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Abstract

Prompted by the limited information that might be harnessed en route to the rational design 
of molecular scale electronic devices, the research undertaken within this thesis is concerned 
with the self assembly mechanisms of molecular scale systems on surfaces and the development 
of experimental procedures to be employed in the characterisation of such structures. To these 
ends, chapter 6 presents an ab initio study of the Si(lOO) surface reconstructions and exam
ines the applicability of certain organic chemistry models to describe reactions on this surface. 
It is shown, from the ab initio analysis, that the traditional understanding of the simplest of 
the cycloaddition reactions on this surface is in need of revision. In chapter 7, further results 
from our ab initio study of the are utilised in order to account for STM observed steroselec- 
tivity in the reactions of 1,3 cyclohexadiene and naphthalene on Si(10()). It is shown that 
certain therniodynaniically stable 1,3 cyclohexadiene and naphthalene products on Si(lOO) are 
excluded from the experimental i)roduct distribution because of unfavourable phase interactions 
between the frontier molecular and surface wave functions. This analysis is novel in the fact 
that all high symmetry Si(lOO) frontier wave functions, rather than states consistent with the 
symmetry of the P point only, are considered in the investigation of possible frontier orbital in
teractions. From these results, chapter 8 presents the DFT and STM methodology that we have 
employed in characterisation measurements of a single 1,3-cyclohexadiene molecule adsorbed 
on the Si(lOO) surface. Our method, based upon separation of the mechanical and electronic 
response of the molecule under the influence of an advancing probe, allows us to track with high 
precision the contact formation dynamics and electronic perturbations that coincide with bond 
formation between a molecule and a metallic probe. We rationalise the electronic response of 
the molecule by drawing analogy to the traditional understanding of bonding in transitional 
metal ?7^-alkene complexes and indicate that the perturbation is responsible for a new STM 
image bias/contrast relationship. The final set of experiments discussed in this thesis describe 
our attempts to develop methodologies to be used in CNT characterisation. A UHV compati
ble SWCNT deposition technique is shown to enable STM imaging of novel SWCNT features 
on the Si(lOO) surface and the new Kleindiek Nanoprober instrument is shown to facilitate 
MWCNT contacting and electrical transport measurements in a SEM system. By accounting 
for the main variable that prevents optimal accuracy in nanoprober characterisation measure
ments (electrical annealing of the metal-MWCNT contact), we are afforded the opportunity, to 
determine from a selection of metals, that metal which gives the lowest resistance contact to 
the MWCNTs in our sample.
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Chapter 1

Introduction and Motivation.

1.1 Current Microelectronic Devices.

For almost half a century now, the microelectronics industry has been at the forefront of the 
digital revolution. Continual miniaturisation and optimisation of the transistor and its support
ing electronic components within integrated circuits (ICs) produced by the industry has led to 
faster, cheaper, more powerful and more reliable computer processors and information storage 
devices. The trend towards miniaturisation of these devices is driven primarily by economic 
factors that must consider cost, yield and consumer demand for increased device performance 
and functionality. A remarkable statistic in this regard is that since 2002, the quantity of tran
sistors fabricated annually has exceeded the the number of individual grains of rice produced 
per year and that the cost of an individual transistor is currently several hundredths of times 
less than that of a grain of rice. [Ref. 1,2]

The most common type of transistor in production today is based upon the field-effect 
transistor (FET) (see Fig 1.1). In this device and many of its variants the current flowing 
through a semiconductor is modidated by a transverse electric field which determines the density 
of charge carriers and is maintained by the voltage applied at the gate electrode. For the FET 
depicted in Fig 1.1 the gate electrode is electrically isolated from from the semiconducting 
Si crystal material by a thin insulating dielectric film. If this material is a an oxide such as 
silicon dioxide then the term metal-oxide-serniconductor FET or MOSFET is commonly used 
to describe the device. The primary function of the FET is to support computational logic 
using distinguishable on-off, or high-low switching states but it has also found applications in 
electronic memory storage (storing charge) and signal reinforcement along wires (gain) [Ref. 3).

The advancements in the micro electronics industry that have led to the current gener
ation of FET devices with minimal feature sizes down to 45nm (the 45nm technology node) 
have been largely enabled by progress in the field of ultra-large-scale integration technologies 
(ULSI). These top-down fabrication methods cover a plethora of complementary deposition 
and patterning processes such as chemical vapour deposition (CVD), molecular beam epitaxy 
(MBE), electro deposition, sputtering, UV- lithography, wet etching, dry etching and plasma 
etching methods. Many of these techniques preceded the birth of the microelectronics industry 
and have matured and advanced alongside the industry they now support. Unfortunately, some
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Gate Dielectric
Gate Electrode

1 Source J ++++++++++++++++++++ 1 Drain 1
J

Single Crystal silicon

Gate induced carrier 
channel

Figure 1.1: Schematic depicting the construction and principle of operation in an FET.

of these technologies, particularly the tise of lithography (inherently limited by diffraction), are 
now deemed to be approaching the limits of their physical and economical potential if current 
miniaturisation trends are to be followed [Ref. 4]. The indications are already there that if 
future generations of micro electronic devices such as the experimental 6nm FET’s currently 
being tested by IBM [Ref. 5] are to be produced commercially then novel and more economical 
approaches to ULSI will have to be developed and implemented.

A second recognised obstacle to continued miniaturisation within microelectronic devices is 
known as the “physical limit” [Ref. 3,6]. Even though many material development challenges 
for both dielectrics (high-k) and interconnects (low-k) have been surmounted in order to deliver 
the current dimensions of the FET, the underlying physics of tlie transistor remains largely un
affected. The “physical limit” however, is a recognition from the microelectronics industry that 
the key electrical features of current transistor models which have granted high functionality to 
the FET over the past decades will break down below critical dimensions [Ref. Ij. The reason 
for this is not an inability of the industry to develop new materials or novel new processing 
techniques but that the electrons descrilred by diffusive processes in current FET devices will 
behave completely differently if their motion is to be confined to regions of space approaching 
the length scales of molecules. In this regime the electron begins to act like a wave rather than 
a particle and phenomena such as ballistic transport, interference and tunnelling will begin 
to affect the devices. The precise dimensions where these effects will become detrimental to 
process yield and operation of current implementations the FET is difficult to judge, but given 
the heightened interest in devices that are being designed to take advantage of quantum effects 
such as the tunnelling FET (T-FET) [Ref. 7], it can be understood that the microelecti’onics 
industry is taking the onset of quantum electronic devices very seriously.

1.2 Alternative Methodologies to Device Fabrication.

Prompted by the limitations of the ULSI techniques currently employed by the microelectron
ics industry, interest in alternative schemes that would allow for economical sub nanometre 
device miniaturization and massive integration has risen significantly in recent years. One of 
these anticipated schemes, called the bottom-up methodology encompasses wide ranging topics 
across the scientific disciplines which propose to use, through molecular self assembly, molecules, 
polymers and supermolecular systems in the fabrication of novel device architecture and func
tion [Ref. 8]. Within this context, the self assembly schemes that underpin the bottom-up 
approach involve molecular recognition, chemical bonding plus electrostatic and steric interac-
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tions between individual molecular units which act to bring structural order and function to the 
self assembled system. The desire to establish understanding and control over these interactions 
either by chemical functionalisation or the by introduction of external stimuli hcus already led 
to important developments in the study of molecular crystals, liquid crystals, semi crystalline 
polymers, micelles, colloids and self-assembled monolayers (SAM) [Ref. 9].

The potential of self-assembly to facilitate bottom-up fabrication can be readily identified 
in the Langmuir-Blodgett (LB) technique known since the 1930s [Ref. 8]. This chemical process 
can be tuned towards structurally organised thin film deposition by attaching an organised ag
gregate of organic material, usually in the form of amphiphilic molecules, from the surface of a 
liquid onto an appropriate substrate one monolayer at a time. For a successful implementation 
of the technique the organic material must first be organised into a monolajer at the licjuid-air 
interface and this step is usually achieved by increasing the surfactant concentration using a 
barrier controlled by a pressure sensor within the langmuir trough apparatus. The amphiphilic 
molecules then tend to self organise in order to reduce the surface energy such that head and 
tail groups on the molecules are immersed selectively in either the water or air medium. Fig 1.2 
is a schematic that shows how the molecular monolayer is then transferred to an appropriate 
substrate. If the substrate is pulled through the monolayer carefully it is possible to deposit the 
amphiphilic molecules onto tliat surface one monolayer at each passing. To date, along with the 
realisation of precise and structurally aligned polymeric films on substrates, the LB technique 
and its variants have been successful in the deposition of gold nanoparticle arrays, semicon
ducting quantum dots and even semiconducting layers [Ref. 6,10]. Unfortunately, despite the 
obvious potential of the LB technique, sensitivity, adhesion and functionality limitations of the 
current implementations preclude it from any role in current microelectronic device fabrication 
techniques.

The LB technique is but one of numerous chemical methods which propose to use self assem
bly in the fabrication of sub nanometre microelectronic devices. Other active areas of research 
that attempt to exploit self assembly processes inclnde, but are not limited to, formation and 
deposition of colloidal particle arrays from suspensions, electro deposition of charged molecules 
through template structures, sol-gel deposition, electrostatic self-assembly and dielectrophore
sis [Ref. 10]. While none of these methods have been implemented within the microelectronics 
industry to date, it is likely that, because of cost-effectiveness and suitability towards massively 
parallel fabrication, they will continue in their development and application until they become 
competitive with the traditional ULSI techniques.

1.3 Organic Functionalisation of Semiconductor Surfaces.

The research undertaken within this thesis is largely concerned with attempts to fabricate novel 
and commercially applicable microelectronic devices using strategies from both top-down and 
bottom-up fabrication. In effect, this hybrid methodology begins with using organic molecules 
deposited using either CVD or MBE methods to impart new properties and new functionality 
to technologically important semiconductor surfaces. Once this step has been achieved, it is 
envisioned that the organic layer could be used to promote a defined self assembly processes 
in further bottom up fabrication steps. A useful example of the potential of the methodology 
can be taken from the publication of Lopinski et al [Ref. 11]. In that work, the adsorption
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Figure 1.2: Schematic depicting the principle behind the Langmuir-Blodgett technique. 
A monolayer of amphiphilic molecules initially organised on the liquid-air interface is 
transported to an appropriate substrate by i)ulling the substrate through the interface.

location and configuration of a single organic molecule is defined by the removal of a single H 
atom from an otherwise H-terminated Si(lOO) surface. Additional exposure of the surface to 
vapour phase styrene molecules establishes a structurally organised organic wire on the surface 
via a spontaneous and self-directed growth mechanism. Given that the molecular wire contains 
a series of unreacted C=C bonds, opportunities arise to use the wire structure as a new active 
template in further device processing steps that would exploit for example, polymerization or 
subsequent reaction with another molecular species .

The route of organic functionalisation of semiconductor surfaces outlined above offers po
tential in two commercial directions for the microelectronics industry. On the one hand, and 
as illustrated within Figl.3, the architecture and dimensions of the structures formed using the 
techniques has the potential to facilitate advancements in device miniaturisation where organic 
molecules are used either as dielectric layers or the templates for molecular wire structures with 
electrical function. The second potential application of the research is to use the the organic 
molecules to impart new functionality such as optical response, chemical sensing, or biocom
patibility to the existing technology [Ref. 12]. For example, a sensing application might involve 
the organic layer being terminated with a variety of functional groups designed to respond to 
different chemical or biological stimuli. A sensing response occurs if the desired chemical or 
biological species binds to the end group. This in turn causes a response within the organic 
layer and if this response can be coupled electronically into the silicon substrate, then all of the 
already established capabilities of silicon-based devices, such as signal amplification, processing 
and storage become available. Indeed similar chemical sensor devices that use oxidation and 
reduction processes occurring on thin metal-oxide films deposited above a semiconducting layer 
have already been commercially available since 1998 [Ref. 13].
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Figure 1.3: STM image of self assembled molecular wires on the Si(lOO) surface. Image 
taken from [Ref. 11]

1.4 Research Objectives.

This thesis attempts to address some of the numerous challenges that remain if organic func
tionalisation of semiconductor surfaces is to become an industrially accepted process en route 
to future microelectronic device miniaturisation and application. One of the main challenges in 
this regard is the requirement to increase the degree of order in adsorbed organic layers. For ex
ample, CVD and MBE methods currently used in thin film deposition hinge on diffusion of the 
deposited species on a high temperature ~ 300 —800° C surface to achieve ordered film coverage 
and thickness [Ref. 4]. In contrast, organic functionalisation of semiconductor surfaces must be 
carried out at lower temperatures to ensure that the molecules do not decompose and it can 
be expected that surface mobility will be limited in this regime. Instead, the organic molecules 
are directed to the adsorption site and configuration by strong covalent bonding between the 
surface and the molecule to the effect that it is the surface that provides the template for or
der in the organic layer. In cases where the organic molecule has only one dominant reactive 
path towards adsorption the covalent nature of the bonding and surface templating effect can 
produce highly ordered systems [Ref. 14]. However, for poly functional organic molecules with 
multiple possible reaction paths and necessary as precursors to allow for next-layer attachment, 
random trajectories of the incoming molecules affect the selectivity and ultimate bonding con
figurations of the reaction products thus decreasing the order in the organic layer [Ref. 15-17]. 
It follows that, in order to counteract these effects by choice of reaction conditions and molecu
lar functionalisation, a thorough understanding of the thermodynamic and kinetic factors that 
influence product distributions within the organic / semiconductor surface reaction is required.

Another prerequisite that must be fulfilled, such that organic functionalisation of semicon-
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ductor surfaces becomes applicable within the microelectronic industry, is an understanding of 
the electronic response and final state properties of combined molecular scale - surface systems 
when contacted by additional device architecture. For example, in order to exploit the full func
tionality of molecular scale wires such as carbon nanotubes or the styrene molecular wire shown 
in Fig 1.3, schemes that facilitate reproducible and high performance electrical contacts with 
molecular scale structures will need to be established [Ref. 18-21]. Given that these contacts 
are likely to be metallic in composition, it follows that investigation of the manner in which a 
contacting metal probe perturbs the structure and final state properties of a molecular device 
would provide information that could be put to use in the rational design of molecular device 
contacting schemes.

1.5 Systems of Interest.

In light of the above discussion, two different systems relating to molecular scale devices are 
investigated within this thesis. The first of these systems, concerns the product distributions 
of 1,3-cyclohexadiene and naphthalene following sub-monolayer adsorption on Si (100), pro
vides a direct example of an organic functionalised semiconductor surface. Each of the organic 
molecules here are chosen because they contain multiple C=C bonds that should facilitate a 
wide product distribution on the reactive surface and because the adsorbed molecules may 
provide the possibility of further functionalisation. Scanning tunnelling microscopy (STM) and 
density functional theory (DFT) methods are employed to identify the adsorption configura
tions, provide insight on the reaction mechanisms, and identify possible interactions between 
molecule and surface that might be used or tuned in order to attain highly ordered organic lay
ers on this surface. In addition, these .systems, coupled with the experimental and theoretical 
tools that are used in their characterisation, afford us the possibility to examine in detail the 
electronic and structural perturbations arising from metal-molecule interaction.

The second system that is considered within this thesis is the electrical characteristics 
of organic wires in the form of multi walled carbon nanotubes (MWCNTs) when contacted 
by different metallic probes. Nanotube contacting and electrical transport measurements are 
carried out using a new experimental technique called the nanoprobe system which allows for 
in-situ I/V measurements of MWCNTs while in a scanning electron microscope (SEM) system. 
The experiments enabled with this tool are used to determine from a selection of metal probes 
the metal that forms the lowest resistance contact to the MWCNTs from our sample. Also 
investigated in this study, is the Joule heating process or initialisation procedure that has been 
established as a necessary step in preparing optimum nanoprobe metal to MWCNTs contacts. 
Finally, nanoprober procedures that may be utilised in order to harvest and prepare selected 
CNT structures for subsequent transmission electron microscopy (TEM) analysis are described.

1.6 Organisation of Thesis.

Given the description of the research objectives provided above, the reader may recognise that, 
the background, experimental procedures and results to be discussed in this work draw upon 
chemical and physical ideas across the scientific spectrum. For instance, the study of organic
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functionalisation of semiconductor surfaces must draw upon reasoning provided from the fields 
of physical, organic and computational chemistry. Furthermore, our studies of metal-molecule 
contacts show chemical interactions that could usually be defined within the field of inorganic 
chemistry while the theoretical description of electronic transport in MWCNT has its origins 
in the field of device physics. To accommodate the reader in this regard this thesis has been 
partitioned in the following manner.

Chapter 2 presents a comprehensive account of the main experimental technique used 
throughout this thesis, namely, the STM method. This discussion begins with an account 
of the physics and theory that is used to describe the tunnelling phenomena. The use of high 
precision scanning tunnelling spectroscopy measurements and the information these measure
ments provide are also described here. Following this, the chapter goes on to describe the extra 
instrumentation that must be coupled to the STM for fully functional implementation of the 
method.

Chapter 3 introduces the theoretical technique that is density functional theory (DFT). 
The origins of computational chemistry are introduced with the quantum description of matter 
which leads to the description of the Hartree-Fock method. At this point the DFT method 
is introduced, along with the approximations that are used in implementation of the method. 
Finally, this chapter provides an account of how the two DFT packages used in this thesis, 
CASTEP and DMOL^, differ in their approximations and computational implementation.

Chapter 4 will provide a comprehensive account of the background theory behind each of 
the subject areas. Thus, a description of the Si(lOO) surface, its reconstructions, reactivity 
towards organic molecules and the analogy to traditional organic chemistry is provided. A 
chemical perspective of metal-organic molecule contacts is also provided in this chapter using 
the analogy of transitional metal ?/^-alkene complexes. Finally, the discussion in this chapter 
shifts to a description of MWCNT electronic transport properties and how in the literature 
these properties have been realised experimentally.

Chapter 5 provides information on the experimental and analytical procedures used in the 
thesis. The materials, experimental conditions and measurements techniques that have been 
used to provide data for analysis are all described in full here. Additionally, this chapter provides 
information on how the DFT calculations are set-up and subsequently analysed to provide the 
experimentally relevant theoretical data.

Chapter 6 is the first of the results chapters presented within this thesis. The work pre
sented here is a theoretical study that examines the Si(lOO) surface reconstructions and the 
applicability of certain organic chemistry models to describe reactions on this surface. The 
study is motivated by evidence of inconsistency between the descriptions of how a simple or
ganic molecule reacts on the Si(lOO) surface and how it reacts with other organic systems. Our 
study has shown that the traditional understanding of these reactions on Si(lOO) is incomplete 
and requires revision.

Chapter 7 presents the results from the STM and DFT investigations of the product dis
tributions on Si(lOO) following sub-monolayer adsorption of the 1,3-cyclohexadiene and naph
thalene molecules. In this chapter we show that an exclusive thermodynamic analysis of the 
adsorption configurations cannot account for the experimentally determined product distribu
tions in either system. We account for this phenomena by drawing upon ideas developed in the 
previous chapter and show that for each system the product distribution might be influenced by
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a novel but subtle interaction between the frontier orbitals of the surface and organic systems. 
It is oiir view that these interactions might be timed in order to develop structurally organised 
organic layers on this surface.

Chapter 8 introduces results from DFT and STS measurements which detail the establish
ment of a new tunnelling phenomena that has been identified in our experimental measurements. 
On one level, this study is important to STM users because it provides the rational behind a 
new image contrast mechanism likely to be observed in future STM studies of similar systems. 
On a second level however, the experimental results coupled with the DFT data provided here 
gives significant insight into the structural and electronic perturbations that an organic molecule 
undergoes when approached by a metallic probe. It is our view that the demonstrated ability to 
measure and account for these effects will become important in the rational design of molecular 
contacts.

Chapter 9 presents our results from two independent experimental techniques that have be 
used towards the characterisation of discreet and metal-contacted CNT structures. The first 
selection of data presented here reports upon the development of a UHV compatible SWCNT 
deposition method that allows for STM imaging of SWCNTs upon the Si(lOO) surface. The 
STM images of SWCNTs that are facilitated under this methodology afford us the opportunity 
to identify remarkable SWCNT features with ultra precise resolution. The potential of STM 
analysis as applied to SWCNT characterisation is indicated by our ability to determine from 
the images the chirality of an individual SWCNT. The second set of data discussed in this 
chapter have been obtained using nanoprober I/V measurements on MWCNT structures. These 
measurements are carried out in order to both characterise the MWCNT structures and identify 
the experimental protocol that must be used to allow for optimum accuracy in metal to MWCNT 
contact characterisation. On completion of these steps we are afforded the opport unity to carry 
out a probe metal comparison and determine from a selection of probe materials the metal that 
allows for lowest resistance metal- MWCNT contact. The discussion provided in this chapter 
will consider if our experimental results can be rationalised by examination of the different 
metallic properties of the probes. Once again we expect these data to be important in the 
design of high performance contacts to molecular scale devices.

Finally, Chapter 10 will give a summary of the main research achievements that have been 
gained throughout the course of these studies. The thesis will then culminate with proposed 
key directions for futnre development and progress within each study.



Chapter 2

Scanning Tunnelling Microscopy 
- Theory and Implementation.

2.1 Introduction.

The ability of STM to identify, characterise and nianipnlate molecular reaction products on 
metallic, semicondncting and even thin insulating surfaces at an atomic level has proven crucial 
to the understanding of surface molecular systems and its future application in the develop
ment of new technologies based on molecular electronics. Given that in this thesis significant 
attention is directed towards the final state configuration and electronic properties of organic 
molecules adsorbed on a semiconducting surface, it follows that the STM method is without 
doubt the most suitable of experimental tools that can be put to use in our efforts to return 
quantitative information on these systems. This chapter presents the general physics and theo
retical description of the tunnelling process that is fundamental to STM operation. In addition. 
Sec 2.5 explains the principles and interpretation of high precision scanning tunnelling spec
troscopy (STS) measurements that are available as a subset of experimental techniques within 
the STM technique. The chapter concludes with a comprehensive description of the additional 
apparatus that is used in conjunction with STM to extend the applicability of the method.

2.2 Basic Operation of STM.

The development of STM by Binning and Rohrer [Ref. 22] has revolutionised the study of 
surfaces and largely enabled recent developments in nanoscience and technology. STM and its 
sibling scanning probe methods (SPM) involve local proximal measurements of properties such 
as density of states or physical and chemical forces. In this mode STM and SPM visualize the 
surface via the contrast due to local variations in these measurement parameters. Fig 2.1 shows 
the principle set-up for an STM. It consists of a sharp tip, brought within a few Angstroms of a 
sample surface such that there will be an overlap between sample aird tip wave functions. Tip 
movement parallel to the sample surface (XY plane) and perpendicular to the sample surface 
(Z plane) is controlled using three mutually orthogonal high precision piezoelectric transducers 
(PZT). Once a small voltage is applied between the tip and the sample a tunnelling current is
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established which can be measured. Typical values for the tunnelling voltage are from a few 
mV to several V and for the current from 0.05 to 5 nA. In typical STM operation, known as 
constant current mode, the Z PZT is in a feedback loop which applies a correction voltage that 
modulates the tip sample distance in order to maintain a constant tunnelling current as the 
XY position of the tip is raster scanned across the sample surface. Since the piezo extension is 
proportional to the applied voltage, the correction voltage is a direct measure for the change in 
the Z position required for the tip to follow the contours of constant tunnelling current. This 
information can the be used to construct an image of the sample when plotted as a function of 
the voltages used to effect the raster scan of the tip across the sample.

Figure 2.1; Schematic depicting the construction principle of an STM.

2.3 Principles of Tunnelling.

At its fundamental level the tunnelling process occurs because an electron cannot be absolutely 
bound by any finite potential barrier. The phenomena is entirely quantum mechanical in 
character with no analogy in classical physics. For example, within the the classical description, 
the energy E of an electron can be described as the sum of the kinetic and potential energies 
U in the following manner;

E Pz
2m,

+ U{z) (2.1)

where me and represent the mass and momentum of the electron at position z respectively. 
When the electron is in a region where the potential energy is less than the total energy the 
excess is left as kinetic energy. Thus according to classical mechanics the electron cannot enter 
a region where the potential energy is larger than its total energy, since the momentum would 
become imaginary in such a situation. Quantum mechanics, however, properly incorporates
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the wave-like characteristics of the electron by describing its position as a probability. The 
probability distribution of finding the electron at a position z in some spatial interval [a < z < 
6] is given by Pa6 = \'ii(z)\^dz where ^(z) is the electron wave function. The wave function
for the electron can be determined, for the time independent case, using the following form of 
the Schrddinger equation.

£''I'(z) = -
£

2me dz?
-'I'(z) -I- [/(z)^(z) (2.2)

where h is Plank’s constant h divided by 27r.
In order to examine how the classical and quantum models differ when describing the 

position of an electron, it is useful to consider the schematics depicted in Fig 2.2 where (a) 
and (b) schematics have a potential energy barrier of finite height and infinite width, while the 
third model (c) has a potential energy barrier of finite height and width L. In each model there 
are two zones, one describing the classically allowed zone in which E is greater than U, and 
the other describing the classically forbidden zone in which U is greater than E. Within the 
classically allowed region, the solution to the Sclnodinger equation is the following:

'F(2) = 'l'(0)e±.ikx (2.3)

where k is the wave vector
\/2meE

(2.4)

(a)Classical Mechanics (b)Quantum Mechanics (c)Finite Barrier

>,O)
L_0)c

c
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Figure 2.2: Solving the one-dimensional time-independent Schrddinger equation for an 
electron encountering a rectangular potential energy barrier, (a) Classical, (b) Quan
tum and (c) Finite models describe the ” travelling-wave” solutions for electron having 
energy E, described by ,that is travelling in a potential U along some coordinate 
z. According to quantum mechanics, the electron can penetrate the barrier and can 
therefore have some probability of being found in the classically forbidden region. Zone 
II.

This result is consistent with that derived by classical mechanics for a free particle where 
the electron can be considered to be moving with a constant momentum in either a positive 
or negative direction given hy p = fik. It is necessary to consider however, that within the 
classically allowed region with the introduction of boundary conditions, quantisation occurs



2.3 Principles of Tunnelling. 12

and restricts the energy of an electron to that of certain energy levels. The separation between 
these levels depends on the width of the classical allowed region and approaches zero as the width 
becomes significantly larger than atomic dimensions, in agreement with classical mechanics. It 
is within zone 2 where U is greater than E wherein lies the major difference between the classical 
and quantum mechanical description of the electron. In zone 2, the classically forbidden region, 
the solution of the Schrodinger equation is:

^<(2) = ^(0)e (2.5)

where k' is imaginary. By letting k' = iK, k becomes real, and the Schrodinger solution then 
becomes:

^'(2) = ^'(0)6^'=’' (2.6)

where k quantifies the decay constant of the wave function inside zone 2.

_ ^2me{U{z)-E)
(2.7)

Thus when the particle is in the barrier region, the wave function does not oscillate but is 
a simple exponential decay. The rate of the decay is determined by the value of the decay 
constant k. However, if U is finite, then k is finite, and it is possible for the electron to be 
located within this classically forbidden region.

Expanding on this model to the case where the potential barrier has a finite width (Fig 2.2c), 
there are now three different regions to consider. These involve the two classically allowed 
regions sandwiching a classically forbidden region. Depending on the width of the barrier and 
the magnitude of the decay constant k there now exists the possibility for the electron to travel 
through the classically forbidden region and appear on the other side of the barrier in the second 
classically allowed region. The fraction of the incoming wave that penetrates the barrier can be 
described using a trasmisson coefficient by examining the solutions of the Schrodinger equation 
for the wave functions at both sides of the barrier. Since the barrier divides the space in three 
parts and in any of these parts the potential is constant, it follows that the particle is quasi-free, 
and the solution of the Schrodinger equation can be written as a superposition of left and right 
moving waves in each region ;

4'(2)i = + Be-^^'^

^'(2)2 = Ce-^^ + De'^^ 
'I'(2)3 = Fe**'’* +

(2.8)

where the pre-exponential constants A — G indicate the amplitude of each moving wave in each 
region 1,2,3.

Prom Eq 2.8 it is possible to identify the term Ae^^^ as that describing the component of 
the full wave function incoming from the left of the barrier or the incident wave ^(2)1+. In 
a similar fashion, components of the full wave function corresponding to the reflected wave 
(^'(2)1-) and the transmitted wave ('^(2)3+) can also be identified leading to the following set
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of definitions:

'I'(2)i_ =

*(2)3+ = Fe*'-"

(2.9)

The barrier, with the three regions and their corresponding wave functions that account for the 
incident, reflected and transmitted components of the wave function are depicted in Fig 2.3. If 
the group velocity of the wave is v, then the flux I of electrons arriving at the barrier is given 
by the probability density times the velocity.

I = |'I'(2)i + |^n (2.10)

The transmission probability, which is the ratio of the flux leaving the barrier on the right to 
that entering on the left, is then given by the following equation.

T ■ \<b{z)s+\^v FF*
|'I'{2)i+pn .4^4*

(2.11)

zone 1 zone 2 zone 3

'Vi*\AAAr
'V1-

T3+

Figure 2.3: Schematic depicting the incident, reflected and transmitted components of 
the wave function through a finite potential barrier. Note that only the amplitude 
and not the potential or kinetic energy of the reflected and transmitted components is 
actually diminished.

