipulation event. DFT calculations could calculate the energy levels of the
HOMO and LUMO for the possible structures at room temperature. One other important
question is the suppression region under the STM tip. The Si(111)-7x7 surface could be replaced
with other surfaces such as Ge(a few ML) or silicene on the Si(111) [209, 210] or Si(100) with
different reconstructed surface structures. Then the suggested “inflation” mechanism [208] could
be examined on these different surfaces and a test with simulation in femtosecond electron

inflation scattering event.
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