Solving explicitly for the transmission probability can be achieved through consideration 
of the boundary conditions on the component wave functions i.e. the wave functions and their 
derivatives must be continuous everywhere. This must therefore be true at the boundaries 
between the various regions. Thus at the left boundary of the barrier (2 = 0)

4'(2)i = ^'(2)2
__ d'i^{z)2

dz dz
2 = 0 (2.12)

and at the right boundary (2 = L)

'I'(2)2 = ^'(2)3

d'i'{z)2 _
dz ~ dz

z = L (2.13)
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Substituting for and 4'(2)3 in Eq 2.12 and Eq 2.13 using Eq 2.8 the following set
of equations are obtained.

A+B^C+D 

ikA — ikB = —inC + ikD 
Ce-^^ +

-nCe-"^^ + = ikFF’^^

(2.14)

Assuming that the barrier is relatively large compared to the electron energy such that k' » k 
and that wave function has decayed substantially through the barrier region then the set of 
simultaneous equations above can be solved to give a good approximation for 4.

(2.15)

whose complex conjugate is

,(-ifc+K)z (2.16)

It follows therefore, that the transmission probability T is given by the following expression.

FF*
AA^

r .44*
\¥f*

16 ^~2hiz

.-i+ifY
(2.17)

The finite transmission probability, i.e. the probability for tunnelling between the two regions 
is an exponential function of the barrier width 2. It is this exponential dependence of the 
transmission coefficient on the barrier width that enables atomically resolved images in scanning 
tunnelling microscopy as it provides a sufficiently strong signal in the form of the tunnel current, 
that changes by almost an order of magnitude for a one angstrom change in the gap width.

2.4 Tunnelling Current.

The workings of the STM are analogous to the finite width barrier model described in Fig 2.2c. 
An atomically sharp metallic probe and conducting (metal or semiconductor) surface serve as 
the two classically allowed regions. The vacuum gap, usually a few angstroms in width, serves as 
the finite classically forbidden region. By consideration of the quantum nature of the system it 
has been determined (above) that wave functions of both tip and sample will probe the vacuum 
region and permit the tunnelling phenomena provided the vaomm gap is small enough. It is 
necessary however to also realise that tunnelling of electrons between the probe and sample in 
STM experiments is also dependent on the intrinsic properties of the two materials.

An important factor, alongside the width of the vacuum gap, that affects the tunnelling of 
electrons in STM are the work functions 0 of the surface and tip materials. Every metal or 
semiconductor has a specific work function defined as the energy that is required to remove an



2.4 Tunnelling Current. 15

electron from the Fermi level Ef to the vacuum level of that material.

(p = U-Ef (2.18)

In Fig 2.4 appropriate baud diagrams for (a) metal, (b) intrinsic semiconductor and (c) extrinsic 
semiconductor have been depicted. Semiconductors exhibit a bandgap between the filled and 
empty states, whereas metals do not. Extrinsic semiconductors (c) are created by adding 
dopants to the material. P-type semiconductors contain dopant atoms that accept weakly- 
bound outer electrons from the semiconductor atoms. The semiconductor atoms that have lost 
an electron are known as holes and the effect produces a new acceptor band in the bandgap 
region. Conversely, n-type semiconductors contain dopant’s that add electrons to the host, 
creating a new donor band in the bandgap region. The work function is depicted for each of the 
materials of Fig 2.4 and is unique to each material, as well as depending on the crystallographic 
direction of the surface of that material.

Vacuum Level Vacuum Level

<!>

Egap

Conduction
band

Vacuum Level Vacuum Level

<t>

Acceptor
band

Donor
band

(b) Semiconductor (c) ptype n type

Figure 2.4: The band diagrams for a metal, intrinsic semiconductor and extrinsic semi
conductors are illustrated in (a),(b) and (c), respectively. The work function (f) is defined 
as the energy that is required to remove an electron from the Fermi level Ej to the 
vacuum level of that material

When two metals or a metal and a semiconductor are brought into the tunnelling regime, 
electrons will flow between the two with net electron flow in the direction of highest to lowest 
Ef until the Fermi levels of the two materials equilibrate. The decay of the wave functions from 
each material through the vacuum region can then be determined to a good approximation by 
the average of the sum of the two independent workfunctions.

4^avg — 2  ̂sample')

and the decay constant, k within the vacuum region then becomes

\J‘2lTle<f>avg
K =

h

(2.19)

(2.20)

Once equilibration of the Fermi levels is achieved the tunnelling current continues equally in both 
directions such that there is no net current. It is only through the introduction of a potential bias 
V applied between the two materials that the two Fermi energies can be maintained constantly 
separated by an energy difference eV and a constant tunnelling current established.
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The role of the the applied bias in determining the tunnelling of electrons during STM 
can be appreciated by examination of Fig 2.5(a) and (b) where band diagrams representing 
a metallic tip and sample under alternate applied bias conditions (eV) have been depicted. 
Through application of the bias voltage a net tunnelling current is established from sample to 
tip in the case of (a) and from tip to sample for case (b).

(a)

Vacuum Level

(-) Sample (+)Tip

0 d

(b)

eV

Vacuum Level

0s

(+) Sample (-)Tip

d 0

Figure 2.5; Band diagrams appropriate for a metal - vacuum - metal tunnelling junction 
under application of an applied bias (eV). In (a), electrons flow from filled states in 
the sample to empty states in the tip, thereby producing a filled state image. On the 
contrary, in (b), electrons flow from filled states in the tip to empty states in the sample 
resulting in an empty state image. The direction of current flow is illustrated by the 
blue arrows in each diagram and the length of the arrows indicates that electrons closest 
in energy to Ef on the negatively biased material has the smallest tunnelling barrier, 
and therefore have the largest contribution to the tunnelling current.

Expanding on the example presented in Fig 2.5 it can be seen that when an external bias 
is applied between tip or sample, a tunnelling window is created comprised of states near the 
Fermi energy in the range from Ef to Ef — eV, where an electron with energy E^ between Ef 
and Ef — eV has sufficient empty states across the barrier to tunnel into. Electrons closest in 
energy to Ef experience the smallest decay constant in the vacuum region, therefore making 
STM most sensitive to states located at energies very close to Ef. The tunnelling current I 
between the tip and sample can therefore be expressed through the sum of sample and probe 
states located within this window times the inverse exponential dependence on work function 
and distance.

Ef Ef

I oc
E„=Ef-eV Er,=Ef+eV

-2Kd
(2.21)

where d is the distance between the tip and sample and |4'„(0)p is the probability of finding an 
electron in the n*'* sample state at the origin of the electrons (the sample in Fig 2.5a and the 
tip in Fig 2.5b). If the bias voltage (eV) applied is small enough, so that the density of states 
within the tunnelling energy window does not vary significantly, then the tunnelling current is 
proportional to the local density of states (LDOS). The LDOS p{z,E), at location z near some
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energy E in an interval e is formulated by Eq 2.22.

E
p{z,E) = - ^

(2.22)

E-(

As a result of Eq 2.22 and approximating the tip using a delta function to represent a point 
source of filled and empty states with uniform DOS, the tunnelling current can be simplified 
exclusively in terms of the LDOS of the sample Ps at the location of the delta function for small 
values of eV.

I o(.eVps{0,Ef)e-‘̂'^‘^ (2.23)

Despite the ability of Eq 2.23 to describe the exponential dependence of the tunnel current 
on the gap width, treating the STM tip in the equation as a point source rather than a true 
metal with its own DOS and geometric shape represents a rather crude approximation in most 
STM experiments (see Sec 2.4). In fact, the tunnelling phenomena exploited by STM requires 
that there are energetically appropriate states available either side of the vacuum gap to accom
modate the tunnelling electrons. Furthermore, geometric parameters of the tip are known to 
affect the STM resolution [Ref. 23-25] through the tunnelling current and should therefore be 
considered in any qualitative expression for the tunnelling current. In light of this, the following 
sections presents a tunnelling formula that incorporates sample and tip LDOS using the theory 
developed by John Bardeen to describe Metal-Insulator-Metal (MIM) tunnelling. The Bardeen 
formalism is then applied to the particular case of STM through the additional approximations 
introduced by Tersoff and Hamann [Ref. 23, 24] in 1983 that attempt to account for the tip 
geometry.

The Bardeen Transfer Hamiltonian Description.

Around 1961, Bardeen developed a description of the tunnelling phenomena using time-dependent 
perturbation theory to explain Giaever’s [Ref. 26,27] observations of tunnelling in systems of 
superconducting electrodes separated by thin oxide barriers in the form of AI2O3. This experi
mental work had earned Giaever the Nobel prize in physics in 1973. Key features of the Bardeen 
approach and treatable under perturbation theory are the separability of the system and the 
introduction of a model Hamiltonian. These aspects of the Bardeen approach are depicted in 
the band-diagram of Fig 2.6 which represents a planar MIM tunnelling junction where each 
metal has its own distinct Hamiltonian and wave solutions in the left and right regions defined 
by Ri and Rr respectively. The full Hamiltonian ^ that describes the entire system is then 
given by the snm of the known contributions of and plus an unknown contribution from

that is called the transfer Hamiltonian.

^i = -—V^-|-C//(f) rei?;
2me

= + Ur{r) reRr
2me

H

(2.24)
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Left Metal Insulator Right Metal
Separation Surface

Figure 2.6: Band diagram appropriate for a metal - insulator - metal tunnelling junc
tion. In the Bardeen approach the total system is separated into two distinct subsystems 
with known Hamiltonian’s and wave solutions. Bardeen defined a separation surface 
such that in the left region the right potential is zero and correspondingly in the left 
region the right potential is zero

In order to calculate the probability of elastic tunnelling in the MIM junction Bardeen used 
a result from time-dependent perturbation theory called Fermi‘s second golden rule. The rule 
formulates the transmission rate R for an electron going from an initial state ^fi{r) on the left 
of the MIM junction in Fig 2.6 to a final state on the right when the states are separated 
by an applied potential eV

97r
(2.25)

27r

The (5-function in Eq 2.25 ensures energy conservation during the transition and is the 
matrix element of the perturbation potential between the initial and final states of the transition. 
M is defined in Eq 2.26 where is the sum of the right and transfer Hamiltonian’s.

fJ,-¥V — \Xv\^ Wti

}{ = y{r +
(2.26)

Substituting for W in Eq 2.26 allows to be defined through the total Hamiltonian y{
minus the known left Hamiltonian 9{i.

(2.27)

The remaining unknown in Eq 2.27 is the total Hamiltonian given by 9{. Bardeen proposed
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a model Hamiltonian to replace H by realising that K could be approximated by the 
when in the left region Ri and Hr when in the right region Rr-

H Hm —

Hi ,f G Ri
Hr ,r e Rr

(2.28)

The physical basis for application of Bardeen’s approximation is justified when the MIM system 
is described by independent subsystems as in Fig 2.6 and separated by a sufficiently wide 
tunnelling barrier. Within this description it is important to emphasise that ip{r) will decay to 
zero in the right region and similarly that y(r) will decay to zero in the left region. It follows 
then, that the left and right regions separated by what Bardeen defined as a separation surface 
can be described by their own individual Hamiltonians.

The implication of using Bardeen’s model Hamiltonian is that it greatly simplifies the 
calculation of the matrix element M in Eq 2.27 such that M reduces to the following equation 
when the original volnme integral has been replaced by a snrface integral and only elastic 
tunnelling is considered.

(2.29)

In Eq 2.29 Sir represents Bardeen’s separation surface and it follows that in the calculation of M, 
only wave functions ipo and Xv from the individual subsystems are required. The validation of 
the Bardeen description of the tunnelling phenomena came about when he used this formalism 
to account for the quantitative predictions in MIM junction experiments made by Giaever 
[Ref. 25,28]. His expression for the tunnelling current from Ferrni second golden rule and using 
a Fermi-Dirac distribution f{E) to describe states in the energy interval (eV) is as follows:

27re ^ f{Ei)[l - f{Er + eV)]\M,,,,\^5{E^ - E,, (2.30)

TersofF-Hamann Approximation.

Around 1983 Tersoff-Hamann [Ref. 23,24] set about providing an expression for the tunnelling 
current in STM experiments. Their methodology recognised the similarity between the STM 
set-up and the MIM junctions successfnlly described by Bardeen’s formalism for the tunnelling 
current given in Eq 2.30. Their first step was to simplify Bardeen’s expression for the limit of 
small temperature(~ 293K) and voltage(~ lOmeV for metal-metal tunnelling). In this regime 
Eq 2.30 reduces to the following expression where states Xv and are located in the tip and 
sample respectively and the possibility of reversible tunnelling has been considered through the 
second <5 function. ^

^ ^ E - Ef)S{E, - Ef) (2.31)

Tersoff and Haniann then suggested to replace tlie unknown electronic structure of the tip 
by a simple model (see Eig 2.7). In their description the wave function of the outermost tip 
atom is assumed to be an atomic s-wave function centred on the foremost tip atom. Since the 
tunnelling cnrrent depends on the overlap of the wave-functions of the tip and the sample, and 
since the wave-function decays exponentially into the vacuum, only the s-orbital localized at
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the outermost tip atom will be of importance for the tunnelling process. With this assumption 
the tunnelling current can be expressed for a given distance Z as follows.

Vpt{Ej)Y^\x.{r^)\H[E,-Ef)e2kR (2.32)

P,{Ef,ro)

In Eq 2.32 Pt{Ef) represents the LDOS of the tip at the Fermi energy, r(0) indicates the 
position of the frontier tip atom on which the s-wave function is centred and k is defined as 
in Eq 2.20. Eq 2.32 can be further simplified by recognising the the summation term can be 
expressed through the LDOS of the sample Pa at the position r(0) such that the tunnelling 
current becomes a function of both tip and sample LDOS.

Vpt{Ef)paiEf,ro)e2kR

~ e

(2.33)

-2kZAssuming an exponential decay for the s-wave function on the tip such that |<Pf,(ro)|
^-2k{r+D) substituting for pt{Ej) means that in the Tersoff-Hamann approximation the 
tunnelling current reduces to the following expression where D is given in Fig 2.7 and is defined 
as the difference between the absolute tip to sample gap and the radius of the s-wave function.

Vps(Ef,ro)e-2kD (2.34)

Thus the microscope image obtained in STM, under the Tersoff-Hamann approximation, pro
vides a contour map of constant surface LDOS, i.e. the charge density from sample states at 
the Fermi level. The major difference between the Tersoff-Hamann expression Eq 2.34 and 
the previous expression for tunnelling current, Eq 2.23 (appropriate for a point source tip), is 
that now the tunnelling current expression for a tip to sample distance given by Z can account 
for the lateral averaging due to a finite sized tip. The implications of this can been observed 
clearly through Tersoff and Hamann’s attempt to verify their theory. When they applied their 
tunnelling expression to predict the respective corrugation amplitudes and gap distances on the 
Au(lOO) 2x1 and 3x1 surfaces, the results they obtained agreed well with the experimental 
results of Binning et af [Ref. 23] once a 0.9nm tip radius was assumed.

Despite the generally accepted success of the Tersoff-Hamann model in providing a quan
titative expression for the tunnelling current in STM experiments there are some limitations 
inherent in the theory and indeed these were pointed out by the authors themselves [Ref. 23,24]. 
Feature sizes of the order of 0.3nm and smaller are often resolved in STM images (see Chapter 
7) and yet this quality of image detail falls below the expected resolution limits for STM as 
predicted using an s-type wave function on the probe. Many authors [Ref. 25,29,30] including 
Tersoff and Hamann have suggested that probe states of higher angular momentum (p and d 
type) are likely to be responsible for the enhanced resolution in these circumstances.

A second factor to consider is the applicability of the theory when extended to STM experi
ments conducted at finite bias voltages or over a finite range for the case of scanning tunnelling 
spectroscopy (STS). In the Tersoff- Hamann approximation it is assumed that the DOS of the 
tip is constant over the energy interval of interest. This approximation although justifiable for 
small bias conditions (close to Ef) becomes crude when applied to typical STM operational
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Figure 2.7: In the Tersoff-Hamann approximation an s-type wave function is centred 
on the outermost atom of the tip. The tunnelling gap D, is therefore dependent on the 
value of R and Z.

bias conditions (often carried out at ±1 ■H’ W). In fact the density spectrum of the tip is 
seldom featureless and plays a significant role in determining the tunnelling current and hence 
the topographic image for a given bias voltage during experiments. This is especially so in the 
case of spectra obtained through STS to the point that in the interpretation of STS spectra, it 
becomes more worthwhile to consider the predictions of simple planar tunnelling models treated 
using the Wentzel, Kramers, and Brillouin (WKB) approximation. [Ref. 31].

2.5 Scanning Tunnelling Spectroscopy.

A powerful analytical technique available to the STM user is the ability to carry out highly 
localised (0.5nm) spectroscopy upon the surface under investigation. By interrupting the feed
back loop (see Sec 2.6.5) in order to maintain a constant tunnelling gap and applying a voltage 
ramp to the tunnelling junction, the tunnelling current as a function of bias may be recorded. 
This type of experiment is an example of one of the family of STS methods available and the 
spectra taken in this manner provides information that is a convolution of the probe and sample 
LDOS.

A useful starting point in the analysis of STS spectra is the description of the tunnelling 
current obtained using the WKB approximation. This method, developed in 1926, is named 
after physicists Wentzel, Kramers, and Brillouin and predicts that the tunnelling current is 
given by the following expression.

= /■ Ps{r,E)pt{r,E - eV)T{E,eV,r)dE (2.35)

where ps{r, E),pt{r, E) are the density of states of the sample and tip at a location r and an 
energy E, measured with respect to their individual Fermi levels. For negative sample bias 
eV < 0, and positive sample bias eV > 0, the tunnelling transmission probability T{E,eV,r)
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for electrons with energy E and applied bias voltage V is given by

TiE.eV.r) = + f - £ (2.36)

where once again an exponential dependence on the barrier width Z is observed. Thus within the 
WKB approximation, at constant tunnelling current /, the contour followed by the tip is a func
tion of the density of states of both sample and tip, together with the tunnelling transmission 
probability. Examination of Eq 2.36 shows that if eV < 0 the transmission probability is largest 
for E = 0 (corresponding to electrons at the Fermi level of the sample). Similarly if eV > 0 
then the probability is greatest for E = eV (corresponding to electrons at the Fermi level of the 
tip). In this way it is obvious that the tunnelling probability is always greatest for electrons 
at the; Fermi level of whichever electrode is negatively biased (see Figure 2.5). Differentiating 
Eq 2.35 with respect to V returns the electron density of states to a first approximation.

dV = ps{r,eV)pt{r,Q)T{eV,eV,r) -f

I
(2.37)

The first term in Eq 2.37 corresponds to the product of the density of states of the sample, 
density of states of the tip and the tunnelling transmission probability. The second term 
contains the voltage dependence of the tunnelling transmission factor. While T is generally 
unknowm it has been shown [Ref. 32] that it is a smooth, monotonically increasing function of 
the applied voltage. Thus in STS measurements of T contributes a smooth background on 
which the LDOS spectroscopic information is superimposed [Ref. 31]. The ^ spectra can be 
further simplified by taking advantage of the fact that the dominant contribution to tunnelling 
occurs from the states near the Fermi level of the negatively biased electrode. A consequence 
of this phenomena is that tunnelling from tip to sample (-ve biased tip) will mainly probe the 
sample’s empty states with negligible influence of the tip’s occupied states. On the other hand, 
tunnelling from sample to tip (-ve biased sample) will be much more sensitive to the electronic 
structure of the tip’s empty states and indeed this often prevents detailed STS studies of 
samples occupied states [Ref. 33]. Despite this drawback there are tip cleaning procedures 
available which endeavour to reduce the contribution of tip DOS in experimental STS spectra 
and these have been described in the literature [Ref. 25,34].

In practice the acquisition of ^ spectra in STS experiments is usually preformed using what 
is known as the lock-in technique. The advantage of preforming the experiment in this fashion 
is that ^ can be directly acquired simultaneously with the tunnelling current measurement. 
The method of the lock-in technique is as follows. First, a sinusoidal signal of small amplitude 
Vmod and high frequency uj is superimposed on the constant tunnelling bias Vq such that the 
applied bias can be written as follows:

V) = Fo + VmodC0s{ujt) (2.38)

It follows then that the tunnelling current will begin to oscillate in accordance with the bias
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modulation. The current can be expanded by a Taylor series expansion as;

I{Vt) = /o + .Vrnod-COs{wt) + + . . (2.39)

The amplitude of the first harmonic in Eq 2.39 is proportional to the differential conductance 
dl/dV for small modulation signals Vmod- A lock-in amplifier measures the amplitude of this 
first harmonic term by extracting the current that is oscillating at the frequency uj. This 
amplitude -Vmod is called the lock-in signal. When the ^-feedback loop is switched off and
Vo is swept between the predefined limits set by the user (usually between -2V to 2V) the lock-in 
signal is detected in real time such that a topographic image of the surface and a ^-niap of 
the surface can be obtained simultaneously. The ^-map obtained in this way corresponds to 
the map of the LDOS of the system at energy given by E = eVo.

2.5.1 Inelastic Tunnelling Spectroscopy.

The interpretation of ^ spectra obtained through STS have so far, been exclusively focused 
ou the dominant elastic tunnelling processes, where the electron energy is conserved between 
the initial and final states. However, inelastic tunnelling can occur if the tunnelling electrons 
couple to vibrational modes of frequency uj in the tunnel junction. In 1966 it was discovered that 
vibrational spectra can be obtained from molecules adsorbed at the buried metal-oxide interface 
of a metal-oxide-metal tunnelling junction [Ref. 35]. In these experiments, which became known 
as inelastic tunnelling spectroscopy (lETS), the tunnelling current I was measured as a function 
of voltage V across the junction. Small, sharp increases in the tunnelling conductance, were 
observed when the energy of the tunnelling electrons reached the energy of a vibrational mode 
for the adsorbed molecules in the junction. These increases were attributed to electrons losing 
their energies to the vibrational modes within the molecule. The phenomena gives rise to a 
new inelastic tunnelling channel, which is opened only when tunnelling electrons have energies 
above the quantized energy of molecular vibration [Ref. 34].

The inelastic tunnelling process is depicted schematically in Fig 2.8 where in order for the 
tunnelling electron to excite the vibrational mode, the energy difference between the Fermi 
levels of the tip and sample states must be greater than hio corresponding to the energy of 
the vibration. It follows that as long as the bias voltage is lower than hu/e , the tunnelling 
process is dominated only by elastic tunnelling which increases proportional to the bias voltage 
until a LDOS feature is measured and linearly again thereafter. When the bias voltage reaches 
the inelastic threshold a new tunnelling channel opens up and creates a kink in the ^ curve 
at F = hjjj/e as depicted in Fig 2.9. This conductance change is generally too small to be 
observed in any I — V curve and even in ^ — F curve, the change is typically 1 — 10% for 
the case of the STM [Ref. 36]. Therefore, it is the second derivative (^^) that is commonly 
used to detect the change. Vibrational spectra by STM-IETS were first observed by Stipe et al 
in 1998 [Ref. 34] and lETS remains an important technique in the analysis of single absorbed 
molecules on surfaces [Ref. 20,21,37].
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Figure 2.8: Schematic diagram of inelastic tunnelling process. Inelastic tunnelling can 
occur only if the energy of the electron eV is greater than hio which corresponds to the 
quantized energy of molecular vibration.

Figure 2.9: Schematic indicating how LDOS features and vibrational modes are identi
fied in the ^ and ^4 spectra. Experimentally the strength and shape of the peaks 
in vibrational spectra depend on the electron-vibrational coupling strength.
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2.6 STM Instrumentation.

The accoinplishnieiit of STM in becoming a widely used surface analysis technique is largely 
a.s a consequence of progress over the past 30 years, not only in our understanding of the 
tunnelling phenomena, but also in the technological disciplines such as mechanical, electronic 
and control engineering. In the following sections these mechanical and electronic prerequisites 
for successful STM operation are considered. The discussion will focus on the components and 
engineering innovations that are in use within the Omicron VT STM system which has been 
used for the majority of the experimental work presented within this thesis.

2.6.1 Ultra High Vacuum (UHV).
A key ingredient in experiments carried out within this thesis is the use of ultra-high vac
uum conditions. In order to prepare the atomically clean Si(lOO) surface used as the substrate 
throughout this thesis, pressures of 5 x 10“^°mbar and below are required. Only such a low 
pressure will assure that the surface stays clean long enough to complete the molecular deposi
tion and analysis experiments. Considering a surface in a vacuum one can calculate the number 
of gas molecules impinging on that surface as follows:

R =
dN 2.635 X 1022P, ibar

(if \/2irmkT y/MT
-crn (2.40)

where in is the molecular mass in kg , M is the molecular mass in units of the atomic mass con
stant and k is the Boltzmann constant. The usual units for the pressure in vacuum technology 
are torr or mbar (1 torr = 1.3332 mbar = 133.32 Pascal). For a pressure of 10“®mbar and a 
temperature of 300K it is found for typical atmospheric molecules striking rates on the order 
of 10^® to 10^^') [Ref. 38] (Table 2.1). As an order of magnitude value, a surface has 
10^® atoms per cm?. This means that if every rest-gas molecule at the above conditions sticks 
to the surface it will only stay clean for a second or so. If we are not willing to tolerate more 
than a few percent of contaminating rest-gas molecules on the surface then the pressure has to 
be in the UHV region.

Table 2.1: Calculated striking rates for typical atmospheric molecules for a pressure of 
10“®mbar and a temperature of 300K.

molecule M R{cm '^s
H2 2 1.1 X 10^^

H2O 18 3.6 X IQi'i
CO 28 2.9 X 10^^
O2 32 2.7 X IQi'^

CO2 44 2.3 X 10^'^

Another parameter that is also useful to consider is the mean free path of a molecule at 
a given pressure. The mean free path A, i.e the mean distance a molecule will travel before 
hitting another molecule, can be evaluated using the following equation [Ref. 38).

A = kT
y/2Tl(?P

(2.41)
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where ^ is the molecular diameter. For typical UHV pressures the mean free path of the typical 
atmospheric molecules is many meters. This means that it is much more likely that the molecule 
hits the walls of the vacuum vessel rather than another molecule.

In order to achieve UHV vacuum conditions in the Omicron STM chamber three stages of 
pumping are required (see Fig 2.10). The first stage requires a roughing pump to reduce the 
system pressure down to the 10“^mbar region. A typical pump used for this purpose is an 
oil-sealed rotary vane pump as shown in Fig 2.11. The operation principle involves non-fixed 
rotating vanes that firstly expand the gas from vacuum chamber into the pump. The vanes then 
push the gas out through a valve exhaust. In the omicron system an oil free roughing pump is 
used and although the operational principle is the same in either case, the oil free pump has 
an added advantage that it should not contaminate the chamber in the event of suck back on 
pump failure. The operation principle of the rotary vane pump means that the pump will work 
fine when the pressure is high enough to ensure a gas flow into the pump but hopeless when 
the mean free path of the molecules is very long.

turtK) rougheig
pump pump

lO"* mbar mbar

gas
exhaust

Figure 2.10: Schematic indicating the pumping components in a t3"pical UHV system.

The second stage of pumping on the Omicron system is carried out using a turbo molecular 
pump from Pfeiffer Vacuum Inc. A cross section of the turbo molecular ptimp is given in Fig 2.12 
where it can be observed that the pump is built such that the gas molecules from the vacuum 
chamber collide with the fast moving rotors and stators which spin in opposite directions. The 
molecules thereby attain an impulse in the direction of the roughing pump. This stage of the 
pumping is known as the turbo stage and in order to achieve efficient pumping the speed of 
the rotor has to be very high with typical values up to 80 krpm. The second stage of the 
pumping known as the drag stage typically involves rotating disks that build a spiral channel 
which leads to the rough pump [Ref. 39]. Since the turbo molecular pump is connected directly 
to the vacuum chamber it is important that the pump operate almost vibration free. To ensure 
this, the pump is equipped on the fore vacuum side with lubricated ceramic ball bearings and 
on the high vacuum side with a radially stabilising and maintenance free permanent magnetic 
bearing. In addition electromagnets are used to hold the rotor electromagnetically suspended 
in the axial position [Ref. 40]. These features ensure that the rotor may operate with no 
direct contact to the external casing and therefore that the vibration level remain adequately 
low during operation. Other noteworthy features on the turbo pump are the built-in gearing
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Figure 2.11; Schematic indicating how the rotary vane pump operates, (a) gas from 
the vacuum system is expanded into the pump and (b) the gas is pushed through the 
pump exhaust.

and spin up/dowii procedures which prevents rotor ciamage and the venting of the vacuum 
chamber in the event of a power failure. Using the combination of roughing pump and turbo 
pump pressures on the order of 10~^°mbar and below can be achieved in the Oniicron vacuum 
chamber if given enough time.

In order to reach as low a pressure as possible in a short time it is necessary to perform a 
bakeout procedure of the whole Omicron VT STM system. For the bakeout an oven is assembled 
around the system which is then heated to 140°C' for an extended period of time (usually around 
48 hours). Roughing and turbo molecular pumps are left engaged throughout this period and 
are cooled internally via a chilled water flow. The heating causes a fast removal of the molecular 
impurities adsorbed on the walls of the vacuum system (mostly H2O). The requirement for 
baking systems requires that the Omicron VT STM system is build solely of components which 
can withstand high temperatures for a long period of time. Another important criterion is that 
the vapour pressure of the materials has to be very low at the normal operating temperature 
of the vacuum system. The material of choice for the vacuum chambers in our and most other 
commercial UHV STM systems is therefore stainless steel.

Once the bakeout procedure has finished and the system is in the process of cooling back 
to room temperature with typical pressures around 1 x 10“®mbar a third pump is engaged 
on the vacuum system. This is the ion pump which can be used to help achieve and then 
solely maintain pressures as low as 6 x 10“^^mbar in a sealed and leak free vacuum chamber. 
The Omicron VT STM has two of these ion pumps placed beneath each of the main chambers 
(preparation and scanning) on the system. A schematic depicting the cross section of an ion 
pump alongside the Varian ion pump used on our system is shown in Fig 2.13. Typical ion 
pumps consists of two flat rectangular cathodes with a stainless steel anode between them made 
up of a large number of open ended tubes. This assembly, mounted inside the pump body is
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Figure 2.12: Cross section of a Pfeiffer turbo molecular pump from Preiffer catalogue 
[Ref. 40]. Molecules from the vacuum chamber collide with the fast moving rotor and 
thereby attain an impulse in the direction of the roughing pump.

surrounded by a permanent magnet. This layout is often called the diode structure ion pump. 
Rest gas molecules in the pump are ionized by electrons from a plasma discharge induced by 
the high voltage (~ 6kV) between anode and cathode. The ionization probability is increased 
by the presence of a magnetic field surrotmding the pump which causes the electrons to travel 
on spiral trajectories. When the ions hit tlie titanium cathode they can be buried in it or react 
with it through chemisorption processes. Additionally, Ti is sputtered off the cathodes and 
deposited on other parts of the pump. This Ti can react with the rest gas and increases the 
pumping effect. The ion pump does not remove the rest gas from the system it just binds it 
such that it can not contribute to the pressure any more. The current provided by the high- 
voltage power supply is proportional to the pressure in the system and ion pumps can therefore 
be used to estimate the pressure. The ion pump can be operated at pressures between 10“^ 
and 10“^bnbar. On the Omicron system the ion pumps are used in conjunction with Titanium 
sublimation pumps which serves to provide a fresh Ti coating in and around the ion pump. The 
Ti material is sublimed from a large Ti filament by passing a high current (~ 40A) through it. 
Once pressures on the order of 10“^^mbar is achieved in the vacuum chamber a pneumatic gate 
valve is closed between the turbo molecular pump and the vacuum chamber and the turbo is 
allowed to spin down. The UHV conditions are then maintained exclusively by the ion pump 
with occasional running of the Titanium sublimation pnmp typically once a day.

2.6.2 Pressure Measurement.

As mentioned in the previous section the current recorded in the ion pump can be exploited to 
provide a pressure measurement within the vacuum chamber. However this method is not the 
pressure measurement technique used on the Omicron VT STM system. Instead the technique 
of preference at UHV conditions is the use of what is known as a hot cathode ion gauge 
and a schematic has been provided in Fig 2.14. The gauge is composed of three electrodes,
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Figure 2.13: Cross section of a ion pump and a Varian ion pump from [Ref. 41].

the collector, the filament, and a grid in a triode configuration with the filament as cathode. 
A regulated electron current (typically 10 inA) is emitted via thermionic emission from the 
filament on the left of Fig 2.14. The emitted electrons are attracted towards the helical grid 
by a dc potential of about +200 V. During this acceleration process, some electrons collide 
with gaseous molecules causing the molecule to ionize to a radical ion, and in addition causes 
numerous cleavage reactions that give rise to fragment ions. The number of these ions is 
dependent on the gaseous molecule density and the electron current emitted from the filament. 
Finally these ions are captured by the collector in the form of an ion current. Since the gaseous 
molecule density is proportional to the pressure, the pressure is estimated by measuring the 
ion current. A drawback of the gauge is that the ion current obtained is very sensitive to the 
construction geometry of the gauge and the chemical composition of gases being measured. 
In light of this, most gauges are calibrated by the manufacturer according to the type of 
operating environment the gauge will be exposed to and provide values of the gauge sensitivity 
to different gasses [Ref. 42]. Additionally there are degas procedures available that are used 
to remove contaminants on the gauge following exposure to atmospheric conditions during 
vacuum chamber maintenance. The ion gauge operates effectively between pressures of 10~'* 
and 10“^^mbar where the low pressure limit is set by the photoelectric effect when electrons 
hitting the grid can produce x-rays that induce photoelectric noise in the ion collector [Ref. 39].

2.6.3 Residual Gas Analysis (RGA).

R has been mentioned above that the ionisation gauge sensitivity varies for different gaseous 
species in the vacuum chamber. In order to have an accurate knowledge of the pressure then 
it is necessary to know the chemical make-np of the residual gasses present. On the Omicron 
VT STM system this task is carried out using a quadrupole mass spectrometer (QMS) from 
Pfeifer Vacuum Inc [Ref. 40]. The QMS consists of four cylindrical conducting rods to which are 
applied a combination of DC and radio frequency (RF) voltages U and Vcos{u)t) that establishes 
a time-dependent electric field in the region between them (see Fig2.15a,b) [Ref. 39]. Molecules 
from the vacuum chamber enter the ioniser where upon they undergo ionisation in a similar 
fashion as in the ionisation gauge. Positive ions emerging from the ion source are focused into
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Figure 2.14: Schematic and image of a Varian ion gauge from [Ref. 41] .

a beam and enter the quadrupole mass analyser (Fig2.15c). The time-dependent electric field 
with a tunable frequency in the quadrupole region causes the ions to oscillate according to the 
set frequency. For a particular set frequency only ions of a particular mass-to-charge ratio pass 
through the system and are detected whilst all others are filtered out and collected at the rods. 
When the frequency of the quadrupole is scanned over a range usually from 1-300 atomic mass 
units (arnu), a spectra is produced where the peaks in the spectrum give the partial pressure 
of ions with a specific mass-to-charge ratio.

(bl -U-Vcos(wt)
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(d)

Electron Collecting
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Figure 2.15: (a,b,c) Schematic showing the operational principle behind a quadrupole 
mass spectrometer, (d) Pfeiffer QMS with electronic module from [Ref. 40]

Interpretation of mass spectra obtained in this fashion is complicated by the fact that 
distinct molecular species in the vacuum chamber often ionise into fragments with the same 
mass-to-charge ratio. However this difficulty can be overcome by taking account of the specific 
cracking pattern a particular molecule undergoes when ionised. For example the diatomic 
molecule Nitrogen N2 m = 28 will typically ionise to form the fragments N2 , , N'^ which
will generate peaks in the mass spectra at mass-to-charge numbers 28,14 and 14 respectively. 
Note that the fragments and N+ have the same mass-to-charge ratio. Furthermore the 
intensity of the peaks in a particular cracking pattern hold information and indicate which ion 
fragment is most likely produced upon ionisation of a particular molecule ( N2 for the case
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of the nitrogen molecule). A mass spectrum taken from the Omicron VT STM system, post 
bakeout, with ion gauge reading of 8 x 10“'hnbar is shown in Fig 2.16 for the demonstration 
of a typical spectra obtained at UHV conditions .
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Figure 2.16: Mass spectrum obtained from Omicrom VT STM with ion gauge reading 
8 X 10“^^ mbar using the Pfeiffer QMS

2.6.4 Tip Positioning.

In order to achieve tunnelling in STM it is crucial that the tip can be positioned within a few 
Angstroms of the sample surface. In the Omicron VT STM system the initial tip approach 
to the sample is carried out using two motion mechanisms that control a coarse approach and 
fine approach respectively. The systems operate in conjunction with one another such that 
the approach is conducted in a timely and safe (crash free) fashion. A common component 
critical in the construction and operation of both mechanisms are piezoelectric materials which 
are used to induce the respective motions. These piezoelectric materials belong to a family of 
lead zirconate titanate (PZT) ceramics usually manufactured from PbZrOs and PbTiOz, which 
expand or contract by application of a high voltage. Fabrication of a working PZT piezoelectric 
device relies on a post production process known as poling whereby the piezoelectric quality 
of the ceramic is generated by alignment of the dipoles within the material such that the 
material becomes anisotropic [Ref. 25]. The definitions of the parameters that describe the 
piezoelectric effect are shown in Fig 2.17 where the strain associated with a 2-dimensional piece 
of piezoelectric material under application of a voltage across its thickness 2 is displayed. Inside 
the material the electric field intensity in the z direction is given by E3 = — and piezoelectric
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constants d^i, 0(32 and dsz can be defined as the ratio of a strain component over the applied 
electric field intensity where the indices 1,2,3 correspond to directions within the material x,y,z.

dz2 —

d33 =

E3
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At*
5i = —

X

O dy 02 = —
y
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Figure 2.17: A rectangular piece of piezoelectric material, with voltage V applied across 
its thickness 2 causes a strain in the x and y as well as the z direction [Ref. 25].

The coarse approach in the Omicron VT STM relies on what is known a.s an inertial sliding 
or stick/slip mechanism [Ref. 43]. In this system a piezoelectric stack sandwiched between 
two plates known as the motor and slider is used to induce motion of one plate relative to 
the other. A schematic inertial sliding mechanism is given in Fig 2.18b where the piezo is 
fixed to the underside of the slider plate and is in contact with the motor plate. The plates 
are magnetically coupled to one another but separated by silicon carbide ball bearings. Upon 
application of an appropriate saw-tooth voltage (Fig 2.18a) the piezo is made to extend slowly 
and then contract quickly. During the slow {t ~ ms) extension of the piezo the sliding plate 
is forced in along the bearings by friction forces induced from the coupling of the piezo and 
motor plate. In order to reset the piezo and maintain the slider plate position, the contraction 
of the piezo is carried out extremely fast {t ~ /xs) such that inertial forces are sufficient to 
keep the motor and slider plates stationary. Depending on the sign of the applied asymmetric 
saw-tooth voltage, the sliding block can move in either direction atop the motor plate. These 
inertial sliders move in various step sizes (as little as a few nm) and frequencies, depending 
on the applied waveform. An arrangement of three such mechanisms (Fig 2.18c) is used in 
the Omicron VT STM to give coarse x,y and z motion to the tip such that it is capable of 
translational displacements in each direction of up to ~ 2cm.

The fine approach mechanism employed in the Omicron VT STM involves a piezo tube 
attached to the z inertial slider mechanism from (Fig 2.18c). The STM tip sits on top of 
the tube such that it will approach the underside of a sample placed above it. The piezo 
tube is made from PZT, metallised on the outer and inner surfaces and is poled in the radial 
direction. A schematic of the piezo tube is shown in Fig 2.19a where it can be observed that 
the bottom half of the tube is sectioned into four quadrants. The top half of the tube works 
as in a traditional piezo device whereby the tube extends or contracts according to the applied 
voltage. This motion is used with the z coarse approach mechanism to bring the tip within
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(a) (b) (c)

Figure 2.18: (a) shows the driving saw-tooth waveform applied to the piezo that in
duces the stick slip motion of the slider, (b) shows a schematic of the slider plate in 
motion atop a fixed motor plate. Application of an appropriate waveform to the piezo 
sandwiched between motor and slider can be used to effect slider motion in either di
rection relative to the the fixed motor plate, (c) displays three combined inertial sliders 
that give collectively give coarse x,y and z motion to the tip in the Omicron VT STM.

a few angstroms of sample surface. After each coarse z motion from the inertial sliders, the 
piezo tube extends in small steps (~ 2A) that collectively, sum to an equivalent of one coarse z 
motion. At each fine increment, the STM electronics are set to query if a tunnelling current can 
be detected. If the electronics detect no tunnelling current during the series of fine extension 
then the z piezo retracts completely such that it is safe for the z coarse motion to extend again. 
The procedure is depicted in the flow diagram of Fig 2.19b.

Once the tip reaches the tunnelling regime then the lower half of the piezo tube comes into 
effect. Because of its poling and sectioning the tube can be made bend to effect a raster scan of 
the surface (See Fig 2.19a ). In order to produce the bending the inside of the four quadrants 
are grounded and the outside of opposite quadrants are connected to opposing potentials. In 
this w'ay a z extension of the tube in one quadrant is combined with a z contraction of the tube 
at the opposite quadrant which work together to effect a bend in entire tube. The dynamic 
range afforded to the tube in the Omicron VT STM using this procedure is on the order of 
lOOOnm with scanning speed of up to 4000nni/s. A constant tunnelling current over the raster 
scan area is maintained by varying the voltage on the upper portion of the tube such that the 
tube constantly extends and contracts to follow the LDOS contour set by the feedback loop.

2.6.5 STM Electronics.

Fig 2.20 shows a schematic of how the electronic feedback loop is utilised in STM. Once a 
tunnelling current It is measured it is sent to the pre-amplifier where it is amplified by a 
current amplifier and converted into a voltage VJ. Ideally the preamp should be positioned as 
close to the STM junction as possible to avoid electronic noise and maintain accuracy in the 
experiment. Because the tunnelling current varies exponentially with the tunnelling gap, the 
voltage output from the amplifier is then passed through a log amplifier to produce a linear 
dependence. The output of the log amplifier is then compared to the reference voltage Vt-set 
appropriate for a set tunnelling current h-set- An error signal is sent to the feedback circuit, 
and in turn, a correction voltage is sent to the z piezo. The z piezo then contracts or expands
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Figure 2.19: (a) is a schematic of the piezo tube used in the Omicron VT STM. The 
upper half is a traditional piezo device on which the tip is positioned. The lower half is 
sectioned into 4 quadrants and poled radially such that application of a voltage across 
the quadrants can induce a bending of the tube ideal for raster scanning the tip across 
the surface when in the tunnelling regime, (b) shows a flow diagram depicting how the 
coarse and fine positioning system in the Omicron system work together during the tip 
approach.

accordingly to maintain the It-set- For example, if the measured tunnelling current is greater 
than the It-set, the z piezo withdraws from the surface. This is known as constant current 
mode imaging and is the most common form of imaging used in STM experiments. As the tip 
is raster scanned across the surface, the difference in /, v's It-set varies and as mentioned earlier 
the correction voltage applied is a direct measure for the change in Z the tip has to perform in 
order to follow a contour of constant LDOS above the sample.

2.6.6 Vibrational Damping.

A final noteworthy technological feature in the Omicron VT STM concerns the method of 
vibrational damping employed therein. Since the typical corrugation amplitude in STM images 
is about 100 pm it follows that disturbance from external vibrations must be reduced to 1 pm 
or less. The mechanical frame supporting the STM assembly will always be susceptible to 
vibrations transmitted from the ground and the air with typical frequency in the ranges of 10 
to 200Hz. [Ref. 25]. The design of the STM must therefore incorporate a vibrational isolation 
system that acts to minimise the vibration transferred to the mass m of the STM head, that is 
to minimise the displacement of that mass m as a function of time. The vibrational isolation 
method employed in the Omicron system uses a combination of a spring suspension, an eddy 
current damping system and a stack of plates separated by viton rubber spacers to achieve this. 
The viton absorbs high frequency vibrations and reduces vibration transmission along the wires 
connected to the STM head. The eddy current damping system and spring suspension are used 
to dampen lower frequency mechanical vibrations. In the eddy current damping system (see 
Fig 2.21), a series of u-shaped copper plates are mounted on the base plate of the STM head. 
Magnets mounted in the STM chamber align in-between these copper plates. If an oscillation 
reaches the STM head then suppressing damping forces are generated by the eddy currents
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Figure 2.20: Schematic of the electronics and control systems employed in typical STM 
systems.

set up in the copper as it moves (via spring suspension) between the magnets. The overall 
effect is high stability of the STM head with respect to sources of environmental vibration. 
In our laboratory the effectiveness of the Omicron vibration isolation system is enhanced by 
decoupling the STM system from floor and building vibrations. This is achieved by mounting 
the entire STM system atop a pneumatically cushioned and building isolated ten tonne i)linth.
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Figure 2.21: Image of the Omicron VT STM head. Arrows indicate the magnets and 
copper plates in the eddy current damping system, as well as the springs which are 
housed inside the four posts. Together, these make up the vibration isolation for the 
STM.



Chapter 3

Density Functional Theory; 
Principles and Implementation.

3.1 Introduction.

The materials under investigation within this thesis are of appropriate dimensions such that 
each may be treated as a system of interacting nuclei and electrons governed by the rules of 
quantum mechanics. Thus, it is the electronic structure (the organisation of quantum particles) 
within the material that will ultimately determine properties such as relative stability, bonding, 
geometry, electrical, mechanical, optical or magnetic behaviour. Given our interest in these 
properties, a useful methodology to provide additional insight and to complement the STM 
data is the field of computational simulation.

In effect, computational simulations treating surface and/or molecular systems can be per
formed with a variety of methods from classical to quantum mechanical (QM) approaches. 
Classical methods are those that usually rely on force field schemes, where the forces that de
termine the interactions between the atoms are parametrised in order to reproduce a series 
of experimental data such as equilibrium geometries, bulk moduli or vibrational frequencies. 
Although these methods have in some cases reached a high level of accuracy and sophistication, 
their overall applicability is limited to classes of materials where accurate paramaterisation of 
interaction potentials is available from experimental data obtained on related systems. Thus 
when accurate paramaterisation is not available or if a system shows an unusual phenomena 
that is not yet understood and accounted for within the simulation, these methods are likely 
to fail. In addition, the overall merit in the classical simulation is limited because it cannot 
address the electronic properties of any given system. For these reasons ab initio simulations 
are chosen to provide the theoretical compliment to the experimental results presented within 
this thesis.

Ab initio simulations attempt to describe a system in terms of a purely quantum mechanical 
description of interacting electrons and nuclei. While these techniques are significantly more 
computationally intensive than the classical simulation, thus limiting the number of treatable 
atoms, the advantage of ab initio methods is that they can be performed without having any 
prior experimental data on the system of interest. The main problem with this wonderful
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idea is that the complexity of interacting nuclei and electrons limits the extent to which the 
concept can be applied. The root cause of this complexity is that electrons and nuclei are both 
charged and thus interact with themselves and one another to the effect that the motion of 
each quantum particle is dependent upon the motion of all the others. This effect, known as 
correlation, introduces a massive complexity into any simulated system composed of any more 
than a few electrons and nuclei such that these systems cannot be solved analytically. Instead, 
for molecular and surface systems composed of 10-100’s of atomic species approximations must 
implemented that offer a compromise between accuracy and complexity.

Largely down to recent technical and computational development, DFT has become es
tablished as a leading method for ab initio electronic structure calculations in chemistry and 
solid-state physics. The advancements that have allowed for this can be traced back to two 
main areas. Firstly the technique has become more applicable to the chemistry community 
because of the increased accuracy in new functionals designed to approximate the effects of 
electron correlation. Secondly with the advancements made in parallel implementation of the 
DFT method on supercomputers, calculations can be performed on increasingly more complex 
systems with accuracy comparable to, and efficiency surpassing, the more traditional ab initio 
methods of the chemistry community such as Hartree Fock. The most obvious recognition of 
the acceptance of the DFT method from within the this community is the award of the 1998 
Nobel prize in chemistry to the co-author of the original theory Prof. Walter Kohn.

I’his chapter presents a comprehensive account of the theory and approximations behind 
the DFT method. The early sections introduce the equations used in the quantum description 
of matter and the complexity reducing approximations applied to the Schrodinger equation. 
This leads to a discussion on the traditional ab initio method method that is Hartree Fock 
theory and covers the primary sources of inaccuracy with this theory. DFT is then introduced 
as the ab initio method which offers a route around the problems encountered within Hartree 
Fock theory. The DFT methodology is then described along with the important approximations 
that this theory must implement. The chapter ends with a discussion on the implementation 
differences between the two computational software packages used within this thesis.

3.2 The Quantum Description of Matter.

In the most general case, quantum mechanics provides a fundamental description of matter 
such that, any physical system may be regarded as a collection of atomic nuclei and electrons 
interacting with each other through Coulombic forces and possibly under the influence of an 
external field. The Hamiltonian, a differential operator, which provides mathematical descrip
tion for the energy of such a system can be written as the sum of the kinetic and potential 
energy operators:

^ = + (3.1)
rrik

where is the Laplacian operator ^^2 + ■*" ^ ^ ^ ^ indexes all the particlesdy'^ dz'^ ) ’

of the system, mt and V(r) describe the mass of the particle k and the potential energy of 
the system ( a function of the coordinates r) respectively. Eq 3.1 can be further expanded 
b>' considering the kinetic contributions from the nuclei and the electrons respectively and
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the potential contribution from the sum of the nuclei-nuclei interactions, the electron-electron 
interactions and the nuclei-electron interactions.

N
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(3.2)

Where R = {R/, I = 1,..., P} defines the set of P nuclear coordinates, and r = {r^, 7 = 1,... ,N} 
defines the set of N electronic coordinates. Zj and Mj describe nuclear charges and masses 
respectively and 47reo, the permittivity of the vacuum has been set to unity.

In principle the properties of any system described by 3.1 can be determined by solving the 
time-independent Schrodinger equation:

Jt'I',, (R,r) = £„'l7„ (R,r) (3.3)

The Schrodinger equation (Eq 3.3) is a partial differential eigenvalue equation and therefore the 
operation of the Hamiltonian on the eigenfunction 4'„ (R,r) returns the eigenfunction multiplied 
by a number e„ which represents the energy of that eigenfunction. Since the electrons are 
fermions, the total electronic wavefunction must be antisymmetric, i.e the wavefunction must 
change sign whenever the coordinates of any two electrons are exchanged. Unlike the electrons, 
different nuclei species are distinguishable, but nuclei of the same species can either be fermions 
with half integer spin (e.g. H ^He) or bosons with integer spin (e.g. D, ^He, H2). Thus the 
eigenfunction must be antisymmetric with respect to exchange of electronic coordinates in r, and 
symmetric or antisymmetric with respect to exchange of nuclear variables in R. Importantly 
although the eigenfunction itself has no physical connotation, the square of modulus of the 
eigenfunction (R,r) p represents the probability of finding a particle (electron or nuclei) at 
a given position.

3.3 The Born-Oppenheimer Approximation.

Solving the Schrbdinger equation (Eq 3.3) can be simplified significantly by taking advantage 
of the difference between the masses of the nuclei and electrons. Even the mass of lightest of all 
nuclei, the proton is approximately 1800 times greater than the mass of an electron and thus 
the nuclei have much slower velocity than their surrounding electrons. The Born-Oppenheimer 
approximation takes the extreme point of view and considers the electron as moving in a field of 
fixed nuclei. Use of the approximation implies that the nuclei are static and do not contribute 
to the kinetic energy of the system, also, the potential energy due to the nuclei-nuclei repulsion 
becomes, for a given nuclear arrangement, a fixed constant. Thus the complete Hamiltonian 
given in Eq 3.2 reduces to what is known as the electronic Hamiltonian which may be used to
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return the energy of the system as a function of a fixed set of nuclear coordinates.

N 2 ^ ^ - P N

2 = 1 2=1 3^\ * ^ 7 = 1 2 = 1 ^

(3.4)

The solution of the Schrddinger equation using returns the electronic eigenfunctions (wave- 
functions) 'i’n,eiec (r) and the corresponding electronic energies tn.eiec for a particular configu
ration of the nuclei such that;

n.elec (r) — ^n.elec^n,elec (r) . (3.5)

As it stands the electronic Hamiltonian expressed in Eq 3.4 contains three separable con
tributions to the total electronic energy Eeiec that are kinetic energy of the electrons, the 
electron-electron interactions and the electron-nuclei interactions respectively.

— E^lec ^elec “t“ ^elec~ (3.6)

3.4 Electron Correlation.

It is the second term in Eq 3.6 that provides the greatest complexity in attempts to solve the 
Schiodinger equation using the electronic Hamiltonian. The main reason for this is that elec
trons cannot be treated as point like classical charges because they interact among themselves 
via Coulombic interactions. Thus the presence of an electron in one region of space influences 
the behaviour of the other electrons at other positions. The phenomenon can be described math
ematically in terms of a an electron-electron pair distribution defined as g{r,ro) = n{r,ro)/n 
where <?(r, ro) is the probability of finding an electron at r given there is another electron at Tq 
and n(r, Tq) is the electron density which also depends on the location of the test electron. The 
presence of the test electron discourages other electrons from approaching it due to Coulom
bic repulsion. Therefore the pair distribution function changes from zero at r = ro to one at 
infinite separation. The effect is known as electron correlation (Fig 3.1) and it means that 
a simple description of the electrons as individual entities or mathematically describing the 
wavefunction of the many electron system as the product of wavefunctions of individual elec
trons will be inaccurate. In the theoretical community this difficulty is known as a quantum 
many-body problem and manifests itself in the description of an electron density by creating 
Fermi and Coulomb boles around the position of a test electron. The Fermi and Coulomb holes 
are therefore regions of reduced probability of finding another electron about any test electron 
and arise from two properties from any electronic system. The Fermi hole arises due to the fact 
that electrons are fermions and as a consequence of the Pauli principle electrons of like spin 
do not move independently of one another. The Coulomb hole arises due to the electrostatic 
interaction between any two electrons.
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Figure 3.1: An electron (black dot) in interaction with other electrons (gray area). 
The blue circles represent atomic nuclei. The white area around the reference electron 
represents the exclusion zone brought about by electron correlation.

3.5 The Variational Principle.

The variation principle offers a strategy for systematically approaching the wavefnnction of the 
ground state 'koi i.e.,the state that corresponds to the lowest energy of onr system of interest. 
It states that the energy calculated as the expectation value of the Hamiltonian operator ^ 
from any guessed wavefunction trial will be greater than or equal to the true ground state 
energy of the system.

trial trial^ — ^trial ^ Fq — ^4^0 ^0^ (3.7)

The principle implies that the energies calculated EtriaU corresponding to a set of trial wave- 
functions can never be less than those of the true wavefunctions. This means that the lowest 
energy wavefunction that can be produced using any trial wave function will be the best approx
imation to the real wavefnnction. Thus in order to find Eq and 4*0, we minimise the functional 
yfe [4'fria/] by Searching through all physically reasonable n-electron trial wavefunctions.

Ea =4' trial^N
[y<e[^ trial]]

trial- {(N 1 \ trial \^e trial)) (3.8)

A compete search over all possible trial wavefunctions is impossible and instead the variational 
principle is applied to subsets of all the possible functions. Typically this subset is chosen such 
that the minimisation procedure in Eq 3.8 can be carried out in some algebraic scheme. Since 
the search is limited to a subset of wavefunctions the exact ground state wave function and 
energy cannot be identihed and we have no way of calculating how close to the true ground 
state our trial wavefunction is.

3.6 The Hartree-Fock Method.

In 1928 Hartree [Ref. 44] proposed what is considered to be the first approach to the many- 
electron problem. In his approximation the electrons are treated as distinguishable particles and 
therefore that the many-electron wave function could be written as a product of one-electron 
orbitals xi^n) The description is known as the Hartree product:

’k (X/ • ■ • X:v) = Xi(a:i)X2(a:2)X3(a:3) • • • Xnix„) (3.9)
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As it stands the Hartree product description of the many-electron wavefunction is not antisym
metric with respect to the exchange of electron and thus it does not satisfy the Pauli exclusion 
principle. Fock and Slater modified the Hartree description by formulating the many-electron 
wavefunction as a anti-symmetrised product using the determinant of the a system of N elec
trons and N spin orbitals. This product is usually referred to as a Slater determinant, ^SD-

^SD =

Xi(^“i) X2(ari) • ■ Xn{xi)

1 Xl{X2) X2{X2) ■ • Xn{x'‘2)

v/M
xiixii) X2{x'h) ■ ■ Xiv(xAf)

or in its shorthand form:

(3.10)

= Det {Xi{Xi)X2{X2)x-6{X3)X4{X4) ■ ■. Xn{xn)} (3.11)

The prefactor in the slater determinant \/]V! ensures that ^sD fulfils the normalisation condi
tion. The one-electron functions Xi{xi) are called spin orbitals and are composed of a spatial 
orbital (pif &ml one of the two orthonormal spin functions a{s) or P{s).

X{x) = (j)fa{s), (j = a,l3. (3.12)

The electronic Hamiltonian to be used under the Hartree-Fock approximation differs to 
that shown in Eq 3.4. Instead, because the electrons under the Hartree-Fock methodology 
are treated as an average distribution through space (the mean field approach), the electronic 
Hamiltonian of Eq 3.4 may be replaced with what is known as the Hartree Hamiltonian ‘Mh

N ^ N N
jin (R,r) = ^^(i) -h xX! X^2'2(i,j)

where

i=l i=\ jVI

^(*) = + 'Fext(R-,r,

(3.13)

(3.14)

describes a one-electron operator, taking account of the kinetic energy contribution from a single 
electron interacting with all the nuclei in the system, and possibly external fields, through the 
term Veit- Tke operator A(i) takes no account of the Coulombic electron electron interaction 
and this is only considered in the second term of Eq 3.13:

|ri - r2|

where ri and T2 specify the positions of electrons i and j respectively.

Solving the Schrodinger equation using the Hartree Hamiltonian j{h and the Slater deter
minant 4>5/5 description for the many-electron wavefunction allows the calculation of the HF 
energy.

N ^ N N
Eh = (^sdWh\‘^sd) = - (uli?0 (3-16)



3.6 The Hartree-Fock Method. 43

where J Xiixi) „

2rn ^
5r*)| Xiixi) (3.17)

defines the contribution to the average kinetic and potential energy for the electrostatic inter
actions between the nuclei and electrons and

{ii\j3) = j J lx»(3h)P ^ \Xj{x2)fdxidx2

= j j Xiix\)Xj{xi)j^;^^^^^Xj{x2)Xi{x2)dxidx2

are the Coulomb and Exchange integrals, respectively .

(3.18)

(3.19)

All the ingredients are now in place to apply the next step in the Hartree-Fock method; 
that is to use the variational principle to find the best Slater determinant, i.e. the particular 
^SD that yields the lowest energy. The only flexibility is provided through the spin orbitals Xi 
and these are varied under the constraint that they remain orthonormal such that the energy 
obtained from the corresponding Slater determinant is minimized. The technique proposed by 
Hartree is called the self-consistent field (SCF) approach where the spin orbitals are derived 
from their own potential. In the SCF method a “guessed” set of spin orbits are used in the initial 
Slater determinant. Solving the approximated (specific for the HF approximation..see above) 
Schrddinger equation results in a new set of spin orbitals, a change in the electron distribution 
and in the potential. The new set of spin orbitals are then used iteratively until the input and 
output orbitals differ by less than some convergence criteria.

In practice the minimisation procedure is carried out through the use of Hartree-Fock equa
tions:

fiXi=eiXi, i=l,2,3...,N (3.20)

The N equations have the appearance of eigenvalue equations, where e, are Lagrangian multi
pliers induced by the orthonormality constraint set in the minimisation process. The physical 
interpretation of is that of orbital energies. The Fock operator / is defined £is an effective 
one-electron operator and takes the form:

f i = —7,— + l^exi(R-Ai) + VHF{i)Im (3.21)

The first two terras are the kinetic and potential energy respectively, that arise from the electron 
-nuclei attraction. VHF{i) is known as the Hartree-Fock potential and it can be understood as 
the average repulsive potential experienced by the i’th electron due to the remaining — 1 elec
trons or the mean-field electron repulsion. Vhf is composed of the following two components:

1 ^
Vhf{x\) = 2YI ~ (3.22)

where J and K are the Coulomb and Exchange operators respectively. The Coulomb operator 
is defined as;

(3.23)ii^i) = / IXj(ai2)|^ ]---- ----- r dx:\
J Ti — r2|
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and represents the potential that an electron at position X\ will feel due to the mean charge 
distribution of another electron in spin orbit Xj From Eq 3.23 it is evident that the Coulombic 
repulsion is weighted by the probability that the second electron is located at X'2. To determine 
the contributioir to Vhf the interaction must be integrated over all space and spin orbital 
coordinates.

The second term in Eq 3.22 is known as the Exchange operator, having no classical inter
pretation it is best defined through its effect when operating on a spin orbital.

= j Xj {^2) ]- - - - ^- - - - r Xi{^2) dx2 Xj(^i)
|ri - r2|

(3.24)

From Eq 3.24 it can be observed that Kj{xi) leads to an exchange of the variables in the two 
spin orbitals. Another observation is that, the result of operating with Kj{xi) on Xii^^i) is 
dependent on the value of Xi on all points in space. For this reason the Exchange operator 
and its corresponding contribution to the Vhf potential is classed as non-local. The exchange 
operator is in fact entirely due to the antisymmetry (mapped into the Slater determinant) 
and serves to contribute to Vhf, the energy components that arise due to the Pauli exclusion 
principle. It follows then, that the Exchange contribution should only exist for electron-electron 
interactions that have the same spin and indeed this is the case. For example, in the instance 
that the Exchange contribution is evaluated across two electrons with anti parallel spins, the 
integral in Eq 3.24 would contain a factor (o(a'2)|/3(s2)) which is zero.

A final observation regarding the Hartree Fock equations is that in the double summation 
of Ec} 3.16 the term i = j is allowed. The consequence of this is that, in the evaluation of the 
Coulomb contribution to Vhf tbe interaction of an electron with itself is calculated and gives a 
non zero result. The self interaction is physically unrealistic but the exchange interaction under 
the same conditions takes care of this artefact. In fact when i = j the Coulombic and Exchange 
integrals are identical and opposite. Both integrals reduce to / f |Xi(3ri)|^ |ri-r2| \Xi{^2)\‘^d.x\dx'2 

in this regime and since they have opposite sign they cancel completely.
A closing discussion on the Hartree Fock methodology must consider general limitations 

and merits of the approach. The main limitation in the HF approach, is that Coulombic 
correlation is completely ignored within the description of the Slater determinant and Hartree 
Hamiltonian (Exchange correlation is treated exactly). A consequence of this is that, the HF 
approach can never return a true ground state wavefunction. Despite this flaw, the method 
captures a significant amount of the physics of the many-electron system and has been used 
extensively in quantum chemistry community. The predicted equilibrium interatomic distances 
and bond angles for the majority of molecules are within a few percent of experiment. The 
description of the method provided here is also important in that it introduces the concepts of 
self-consistency, the Coulombic integral and the exchange integral all important subjects within 
the density functional methods explained in the next section.

3.7 Density Functional Theory.

Parallel to the approaches of Hartree and Fock described in Sec 3.6, Thomas [Ref. 45], Fermi 
[Ref. 46] and later Dirac [Ref. 47] proposed that the fundamental variable for the many-body
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problem was the full electron density of the system of interest. In their work a prescription 
was given for calculating the energy of an electronic system exclusively in terms of the electron 
density. The approach is centred around a quantum statistical model of electrons known as the 
homogeneous electron gas for which reasonable approximations of the various energetic contri
butions were known. In their formulation, the kinetic, exchange and correlation contributions to 
the energy of the system were calculated using this fictitious model, while the nuclear-electron 
and electron-electron potential energy contributions were treated in a completely classical way. 
The equation is known as the Thomas-Fermi-Dirac equation.

-'TFD
[p] = Ck j p{rY dT + j p (r) Vext {T)dr+^ I j ^ ^

-Ox j pYY dr + Ec[p]

dr dr'
(3.25)

where Ck and Cx represent constants for the kinetic and exchange contributions respectively 
and where Ec [p] represents the correlation contribution. In Eq 3.25 the only dependence of 
Etfd on the electronic variables is through the electron density and thus the energy is said 
to be a functional of the density. Assuming intuitively some variational principal applies then 
Eq 3.25 offers a route to the ground state energy by searching for the density p(r) that will 
minimise Etfd [p] subject to the constraint that the integral of the charge density be equal to 
the number of electrons in the system.

In reality, using the simplified model of the uniform electron gas for the aiiproximation of the 
kinetic functional within the Thomas-Fermi-Dirac model is rather severe and the accuracy of the 
method suffers as a result. Furthermore the density profile diverges at the nucleus and does not 
decay exponentially at long distances while the atomic shell structure that is associated within 
atoms and molecules is also absent. Further improvement necessitated a better description of 
the kinetic functional at the expense of re-introducing one particle orbitals.

Despite the intuitive aspects of the Thomas-Fermi model, at the time of its inception, there 
was no formal proof that the system energy could be described exclusively in terms of the 
electron density or that application of the variational principle was allowed in this context. It 
was not until 1964 some 30 years later that Hohenberg and Khon [Ref. 48] formulated and 
proved two theorems that put the above methodology on a sound mathematical foundation.

In the first of the Hohenberg-Kohn theorems the authors proved that the the ground state 
electron density po(r) uniquely determines the Hamiltonian operator plus every other observable 
of a stationary quantum mechanical system, including the ground state energy Eq. The result 
of the theorem can be summarised as follows

p(r) ^ 'kn Eq (3.26)

Eq 3.26 implies that since Eq is a functional of p(r) so must the components of Eq be functional 
of p(r). This leads to the following generalisation of the Thomas-Fermi-Dirac equation.

£'o[p(r)] = T [p(r)] -I- Vex* [p(r)] + Uee [p(r)] (3.27)

where T [p(r)],Vex* [p(r)] and t/ge [p(r)] represent the kinetic, external and electron-electron 
contributions to the ground state energy Eq [p(r)] respectively. The first and last terms above.
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are universally valid for any quantum system and thus Eq 3.27 can be recast in terms of what 
is known as the Hohenberg Kohn universal functional F [/5(r)].

£;o[p(r)] = F [p(r)] + [p(r)]

where F [p(r)] is defined as follows.

F [p(r)] = T [p{r)] + Vee [p(r)] = {^<17 +

(3.28)

(3.29)

In effect Eq 3.29 implies that when the universal functional is fed with some arbitrary density 
p'(r), it returns, as an expectation value, the sum of the kinetic energy and electron-electron 
repulsion operator, and as a state, the "E among the many potential wavefunctions that yield 
p'(r), which delivers the lowest energy of F [p'(r)]).

In the second of the Hohenberg Kohn theorems, it was proved that any trial density p'{r), 
which could satisfy the conditions that p'(r) >0, f p'{r)df = N and finally that p'{r) is 
associated with some trial external potential {•I'pxt-f'epresentable), would return an upper limit 
to the true ground state energy. This information highlighted that the true ground state 
density might be calculated through application of a search strategy based upon the variational 
principle. The proof can be summarised in the following generalisation of Eq 3.28

F(i [p(r)] < E [p'(r)] = F [p'(r)] -h Vex* [p'(r)] (3.30)

where F [p'j and Vex# [p'] represent the universal and external contributions to the trial energy 
E [p'j respectively.

While the second of the Hohenberg Kohn theorems indicates a variational route towards 
the ground state density, the proposed methodology is not without certain drawbacks. First, 
the proof requires that there is no degeneracy in the ground state of the system, and secondly 
it requires that the trial density used be Vext-fepresentable even these specific conditions are 
unknown and many ‘reasonable’ trial densities have been shown to be non-Vpxt-representable 
[Ref. 49]. In effect this means that unacceptable ground state densities can be attained from a 
variational search strategy unless the conditions on the trial density are implemented carefully. 
In 1982 Levy reformulated DFT in what is known as the Levy constrained-search methodology 
to tackle this problem. His idea was to redefine the universal functional as follows;

(3.31)F [p(r)] ='1' ^ p -H Veel'I' 

where p is any non negative density such that

J |Vp^^^(r)pdr < oo (3.32)

and where the Fext-representable constraint on the trial density has been replaced by a con
straint that the trial density must be obtained from some antisymmetric wavefunction. In this 
way, implementation of a variational search strategy towards a ground state density is con
strained to a subspace of all densities which stem from an antisymmetric 4* and eliminates 
the conceptual difficulty of possible unphysical densities. A final comment regarding the Levy
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constrained-search methodology is that the inclusion in Eq 3.32 of the wavefunction implies 
that in principle 4*0 is accessible once the correct ground state density is established through 
minimisation of the functional F[p(r)]. However F[p(r)] is a functional of the density alone and 
as such, at this juncture, the wavefunction remains peripheral in DFT.

Within equation Eq 3.31 the representation of “rlpjc)] as in the Thomas-Fermi-Dirac for
mulation of Eq 3.25 contributes the major source of error to the energy evaluation. To tackle 
the problem of determining an expression for the kinetic energy, Kohn and Sham [Ref. 50] 
introduced a formalism in which this term is split into two parts.

T[p(r)] = TRsWr)] + (Tlpjr)] - ‘rKs[p(r)]) (3.33)

The term 'rKs[p(r)] is the kinetic energy of a fictitious system of N non-interacting particles, 
represented by a single Slater determinant consisting of N Kohn-Sham orbitals, (j)i, which 
reproduce the real particle density:

N

P(r) = (3.34)

In analogy with Hartree-Fock theory, the kinetic energy associated with each orbital can be 
exactly expressed as:

N

'T-Kskr)] = (<(>«■ I (3.35)

The error associated with using TKs[p(r)] instead of T[p(r)] is accounted for under the Kohn- 
Sham scheme by separating the universal functional F [p(r)] of Eq 3.31 in the following manner.

F [p(r)] = Tks [p(r)] + J [p(r)] 4- Exc [p(r)] (3.3G)

where 3 [p(r)] represents the electrostatic energy which arises from the classical interaction 
between two charge densities, p(ri) and p(r2) summed over all possible pairwise interactions 
and equivalent to the Coulomb integral (Eq 3.18) within Hartree-Fock theory. It follows then 
that the remaining term ixc [p(r)] known as the exchange-correlation functional is defined to be 
whatever is needed, to make F [p(r)] exact. Exc [p(r)] therefore incorporates the non-classical 
exchange and correlation energy plus the kinetic correction required for Tks [p(r)]-

Exc [p(r)] = (t [p(r)] - Tks [p(r)]) + (^ie€[p(r)] - 3 [p(r)]) (3.37)

The Energy functional of the interacting real system under the Kohn-Sham methodology 
is then represented by the following equation:

E[p{r)] = Tks [p(r)] + j[p(r)] -I- Exc [p(r)] + "Pext [p(r)]
N N

2m. -f J j |d),(rD|2^—^^|d>j(r2)pdr1dr^

+ixcWr)i-|;/f;5^i■|d>i(ri)|^drl

(3.38)
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where given a specific expression for ixc [p(r)], the Kohn-Sham energy functional becomes 
completely defined. Application of the variation principle in order to determine the conditions 
that the orbitals ((>i must fulfil such that the energy expression of Eq 3.38 is minimised yields 
the Kohn-Sham single particle equations [Ref. 51]

-f Veffirl) ) (t)i =

or in terms of a Kohn-Sham one electron operator;

(3.39)

(3.40)

where 14//(rl) is

Vefs{v-\) J j [It./ -ri - r2|
(3.41)

and •r'xc is simply defined as the functional derivative of ^xc with respect to the density 
p. In Eq 3.41 the effective potential 14// depends on the solution of the Kohn-Sham single 
particle equations Eq 3.39 through the electron density. It follows then that the Kohn Sham 
equations may be solved self consistently such that the occupied electronic states generate a 
charge density that produces the effective potential 14// that was used in the construction of 
Kohn-Sham equations.

The accuracy within the Kohn-Sham formalism hinges on the (juality of the approximation 
made to Exc- This can be contrasted to the Hartree-Fock methodology which although con
sidering the exchange or Fermi correlation ignores electrostatic Coulombic correlation from the 
outset. Within DFT the exchange-correlation functional is a more general expression which 
includes terms accounting for both the exchange energy and the electron correlation energy. In 
principle an exact exchange-correlation functional exists [Ref. 51] and if it v.'ere known, then 
DFT would return the exact ground state energy.

3.8 Approximate Exchange-Correlation Functionals.

A major difficulty in determining an accurate Exchange-Correlation functional and perhaps the 
foremost drawback of the DFT methodology in general, is that there is no systematic prescrip
tion towards improving a given approximate functional for Exc- This can be contrasted to the 
wavefuiiction based techniques aimed at solving the electronic Schrodinger equation where it is 
known that by increasing the accuracy of the approximate wavefuiiction describing the system 
in a systematic manner the accuracy of the Schrodinger solutions are also increased. The situ
ation for the Exchange-Correlation functionals is that the explicit form of a suitable functional 
remains an unknown. The saving grace for DFT is that even relatively simple approximations 
to Exc returns reasonable results for the optimized lattice constant and electronic structure of 
simulated materials.

The most widely used of approximations for the Exchange-Correlation functional rely as 
in the Thomas-Fermi-Dirac equation on the uniform electron gas model [Ref. 52]. Using this
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hypothetical system of an almost infinite number of electrons superimposed on a positive back
ground such that the entire system becomes electrically neutral, theoreticians have been able to 
calculate accurate exchange and correlation potentials through quantum-Monte-Carlo simula
tions [Ref. 51]. The most straightforward formulation for an appropriate Exchange-Correlation 
functional employed in DFT and using the results from the uniform gas model is know as the 
Local Density Approximation (LDA).

3.8.1 The Local Density Approximation (LDA).

In the DFT framework the LDA for ixc is calculated in the following way. For a given posi
tion r in the electronic system, the electron density p{r) at that position can be determined. 
The density taken at this point is then referenced with the ixc contributions from a uniform 
electron gas of equal but constant density would have. This process is then repeated such that 
every point (a fine grid) in the simulation space is considered and the results summed to gen
erate the Exc value for the total system. The technique is depicted schematically in Fig 3.2. 
The largest approximation in the LDA method is to propose that Exc depends only on the 
density at the position f and not the real local electronic environment. This approximation 
seems excessive since the electron density in most molecules and solids is far from uniform. 
It is somewhat surprising then that calculations of some systems using the LDA in DFT has 
been shown to deliver results that are comirarable or even better than the Hartree-Fock ap
proximation when results from both methods are compared to the standard experimental G2 
data set [Ref. 51]. On the other hand LDA calculations generally predict exaggerated binding 
energies and underestimated bond lengths. A thorough analysis of why the LDA performs in 
such a manner is beyond the scope of this thesis however a general point worthy of mention is 
that the LDA tends to perform better when it is used to predict the properties of systems with 
a fairly uniform electron density where the uniform gas model therefore provides a reasonably 
good approximation to the real system.

3.8.2 The Generalised Gradient Approximation (GGA).

In the early 1980’s the first extensions to the LDA method emerged and it was around this 
time that DFT as an alternative to Hartree-Fock theory made its impression in computational 
chemistry community. The extension to the LDA still relies on the uniform gas model but now 
involves supplementing the charge density value taken at a particular point r in the simulated 
system with information on the gradient of the charge density around that point in order to 
account for the non-homogeneity of the true electron density. The technique is known as the 
Generalised Gradient Approximation (GGA) and it has largely replaced the LDA method due 
to its higher accuracy in determining the electronic structure of molecules and solids using DFT. 
In the DFT studies carried out in the remainder of this thesis it is a particular GGA functional 
developed by Perdew and Wang (PW91) [Ref. 53] that is used to evaluate the contribution of 
Exc in file systems under investigation. The PW91 implementation remains one of the most 
accurate and commonly used functionals in the computational chemistry community to date 
and is considered to be first-principle in nature due to the fact that it uses no parameters other 
than fundamental constants and those specified through a quantum mechanical relation.
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from real system

"'xc' ' 1''

----- ► E (n(r,))

from homogeneous 
electron gas

Figure 3.2: Schematic depicting how the local density approximation (LDA) is used to 
evaluate Exc in DFT. Image from [Ref. 51]
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3.9 DFT Implementation; CASTEP and DMor.

The discussion so far has been focnsed on an theoretical understanding of how the DFT method 
can be used primarily as a method to return approximations to the Schrodinger solutions for 
a system of interacting nuclei and electrons. On the other hand, it is also important to con
sider how the DFT technique is implemented within computational algorithms such that the 
methodology can be applied accurately and efficiently to a wide variety of scientifically interest
ing systems such as molecules, crystals and surfaces. In order to computationally examine these 
variety of systems it is necessary to introduce additional computational techniques that work 
alongside DFT and look after certain aspects of any simulation. These additional techniques 
include supercells to model systems with periodic and aperiodic geometry, pseudopotentials 
to simplify the electron-ion interactions and iterative minimisation methods used to relax the 
electronic coordinates. The remainder of this chapter will therefore focus on these additional 
methods and how they are implemented alongside DFT in the CASTEP and DMol^ software 
packages which have been used for all the simulations performed within this thesis. The back
ground behind these techniques is largely common to both .software packages however there 
are significant differences between the implementations and computational procedures that are 
applied in each code and these will be discussed where appropriate.

3.9.1 The Periodic Supercell.

It has been demonstrated in the previous sections (Eq 3.39) that the essence of DET is to return 
an observable of a many-body problem (the energy) by mapping that observable into equivalent 
observables in an effective single-particle problem. There remains however the massive compu
tational task of handling a large number of non-interacting electrons moving under the influence 
of a large number of nuclei. This problem is especially the case for the simulations conducted 
within this thesis where the properties of an extended surface are usually what is desired from 
the calculation. Each electron in a system under investigation requires its own wave function 
and since each wavefunction extends over the entire solid, the basis set (see Sec 3.9.4) required 
to expand such a wavefunction becomes prohibitively large and computationally intractable.

This problem can be overcome by performing the calculation on a periodic system such 
that, instead of having to solve the Schrodinger equation for a large system, it can be solved 
for a finite repeating unit with special boundary conditions. The unit cell is specified by lattice 
vectors cq, 812, and lattice angles a, jd and 7 and a periodic expansion of such a cell is shown 
schematically in Fig 3.3(a). Depending on how a set of nuclei positions are defined within the 
unit cell the periodicity of the unit means that the properties of an infinitely repeating system 
representing a 3-d bulk crystal or an 2-d surface are available for calculation. For example in 
order to provide a 2-d surface the unit cell must provide periodicity for the nuclei in the plane 
of the surface but not in the direction perpendicular to the surface. It follows then that the 
unit cell should contain a crystal slab and a vacuum region such that when the cell is repeated 
over all space the total energy of an array of slabs is calculated. To ensure the results of the 
calculation accurately simulate a 2-d surface the vacuum region must be wide enough to ensure 
that interaction between adjacent slabs is avoided. It is also necessary to have the crystal slab 
thick enough so that the two exposed faces (top and bottom) of the slab do not interact. A
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unit cell used to represent the Si(lOO) surface and its 4 x 4 x 4 periodic expansion are given in 
Fig 3.3b for demonstration purposes.

For crystalline solids and surfaces there is always a minimal choice for the unit cell and 
the atomic coordinates within that cell that will contain the whole symmetry of the system. 
This particular unit cell is known as the Wigner-Seitz cell and together with the lattice vectors 
that indicate the size and directions of replication of the unit cell, contains all the necessary 
information to reproduce an infinite crystal structure. The lattice vectors that define a Wigner- 
Seitz cell are known as primitive vectors and define a unit cell volume given by If = al ■ (aj x £13). 
The lattice of points in space corresponding to integer combinations of the primitive vectors is 
known as the Bravis lattice and there are only 32 types in three dimensions. The inclusion of 
symmetry operations in defining a Bravis lattice results in the 230 known space groups which 
are sufficient to classify all known crystalline solids.

(a) (b)

1-

Figure 3.3: (a) A representation of a periodic 4x4x3 expansion of a unit cell, (b) 
By placing a vacuum region and a slab region inside the unit cell a array of surfaces is 
generated in the periodic expansion.

3.9.2 The Brillouin Zone and k-point Sampling.

The employment of a unit cell description for the system under investigation has an added 
advantage in that the properties of electrons in a periodic infinite system can be connected 
to those of a unit cell by application of Bloch’s theorem [Ref. 54]. In Bloch’s theorem the 
wavefunction of an electron moving in a periodic potential of the ions in a crystal lattice given 
by i>{r) = i/{r+ai) where is a constant, can be written as a function with the same periodicity 
as the potential and an imaginary phase factor arising from the translational symmetry [Ref. 49].

ikrWfc(r) (3.42)
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where k is the wave vector and represents the phase relationship of the wave function between 
repeated unit cells and Ufc(r) = Ufc(r + a,). From Eq 3.42 it follows that the wavefunction at a 
location displaced by one unit vector r + a,;, will assume the form

V’fc(r + Oi) = (3.43)

and therefore the probability density of the wavefunction at both locations will be the same 
|t/^t(r)|^ = |'*/'A'(r + ai)P since the imaginary phase factor cancels out.

In Eq 3.43 there is a particular class of wave vectors k such that the phase factor e'*' “* = 1 
and therefore the wavefunction will be in phase for all the periodic replicas of the Wigner- 
Seitz cell. This set of wave vectors define the reciprocal lattice of the real space Bravis lattice 
corresponding to that Wigner-Seitz cell. Tlie three smallest independent wave vectors from this 
set then define the primitive cell of the reciprocal lattice and is known as the first Brillouin 
zone. The primitive reciprocal lattice vectors bi,b2,b3 that define the first Brillouin zone can 
be calculated using the following equations where Eq,a2,as are the real space lattice vectors of 
the Wigner-Seitz cell.

bi = 2tt
a2 X a3

n ’
bs = 27r

a2 X ai
b3 = 27r

ai X a2
(3.44)

Fig 3.4(a) shows a schematic depicting the Wigner-Seitz cell (green) and Bravis lattice for a two- 
dimensional system corresponding to the Si(lOO) symmetric dimer surface. The corresponding 
first Brillouin zone is shown in blue and the high symmetric k points that bound the irredticible 
wedge in the Brillouin zone are labelled F, J, J' and K.

The importance of the first Brillouin zone is that the properties of any wavefunction with 
a particular k vector outside this region may be determined from the wavefunction with that k 
vector inside the zone. In Fig 3.4(b) a schematic of an energy dispersion as a function of k vector 
( an eigenvalue spectrum ) is shown for an infinite 1-dimensional system of interacting spherical 
wavefunctions. The spectrum increases as the phase difference (k vector) between contributing 
functions deviates from zero. All possible phase combinations which are dependent on the 
translational symmetry of the system are represented within the first Brillouin zone. Thus the 
calculation of the wavefunction for all the electrons in an infinite solid is mapped via Bloch’s 
theorem to the calculation of a wavefunction for a finite number of electrons in the unit cell at 
an infinite number of k points in the first Brillouin zone.

In order to calculate the electron density required for a DFT calculation, it is necessary to 
evaluate the squares of the magnitudes of the Kohn-Sham wave functions for each k value over 
the Brillouin zone. An expression for the electron density can therefore be written as ;

P(r) = (3.45)
k£BZ

where Wk are weight factors that depend on the symmetry of the Brillouin zone. In the limit 
of infinitely closely spaced k points, which corresponds to the situation for an infinite crystal, 
the summation in Eq 3.45 becomes an integral. In practice, so that the procedure remains 
computationally feasible, this integral must be approximated by a sum over selected k-points. 
This is a necessary approximation when dealing with infinite systems and is known as Brillouin
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Figure 3.4: (a)Wigner-Seitz cell and F’* Brillouin zone for a 2-d lattice appropriate for 
representing the Si(lOO) symmetric dimer surface, (b) 1®* Brillouin zone for a infinite 1- 
dimensional system of spherical wavefunctions. The eigenvalue spectrum describing the 
1-dimensional chain increases as the phase difference (k vector) between contributing 
functions deviates from zero.

zone sampling.
The number of k points required to accurately sample the Brillouin zone depends on the size 

of the unit cell and on specific features of the system under investigation. For example, metallic 
systems require a dense k point mesh to define the Fermi surface precisely while semiconductor 
and insulating systems can be reasonably represented using a few carefully chosen k points. 
Special sets of k points appropriate for certain symmetries of the Brillouin zone that return 
accurate approximations to the electronic potential and the contribution to the total energy 
have been reported in the literature [Ref. 55-57]. For the DFT calculations carried out within 
this thesis a more general recipe of k point selection known as the Monkhorst-Pack [Ref. 58,59] 
method is employed. Additional calculations are also carried out to ensure that the density of k 
points used in the Monkhorst-Pack grid is sufficient to achieve total energy convergence within 
a defined tolerance.

3.9.3 Pseudopotentials.

Another approximation employed in certain of the DFT calculations carried out within this 
thesis concerns the representation of the tightly bound electrons close to the nucleus of the 
ions in the system under investigation. In the CASTEP code, the basis set used to represent 
electrons is poorly suited for an efficient description of the tightly bound core wavefunctions 
or the rapid oscillatory behaviour of valence wavefunctions inside the core region induced by 
orthogonality requirements. For this reason a pseudopotential approximation is introduced into 
the CASTEP code that removes the core electrons and replaces them, and the strong ionic po
tential they experience, by a weaker pseudopotential that acts on a set of pseudo wavefunctions 
rather than the true valence wavefunctions. This means that properties of molecules or solids 
calculated under this scheme are based on the assumption that the ion cores are not involved in 
chemical bonding and do not change as a result of chemical environment. A schematic depicting 
an ionic potential, valence wave function and the corresponding pseudopotential and pseudo 
wavefunction is given in Fig 3.5 [Ref. 60].

A pseudopotential is usually derived for a particular atom by carrying out all electron
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Figure 3.5: Schematic illustrating an all-electron potential (solid line), a pseudo electron 
potential (dashed line) and their corresponding wavefunctions from [Ref. 60]
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calculations for the isolated atom using a particular exchange-correlation functional. This cal
culation provides valence electron eigenvalues and wavefunctions for that atom in Fig 3.5). 
A parametrised form for the ionic pseudopotential is chosen and these parameters adjusted, 
so that a pseudo atom calculation with the same exchange-correlation potential as in the all
electron atom calculation gives pseudo wavefunctions, ("Fps in Fig 3.5), that match the all 
electron valence wavefunctions outside some cut-off radius Tc , and pseudo eigenvalues that are 
equal to the all electron valence eigenvalues. An important requirement during the pseudopo
tential parameter optimisation procedure is that the integrals of the squared amplitudes of the 
pseudo wave function and valence wavefunction be equal. This ensures that the pseudo wave 
function reproduces faithfully the valence charge density necessary to represent accurate chem
ical interactions. Pseudopotentials that uphold this requirement are known as norm-conserving 
and mean that their corresponding set of pseudo wavefunctions hold exactly one electron each.

For pseudopotentials used in the CASTEP calculations carried out within this work the 
norm-conserving requirement of the pseudopotentials are violated in favour of what are known 
as ultra soft pseudopotentials originally developed by Vanderbilt [Ref. 61] which offer the same 
accuracy but with greater computational efficiency. Under the ultra soft pseudopotential scheme 
some of the charge associated with a pseudo wavefunction which resides within the core region 
is removed. Thus the pseudo wavefunctions are allowed to be as soft as possible within the 
core, yielding a dramatic reduction in the size of the basis set required to represent the electron 
wavefunctions and consequently an increase in computational efficiency, fn order to recover the 
full electronic charge, the electron density from the ultra soft wavefunctions is augmented in 
the core region surrounding an ion. The total electron density is therefore subdivided into a 
soft part described with a reduced basis set extending through the unit cell and a hard part 
localised in the core regions. For the CASTEP software package a default set of optimised 
ultra-soft pseudopotentials are distributed with the code and a selection of these, dependent on 
the system under investigation, are used as input for every DFT calcidation.

3.9.4 The Basis Set.

For any quantum mechanical calculation the electron wavefunctions in the system of interest 
must be represented using a basis set of appropriate mathematical functions. It is here in their 
respective representations of the wavefunctions that the CASTEP and DMol^ codes differ the 
most, fn the following paragraphs the basis sets used in each code are examined. Finally in 
Sections 3.9.5 and 3.9.6 the consequence of using a particular basis set will be discussed in 
relation to the subsequent computational implementation and performance of each code.

CASTEP; The Plane Wave Basis Set.

For its basis set the CASTEP code exploits the periodicity of the system under investigation 
and, using Bloch’s theorem, describes the electronic wavefunctions as the product of a cell 
periodic part and wavelike part [Ref. 62].

ipi{r) = exp[ik ■ r]/i(r) (3.46)
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where k is the wave vector and represents the phase relationship of the wave function between 
repeated unit cells and /i(r) is a periodic function that satisfies fi{r + 1) = /i(r), for all the 
Bravais lattice vectors 1 of the crystal. In this fashion, the cell periodic part of ipiir) can be 
expanded using a basis set that consists of a discrete set of plane waves whose wave vectors are 
reciprocal lattice vectors of the crystal.

/j(r) = • r] (3.47)

where c^.g are a set of complex coefficients and the reciprocal lattice vectors G are defined by 
G.l = 27rm for all I where m is an integer. It follows that each electronic wavefunction can be 
expressed as the linear combination of plane waves that differ by reciprocal lattice vectors and 
originate from a discrete plane wave basis set [Ref. 60].

V’i(r) = ^Ci,k+G exp[i{k + G) • r] (3.48)

In principle an infinite number of plane waves (Fourier series) from the discrete plane wave 
basis set is required to expand the electronic wavefunction for absolute accuracy. However the 
plane waves of smaller kinetic energy given by (/(^/2m)|k + Gp are typically more important 
for accuracy than those with larger kinetic energy and therefore a cut-off energy limit can be 
used to truncate the basis set such that it becomes both discreet and finite. The necessity of 
introducing the kinetic energy cut-off will lead to an error in the computed total energy of the 
system and therefore calculations run under this scheme must be repeated for increased cut-off 
energy until an acceptable level of convergence is achieved between results.

DMol^; The Numerical Basis Set.

The electronic wavefunctions in DMol^ are described using what is known as a numerical basis 
set. In this methodology the functions of the basis set are represented numerically on atomic 
centred grids, with cubic spline interpolation between grid points [Ref. 51]. The basis functions 
themselves are generated for a given set of interacting atoms by numerically solving the atomic 
Kohn Sham equations with a given approximation for the £xc functional for each unique atom 
in the system independently. Thus the numerical basis set provides the exact energies for a 
given Exc functional for the atomic fragments in the system under investigation. The atomic 
basis sets are confined within a cut-off value, Vc, appropriate for a particular quality level of 
DMol3 calculations. DMol^ also uses a so-called soft confinement potential, which ensures the 
strict localization of the basis set within an Vc value, without discontinuous derivatives at Vc- 

For the DMol'^ calculations carried out within this thesis the minimal basis set described in 
the previous paragraph is extended to allow greater variational freedom to the wavefunctions 
and provide enhanced accuracy in the calculations. The extended basis set is known as the 
DNP basis (double numerical plus polarisation) and provides a second set of valence atomic 
orbital functions plus a polarisation d-function on all the constituent atoms in the calculation. 
Table 3.1 provides examples of how the basis functions describing H, C and Si are expanded 
under the DNP regime. Implementation of the DNP basis set within DMol^ has been well 
documented and proven successful in many studies where the properties of organic molecules
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on Silicon have been under scrutiny [Ref. 63-65]. Additionally, the DNP basis set itself has 
been examined by Delly in [Ref. 66] where it is reported that the high quality of the basis set 
leads to minimisation of unwanted basis set superposition errors and an excellent description 
for even weak chemical bonds.

Table 3.1: The Minimal and DNP basis set for atoms H, C and Si in DMOL^
Atom Minimal Basis DND Basis Set

H Is Is Is’ Ip
C Is 2s 2p Is 2s 2p 2s’ 2p’ 3D
Si Is 2s 2p 3s 3p Is 2s 2p 3s 3p 3s’ 3p’ 3D

3.9.5 Self-consistent Electronic Optimisation.

The central and most computationally intensive aspect of the DFT methodology is the self con
sistent solution of the Kohn-Sham single particle equations (Eq 3.40) which is used to determine 
the set of wavefunctions and density that minimise the Kohn-Sham energy functional. A general 
methodology introduced by Roothaan [Ref. 67] is to recast Eq 3.40 using an LCAO representa
tion of Kohn-Sham orbitals 4>i into the Kohn-Sham matrix equation which can be solved using 
computationally efficient matrix diagonalisation techniques. The Kohn-Sham matrix equation 
can be expressed as

(3.49)F^'^C = SCe

where is the Kohn-Sham matrix and S is the overlap matrix. The matrix elements in
F“* and S have the following respective forms with {r/^} representing the set of general basis 
functions used in the LCAO expansion of

^KS _
fll/

S/ju

j ir~l)Vuridri
(3.50)

C and e from Eq 3.49 define the matrix of expansion coefficients for {r/^} and a diagonal matrix 
of the Kohn-Sham orbital energies respectively.

(3.51)

Cll Cl2 • • CiL Cl 0 ■ • 0

C =
C21 C22 • ■ C2L

e —
0 £2 ■ • 0

CLl CL2 ■ ■ CLL 0 0 ■ ■ CL

Both CASTEP and DMor could in principle follow the computational methodology set out 
by Roothaan to provide self consistent solutions to the Kohn-Sham single particle equations. 
Implementations of the method differ, however, due to the computational cost of matrix diag
onalisation which hinges on the basis set specific for each code. An approach, appropriate for 
both the CASTEP and the DMol^ codes, is shown schematically in Fig 3.6. Each code requires
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the lattice vectors, atomic coordinates, total number of electrons and the k-point set as primary 
input into the program. Depending on the particular DFT implementation this primary input 
is supplemented with other information such as the plane wave cut-off and pseudopotentials in 
the case of CASTEP and the numerical basis and Vcut value appropriate for the DMol^ code. 
Each program begins by generating a trial charge density and wavefunction (randomly gener
ated for CASTEP and based on a superposition of the atomic densities in the case of DMol^) 
which are used as input into distinct self consistent field (SCF) procedures.

The first step in each SCF routine for each code is to use the trial charge density and 
wavefunction to evaluate the terms in the Eq 3.49-like matrix equations appropriate for each 
k point to be sampled within the Brillouin zone. Evaluation of the terms in the matrix 
represents a potential bottle neck for the performance of each code. Significant speed-up at 
this step is available to CASTEP and DMol^ by using different mathematical techniques for 
efficient integral evaluation which take advantage of the particular basis set description used in 
each code. For example, in evaluating the F^'^ matrix elements, CASTEP. given its plane wave 
implementation makes extensive use of fast Fourier transforms so that the integrals required 
at this point can be evaluated either in real or reciprocal space depending on whichever space 
provides the least computational cost. DMol^ on the other hand, because of its numerical 
basis set relies on purely numerical (rather than analytical) techniques to solve these integrals 
[Ref. 51].

Figure 3.6: Flow chart appropriate for self-consistent DFT routine implemented in 
CASTEP and DMol'l

From this point, DMol^ proceeds by direct diagonalisation of the matrix equation to return 
a new density and wavefunction. If this new density gives a solution for Vg/f that is consistent
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with the old density (if the change in energy between iterations is smaller than a given tolerance) 
it is then inserted into the total energy functional and the total energy is calculated. Otherwise 
the new charge density and wavefunction are used as the initial input and the procedure is 
repeated self consistently until convergence criteria are finally met.

Plane wave calculations such as CASTEP are not well suited to conventional matrix diag- 
onalisation techniques due to the large basis set description. As a rule of thumb there will be 
on the order of 100 plane wave basis states for each atom in the unit cell. Given that tradi
tional matrix diagonalisation techniques scale to the third-power a limiting cut-off must be 
implemented at around 1000 plane wave states which severely limits the number of atoms in 
the unit cell available for calculation. For this reason the CASTEP code proceeds to solve the 
Kohn-Sham equations via an alternative technique known as the density mixing scheme. Under 
this jrrocess, the sum of electronic eigenvalues is minimized using a conjugate gradient-based 
approach at a fixed effective potential 14//- During the procedure each occupied band (plus 
a user defined number of unoccupied bands) in the bandstructure is minimised independently 
with the constraint that they remain orthonormal to one another. In this way only the use
ful eigenstates, i.e. ones that contribute to the total energy, are calculated. The new charge 
density at the end of the wavefunction minimization is mixed with the initial density and the 
process is repeated until convergence is reached. A complete description of the methodology is 
documented in the publication of Kresse et al [Ref. 68].

3.9.6 Hellmann-Feynmann Force Model and Geometry Optimisation.

Where a single point energy calculation (ie. one electronic optimisation run) gives information 
on a fixed structure, the aim of a geometry optimization is to generate tlie optimal (lowest 
energy) ionic positions for the system of interest from an arbitrary starting state. As the motion 
of the nuclei and the electrons can be separated using the Born-Oppenheimer approximation a 
geometry optimization t3'pically proceeds as a set of single point energy calculations where the 
position of the ions are updated after each SCF run has completed. In CASTEP and DMol^, 
forces on the ions are calculated according to the Hellmann-Feynman force model which states 
that if 'I' is an exact wave function of a Hamiltonian 9{ with energy E then the derivative of E 
with respect to some nuclear coordinate qi can be written as follows [Ref. 69]:

dE d , , , ,
dQi dQi

(3.52)

In this fashion all the forces (negative differential of the energy) acting on all the ions can be 
calculated using the wavefunction generated at the end of every SCF by calling the energy 
subroutine once only [Ref. 60].

An inherent error in application of the Helhnann-Feynman theorem for force evaluation 
in C.^^STEP and DMol^ is that the model contains no term to represent the derivative of the 
basis set with respect to the position of an ion and which contributes what is known as the 
Pulay force [Ref. 70]. For CASTEP, given that its plane wave basis set is not dependent on 
the position of the ions the error associated with Pulay forces have been shown to be minimal 
except for the case of volume relaxations [Ref. 60] and are thus not considered in this thesis. For 
DMol^ on the other hand, an appropriate term is added into the force evaluation calculation



3.9 DFT Implementation; CASTEP and DMol^. 61

such that the Piilay contribution is not neglected.
Once the forces on the ions in the system of interest are calculated both CASTEP and 

DMol^ proceed to use the information in order to predict the ground state position of the ions. 
The procedure is treated as a minimisation problem and run using a Quasi Newtonian functional 
optimisation algorithm known as the BEGS method [Ref. 71]. Under this scheme it is assumed 
that the energy landscape around a global minima is quadratic for small displacements and so 
is totally determined by the Hessian matrix (the matrix of second derivatives of the energy). 
Given the Hessian matrix for a quadratic function it is trivial operation to obtain the minimum 
of that function using the inverse Hessian. Since the actual energy landscape at some given 
configuration of the ions is only quadratic to a first approximation several steps are required 
where at each step the Hessian matrix must be calculated and inverted thereby continually 
pushing the ions towards the local minima. In practice for CASTEP and DMol^ it is prohibitive 
to evaluate the inverse of the Hessian matrix so instead the Quasi Newtonian method builds 
up an approximation to the inverse Hessian by using gradient information provided in previous 
iterations until the forces on the atoms have converged to a set criteria.
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Chapter 4

Background Theory; Organic 
functionalisation, Metal to 
Molecule contact and MWCNT.

4.1 Introduction.

This chapter is concerned with providing the reader witli the primary background information 
behind each of the subject areas dealt with throughout this thesis. Thus the chapter is divided 
to cover three semi-independent topics. Sections 4.2 to 4.4.2 provide an overview on the Si(lOO) 
surface reconstructions, the surface defects and the organic chemistry concepts and analogies 
that are used in the literature to describe organic functionalisation reactions upon this surface. 
Following this, Sec 4.5 shifts attention towards providing a short chemical perspective on how 
the bonding interaction between a metal and an organic molecule is traditionally accounted 
for within the realms of inorganic chemistry. Molecular orbital theory under the guise of the 
Dewar, Chatt and Dimchanson description of metal-molecule bonding is used to describe the 
reaction and account for the corresponding experimental data. The final sections of the chapter 
present a description on the structure and theory behind the proposed electronic properties of 
SWCNTs and MWCNTs. Included here is an account of how, using the analogy of the graphene 
bandstructure and Brillouin zone, much of the electronic properties of CNT structures can be 
derived. In addition, this discussion will introduce the concept of contact resistance between a 
metal electrode a MWCNT structure. The chapter concludes with an short literature review 
which highlights literature examples that have examined low resistance contacts to MWCNT 
and the electronic transport route utilised in CNT devices.

4.2 Silicon Crystal Structure.

Silicon is a group IV metalloid, with electronic configuration [Ne].3s^.3p^ in the atomic form. 
The element is highly abundant, constituting approximately 25 % of the Earth’s crust, and is 
commonly found in the form of Si02. Single crystals of silicon can be grown by the Czochralski
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technique [Ref. 72] which gives uniform crystal ingots from a Si seed material (see Fig 4.1a). 
The bulk material has a a face-centred cubic lattice (space group number: 227) with two-atoms 
in the Wigner-Seitz cell, such that each silicon centre is tetrahedrally bonded to four neighbours 
(Fig 4.1b). The accepted value for the Si-Si bulk bond length is 2.352 A [Ref. 73]. The semi 
conducting behaviour of bulk Si is caused by a valence band formed from a combination of the 
occupied 3s and 3p states, and the conduction band from the unoccupied 3p and 4s states, with 
an indirect band gap of 1.12 eV. Other properties of silicon are summarised in Table 4.1.

Figure 4.1: (a)Image of a single crystal ingot of Si formed using the Czochralski tech
nique [Ref. 72]. (b) Single crystalline silicon has a fee lattice, similar to diamond, in 
which each silicon atom is bonded to four other silicon atoms.

Table 4.1: Properties of silicon at room temperature and atmospheric pressure. Infor
mation taken from [Ref. 74].

property value unit
Atomic weight 28.0855 -
Melting point 1414 °C
Boiling point 2900 °C

Density 2330 kg/m^

Cleaving a bulk silicon crystal to expose the (100) surface leaves two dangling bonds per 
surface Si atom. This highly reactive surface, under atmospheric conditions, will react readily 
with available oxygen and produce a layer of native oxide. For UHV STM experiments on 
Si(lOO), this oxide must be thermally removed using what is known as a flash procedure (see 
Sec 5.2.2) which desorbs the oxide and promotes the Si(lOO) surface reconstructions.
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4.3 Si(100)-(2xl) and c(4x2) Surface Reconstructions.

The unreconstructed surface of Si(lOO) consists of equivalent atoms, each of which are bound 
to two subsurface atoms and possess two dangling bonds. In UHV conditions the surface can 
undergo reconstruction in order to decrease the surface energy to either a (2x1) or c(4x2) struc
ture. The unreconstructed surface, (2x1) and c(4x2) reconstructions are shown schematically 
in Fig 4.2. In the (2x1) reconstruction, adjacent surface Si atoms dinierise to tie up two of the 
dangling bonds, with a single partially-filled dangling bond remaining on each surface atom. 
One dangling bond from each surface Si atom is used to form a a bond between the dimer 
atoms. The remaining dangling bonds also interact resulting in a second weaker tt bond. In 
this respect the Si surface dimers can be considered to have a double bond however the tt over
lap of the Si atoms is known to be poor with estimates of the pairing energy value associated 
with the TT bond clustering around 20 — 3Qk J/mol [Ref. 75].

i I 'i i
iinretoiLst ructf*(l (2x1) c(4 X 2)

Figure 4.2; Reconstructions of the Si(lOO) surface [Ref. 76]. In each case an appropriate 
representation of a unit cell describing the extended surface is indicated by a broken 
line.

The resulting Si dimers align on the surface to form what are known as dimer rows. These 
rows can be readily identified in filled and empty state STM images (see Fig 4.3) and are known 
to point along the [110] crystal direction, perpendicular to the dimer bond direction [110] on a 
given terrace. Terraces are common on Si(lOO) surfaces, with a step height of 1.36 A, and dimer 
rows on the upper terrace run perpendicular to those on the lower terrace. As a result, two 
different types of step edge are possible for terraces on Si(lOO). If the dimer rows run parallel 
to the step edge, then the edge is smooth and the feature is labelled as an “A”-type step Sa- 
Alternatively if the dimer rows run perpendicular to the step edge the edge is rougher with 
isolated Si dimers running out onto the terrace below. This type of step edge is labelled as a 
“B”-type step Sb-

Fig 4.3 also shows the appearance of buckled Si dimer rows on the surface. These fea
tures are common in STM images taken at room temperature but are observed over the en
tire surface when the sample is cooled. This temperature dependence indicates that buckled 
dimers which give rise to the c(4x2) reconstruction represent the ground state configuration for 
Si(lOO) [Ref. 75]. The fact that symmetric dimers are primarily imaged at room temperature
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has been attributed to dimers flipping back and forth between the two equivalent tilt directions 
due to thermal excitation and providing an averaged image in STM measurements [Ref. 77]. 
Under this scheme the Si dimers buckle as a result of a pseudo Jahn Teller distortion that acts 
to eliminate electronic degeneracy and establishes a double well potential for the Si dimer. The 
barrier between these two potential wells is small enough to be overcome at room temperature, 
therefore allowing the dimers to tilt back-and-forth in a high frequency (~ 5THz) see-saw type 
motion [Ref. 78]. In chapter 6 of this thesis these features of the Si(lOO) surface are described 
in more detail using an a extensive DFT analysis which return the crystal wave functions that 
describe the (2x1) and c(4x2) reconstrnctions.

Figure 4.3: (a) and (b) are STM images of the same area (40nm x 30nm) on the 
bare Si(100)-(2xl) surface from [Ref. 79]. Image A is an empty state image with 
Vsampie — +1-3F and image B is a filled state image with Vgample — —1-3F. Two 
types of steps, Sa and Sb are labelled in each image. Buckled dimers are most easily 
observed along the Sa step edges, however, buckled dimers induced by defects are also 
observed in the filled state image, B. Three types of surface defects A,B and C are 
indicated. Single and double missing dimer defects are labelled A and B, respectively. 
Note that C-defects, circled in both images, appear bright in empty state images and 
dark in filled state images.

A final remark on Fig 4.3 concerns the common defects that occur on the Si(lOO) surface. 
Three types of surface defects A,B and C are indicated in the filled and empty state images. 
All three defects appear dark or as depressions in filled state images, whereas C-type defects 
appear bright in empty state images. In the literature the nature of these defects have been 
the focus of much research with an established consensus that A-type and B-type defects are 
due to single and double dimer vacancies respectively [Ref. 80]. On the other hand the origin of 
C-type defects has remained a controversial topic for many years with researchers proposing a 
variety of models based on dimer vacancy, sub dimer irregularity or molecular contamination. 
One of the most recent publications in this regard is the work of Nishizawa et al [Ref. 81] who 
propose that extrinsic and contaminating H2O molecules are the origin to the C-type defect.
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4.4 Cycloaddition Reactions on Si(lOO).

Given the technological importance of Si(lOO), the nature of the Si-Si dimer bond and its 
analogy with the C=C bond of traditional organic chemistry, it is not surprising that organic 
functionalisation of Si(lOO) has attracted so much attention over the past two decades. Some of 
the earliest STM studies in this respect concerned the adsorption of C2H2 and C2H4 molecules 
[Ref. 82-85] which w'ere found to chemisorb at room temperature, forming stable species that 
bridge bonded across the silicon dimers on the surface. The reaction proceeded by loss of a 
TT bond in the olefin molecules and formation of two new Si-C cr bonds, hence the bonding 
was referred to as di-cr bonding. Meanwhile theoretical studies determined that the Si dimer 
bond remains intact during the reaction with these molecules [Ref. 86-88]. The molecular 
nature of these reactions i.e. their localized and site specific behaviour, allowed for a set of 
common principles to be formulated for the functionalisation chemistry at the Si(lOO) surface. 
In other words these reactions demonstrated that the reactivity of the Si(lOO) surfaces can 
be understood by drawing analogies to the well documented mechanisms known to organic 
chemistry, in particular to the class of reactions known as organic cycloaddition.

4.4.1 Organic Cycloaddition Chemistry.

Cycloaddition reactions are widely used in organic chemistry as a means of forming new C-C 
bonds and new carbon ring .systems from tt bonded molecular fragments in a highly stereo 
selective manner. In the simplest case, the reaction involves two tt bonded fragments reacting 
by the destruction of two tt bonds and the formation of two new linking a bonds. The reactions 
are labelled by how many tt electrons from each reactant molecule are involved in the process. 
In Fig 4.4 two examples of a cycloaddition reaction are depicted. In Fig 4.4a the cycloaddition 
reaction is depicted for identical C2H4 fragments. The two alkenes come together to form a 
new four-membered ring called cyclobutane C4Hg. The reaction is labelled as a [2-1-2] reaction 
since 2 tt electrons from each ethene molecule are involved in the reaction. Fig 4.4b shows 
a second type of cycloaddition reaction, this time involving butadiene and ethene molecules. 
Once again the two molecular fragments react to form a cyclic molecule called cyclohexene 
CgHjQ. This particular reaction is classed as a [4-1-2] cycloaddition and is also widely known as 
the “Diels-Alder reaction” after the two scientists who received the Nobel prize for their work 
on this family of organic reactions.

Figure 4.4: Cycloaddition reactions in organic chemistry from [Ref. 12]. (a) and (b) 
depict a [2-1-2] and [4-f2] cycloaddition reactions respectively.
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The [2+2] and [4+2] cycloaddition reactions depicted in Fig 4.4 fall under the class of reac
tions that are subject to what are known as the Woodward-Hoffmann selection rules [Ref. 89]. 
These rules set about explaining the stereochemistry and reaction mechanism of the previously 
discussed cycloaddition reactions via molecular orbital symmetry arguments and frontier orbital 
theory. Under the Woodward-Hoffmann scheme a concerted symmetry allowed cycloaddition 
reaction (i.e. a reaction where bond breaking/formation occurs in one step with little or no 
energy barrier) can only occur between the two molecular fragments if the HOMO and LUMO 
of the reacting molecular fragments are of commensurate symmetry. If the set of orbitals are 
not commensurate then a concerted reaction may be induced by photochemical excitation. If 
no photochemical excitation is provided in this case then the reaction will not proceed along 
a concerted transition state and must follow a high energy pathway or not react at all. The 
situation of commensurate symmetry can occur in either of two ways, called suprafacial and 
antarafacial interactions. Suprafacial reactions take place when the commensurate interaction 
occurs between orbital lobes on the same face of one reactant and lobes on the same face of 
the other reactant. Antarafacial cycloadditions occurs when the commensurate interaction oc
curs between lobes on the same face of one reactant and lobes on opposite faces of the other 
reactant. The Woodward-Hoffmann rules predict that classes of cycloaddition reactions can be 
distinguished by the number of tt electrons that are involved in the reaction i.e. if that number 
is even or odd when divided by two. Based on the even or odd distinction, the Woodward- 
Hoffmann rules can be used to predict how that class of cycloadditions may undergo a concerted 
reaction. The generalised set of Woodward-Hoffmann rules are listed in Table 4.2.

Table 4.2: The Woodward-Hoffmann rules for organic cycloaddition
TT electrons/2 Thermal reaction Photochemical reaction

Even Antarafacial Suprafacial
Odd Suprafacial Antarafacial

While suprafacial and antarafacial reactions are allowed under the Woodward-Hoffmann 
scheme it is worthwhile at this stage to point out that geometric constraints often hinder 
the antarafacial reaction because it necessitates a twisting of tt orbital system in one of the 
reactants. For this reason, and given the surface nature of the Si dimer, the antarfacial reaction 
is neglected when dealing with cycloaddition on Si(lOO) and is therefore not considered in the 
remainder of this thesis.

A schematic illustration of the suprafacial Woodward-Hoffmann scheme is depicted in 
Fig 4.5 where the HOMO and LUMO of the molecular fragments involved in the [4+2] and 
[2+2] reactions have been superimposed on the appropriate molecular frameworks. The phase 
of the frontier orbitals (positive and negative lobes, shown in different colours) indicates the 
bonding contribution that particular orbital grants to between the atoms of that molecule. For 
example, in the HOMO of the C4Hg molecule the orbital phase indicates a bonding contribution 
between the C atoms that have a double bond between them (C - atoms; 1 and 2 also 3 and 4 ). 
Meanwhile the same orbital contributes an anti bonding interaction between C - atoms 2 and 
3. An examination of the frontier orbital interactions for the [4+2] and [2+2] reactions reveals 
that the [4+2] reaction is symmetry allowed while the [2+2] reaction is symmetry forbidden 
and according to the Woodward-Hoffmann predictions should therefore not occur without a
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significant energy of activation. These predictions in turn are supported by experimental data 
generated in the synthesis of the [2+2] and [4+2] cycloaddition products where it is known that 
the [2+2] reaction requires photochemical activation to proceed while the [4+2] reaction will 
proceed under mild thermal conditions.

Figure 4.5; A schematic illustration of a frontier orbital interaction between (a) the 
[4+2] butadiene and ethene reaction and (b) the [2+2] ethene ethene reaction. Under 
the Woodward-Hoffmann scheme cycloadditions are either symmetry allowed or disal
lowed based on the orbital symmetry of the HOMO-LUMO interactions between the 
reacting molecular fragments.

An important feature of the concerted cycloaddition reactions in organic chemistry is their 
ability to return a high percentage of one steroisomer of the product under kinetically or ther
modynamically controlled experiments. A useful example in this respect concerns the dimeri- 
sation of cyclopentadiene CgHg represented in Fig 4.6a. Left to stand at room temperature 
the molecule will react with itself in a [4+2] concerted cycloaddition to give a majority of the 
endo-dicyclopentadiene product. Thus the endo-dicyclopentadiene steroisomer is the kineti
cally favoured product. The route to the exo product can also proceed in a concerted fashion 
and is actually the thermodynamically favoured product because of reduced steric interactions 
that apply in this configuration [Ref. 90]. Thus, by increasing the temperature of the reaction 
experimentalists can promote the formation of the exo product instead of the endo product.

Woodward-Hoffmann proposed that orbital symmetry arguments could be applied in cases 
such as this to understand why the higher energy product should be favoured kinetically. Ac
cording to their analysis, secondary orbital interactions {SOI), represented by blue dashed lines 
in Fig 4.6b lower the energy of the endo transition state relative to that of the exo transition 
state where the secondary interaction is absent. Thus the endo-product is favoured kinetically 
through a energy lowering effect that occurs solely at the transition state of the reaction.

The use of SOFs as a method of explaining steroselectivity in pericyclic reactions is not 
limited to the case of dimerisation of CgHg. In fact the concept of SOFs has received extensive 
support in the scientific literature since it was first proposed in 1965 [Ref. 91] so much so that 
a review of this subject carried out in 1983 [Ref. 92] contained over 100 references. However 
it should also be noted that SOFs contribute a very subtle influence on the stereochemistry of 
a reaction and it is therefore difficult to prove that the SOI argument is valid. With the rise 
in popularity of computational chemistry coupled with transition state searching algorithms 
researchers have begun to examine SOI interactions to a greater extent. The result of these
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Figure 4.6: (a) The dimerisation of C5Hg can proceed in a concerted fashion to give two 
possible steroisomers. The endo product is favoured kinetically even though the energy 
of that conformation is higher than the exo-configuration, (b) Under a Woodward- 
Hoffmann analysis the transition state for the endo product is stabilised due to sec
ondary orbital interactions that are absent in the exo transition state.

new scientific investigations is that the validity of the SOI has become controversial in recent 
years.

The work of Garcia et al [Ref. 93] represents an interesting publication in this respect. 
In that article the authors first indicate the delicate nature of the SOI by pointing out that 
the relative magnitude of energetic lowering is relatively small; “a product ratio of 80 : 20 
corresponding to a reaction carried out at 25 °C involves an energy difference between the 
transition states of 0.8 kcal/moF'. The authors also draw attention to the assumption that the 
“action field” of the SOI must be limited since it is only pertains to the transition state and 
not the ground state configuration of the product. Using a combination of DFT calculations 
and examples from the literature the publication goes on to propose tliat the stereochemistry 
of cycloaddition reactions can be explained without invoking SOI arguments by using a more 
traditional reasoning that involves combinations of electrostatic forces, solvent effects and hy
drogen bonding. In this fashion, while the study never actually disproves the existence of the 
SOI it proposes that SOI arguments are invalidated and should be disregarded until such a time 
that the hypothesis of the SOI is unequivocally demonstrated.

4.4.2 Applicability of the Woodward-Hoffmann Analysis to Si(lOO).

Returning to the subject of organic adsorption on Si(IOO), and in light of the previous discussion 
concerning organic cycloaddition, an interesting topic concerns the overall applicability of the 
Woodward-Hoffmann analysis when describing cycloaddition reactions on the Si(lOO) surface. 
The most obvious divergence between the analogy of organic cycloaddition and cycloaddition on 
Si(lOO), is the existence and ease of formation of the [2-1-2] cycloaddition products on Si(lOO). 
The homogeneous reaction, as has been described above is formally symmetry disallowed in 
the absence of the antarafacial pathway or photochemical activation. The fact that surface 
[2-1-2] cycloaddition is a relatively fast reaction, occurring readily with most alkenes at room 
temperature [Ref. 94], provides evidence that the Woodward-Hoffmann scheme should not be
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applicable in these cases. In contrast, non-concerted mechanisms introduce the opportunity for 
loss of steroselectivity in the cycloaddition product and this is something that has not been 
observed experimentally. Instead FTIR studies involving trans- and cis-l,2-dideuterioethylene 
[Ref. 95] show that the [2+2] adsorption of the molecule on Si(lOO) is highly stereo selective. 
This stereo selectivity is also observed by STM studies of cis- and trans-2-hutene adsorption 
on Si(lOO) [Ref. 96].

Given that the majority of the STM work carried out within this thesis concerns the cy
cloaddition products of 1,3 cyclohexadiene and naphthalene on Si(lOO), it follows that the issues 
raised in the paragraph above are important in order to further an understanding of the mecha
nisms involved in organic functionalisation of Si(lOO). To this end, in chapter 6 the applicability 
of the Woodward-Hoffmann rules as a valid description of organic reactions on Si(lOO) is ex
amined in greater detail. This involves a robust DFT treatment and analysis of the frontier 
wave functions that correspond to the Si(lOO) surface reconstructions. Additionally, Sec 7.4 of 
this thesis examines if the concept of the frontier orbital interactions might have an influence 
on the stereochemistry of the experimentally observed adsorption products of 1,3 CHD and 
naphthalene on the Si(lOO) surface.

4.5 Probe Contact to an Adsorbed Molecule on Si(lOO).

A comprehensive tinderstanding of the mechanisms of molecular adsorption is but one of a 
number of technological challenges that will have to be surmounted in order to facilitate progress 
in the field of molecular electronics. A second impediment to the rational design of molecular 
electronic devices concerns the ability to build reproducible and precise electrical contacts to 
single molecules [Ref. 18,19,97]. Given that the nature of the STM experimental work presented 
in this thesis involves probing the LDOS of G=C bonds in the cycloaddition molecular adduct 
with a metal STM tip, an opportunity arises to examine in detail interesting features of metal- 
to-niolecule contact. A useful starting point in this regard, and one that offers a chemical 
perspective on the nature of metal to molecule bonding, is the field of organo-metallic chemistry 
and, specifically, the chemical models used to treat transition metal 77^-alkene complexes.

4.5.1 The Dewar, Chatt and Dunchanson Model.

Zeise’s salt K[PtCl3(G2H4)] contains one of the earliest known organometallic compounds and 
the MO description of its bonding developed by Dewar, Ghatt and Dunchanson (D.G.D) [Ref. 98] 
serves as a paradigm for bonding in all metal coordinated tt complexes [Ref. 99]. X-ray studies 
have revealed the structure of the organometallic ion (see Fig 4.7a) where the platinum shows 
square planar coordination and the ethylene fragment is coordinated approximately perpendic
ular to the PtGl3 plane.

According to the D.G.D model, the perpendicular orientation of the C2H4 molecule positions 
the TT and tt* orbitals of the ligand such that they overlap constructively with the metal orbitals. 
In this fashion the ethene-metal bond possesses a a component that originates from overlap 
between a filled tt orbital from the ethene and an empty metal 5dGs6p^ hybrid orbital. Formally, 
this interaction can be classed as donation of electrons from the ligand to the metal. Dewar, 
Chatt and Dunchanson also proposed an additional tt component to the ethene-metal bond that
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Figure 4.7: (a) is a schematic of the PtCl3(C2H4) ion in Zeise’s salt and represents a 
typical Ty^-alkene complexe. (b) shows the orbital interactions that are involved in a 
D.C.D description of the metal-ethene bond for ry^-alkene complexes.

originates with overlap from a filled metal hybrid orbital 5d6p and the empty tt* orbital of the 
ethene fragment. The tt component is termed back-donation i.e. donation of electrons from the 
metal to the ligand. Thus, under the D.C.D description represented schematically in Fig 4.7b 
the bonding between the metal and the ligand is synergic with the a and tt components of the 
metal-ethene bond reinforcing one another.

Experimental evidence that supports the D.C.D description of bonding in these type of 
organometallic compounds is gained through IR spectrum analysis of various systems where the 
hydrogens of the ethene molecule in the r;^-alkene complex have been substituted with various 
electron withdrawing groups. Given that the tt* orbital of the olefin is anti bonding, then back- 
donation of electrons from the metal into this orbital should result in a lengthening of the C=C 
bond and a corresponding drop in the stretching frequency. This feature of the complex has 
been determined experimentally with values of C=C stretching frequency around 1623cto“^ 
in ethene and 1551cm“^ in Zeise's salt [Ref. 100]. Replacement of the ethene hydrogens with 
electron withdrawing groups increase the tt acceptor character of the olefin and allow the C=C 
bond to weaken further in the complex, thus for C2CN4 complexes the C=C bond length is 
only a fractionally shorter than a C-C single bond of 1.54 A [Ref 100].

In chapter 8 of this thesis, features of the D.C.D model are identified in experimental and 
theoretical measurements obtained during the controlled approach of a Pt probe brought into 
electrical contact with a C=C bond of an adsorbed 1,3 cyclohexadiene molecule. An analysis 
of these data, coupled with the D.C.D description of the orbital interactions, allows for the 
identification of a new STM tunnelling regime and provides insight into how the properties of 
molecules are affected by contact formation [Ref. 37].

4.6 MWCNT; Composition and Electronic properties.

4.6.1 Structure of SWCNTs.

Carbon nanotubes, since their discovery by lijiina et al in the single walled form in 1993 
[Ref 101], have received enormous attention in the scientific community because of their unique 
properties which in turn has prompted the suggestion that they will be “the building blocks 
for future electronics” [Ref 102]. SWCNT discussed in this thesis are produced using the 
HiPCO technique which involves the high pressure decomposition of CO on catalytic clusters
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of Fe [Ref. 103] and can be understood structurally and electronically as a tube made from a 
single graphite layer (graphene) rolled up into a hollow cylinder [Ref. 104].

Using the analogy of graphene many of the properties of SWCNTs can be derived. A 
starting point in this respect concerns the structure of the SWCNT and can be explained with 
the aid of Fig 4.8 which gives a schematic of the graphene honeycomb lattice. In Fig 4.8 the 
unit cell of the lattice is spanned by two vectors ai and a2 and contains two carbon atoms at 
the positions i(ai +a2) and |(ai +a2). The basis vectors have a common length of 2.461 A and 
form an angle of 60°. In a SWCNT the graphene sheet is rolled up such that the graphene 
lattice vector C = nai + ma.2 becomes the circumference of the tube. This circumferential 
vector is often called the chiral vector and denoted by the indices (n, m) which uniquely defines 
any form of SWCNT. The chiral vector can also be defined using the chiral angle 0 which is 
given in Fig 4.8 as the angle between ai and C. It should also be noted that for any SWCNT 
with a chiral angle given by 9 there is an equivalent SWCNT where 6 is between 30° and 60° 
and which reverses the helix of lattice points around the original SWCNT from right-handed to 
left-handed. These two SWCNT can be considered identical in all but the helical prorogation 
direction and therefore in this thesis all tubes are considered to have a chiral angle of < 30°.

Figure 4.8: schematic of the graphene honeycomb lattice with lattice vectors given 
by ai and 02. The chiral vector C uniquely defines any form of SWCNT. For the 
above diagram the chiral vector for an (7,4) SWCNT is shown. Perpendicular to C 
is the SWCNT axis with minimum translational periodicity given by the vector a = 
—5ai -t- 602- The vectors C and a form a rectangle which give the unit cell of the (7,4) 
SWCNT.



4.6 MWCNT; Composition and Electronic properties. 74

4.6.2 Bandstructure of SWCNT.

The novel electronic properties of SWCNTs and MWCNTs are determined to a large extent 
from the electronic structure of a graphene layer. To a first approximation, much of the elec
tronic properties of SWCNT can be understood via a zone folding technique carried out on the 
Brillouin zone and bandstructure of graphene [Ref. 104]. Fig 4.9(a) and (b) show the Brillouin 
zone and an ab initio result [Ref. 105] for the bandstructure of graphene respectively. The 
Brillouin zone for graphene is expanded in terms of the reciprocal lattice vectors kj and k2 

and is bounded by the high symmetry k points F, K and M. Examination of the correspond
ing bandstructure plot given in Fig 4.9(b) and plotted along the high symmetry directions of 
the Brillouin zone reveals that the tt valence and tt* conduction bands that result from the 
interaction of the carbon orbitals cross at the high symmetry point K. This novel property 
of graphene is responsible for the semimetal classification of the structure and is in turn also 
responsible for the sometimes metallic and sometimes semiconducting character of SWCNT.

Figure 4.9: (a) is a schematic illustrating the first Brillouin zone appropriate for the 
graphene lattice. The Brillouin zone is bounded by the high symmetry k-points F, K 
and M. (b) is a result from an ab-initio calculation for graphene [Ref. 105] and shows 
a bandstructure plot where it is revealed that the tt valence and tt* conduction bands 
cross at the high symmetry point K.

The Brillouin zone and bandstructure for graphene are important when describing the 
electronic properties of SWCNTs, because while wave vectors along the SWCNT axis are con
tinuous, the wave vectors around the SWCNT circumference are quantised and can therefore 
only take on a discrete set of values. This phenomenon can be understood by realising that any 
wav( function for an electron must have a phase shift of an integer multiple of 27r around the 
circimference of the tube otherwise that wave function must vanish by interference. [Ref. 104]. 
Imposing such boundary conditions and plotting the resultant k vectors for the SWCNT onto 
the Brillouin zone for graphene, results in a series of parallel lines that define the “allowed” 
set cf electronic states for a particular SWCNT. This procedure of mapping the set of allowed 
k vectors onto the Brillouin zone of graphene has been carried out for a general SWCNT in 
Fig 1.10. The orientation and number of parallel lines superimposed upon the graphene Bril-
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louin zone in Fig 4.10(a) depend upon the chiral indices {n,m) of the SWCNT while the length 
is given by the SWCNT translational vector; a (see Fig 4.9).

Figure 4.10; (a) The series of parallel lines indicates the allowed k-vectors for a general 
SWCNT in the Brillouin zone of graphene. The high symmetry k-point K in the 
Brillouin zone is circled and corresponds to the point where the tt and tt* bands of 
graphene bandstructure cross, (b) is a expanded view of the allowed wave vectors 
around the K point of the graphene Brillouin zone. For this particular SWCNT the 
K point of graphene is among the allowed k-lines of the SWCNT and thus the tube 
is metallic with a set of allowed wave functions given by k:^ and fc|| which represent 
components perpendicular and parallel, respectively, to the allowed k-lines. The set 
of k-points intersected by the arrow correspond to points where fcy = 0 and therefore 
indicate the set of allowed wave functions at the F point of the SWCNT. Image adapted 
from [Ref. 106]

The zone folding technique described above can be used to predict the metallic or semi
conducting character of SWCNTs. In Fig 4.9(b) it was indicated that the valence band and 
conduction band of graphene cross at the K point in the graphene Brillouin zone. It follows 
then, that if the graphene K point falls under one of the k-lines of Fig 4.10(a) it is one of the al
lowed states for the SWCNT and thus the SWCNT will be metallic. Alternatively, if the k-lines 
miss the K point of graphene the SWCNT will be semiconducting with a moderate bandgap. 
Fig 4.10(b) expands the region around the graphene K point for the SWCNT-graphene Bril
louin zone mapping corresponding to Fig 4.10(a) and indicates for that particular SWCNT, that 
the K point is not among the allowed k-vectors. Thus this SWCNT is semiconducting with a 
set of allowed wave functions that can be specified by and fc|| which represent components 
perpendicular and parallel, respectively, to the allowed k-lines.

The analysis presented above in Fig 4.10 can be quantified for any general (n,m) SWCNT
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if it is accepted that the set of allowed electronic states for any tube must fulfil the condition;

k-C = 27ri (4.1)

where C is the chiral vector and i is an integer. Given that the K point of graphene is positioned 
in reciprocal space at |(ki — k2) it follows that a SWCNT will be metallic if;

1 27rK • C = 27ri = ^(ki — k2)(nai + 77102) = (n — m)
O O

which is equivalent to imposing the condition that;

3i = n — m.

(4.2)

(4.3)

Thus from the Brillouin zone folding treatment it is predicted that any SWCNT is metallic if 
{n — m) divided by 3i is an integer [Ref. 107].

4.6.3 Ideal Electronic Transport in MWCNT’s.

Given the above discussion, which reveals that the electronic band structures of an individual 
SWCNT can vary from metallic to semiconducting depending on the chirality of the tube, 
it is now possible to progress towards a theoretical understanding of electronic transport in 
SWCNT. Fig 4.11(a) and 4.11(b) display a schematic for the electronic bandstructure of a 
metallic and semi conducting SWCNT respectively, where E, Ef and k represent the energy, 
the Fermi energy and the k-vector in the direction parallel to the CNT axis. The bandstructure 
diagrams for each SWCNT reveal a set of one-dimensional sub-bands intersecting at the Fermi 
energy in the case of a metallic tube, while separated by an energy gap, Eg, in the case of a 
semiconducting tube.

(b)

Figure 4.11: Schematic representation of the band diagram of (a) a metallic SWCNT 
and (b) a semi conducting SWCNT. The symbols E, Ep and k represent the energy, 
the Fermi energy and the k-vector in the direction parallel to the CNT axis respectively.
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With each sub-band in the bandstructure of the SWCNT, one unit of quantum resistance 
is associated. The unit of quantum resistance can be expressed as;

R.q.unit = — = I2.9kn.
2e2

(4.4)

and it includes conduction by two electrons with opposite spin [Ref. 104]. More than one 
subband may carry current in a SWCNT (depending upon the energy separation of the subband 
from Ep), and in these cases, the total quantum resistance is given by the quantum unit 
of resistance divided by the number of available subbands. For an armchair CNT (chirality 
angle= 0°, always metallic), there are exactly two sub-bands that carry current close to the 
Ep [Ref. 104] and thus the quantum resistance is given by ;

Jl
4e2Rq.armchair — - r, 6.5iv fl. (4.5)

It is also important at this juncture to point out that the larger the diameter of a SWCNT, 
regardless of chirality, the smaller the energy-separation between the different sub-bands. The 
reduction of the energy separation between subbands for larger diameter SWCNT has important 
implications and, indeed, can be responsible for semiconducting SWCNT attaining metallic 
properties at temperatures above 0 K [Ref. 108,109]. For example, at room temperature (T 
= 300 K), K-bT = 0.0258ey (where Kb is the Boltzmann constant). Thus energy differences 
smaller than 0.0258eV^ are smeared by temperature. For a semi conducting SWCNT, it can be 
shown [Ref. 104] that the energy gap Eg depends on the reciprocal of the nanotube diameter d 
according to the following expression

d (4.G)

where Vq = —2.7eV is a parameter obtained from a nearest neighbour tight binding calculation 
cite [Ref. 109]. From Eq 4.6, when the nanotube diameter is above 15nni the energy gap 
becomes smaller than 0.0258eV and thermal smearing will induce metallic properties in the 
semi conducting SWCNT. The thermal smearing effect can also promote extra sub-bands for 
additional current carrying capacity and thus reduce the total quantum resistance of the tube 
in the case of semiconducting or metallic SWCNT’s of diameter greater than 15nm.

Fig 4.12 is a schematic of a MWCNT and shows several SWCNTs arranged concentrically 
about each other. The interlayer distance in a MWCNT is approximately the distance between 
graphene layers in graphite (3.4A). In order to extend the analysis for Rq,unit to the case for 
a MWCNT, it is assumed that in the ideal case, all metallic shells of the MWCNT contribute 
equally to electron transport. The ideal resistance of a MWCNT is therefore analogous to a 
“resistors-in-parallel” set-up where the sum of the reciprocal of the individual resistances is 
equal to the reciprocal of the total resistance, ie:

—=y-Rtotal Ri

Thus, an upper limit for the resistance of a MWCNT can be calculated as follows;

Rq .armchair
R MWCNT =

N/3

(4.7)

(4.8)
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where N is the total number of shells in the hlWCNT. N is divided by 3 in Eq 4.8 because it 
is assumed that only one third of the total number of shells in the MWCNT are metallic. The 
resistance derived from Eq 4.8 is an upper limit however, because as mentioned above, metallic 
shells of larger diameter may provide more than two subbands for ballistic transport at room 
temperature due to thermal smearing. Also, semi conducting shells that were not considered 
in Eq 4.8 may also contribute to electrical transport for the same reasons.

Figure 4.12: Illustration of a MWCNT. Individual SWCNT that compose the MWCNT 
have electronic properties that depend on diameter and chirality

4.6.4 Contact Resistance.

Fig 4.13 presents a schematic of a metallic SWCNT contacted on both ends by metal electrodes. 
For such a system the theoretical quantum resistance, evaluates to;

R.
q.met.SWCNT = Q.5kQ. (4.9)

Eq 4.9 represents the lower limit to the total measured resistance between the two metal elec
trodes due to the fact that quantum resistance represents the resistance in the ideal case of 
electrons passing through the nanotube-electrode interface without reflection. In practice, re
flections can be expected at both electrode interfaces (due to inefficient coupling of the electron 
wave function from the electrode into the CNT), leading to an increase in the total resistance. 
The resulting contact resistance is therefore represented as follows:

Rcontact — Cy ] Rg i Tj) (4.10)

where Rg i is the quantum resistance associated with each subband i and R the corresponding 
transmission coefficient,i.e. the average probability that an electron, which is injected into 
subband i at one end of the carbon nanotube, exits through the other end. As expected, 
in the case of ideal reflection-less interfaces (all transmission coefficients R reduce to 1), the 
contact resistance reduces to the quantum resistance. In the non-ideal case of interfaces with
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reflections, the contact resistance is always larger than the quantum resistance. Thus, many 
experiments reported in the literature gauge the performance of a particular metal contact on 
its ability to form reflection-less interfaces and attain conductance approaching the quantum 
limit of G = 4e^/h for a metallic SWCNT.

Metallic SWCNT

Figure 4.13: Schematic representation of a metallic SWCNT contacted by metal elec
trodes.

4.6.5 Literature Study.

This literature study focuses upon the following two topics.

1. Identification of metals that allow for low resistance contacts to metallic SWCNTs and 
MWCNTs.

2. Electronic transport route in MWCNT devices.

A examination of the literature reported on these two topics is presented in the following 
paragraphs.

Low Resistance Contacts to Metallic SWCNT.

Experimentally, electron-beam (e-beam) lithography defined metallic contacts are preferred 
by experimentalists who study electrical transport in metallic SWCNT’s [Ref. 110-116]. The 
metallic electrodes are usually laid down perpendicular to the direction of the CNT under inves
tigation with a defined width and electrode to electrode spacing. In most cases the SWCNT’s 
are deposited onto the substrate first followed by metallic electrode deposition. There have also 
been studies however, involving SWCNTs laid on top of predefined metallic lines. [Ref. 113,117]. 
Of these investigations, electrodes composed of Cr [Ref. 115] , Ti [Ref. 116] and Pd [Ref. 112] 
have enabled the observation of electrical transport approaching the ballistic limit in metallic 
SWCNT at low temperatures with palladium being cited as the most successful and reliable of 
these metals.

The fact that palladium gives reliable and reproducible ohmic contacts to metallic SWC
NTs, is a result that is not surprising considering reports that ohmic contacts of palladium made 
to semiconducting nanotubes have also been observed [Ref. 118]. However the properties of pal
ladium that are considered to promote the ohmic contact with metallic SWCNTs has not been
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attributed to its high workfunction as in the case of semi conducting SWCNT, rather emphasis 
has been placed on the chemical nature of the Pd - metallic SWCNT interface [Ref. 119].

Low Resistance contacts to MWCNT.

In the literature there is a limited number of reports where the measured resistances of MWC- 
NTs contacted by electrodes is observed to approach the values associated with multi-channel 
ballistic transport. In a paper by Li et al, [Ref. 109] wherein the resistance of a MWCNT 
grown from a tungsten electrode was measured by contacting the free end of the tube with 
another tungsten electrode, resistance values as low as 3417 were recorded in a low bias regime 
between ±0.2P. The authors also calculated the conductance at zero bias for the device to 
be 460Go where Go = {2e^fh). Considering that the measured MWCNT had outer and inner 
diameters of 100 and 50 nm respectively, and assuming the intervals between the walls to be 
3.4 A, such a tube includes at most 74 walls. Even assuming each composing wall is conductive 
and offers 2Go to the conductance, the maximum conductance of this MWCNT is expected to 
be 148Go, which is distinctly smaller than the measured conductance of 460Go. To explain the 
high conductance value the authors propose that up to 15 subbands of each SWCNT shell in 
their MWCNT contribute to electron transport at room temperature. The authors also claim 
that it is the quality of the contacts in their device, which are proposed to allow contact to each 
shell within the MWCNT, that facilitates such a high conductivity measurement.

Electronic Transport Route in MWCNT.

In order to investigate the mechanism of electronic transport in a MWCNT device, some au
thors, despite not observing the low resistance values indicative of multi channel ballistic trans
port in their experiments (attributed to high contact resistances in their device) have used 
controlled break-down experiments on MWCNTs. These experiments suggest that all of the 
shells of a MWCNT contribute to electron transport during measurements despite the fact that 
the metallic electrode only contacts the outer shell of the MWCNT [Ref. 120,121]. In the 
procedure for these experiments a MWCNT is contacted by lithographic deposition of metallic 
pads and then the shells are selectively removed stepwise by injecting a large current into the 
MWCNT. To initiate the shell removal the bias voltage is increased until a sharp step in the 
current is detected that corresponds to the failure of one shell. The bias voltage is then quickly 
reduced to zero in approximately 100 ms.

The authors have used these experiments to determine the current saturation value per 
shell in a MWCNT device and although they differ in their claims of saturation value among 
different shells in an individual MWCNT (20 —25/x^ for [Ref. 120] and 10 —60/r.4 for [Ref. 121]) 
each author proposes that all shells contribute to electrical transport in a high bias regime. 
Furthermore the experiments of [Ref. 121] suggest that the number of subbands contributing 
to transport in each shell is weakly dependent on shell diameter and tube length. The authors 
propose that subband contribution to electron transport differs among shells of a MWCNT 
as a result of competition in the electron transmission through subbands caused by electron - 
phonon scattering and Zener tunnelling processes.
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4.6.6 Summary.

Despite the small number of publications, it is a encouraging that some researches have achieved 
high quality MWCNT - electrode contacts that have enabled the observation of resistances in
dicative of multi channel ballistic transport in MWCNTs. However it is evident that, the fabri
cation of low resistance contacts to MWCNTs still presents a challenge, especially if MWCNTs 
are to be incorporated in chip interconnect technology as not only will the contacts have to be 
of high quality but control over shell and subband contributions to electrical transport in the 
MWCNT will have to be established. In light of this, Sec 9.3 of this thesis will discuss the results 
from experimental measurements that have been designed to identify necessary procedures and 
suitable metals required to establish optimal low resistance contacts to MWCNTs.
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Chapter 5

Experimental Procedures and 
Conditions.

5.1 Introduction.

The following chapter introduces the experimental and theoretical procedures that have been 
used to provide data throughout this thesis. The STM procedures that have been followed 
to allow for characterisation of the organic functionalised Si(lOO) surface are discussed in Sec
tions 5.2 to 5.2.5 and cover topics such as surface preparation, molecular deposition and STS 
measurements. A novel experimental procedure developed for UHV deposition of SWCNT on 
Si(lOO) is also accounted for here. Sections 5.2 to 5.3.4 introduces the MWCNT sample details 
and nanoprober technique. The procedures for metal functionalisation of nanoprober electrodes 
are also included within this discussion. This information is a prerequisite to the analysis of 
metal-MWCNT contacts discussed in chapter 9 of this thesis. The discussion within this chap
ter concludes with an account of how the computational simulations used within this thesis are 
set-up and subsequently analysed.

5.2 STM Procedures.

5.2.1 STM Probe Preparation.

STM tips are most commonly made of platinum-iridium (Ptir) or tungsten (W) metal, and 
can be fabricated by a variety of methods. Because PtIr is soft in comparison to W, tips 
can be prepared by simply cutting the tip wire while using a gentle pulling action. In our 
experiments, we use electrochemically etched W tips fabricated via the DC drop-off method 
[Ref. 122] illustrated in Fig 5.1. A 5M aqueous solution of NaOH is prepared and placed in a 
beaker atop a vibrationally dampened work surface. The cathode is made of a thin stainless 
steel foil constructed in a cylinder and placed into the solution so as to follow the circumference 
of the beaker. Tungsten wire, 15 mil thick, serves as the anode and is cut and placed into a 
pin vice mounted on a micrometer from where it is lowered ~ 2 mm below the meniscus of the 
NaOH solution. Both cathode and anode are connected to the DC tip etcher, and a positive
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voltage of lOV is applied to the anode (W wire). The wire begins to etch at the air-solution 
interface where the following chemical reactions occurs:

6H2O -|- 6e —> 3H2(ff) -t- 60H 
W(s) -f 80H- ^ WO^- -H 4H2O -f 6e-

(5.1)
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Figure 5.1: Schematic of the DC drop off method for STM tip etching from [Ref. 122]. 
(a) depicts the electrochemical cell where the W wire is etched in NaOH solution. The 
cathode consists of a steel cylinder surrounding the anode, (b) is a schematic of the 
etching process occurring at the wire/solution interface where heavy tungsten ions fall 
away from the etching region.

The reaction involves the oxidative dissolution of W to the soluble tungsten state W07 ions 
at the anode and the reduction of water to form hydrogen ga-s and OH“ ions at the cathode. As 
the reaction occurs, the heavy W07 ions flow away from the wire, while the top of the solution 
has a higher local concentration of OH“ ions. The current in the apparatus is monitored while 
the etching process continues. When the wire becomes very thin at the meniscus the lower half 
of the wire falls off into the solution and a recognisable drop in the current is recorded. At this 
point the applied potential is set to zero such that the reaction is stopped and such that the tip is 
not subjected to further etching. The tip is then carefully removed from the apparatus, dipped 
(tip upwards) into deionised water and taken for examination under an optical microscope to 
identify any major flaws, such as bumps, bending of the tip, or a jagged, stepped shape. An 
acceptable tip (see Fig 5.2) is then stored for further processing in a nitrogen purged cabinet.

Once a number of tips have been produced in this fashion they are prepared for an annealing 
process that is designed to remove a thin electrochemical oxide from the metal. Ten tips are 
spot-welded in an array to a NiCr wire mounted on the inside of a UHV flange. The tips are 
then placed (tip pointing downwards) into a turbo pump annealing chamber. The chamber is 
pumped to a pressure of 10“® Torr or better before annealing is initiated. When the desired 
pressure is achieved, a current is passed through the NiCr wire in order to anneal the attached 
tips. The current is ramped up slowly, until the tips and the wire have a red-orange glow 
(~ 4.0A). After annealing for 15 minutes, the current is slowly ramped down to zero and the 
tips are allowed to cool. Tips then remain under vacuum or under nitrogen atmosphere until
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Figure 5.2: SEM image of a successfully fabricated STM tip 

they are ready to be loaded into the preparation chamber of the Omicron STM system.

5.2.2 Si(lOO) Surface Preparation.

Si(lOO) sample snrfaces are cut from 10 mil thick n-type (P-doped), 0.3— Si(lOO) wafers
purchased from Virginia Semiconductor. The typical sample size is approximately 0 mm long 
and 2 mm wide. To avoid metal contamination, all samples are handled with clean pla.stic tools. 
Also, sample ends are wrapped in thin tantalum foil (previously boiled in cone. HCl) to protect 
from metal contamination and help maintain good contacts within the sample holder. Once 
inside the UHV chamber, before the sample is used, it is first out gassed for 6 hours by indirect 
heating. The sample is then annealed (direct current anneal) by slowly heating to higher and 
higher temperatures using a computer controlled annealing program. This annealing process 
takes about 12 hours and is used to remove the sample’s native oxide. After the anneal is 
finished, the sample is then flashed to ~ MOOAT and slowly cooled to room temperature before 
STM imaging. Samples are subsequently flashed at ~ 2Ahour intervals in order to remove 
contaminants or the molecules deposited during a previous experiment.

5.2.3 Molecular Deposition.

1.3 cyclohexadiene and naphthalene molecules used in the adsorption experiments carried out 
within this thesis were ordered from the Sigma-Aldrich chemical company at > 98% purity. 
Samples were transferred into a glass ampoules whereupon argon gas was passed through the 
vessels in order to expel atmospheric O2. Each vessel was then sealed and introduced into an 
argon pressurised glove box. Inside the glove box, each sample is transferred into a second clean 
glass ampoule attached to a metal sealing valve such that the whole apparatus is enabled for 
external pumping and isolation (see Fig 5.3).
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Figure 5.3: schematic depicting the apparatus set up for molecular dosing. The ap
paratus is attached to a sealed variable leak mounted on the vacuum chamber of the 
STM and the metal sealing valve is attached to an external turbo pump.

The dosing apparatus is then attached to a variable leak valve (previously baked) mounted 
on the preparation chamber of the Omicron STM system. Once attached, the ampoule is 
immersed in dry ice to freeze the molecule contained within. The apparatus is then connected 
to an external turbo pumping unit with the nupro valve open. The variable leak valve and all 
other metal components of the dosing apparatus are then wrapped in heating tape and baked 
to ~ 150°C' with the turbo pump engaged. Exhaust from the apparatus is pulled through a 
cold finger set-up designed to prevent contamination of the pump and laboratory. This external 
bake procedure is carried out for a period of 24 hours with regular top up of the dry ice.

Following the bake out procedure, the heating tapes are removed and the apparatus is left 
to cool while the turbo pump is still on. During the cool down stage further purification of the 
molecule is carried through several freeze-pump-thaw procedures carried out on the ampoule. 
This procedure involves closing the nupro valve for a time and gently thawing the molecule back 
to room temperature. The nupro valve is then opened again such that the turbo pump can 
remove any gaseous species. This operation will also begin removing the sample molecules from 
the ampoule and therefore it is important to monitor the level of sample remaining. Freezing 
must be initiated at the point when the pressure in the ampoule reaches a level where the 
sample begins to sublime or evaporate at too high a rate. The freeze-pump-thaw operation is 
generally carried out a number of times with the obvious effect of some sample loss. This is not 
a problem since only a small quantity of material is necessary for the experiments that follow. 
Once the freeze-pump-thaw procedures are completed, the metal sealing valve is closed and the 
turbo pump is disengaged and removed from the STM. It is then necessary to remove the cold 
finger apparatus for thawing in a fume hood. Finally the nupro valve is opened for the last 
time and the molecule can then be leaked into the preparation chamber of the STM via the 
variable leak valve while dosing intensity and purity levels are monitored with the quadruple 
mass spectrometer.

5.2.4 Molecular Spectroscopy.

All instances of scanning tunnelling spectroscopy (STS) discussed within this thesis were per
formed in collaboration with a colleague; Dr. Borislav Naydenov within the Boland research 
group. Spectroscopy measurements are carried out at ~ AK in an low temperature Createc
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LT STM which offers enhanced spectroscopic capabilities over the Omicron system. One of the 
most favourable aspects of performing STM at such a low temperature is the virtual elimination 
of thermal drift. Thermal drift of a sample, usually caused by temperature variations in the 
sample holder and its mounting unit under the STM tip is a common occurrence when perform
ing STM at room temperature and can be observed as a movement of the topography scans 
with respect to a defined tip x,y position. This undesired sample motion seriously hampers 
high resolution measurements performed at room temperature unless mechanisms are in place 
to compensate.

Within the LT STM, molecular deposition is carried out in fashion that is similar to that 
described above. However once the deposition process is complete the functionalised surface is 
positioned into a liquid He cooled cryostat with the effect that the sample and sample holder fall 
into thermal equilibrium with surroundings and high stability of the surface is established. Prior 
to initiation of the spectroscopy procedure, tungsten STM tips are inked with Pt metal from a 
Pt source positioned within range of the piezo according to a method described in [Ref. 20]. This 
process is carried out in order to establish a degree of control over the chemical composition of 
the tip and has been successful in generating highly reproducible data with different tips that 
have been individually inked according to this set procedure [Ref. 123]. Once the tip inking 
procedure is complete, topography scans of constant LDOS on the functionalised surface are 
carried oiit in order to identify the molecular configurations and determine a suitable area to 
carry out the spectroscopy measurements. High resolution scans usually on the order of 107(77? x 
107777? are then performed on the area of interest in order to establish that drift effect is negligible. 
A coordinate grid is then superimposed upon the most recent topography scan such that precise 
x,y piezo coordinates (voltages) corresponding to a desired position can be determined. These 
coordinates are used as input to the scanner such that the tip may be positioned over the 
desired coordinate with the feedback loop switched off. Spectroscopy measurements, either 
I — z{V) or / — V{z) are then performed at that coordinate for several inward and outward 
traces and averaged accordingly. Following the spectroscopy me2isurements the tip is retracted 
and the feedback re-engaged such that a final topography scan may verify that the position of 
the feature of interest has remained constant with respect to the coordinate grid. This entire 
procedure is then repeated for other adsorbed molecules in that same adsorption configuration. 
The data from each molecule of a certain configuration type is then grouped and averaged.

5.2.5 Vacuum Deposition of SWCNT.

Discussed in Sec 9.2 of this thesis are the preliminary results of attempts directed at STM 
characterisation of SWCNT structures deposited upon Si(lOO). To achieve this data, a UHV 
SWCNT deposition method was implemented on the Omicron STM system along the lines of the 
methodology set out by Albrecht et al [Ref. 124,125]. In our technique a UHV compatible linear 
drive with electrical feed through ports was used as a support for a tantanium filament ~ Zmm x 
Icrr?. This filament in turn acts as a support for UHV compatible fibre glass mesh previously 
sonicated in isopropanol and loaded with either pristine (as purchased) or chemically processed 
CNT material. The complete apparatus (Fig 5.4) is attached to the preparation chamber of the 
Omicron system during a system vent such that extension of the linear drive will allow direct 
contact between the fibre glass mesh and a Si(lOO) sample positioned on the manipulation arm
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in the preparation chamber. Following typical system bake procedure the fibre glass and the 
CNT material are out gassed by passing an increasing current through the tantanum filament 
until it glows cherry red at around ~ 200°C. Although the temperature specifics of this outgass 
procedure have not yet been quantified, the heating process is implemented nonetheless since 
it is likely to aid desorption of contaminating materials from both the fibreglass and CNT 
material. Following the outgas procedure, the fibreglass and CNT material are left to cool 
while the pressure in the STM returns to UHV conditions. Transfer of CNT material is then 
carried out on a prepared Si(lOO) sample by “stamping” the fibreglass material gently onto the 
Si surface. The sample is then removed and placed in the STM scanning stage where large 
topography scans (2000nm x 2000nm) are implemented in order to locate the stamped area on 
the surface.

linear drine with 
electrical feedthrough

CNT loaded 
UHV compatible 
Fiberglass

Tantanum
Filament

Figure 5.4: Schematic of apparatus constructed to enable in situ UHV deposition of 
CNT on Si (100). UHV compatible fibre glass is loaded with dry CNT material and 
sleeved over a tantanium filament positioned at the end of a UHV linear drive.

5.3 Electrical Characterisation of MWCNT.

5.3 1 MWCNT Sample Details.

The experimental results presented in Sec 9.3 of this thesis have been obtained on two different 
samoles of MWCNTs provided by IMEC colleagues from the Nano/Amps Department at Leu
ven, Belgium. The common via structure, present on both samples, is represented schematically 
in Fig 5.5(a) and (b). The via structures consists of lithography defined 350nm deep vias that 
are itched into Si02 and supported on a tungsten common electrode. The samples differ in 
that either cobalt or nickel catalyst material has been deposition into the bottom of each via 
structure using an electrochemical deposition (ECD) technique. The amount of catalyst mate
rial ieposited in the via also differs for the two different via samples. The SEM images given in 
Fig 5.6(a) indicate that that in the case of Co deposition, the via is filled to a significant extent 
of ^ lOOnm with the metal, while in Fig 5.6(b) for the case of the Ni sample, ECD deposition 
gives a thinner layer of Ni nano particles on the bottom of the via. Subsequent to catalyst de
position, both samples are sent for catalyst-activated MWCNT growth using chemical vapour 
deposition (CVD).

Fig 5.7(a) and (b) are representative SEM images for both the Co and Ni via samples after
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Figure 5.5: (a) and (b) are schematics of the two MWCNT via samples used in this 
work. The samples differ in the catalyst particles used to initiate MWCNT growth by 
CVD
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Figure 5.6: Cross sectional SEM images of via structures following electrochemical 
deposition of the Co(a) and Ni(b) catalyst metals.
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the completion of MWCNT growth by CVD. The SEM images enable significant analysis of 
the samples of MWCNT’s just from visual inspection alone. In the case of the Co catalyst 
sample (Fig 5.7(a)), SEM images reveal a high yield of MWCNT’s within the vias. The tubes 
exhibit a kinked and irregular structure but the tube lengths are uniform across the sample 
and typically in the range of 1-2/rm. Higher resolution SEM images also reveal that in this 
sample the MWCNT’s takes on the diameter of the defined via, thus tubes in this sample have 
a diameter of approximately 130nni.

In the case of the Ni catalyst sample (Fig 5.7(b)) the yield of tubes is significantly less. 
This reduced yield of tubes has been attributed to a non-optimised etch procedure of the vias 
resulting in vias that were still closed to the tungsten bottom electrode and thus did not take 
up catalyst particles during the electro deposition stage. The uniformity in the length of the 
tubes is also reduced over the Co case and tube lengths now vary typically in the range from 
400nm to 4//m. The MWCNTs do however, appear to be of higher quality (at least visually) 
and do not exhibit the kinked structures evident in the Co catalyst sample. Also noteworthy 
and evident from the SEM images is the fact that the Ni catalysed tubes do not completely 
fill the available area provided by the via, and typical tubes have diameters of approximately 
50nni.

Figure 5.7: SEM images (a) and (b) are of MWCNT grown by CVD from electrochem- 
ically deposited Co and Ni respectively

5.3.2 The Nanoprober System.

Fig 5.8(a) shows an individual Kleindiek MM3A nanoprobe while Fig 5.8(b) displays an image 
of four nanoprobes mounted on a probe cradle before insertion into an compatible SEM stage. 
The rotational movement of the arm is driven by two perpendicular rotational piezoactive 
motors RM-1 and RM-2. The first motor RM-1 is to the left of Fig 5.8(a). This motor controls 
the horizontal or 0 angle rotation of the arm. The second motor RM-2 is to the right of the 
first motor, and this motor controls the vertical or 6 angle rotation using spherical coordinates. 
Together these two rotational motors enable the arm to move on a surface of a sphere with an 
accuracy of about 2.5 nm [Ref. 126]. The radial movement of the tip, which is mounted at the
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end of the arm, is controlled by an additional piezoactive motor which drives the radial motion 
of the arm, and the finest step of this radial motion is 0.25nm. The range of the motion of the 
rotation motor can be as large as 180 degrees, while that of the radial motion is 12mm. All 
three motors can be driven with varying speed which allow a coarse or fine approach of the tip 
toward the point of interest on the sample.

' -•4

Figure 5.8: (a)Individual Kleindiek nanoprobe with tip monnted. (b)Four nanoprobers 
mounted on probe cradle ready for insertion into compatible SEM stage.

The arm of the nanoprober is also connected via a triaxial, low noise cable back to the 
Keithley 4200 SCS system. The fnndamental instrument module utilized by the 4200-SCS 
is the Source-Measure Unit (SMU). The basic function of an SMU is to perform one of the 
following source-measure operations:

Source Voltage: Measure Current and/or Voltage.

Source Current: Measure Voltage and/or Current.

Individual SMU’s are controlled with the Keithley Interactive Test Environment (KITE) soft
ware where the user may define potential sweep, delay, sample rate and compliance values. The 
combined nanoprobe - electrical measurement system means that each probe can be used to 
supply/sense a local potential/current at the nanostructure under investigation.

5.3.3 Metal Deposition on Tungsten Probes.

Discussed in Sec 9.5.3 are the electrical contact characteristics of tungsten, indium and palla
dium metals with MWCNT. In order to facilitate these measurements, as manufactured tung
sten probes are coated with either indium or palladium metals to provide tips for comparison 
experiments. In the following paragraphs the procedures for the deposition of these metals on 
the tungsten probes are described.

Indium Deposition

Deposition of indium metal is carried out using the technique of DC potential amperometry 
(DCA). In this technique a metallic salt is dissolved in water and dissociates to form positively
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charged ions. The solution that contains these charged ions is referred to as an electrolyte or a 
plating solution. For the deposition of indium, the electrolyte solution consists of 0.05A/ InCl3, 
0.2A/ KCl and 0.005A/ HCl which gives a plating solution with pH of approximately 2.7. By 
passing a sufficient amount of electric current through this electrolyte, one can reduce the metal 
ions in the electrolyte to form solid metal on an appropriate electrode surface according to the 
following equation;

+ 3e In (5.2)

Another useful equation is shown below in Eq 5.3 where the total cathodic charge Q 
(coulomb) used in the deposition, is the product of the number of moles per gram of the 
metal deposited m, the number of electrons taking part in the reduction n, Avogadro’s number 
Na (the number of atoms in a mole), and the electrical charge per electron Qe (coulomb). To 
reduce one mole of a given metal, n moles of electrons are therefore required.

Q = mnNaQe (5.3)

The product of the last two terms in the Eq 5.3 is the Faraday constant, F. Therefore, the 
number of moles of metal reduced by charge Q can be obtained as:

m = Q/{nF) (5.4)

The total charge used in the deposition can be obtained as the product of the current I (ampere) 
and the time of deposition f. (second), if the deposition current is held constant. If however the 
current varies during electro deposition, we arrive at the following equation.

Q -I Idt

And so the number of moles deposited can be calculated as:

m = [ Idt
nF J

(5.5)

(5.6)

The weight of the deposit w (gram) can now be obtained by multiplying the equation above 
by the atomic weight Mw of the deposited metal. To calculate the thickness of the deposit, we 
have to use the density of the metal D {gram/cm^), where V is the volume of the deposited 
metal in am?, A is the area of the deposit in cm^, and T is its thickness in cm.

D = w/V = w/{AT)

Solving for the thickness we arrive at the following equation:

T = w
'ad ^ nFAD / Idt

(5.7)

(5.8)

In our set-up, (Fig 5.9) electro deposition of indium is carried out in a three electrode 
electrochemical cell that contains a ‘working electrode’ (tungsten probe), a ‘reference electrode’
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(Ag/AgCl), and a ‘counter electrode’ (indinin plate). The first of the three electrodes is the 
working electrode where the electrochemical deposition takes place. It should also be noted that 
prior to deposition the working electrode (ie. the tungsten probe) is etched in a concentrated 
solution of ammonium hydroxide in order to remove the tungsten oxide layer on the probes. 
The second functional electrode is the reference electrode. This is the electrode whose potential 
is constant enough that it can be taken as the reference standard against which the potentials 
of the other electrodes present in the cell can be measured. The final functional electrode is 
the counter or auxiliary electrode which serves as a source of electrons so that current can be 
passed from the external circuit through the cell.

V h
Tungsten probe 1
Working electrode Ag 1 AgCI

Titanium plate 

Counter electrode

Figure 5.9: Schematic for a three electrode electrochemical cell

An examination of Eq 5.8 gives an indication of the variables that can be altered in order 
to control the deposition thickness of indium on the tungsten probe tips. These are as follows:

1. Q (the cathodic charge): function of the voltage V and deposition time t.

2. A (the area of deposition): controlled by the depth of the tip immersed in the electrolyte 
solution.

During the course of this work these parameters have been optimised in order to attain a 
deposition thickness in the range of lO-lOOnm on the probes. This deposition thickness T, 
guarantees the ability of the probe to contact individual nanotubes and avoid surface adhesion 
issues caused by lower deposition thickness. Typical values used are:

1. Applied potential V set to IV.

2. Deposition time t set to 0.5 to Isec.

3. Immersion depth set to approximately 2mm.

Fig 5.10 plots the I{t) data obtained for the deposition of indium on 4 different tungsten 
tips. Tip 1 and 2 both undergo deposition times of l.sec with the potential set to IV. Tips 3
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tipi Q= -8.308E-5 
tip2 Q= -5.256E-5 
tip3 Q= -4.450E-5 
tip4 Q= -6.132E-5
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Figure 5.10: Current versus time {I/t) data for electro deposition of indium on tungsten 
probes.

and 4 indergo deposition times of O.Ssec with the same potential. The curves are integrated 
and tin Q values for each procedure are also displayed on the figure. Variations in the Q values 
are carsed by different immersion depths between different tips which alters the current flux at 
the tip apex during deposition. Despite these variations, Q is of the order of 1 x 10“^ coulombs. 
The surface area of the tip which is exposed during deposition is estimated to be 0.0025c7n^ 
(assuiilng a hemispherical area with a tip radius of 0.2mm). This means that these depositions 
result n indium thickness of the order of tens of nm..

nF AD / IdtT = (114.818)(Qi)
(3)(96485)(0.0025cm2)(7.31sf/crrj,3)

= 1.7j:10“'^c (5.9)

Fij 5.11 displays two SEM images of different tips that have undergone In deposition and 
subsequent damage while attempting measurements. Examination of the images allows an 
estimadon of the indium deposition thickness. In Fig 5.11(a) the deposition thickness is too 
thin aid subsequent attempted tube measurements using the probe remove the indium layer 
from tie tungsten. All measurements that were recorded using this tip were deemed invalid 
and not considered in the metal comparison experiments discussed in Sec 9.5.3. Fig 5.11(b) 
displays the damage to an indium coated tip induced by initialising probes before attempting 
tube neasurements. A small amount of the indium layer has attached itself to the second 
tungstm probe and reveals that the indium thickness on the coated probe is approximately 
50nm md sufficient for measurements. The second tungsten probe is damaged however,(the tip 
is no longer of tungsten metal) and is no longer useful for metal comparison experiments.
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Figure 5.11: SEM images of damaged In coated probes

Palladium Deposition

Palladium probes were prepared by colleagues in the AMPS/NANO department of IMEC. The 
deposition of palladium on the tungsten probes was carried out using a technique known as 
damped deposition at 80 - 100 °C. Prior to deposition of the palladium metal, the tungsten 
probes undergo a preparation procedure as follows:

1. Tungsten tips are dipped in buffered HF solution to remove oxide

2. Tips are immediately dipped in H2O for rinse

3. Tips are then dried with a Nitrogen gun

4. Tips are then attached to a mounting plate with Kapton tape and are ready for Pd 
deposition

In all, four palladium coated tips were manufacture by this method. However subsequent 
SEM analysis revealed that the tip apex on the probes had undergone curling as displayed 
in the SEM image of Fig 5.12(a). The curling of the tip apex prohibits the contacting of 
individual tubes and is likely a result of the drying procedure carried out using the nitrogen 
gun or due to heating effects encountered during deposition of the palladium metal. It was 
possible however, during the original SEM analysis of the probes, to reshape two of the four 
tips by pulling the apex of one probe against the shaft of another. The procedure was difficult 
and time consuming to perform but did result in two probes that facilitated individual tube 
measurements on the via samples. One of the repaired Pd coated probes used for measurements 
is displayed in Fig 5.12(b).

5.3.4 Sample Preparation

The Kleindiek nanoprober system, consisting of four nanoprobers around the SEM stage, offers 
the facility of different measurement techniques on the device of interest by varying the number 
of nanoprobes in use during a measurement. Thus two-probe and four-probe measurements can 
be carried out on appropriate samples. It is also possible to use one nanoprober to connect to a 
backside common electrode on an appropriate sample and thus perform single probe measure
ments where the back common electrode on the sample is used to complete a circuit. In our
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Figure 5.12: SEM images of damaged and repaired palladium probes

experiments we employ different measurement set-up’s due to limitations determined by sam
ple structure. The measurement set-up techniques are discussed individually in the appropriate 
results sections of this thesis.

5.4 Computational Experiments

5.4.1 Surface Reconstructions

All geometry optimisation calculations performed in this thesis are carried out using supercells 
of constant volume that reproduce the lattice parameters of bulk silicon crystal in the x and y 
plane. Variable cell calculations are available in CASTEP and DMoF codes but these calcu
lations are usually performed when attempting to geometry optimise a material for which the 
lattice parameters and atomic positions are not even approximately known. In these situations, 
placing constraints on the size and shape of the supercell i.e. a constant volume calculation, 
would affect the result and therefore a ground state structure with a large lattice constant 
might not be found if a small supercell was used which confined the atoms to be too close to
gether. Given that the lattice parameters 2issociated with bulk Si crystal have been established 
experimentally [Ref. 73],volume relaxations of bulk Si crystal were not considered within this 
work.

Instead, the geometry optimisations employed herein focus on providing surface reconstruc
tions of the Si(lOO) surface and the adsorption configurations of organic molecules chemisorbed 
on that surface. The accepted methodology adopted in these types of calculation is to optimise 
only a few important layers of the structure while constraining the central layers to the exper
imentally determined bulk coordinates. In this respect all molecule/surface reconstruction are 
limited to only a few layers top and bottom of the periodic slab. Systematic reduction of the 
error associated with this necessary approximation can be achieved by increasing the number 
of non constrained layers in the calculation with the obvious increases in computational cost.

Optimisation of the Si(lOO) surface with respect to the number of uncomstrained layers, 
vacuum height, plane wave cut-off and k-point sampling has been examined in detail by Eames et 
al. [Ref. 127] using the CASTEP code. Thus, for the CASTEP surface optimisation calculations 
described herein, values for the optimisation parameters are taken largely from that work i.e H 
termination of bottom Si layer, vacuum gap of ~ 15 A, plane wave cut-off of > 370eV where
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possible and a k-point sampling density corresponding to ~ 0.04 Convergence checks are
also carried out for higher values of plane wave cut-off and k-point sampling for a fixed number 
of unconstrained layers checking the total energies remain < Q.QleV/atom and that the Si(lOO) 
surface dimer bond angle is unchanged.

For calculations performed under the DMol^ code there is less freedom available towards 
systematic parameter convergence checks in geometry optimisation calculations. Values of B.cun 
in DkloP are optimised for a particular integration quality level of the calculation and in this 
respect the highest quality level settings are chosen for all the calculations performed under 
this code. Given that vacuum space does not add to the computational cost under DMol^, 
it is increased to ~ 15 A. Choice of basis set under DMol^ is also arbitrary and therefore 
the DNP basis set chosen herein is based on its successful publication record when examining 
similar systems to those considered here i.e. organic molecules on Si(lOO) [Ref. 128,129]. K- 
point sampling density checks are performed however, and these additional calculations involve 
checking that the total energies remain < Q.Q\eV/atom and that the Si(lOO) surface dimer 
bond angle remain constant.

5.4.2 Bandstructure Plots.

In chapter G bandstructure plots are used in an analysis of the frontier crystal wave functions 
of Si(lOO). A DFT bandstruture plot is essentially a spectrum of the Kolm-Sham eigenval- 
\ies for a selection of high symmetry k-points mapping out the Brillouin zone of the periodic 
solid. The bandstructure calculation is usually performed following a total energy calculation 
for the solid. In this fashion the total energy, wave functions and electron density are calcu
lated self-consistently using a homogeneous k-point mesh based on the Monkhorst-Pack scheme. 
Following this, the eigenvalues corresponding to a desired k-point path along the high symme
try directions of the reciprocal cell are calculated non-self-consistently using the self-consistent 
charge density from the previous run. In the bandstructure plots calculated within this thesis 
only the dispersion of the eigenvalues across the surface reciprocal directions are considered and 
thus the coordinates of the k-points are taken from the surface Brillouin zone rather than that 
of the bulk crystal. The surface Brillouin zones and the relevant k-point coordinates are given 
in the appropriate results sections of this thesis.

5.4.3 Electron Density of States.

Another useful analysis of DFT data enabled under the CASTEP and DMol^ codes is the elec
tron density of states (DOS) which is essentially a band structure plot integrated with respect 
to the energy. In Sec 8.3 of this thesis PEDOS data or partial (ion and 1 and m decomposed) 
electronic density of states which is a variation on the EDOS spectrum and available under the 
CASTEP code is used to track specific orbital interactions between a metal probe and the C=C 
bond of an adsorbed 1,3 cyclohexadiene molecule on Si(lOO). PEDOS plots are implemented 
in the CASTEP code under the scheme set out by Sanchez-Portal et al. in [Ref. 130]. The 
general methodology is to project the self consistent wave functions obtained from a total en
ergy calculation onto spherical harmonics that are non zero within spheres of a specified radius 
around each ion represented within the supercell. The spherical harmonics have properties that 
can be likened to the atomic wave functions or orbitals of any particular ion in the spirit of
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an LCAO basis set. The analysis is useful in that it provides a MO picture of the interactions 
that are unavailable through standalone DFT methods. Approximations are inherent within 
the analysis since the projection of the self consistent wave functions can not always provide 
an exact overlap onto the spherical harmonics and therefore a spilling parameter is also output 
with PEDOS analysis. Usually the spilling parameter can by reduced by increasing the sphere 
radius around each ion however if the results of PDOS are used purely as a qualitative tool in 
the interpretation of data then a spilling parameter of < 5% is deemed sufficient [Ref. 131,132].

5.4.4 Mulliken Analysis.

The Sanchez-Portal projection method can also be used to provide a Mulliken analysis [Ref. 133] 
on a system of interacting ions from plane wave DFT results. Generally the procedure as 
implemented in CASTEP and set out by Segal et al. [Ref. 134] involves defining an overlap 
matrix S^i.(/c) and density matrix from the projected LCAO basis set of the form
which can be individually represented as follows;

S^„{k) =< (pf,{k)\(t)^{k) >
P^k) =<cP^{k)\mW'{k)>

In Eq 5.10, p{k) is the density operator which may be defined as

occ

pik) = Xa(A-) >< X°{k) I,

(5.10)

(5.11)

where ria represents the occupancies of the plane wave states (n^ = 1,2), |yQ(fc) > are the 
projected eigenstates and < x'^{k)\ are the duals of these states such that;

< Xa{k)\x^{k) >=< x^{k)\X0ik) >= (5.12)

Given a representation of 5^j/(A:) and F)j^(A:), charge partitioning can be implemented ac
cording to the Mulliken formalism [Ref. 133] where the charge associated with a given atom 
A, <5A/(A) and the overlap population between two atoms A and B, nM{AB) are given in 
Eq 5.13 [Ref. 134].

onA

Qm{A) = ^u;,^^P^,(A:)5,,(A:)
k ^

onA onB

nA/(AR) = ^u;fc^^2P^,(fc)S,;,(A:)

(5.13)

A important fact concerning the Mulliken analysis as implemented through plane wave DFT 
, is that the absolute magnitude of the atomic and overlap charges yielded from Qm{A) and 
nu{AB) exhibit a high degree of sensitivity to the atomic basis set with which they were 
calculated. In other words, the Mulliken analysis depends largely on how one constructs the 
LCAO basis onto which the Kohn-Sham wave functions are projected. It is therefore important
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to only use the results of a Mulliken analysis solely in a qualitative fashion through consideration 
of the relative values of Mulliken populations, in contrast to their absolute magnitudes [Ref. 135].
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Chapter 6

DFT Analysis; Applicability of 
the Woodward-Hoffmann rules 
on Si(lOO).

6.1 Introduction.

DFT analysis carried out within this thesis begins with an exainination of the frontier wave 
functions corresponding to the Si(lOO) surface reconstructions. The theoretical analysis is 
motivated by the issues raised in Sec 4.4.2, where the overall applicability of the Woodward- 
Hoffamnn rules as applied to organic reactions on the Si(lOO) surface was questioned. The crux 
of this issue is that even though C=C bond containing organic molecules are observed to form 
products on Si(lOO) that can be treated as resulting from cycloaddition like reactions, much of 
literature studies hold the view that the reactions proceed via a diradical intermediate and/or 
7r-complex precursor mechanisms [Ref. 83,95,96,136-141] rather than along a concerted route 
that could imply a violation of the Woodward-Hoffmann rules. The critical reaction in these 
investigations i.e. the reaction that is most often cited as providing direct evidence against 
the applicability of the Woodward-Hoffmann rules, has been the experimental observation of 
Woodward-Hoffmann forbidden [2-1-2] products in the chemisorption of C2H2, C2H4, and many 
other small organics on Si(lOO).

Fig 6.1 is a schematic representing three possible mechanisms as proposed in the literature 
[Ref. 95] for the reaction of C2H4 on Si(lOO). Given the discussion presented above and in 
Sec 4.4.1 it becomes worthwhile at this point to examine specifically why the concerted [2-1-2] 
reaction is considered under the Woodward-Hoffamnn rules to be forbidden on this surface. 
As indicated in Fig 6.1(a) the traditional view is that the phase of the two reacting wave 
functions (the molecular tt and the dimer tt* or vice versa) are of incommensurate symmetry 
to allow the concerted reaction to proceed. This argument has been used by many authors to 
proposed that the actual [2-1-2] reaction must proceed through an alternative process such as 
the di-radical or precursor mechanisms as indicated in Fig 6.1(b) and (c) where the Woodward- 
Hoffmann rules are superfluous. Despite the preference in the scientific publications towards
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(C)

Figire 6.1: (a) Concerted ,(b) biradical and (c) precursor complex reaction mechanisms 
for the [2+2] ethene product on Si(lOO). The concerted reaction is traditionally consid
ered forbidden because the phase of the interacting wave functions are incommensurate.

inte'mediate mechanisms when describing the [2+2] reaction on Si(lOO), there is experimental 
and theoretical evidence that remains at least partially unreconciled with these internrediate 
schnnes. The following short literature review is provided to draw attention to some of this 
evicence.

6.2 Evidence for concerted cycloaddition on Si(lOO).

Evidence at odds with any stepwise mechanism and in favour of the concerted [2+2] reaction 
inedianism can be taken from the observation of high steroselectivity reported [Ref. 95,96,136] in 
the 2+2] cycloadditions of cis and trans-2-butene on Si(lOO). As the authors mention [Ref. 136], 
'‘foi a stepwise mechanism to show such a high degree of steroselectivity requires that the 
fornation of the second Si-C bond occur before rotation of the stero defining C-C bond”. 
Whle this particular requirement may not be unreasonable, the subsequent investigation in 
tha; publication observed that increasing the temperature of the reaction (thereby increasing 
the probability of the C-C rotation) did not bring about the expected significant increase in the 
deg-ee of isomerisation of the products. Despite this surprising evidence, the authors explained 
the result in a manner consistent with the di-radical mechanism of Fig 6.1(b) by suggesting 
tha: the barriers for ring closure and C-C rotation are probably similar therefore accounting for 
a ether a weak increase or decrease in isomerisation as a function of temperature depending 
on ihe relative heights of the two barriers.
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In a separate study [Ref. 137], often cited as providing direct evidence for an intermediate tt 
complex precursor state via HREELS measurements, further questions are raised. The authors 
showed that the tt complex precursor state (Fig 6.1(b)) and the [2+2] ethylene cycloaddition 
product coexist at low temperature (even at low coverage) and the reaction from the precursor 
state to the [2+2] product will not proceed at 48K. Their supporting periodic slab based DFT 
calculations predicted that the diradical intermediate state was not stable thus raising the 
question how the remainder of the reacting molecules found their way to the [2+2] product.

Another interesting property of the [2+2] reactions on Si(lOO) concerns the tendency for 
the molecules in question to adopt p(2x2) or c(4x2) order on the surface at coverages < 0.5ML 
[Ref. 142]. Other experiments [Ref. 143,144] have shown that the rate of adsorption decreases 
significantly for surface coverage corresponding to 0.5 — lAIL with the eventual establishment 
of p(2xl) order for the reacted molecules at \ML. Steric repulsions between neighbouring 
products were proposed as the origin of this behaviour in the case of larger molecules such as 
[2+2] product of 1,5 cyclooctadiene on Si(lOO) [Ref. 14]. However, smaller molecules such as 
ethene [Ref. 142,145] and ethyne [Ref. 146] also show this behaviour de.spite having significantly 
smaller van der Wall radii and adsorption energies that differ little between 0.5 and IML 
coverage [Ref. 147]. The evidence here and in the above paragraph is consistent with competing 
reaction mechanisms which prevail independently at different surface coverages .

Recently, in response to these features of the [2+2] cycloaddition reaction on Si(lOO), the 
possibility of the concerted scheme has re-emerged as a plausible mechanism. In an examination 
of the reaction of ethene on Si(lOO), Fan et al [Ref. 148] proposed that symmetry allowed 
HOMO - HOMO interactions between the molecule and the dimer could give rise to an energy 
lowering and ultimately bonding interaction provided two of the four contributing electrons are 
accommodated by the Fermi level of the extended surface instead of the energy raising orbital 
resulting from a HOMO-HOMO interaction. Energy lowering LUMO-LUMO interactions are 
also allowed under this scheme provided the energy lowering orbital is occupied by electrons 
that originate from the Fermi level of the surface.

6.3 Theoretical Approach.

Fig 6.2 provides a starting point towards an examination of the frontier orbitals corresponding 
to the Si(lOO) surface reconstructions. The model presented in Fig 6.2(a) is a representation 
for the unit cell corresponding to the p(2 x 1) Si(lOO) surface reconstruction which, although 
energetically unstable, provides important insights into the origin of the interactions that exist 
on the lower energy Si(lOO) c(4 x 2) configuration. The important atomic orbital basis functions 
indicated in the model are the Si 3pz orbitals on each Si dimer, from which the p(2 x 1) 
Si(lOO) TT and tt* surface electronic bands are derived. To return the full set of crystal wave 
functions (frontier orbitals ) that serve to build these electronic bands is impossible. Instead, 
the following analysis will consider only the crystal wave functions (CWs) at the critical k-points 
in the irreducible surface Brillouin zone, which is represented along with the Wigner-Seitz cell 
for the p(2 x 1) Si(lOO) reconstruction in Fig 6.2b. Given the periodic nature of the surface, 
the CWs must posses the same translational symmetry as the unit cell and differ only by a 
phase factor given by a appropriate k-vector. With this in mind, it is possible in Fig 6.2c 
to plot out the nodal characteristics of the tt and n* CWs at the high symmetry k-points
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Figure 6.2: (a) The Si Pz orbitals interact to form tt and tt* states on each dimer of 
the Si(lOO) surface, (b) Schematic of the Wigner-Seitz cell(green) and 1** Brillouin 
zone(blue) for the p(2xl) Si(100)surface. The symmetric (4x2) model is constrncted 
by repeating the p(2xl) unit cell along the al and a2 lattice directions, (c) The entire 
TT (and TT*) surface electronic band of the p(2xl) Si(lOO) surface can be built by the 
mixing of four CWs that account for the different momentum of individual CWs across 
the Brillouin zone.

[(0,0), (5,0), (0, |) and (|, ^)] where the F point has zero phase inversion, the J’ point has 
phase inversion along the dimer row, tlie J point with phase inversion across the dimer row 
and the K point with phase inversion in both directions. These eight high symmetry CWs 
correspond to a MO approximation of the irreducible representations of the iiiBnite number 
of TT and TT* CWs that serve to build the entire tt and tt* electronic bands. Thus, any CW 
contributing to the tt and tt* bands may be built by some linear combination of the CWs 
plotted above.

In order to accurately examine the energetics of the predicted CWs, DFT geometry op
timisation and band structure calculations available through the algorithms implemented in 
DM0L3 [Ref. 149,150] are carried out. Physical wave functions in these calculations were 
expanded in terms of a DNP basis set in an all electron regime and each basis function was 
restricted to a Rcutt = 4.6 A. The exchange-correlation potential was evaluated with the gener
alized gradient approximation of Perdew-Wang [Ref. 53] and the Monkhorst-Pack [Ref. 58,59] 
k point grid used in the geometry optimisation calculations had a spacing of 0.04 A“^. Con
vergence thresholds implemented during geometry optimisation calculations for energy change, 
maximum force, and maximum displacement between optimization cycles were set to 2x10“^ 
Ha, 0.004 Ha/A and 0.005 A respectively.

Fig 6.2(a) gives a representation of the periodic model used to calculate the band structure 
of the Si(lOO) p(2xl) surface. The model contains six Si layers in a periodic supercell with
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vacuum separation of (~ 15A) where the sixth layer is constrained to bulk Si positions and 
terminated by H atoms. In order to calculate the properties of this energetically unfavourable 
symmetric Si dimer configuration the initial geometry optimisation calculations involved ter
minating each of the uppermost Si atoms with a single H atom each. This mono-hydride 
terminated Si(lOO) surface structure is known to preserve the symmetric dimer configuration. 
Following the geometry optimisation of the mono-hydride system the two surface H atoms are 
removed and the dimer Si atoms are constrained in the z coordinate before a final geometry 
optimisation run and band structure calculation.

In the analysis of the frontier wave functions it is useful to examine the phase information 
of the TT CWs at the symmetric k points. This involves computing the wave functions of 
the o]:)timised Si surface model for volumetric rendering. In DMOL^ the availability of wave 
functions for volumetric rendering is limited to those wave functions at the T point only. In 
order to examine CWs at the J.J’ and k points it is possible to utilise the concept of Brillouin 
zone folding, whereby increasing the size of the p(2xl) unit cell by a factor of two in the ai and 
02 directions the CWs corresponding to the J,K and ,1’ points are folded back onto the T point 
of the new symmetric (4x2) nnit cell (shown schematically in Fig 6.2b) and become available 
for plotting following a single point energy (SPE) calculation.

6.4 Results.

6.4.1 Si(lOO) p(2xl) unit cell.

In Fig 6.3 the tt and tt* band dispersion for the p(2xl) Si(lOO) reconstruction is plotted along the 
direction that represents the boundary of the 1** Brillouin zone for that surface reconstruction. 
The band structure plot is in good agreement with previous studies [Ref. 151,152] and shows a 
metallic surface electronic structure for the symmetric dimer model with the greatest dispersion 
(~ 0.75eC) occurring along the T - J’ and J - K directions and consistent with the presence 
of long-range interactions between dimers along the dimer row. The dispersion along the T - J 
and K - J’ directions is weaker (~ 0.2eV for the tt band) indicating a limited interaction across 
the Si dimer rows. Also plotted in Fig 6.3 are the isosurface slices (cut-off density 0.015 eA~^) 
of the CWs corresponding to k points F ,J, J’ and K that resnlt from the SPE calculation of the 
symmetric (4x2) unit cell. An immediate striking observation is that two of the four tt* CWs 
of the symmetric dimer surface are actually filled since they are energetically located below the 
valence band maximum (set at 0 eV) in the band structure plot. Thus, the tt* K and J’ CWs 
for the p(2 x 1) Si(lOO) reconstruction have in fact, both the correct occupancy and symmetry 
to facilitate a concerted and energy lowering interaction with the LUMO of a reacting ethene 
or ethyne molecular fragment in a manner that would be Woodward-Hoffmann forbidden for a 
molecule-molecule interaction. The important result obtained from this data set is that for the 
case of an extended periodic p(2xl) Si(lOO) surface, an “allowed” [2-1-2] concerted reaction may 
proceed in a symmetry allowed fashion. Thus, while the reaction with a isolated symmetric 
dimer may be Woodward-Hoffmann forbidden, the reaction becomes allowed when considering 
a surface comprised of an array of interacting symmetric dimers.



6.4 Results. 106

nj

7ir

KK

KJ'

Figure 6.3: Band structure and CWs for the symmetric p(2xl) Si(lOO) reconstruction. 
Two of the four tt* CWs are energetically located below the valence band maximum 
(set at 0 eV) providing the appropriate symmetry on the Si dimer for a concerted [2+2] 
reaction with the LUMO of a C=C bond.
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Figure 6.4: (a) Schematic of the optimised Si(10()) asymmetric c(4x2) cell which results 
from a complete optimisation of the Si(lOO) symmetric (4x2) cell. Geometric informa
tion corresponding to the indicated labels are available in Table 6.1. (b) CWs (labelled 
as in the p(2xl) system) associated with the optimised configuration and their energy 
ordering relative to the p(2xl) CWs of Fig 6.2.

6.4.2 Si(lOO) asymmetric (4x2) cell.

Our analysis is now turned towards the ground state configuration of the Si(lOO) surface which 
can studied to a first approximation by releasing the geometric constraint on the symmetric 
(4x2) unit cell discussed above and allowing that model to relax to its (4x2) asymmetric ground 
state during a geometry optimisation calculation. It should be mentioned here that the sym
metric (4x2) model supplied as input to this calculation is not the Wigner-Seitz cell for the 
c(4x2) Si(lOO) surface (discussed below) but has sufficient dimers both along and across dimer 
row directions to accommodate the appropriate reconstruction. The results of this geometry 
optimisation calculation are shown schematically in Fig 6.4(a) and accompanied by Table 6.1 
which details the associated bond lengths and buckling angles for the reconstruction. Also plot
ted (Fig 6.4(b))are the CWs (labelled as for the p(2xl) system) associated with the optimised 
configuration and their energy ordering relative to the p(2xl) CWs of Fig 6.2.

Following geometric optimisation, the symmetric (4x2) model reorganises to give the Si(lOO) 
(4x2) surface reconstruction characterised by alternating buckled dimers along and across the 
dimer rows. The net decrease in the energy of the system is calculated to be 0.93 eV or 0.23
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Figure 6.5: Schematic illustrating the node / CW energy ordering for the Si(100)c(4x2) 
reconstruction. Nodes in the CWs indicated by the transparent intersecting planes 
contribute to charge localisation and dipole formation.

eV/dimer in good agreement with the published data [Ref. 151-]54](see Table 6.1) given the 
initial constraints imposed during optimisation of the symmetric (4x2) model.

Once again, the phase information and energetic ordeiing of the CWs output following 
an SPE calculation of the asymmetric (4 x 2) Si(lOO) cell deserve comment. For the (4x2) 
reconstruction it is evident that two of the four tt CWs, the tt.J and ttF, show phase structure 
that is consistent with a node in the wave function across the Si dimer. Therefore, as in the case 
of the p(2 X 1) reconstruction, these CWs are capable of accommodating a [2+2] reaction with 
the LUAIO of a reacting ethene or ethyne molecular fragment in a symmetry allowed fashion. 
An interesting observation at this point is that the ttJ and tt T CWs associated with the (4x2) 
reconstruction show phase symmetry consistent with the two occupied tt* CWs which facilitate 
the concerted [2+2] reaction on the p(2xl) surface. It is proposed here, that the energetic cost 
associated with a node across the buckled dimer in the ttJ and ttT CWs of the (4x2) surface is 
offset by an alternative bonding arrangement between the up Si dimer atoms along the dimer 
row.

The energetic ordering of the states on the asymmetric c(4x2) reconstruction is also interest
ing and can be rationalised by considering the electrostatic interactions between neighbouring 
buckled dimers. It is well established [Ref. 12] that the asymmetric Si dimer in the (4x2) Si(lOO) 
reconstruction is accompanied by charge transfer from the lower to the upper dimer Si atom 
and establishes a bond dipole across the dimer. On the other hand, nodes that are present in 
the CWs between neighbouring dimers contribute to the charge localisation thereby facilitating 
electrostatic interactions between individual dipoles on neighbouring dimers. A schematic of 
the node / CWs energy relationship is depicted in Fig 6.5 where a node in the CWs between 
dimers along the dimer row has a large energy decreasing effect whereas a node between dimers 
across the dimer rows has a small energy increasing effect. Using this scheme it is possible to 
rationalise the CW energy ordering of Fig 6.4.
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6.4.3 Si(lOO) V5x ^/5 R63.15 unit cell.

In order to fully examine the band structure and CWs of the Si(100)c(4x2) reconstruction it 
is necessary to consider the Wigner-Seitz cell and Brillouin zone that describe the surface. 
These are depicted schematically in Fig 6.6(a) where the primitive unit cell is characterised 
by vectors ai and a2 that define a rhombic \/5 x %/5 i?63.15° lattice and the corresponding 
reciprocal cell is described by vectors bi and 62. There are two dimers contained within the 
unit cell and the interaction between them is responsible for the creation of two tt and two tt* 
bands in the band structure of the extended surface. The surface Brillouin zone for the c(4x2) 
reconstruction is an elongated hexagon and is bounded by the high symmetry k points F , Y, Y’ 
and .7. Fig 6.6b shows the geometry optimised rhombohedral periodic model used to calculate 
the band structure of the c(4x2) surface. The model contains 12 Si layers in the supercell with 
a vacuum separation of ~ 20 A. The fifth to eight central Si layers (red) are constrained to 
their bulk positions during the geometry optimisation and dimers on the underside of the slab 
are capped with H atoms. Optimisation parameters are identical to those used in the previous 
models. Tire calculated structural information for the optimised model (\/5 x \/5) is listed in 
Table 6.1 and compares favourably with the data from the of the asymmetric c(4x2) model.

Figure 6.6: (a) Schematic of the Wigner-Seitz cell (green) and 1** Brillouin zone(blue) 
for the c(4 x 2) Si(lOO) surface, (b). Geometry optimised rhombic \/5 x \/5 unit cell 
model for the c(4 x 2) Si(lOO) reconstruction. The central Si layers (red) are constrained 
to bulk positions during optimisation. Geometric information is available in Table 6.1.

In Fig 6.7 the band dispersion calculated using the geometry optimised rhombic \/5 x y/h 
Si(lOO) unit cell is plotted along the directions that represent the boundary of the 1®* Brillouin 
zone. The band stinicture predicts a semiconducting electronic structure with an indirect band 
gap of 0.4eV. In general the overall detail of the band structure compares favourably with the 
previous work; however there are differences in the bandwidth and bandgaps that are due to 
the different levels of computational approximation applied in each of the theoretical studies. 
In fact the results presented here at the GGA level falls between between the local density 
approximation (LDA) level (known to underestimate band gaps) of [Ref. 152] and the LDA 
+ GW approximation of [Ref. 153]. The comparisons have been tabulated and compared to 
experimental data in Table 6.2.

Once again it is useful to examine the CWs associated with the band structure plotted in 
Fig 6.7b. The method of examination is the same as the p(2xl) case in that an increase of
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Figure 6.7: Band structure for the c(4x2) Si(lOO) surface reconstruction. There are two 
dimers contained within the unit cell and the interaction between them is responsible 
for the creation of two tt and two tt* bands.

Table 6.1: Structural results and energetic difference between the Si(lOO) symmetric 
(4x2), asymmetric c(4x2) and rhombohedral \/5 x \/5 unit cells. AE(eV/dimer) 
refers to the energetic difference between symmetric and asymmetric Si(lOO) surfaces 
calculated by releasing the geometric constraint upon the extended p(2xl) surface and 
allowing the Si dimers to relax to their c(4x2) ground state. Labelling of structural 
information refers to to Fig 6.4a. This data is compared to results of previous 
theoretical studies in the final four columns where PWDFT indicates a plane wave 
DFT calculation and LDA (Local Density Approximation) indicates the level of 
approximation used for exchange-correlation potential. The data in the final column 
is from a semi-empirical Tight Binding (TB) method.

symm
(4x2)

asymm
c(4x2)

rhom
X

[Ref. 153] 
PWDFT 

(LDA)

[Ref. 155] 
PWDFT 

(LDA)

[Ref. 152] 
PWDFT 

(LDA)

[Ref. 151,154] 
TB

AE 0 -0.23 - -0.14 -0.17 -0.25 -0.32
11(A) 2.33 2.36 2.36 2.29 2.29 2.27 2.35
12(A) 5.34 5.75 5.73
13(A) 5.34 5.10 5.11
zi (A) 4.03 4.34 4.32
Z2 (A) 4.03 3.62 3.61
az(A) 0 0.72 0.71 0.69 0.74 0.54 0.63

0 0° 17.73° 17.51° 17.53° 18.8° 14° 15.55°
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Table 6.2: Comparison of Si(lOO) -^/S x band structure of Fig 6.7 with previous 
theoretical and experimental data.
(ARUPS) Angle-resolved Tiltraviolet photoemission spectroscopy [Ref. 156,157]. 
(ARIPE) Angle-resolved inverse photoemission [Ref. 158].
(STS) Scanning Tunnelling Spectroscopy [Ref. 159].

DFT 
(GGA) 
Fig 6.7

[Ref. 152] 
DFT 

(LDA)

[Ref. 153] 
DFT

(LDA+GW)
ARUPS

Expt.

ARIPE STS
BandGap (eV) 0.4 0.01 0.7 0.4-0.5 0.9

TT bandwidth (eV) 0.45 0.25 0.7 0.65
TT* bandwidth (eV) 0.78 0.6 0.84 0.6-0.7

the rhombic \/5 x \/5 unit cell by a factor of two (Fig 6.7a), followed by a single point energy 
calculation allows for volumetric rendering of the CWs corresponding to the high symmetry k- 
points. These sixteen CWs are plotted and arranged according to increasing energy in Fig 6.8. 
An examination of the states reveals that the 7r2J and ttiF CWs show tt* like symmetry across 
the Si-Si dimer and can facilitate concerted [2-1-2] cycloaddition reactions. An analysis of the 
energetic ordering becomes more complicated when dealing with the sixteen states, however 
the node/energy relationship developed and applied to eight states representing the asymmetric 
c(4x2) unit cell is also valid here where a node between dimers along the row direction has an 
energy lowering effect and a node between dimers across rows has a lesser energy increasing 
effect. Note that some of the CWs exhibit both bonding and anti bonding interactions between 
individual dimers in a given direction.

6.5 Discussion.

The implications for the above findings when applied to cycloaddition reactions on Si(lOO) sur
face are now considered. The most important prediction is that in contrast to the homogeneous 
organic reaction, the concerted [2-1-2] reaction on a single dimer on Si(lOO) should not be con
sidered phase forbidden. The results presented in this chapter show that for both the p(2x]) 
and c(4x2) Si(lOO) reconstructions, CWs exists that have the appropriate symmetry on the Si 
dimer to facilitate energy lowering and ultimately bonding interactions between the HOMO and 
LUMO levels of the surface and the C=C bond. This has important implications for a wide 
range of organic molecules that form cycloaddition products when reacted with single dimer 
units on the Si(lOO) surface.

For example, given the possibility of a concerted [2-|-2] reaction path the high steroselectivity 
discussed in the Sec 6.2 can be rationalised as a simple consequence of the reacting molecules 
retaining their geometry during the concerted reaction process and therefore the negligible 
increase in isomerism with reaction temperature is not unexpected. The concerted route can 
also be used to explain why in the HREELS measurements of Nagao et al [Ref. 137] a [2-1-2] 
precursor state and [2-1-2] product can coexist at 48K given that the concerted route provides
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Figure 6.8: (a) Representation of the extended rhombic unit cell used to examine the 
sixteen high symmetry CWs of the c(4x2) Si(lOO) surface. Silicon subsurface atoms are 
coloured grey for clarity, (b) Energetic ordering of the high symmetry tt states for the 
c(4}:2)Si(100) surface. The CWs have been ordered according to their energy with tt 
states on the left and tt* states on the right. CWs 702J and ttiF show tt* -like symmetry 
across the Si-Si dimer and can facilitate concerted [2-f 2] cycloaddition reactions
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a low activation energy pathway towards the [2+2] product. Under this scheme, and suggested 
by Nagao, two independent adsorption mechanisms (concerted and precursor) must compete 
with each other with a branching ratio dependent on collision site and molecular orientation. 
The feasibility of the [2+2] cycloaddition to proceed, while conserving orbital symmetry may 
also be used to explain the recent DFT studies of Cho and Kleinman [Ref. 160] who found an 
unexpectedly low activation barrier (0.15eV) when forcing a C2H4 molecule to approach a Si 
dimer along a concerted path.

The CWs described in 6.4 and 6.8 are a consequence of the interactions that exist between 
Si dimers on the unreacted surface. However, once reaction has commenced the spatial extent 
and the nature of these inter-dimer interactions are disturbed thereby modifying the surface 
CWs. In order to provide a concerted route for the [2+2] interaction, domains of Si dimer c(4x2) 
or p{2xl) are required on the surface and with the addition of each molecule the spatial extent 
of these domains is diminished. It is our view that an understanding how the CWs from an 
unreacted domain couples to and through reacted dimer sites will provide significant insight into 
the spatial distribution of cycloaddition products, particularly the preponderance for c(4x2) and 
p{2x2) ordering of adsorbates and the dramatic reduction in the sticking coefficients at larger 
coverages. Within the context of the present study it is likely that once such structures are 
formed the remaining isolated dimers do not have the appropriate orbital symmetry for [2+2] 
concerted reaction and so further reaction proceeds by an alternative and slower mechanism. 
This hypothesis could be tested experimentally by exploiting the capabilities of H-atom resist 
lithography on Si(lOO) to create isolated and geometrically precise domains of unreacted Si(10()) 
dimers that may allow switching on and off adsorption pathways such as the [2+2] concerted 
route and to further opportunities for self assembly of molecules on surfaces.

Finally, the theoretical work presented in this chapter gives information on the phase re
lationship between neighbouring dimers and across dimer rows for each CW. This information 
coidd in turn have important implications for organic reactions on the Si(lOO) surface that 
involve adjacent dimer units. In chapter 7, after a DFT examination of the energetics corrt^- 
sponding to proposed molecular configurations of 1,3CHD and naphthalene products on Si(lOO), 
it is examined whether the phase information of the CWs given in Fig 6.8 might show a prev 
ponderance towards some product configurations over another of similar binding energy. This 
analysis, carried out in the spirit of the secondary orbital interaction, provides interesting results 
when compared against the product configurations of 1,3 CHD and naphthalene as observed 
via STM.
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Chapter 7

STM and DFT analysis; 1,3 CHD 
and Naphthalene on Si(lOO).

7.1 Introduction.

STM and DFT analysis of molecular adsorption on Si (100) discussed in this chapter begins 
with a re-examination of the 1,3 cyclohexadiene (1,3 CHD) on Si(lOO) reaction that was origi
nally studied by Teague et. al. [Ref. 16,17]. Sec 7.2 provides a discussion detailing those early 
experiments and presents arguments towards definitive identification of the product configu
ration that would correspond to the dominant LDOS feature reported in those publications. 
Sec 7.2.1 continues along these lines and presents new DFT data obtained through DMOL^ 
for the binding energies, LDOS and population analysis of the likely configurational candidates 
discussed in Sec 7.2. The arguments presented, when considered in totality are used to propose 
a reassignment of the previously reported molecular configuration for the dominant product of 
1,3CHD on Si(l()0).

STM experiments directed towards the identification of the adsorption products of naph
thalene on Si(lOO) are presented in Sec 7.3. The STM data reveal a surprising result where only 
a single molecular adsorption LDOS signature is observed following submonolayer naphthalene 
deposition on the Si(lOO) surface. DFT analysis of the likely naphthalene product spectrum 
is presented in Sec 7.3.1 where once again binding energy, LDOS and population analysis are 
considered and used to identify the molecular configuration corresponding to the STM observed 
LDOS signature.

The DFT calculations discussed in Sections 7.2.1 and 7.3.1 of this chapter indicate that 
thermodynamic arguments as applied to the binding energies of 1,3 CHD and naphthalene 
adsorption configurations fail to account for the STM observed product distributions that the 
molecules exhibit following adsorption on Si(lOO). In light of this data. Sec 7.4 examines if 
the set of high symmetry CW’s appropriate for the c(4 x 2) Si(lOO) reconstruction discussed 
in the previous chapter (see Fig 6.8) can be used as a means to reject certain adsorption 
configurations from the proposed product spectrum. This analysis, carried out in the spirit 
of the secondary orbital interaction reveals that consideration of the phase of the interacting 
surface and molecular frontier orbitals may provide a rational means to predict cycloaddition
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products on Si(lOO).

7.2 1,3 Cyclohexadiene on Si(lOO).

In the STM and DFT studies of Teague et. al. [Ref. 16,17] five major reaction products for the 
attachment of 1,3-CHD to the Si(lOO) surface were identified. The dominant product ( 30% of 
all reacted species) is displayed in the STM image of Fig 7.1 where the second image has had the 
contrast enhanced so as to show only the maximum of the LDOS corresponding to the Si dimer 
rows. There are a number of noteworthy points concerning this STM image. First, Fig 7.1 is 
an empty state image corresponding to a sample bias of 1.3 V and set point current of ICO pA. 
In their initial studies [Ref. 16] Teague et. al. make the observation that “identification of the 
complete product distribution is possible only in empty state images and is due to an ability 
to locate the single remaining tt bonds in the molecular adducts under these bias conditions.” 
While the authors did not question the bias required to provide that C=C contrast in that 
particular publication their interest was raised by the phenomenon given that their subsequent 
DFT measurements [Ref. 17] (confirmed within our own analysis in Sec 8.3) indicated tliat the 
LUMO of the remaining C=C bond on the adsorbed molecule resided at about 3 eV above 
Ep [Ref. 161] and therefore should not be observable with STM under low bias conditions of 
+ 1.3V.

Figure 7.1: Empty state STM image(F = +1.2,= O.bnA) of unprocessed (a) and 
processed (b) 1,3 CHD dominant product on Si(lOO). In [Ref. 16] the STM LDOS 
feature is tentatively identified as resulting from a [4+2]-like cycloaddition product 
configuration.

A second noteworthy point is the actual registry of the STM imaged molecular footprint with 
respect to the Si (100) dimers and the identification of the appropriate adsorption configuration 
of the 1,3 CHD molecule. As mentioned in the previous paragraph Teague et al. used the 
registry of the C=C bond LDOS feature (recognised in many STM studies as a short and 
symmetric double node) with respect to the Si dimers LDOS feature to aid in this identification. 
With this in mind, the empty state molecular feature in Fig 7.1 can be decomposed into a 
four node signature that contains a short dual nodal feature appropriate for a C=C bond
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and another longer nodal feature associated with the two dangling bonds on the two adjacent 
surface Si atoms. With this analysis, and given that the entire feature is symmetric about two 
Si dimers along the dimer row, Teague et al tentatively identified the adsorption configuration 
as a [4+2]-like cycloaddition product involving two adjacent Si dimers along the dimer row. 
A molecular model of the unreacted 1,3CHD molecule and of the original assignment for the 
adsorbed configuration discussed above are given in Fig 7.2(a) and (b) respectively.

Figure 7.2: (a) Molecular model of the unreacted 1,3CHD molecule and (b) model of 
the original assignment for the LDOS feature recorded in Fig 7.1 as originally proposed 
by Teague et al in [Ref. 16].

The second of the Teague publications [Ref. 17] draws attention to an interesting feature 
concerning the product distribution of 1,3CHD on Si(lOO). In that publication the authors 
note that there is a second configuration of the adsorbed 1,3 CHD molecule that could could 
be consistent with the STM images of Fig 7.1. This configuration of the adsorbed molecule 
is essentially an isomer of the original configuration, differing only in the position of where 
the remaining C=C bond is located. Fig 7.3 depicts the two isomers where in the original 
assignment of the product configuration the C=C bond is located over the dimer row while in 
the alternative configuration the C=C bond is located over the valley between neighbouring 
dimer rows. For purposes of clarity the two configurations have been labelled exo and endo 
indicating the relative positions of the remaining C=C bond.

During the computational experiments detailed below, concerns regarding the original endo 
molecular assignment in [Ref. 16,17] for the LDOS feature given in Fig 7.1 emerged. To address 
these concerns the LDOS signature of Fig 7.1(a) is re-examined objectively in what follows. It 
is noted here that the follow'ing analysis of the original STM data is conducted with the full 
collaboration of the author of the primary studies Miss. Lucile C. Teague. The first piece 
of STM evidence indicating the need for a reassignment of the molecular configuration to the 
exo product can be observed in the treated STM image of Fig 7.1(b). In that image, analysis 
software [Ref. 162] has been used to modify the contrast of the the STM image given in Fig 7.1(a) 
such that only the maximum of LDOS corresponding to the Si dimer is visible in the image. 
Thus it becomes evident that the shorter nodal LDOS feature consistent with the C=C bond 
is positioned outside the dimer row instead of centred upon the row as w'ould be expected in
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Figure 7.3: Molecular models of the exo and eiido configurations of for 1,3CHD adsorp
tion on Si(lOO)

the case for the endo configuration. This type of image analysis is supported in Fig 7.4 by 
superimposing a series of parallel lines (dimensions taken from a DFT analysis of the Si(lOO) 
surface and correspond to a valley-to-valley of 7.68A and a projected to planar Si dimer bond 
of 2.33A) upon an image of the STM feature which are scaled appropriately to represent the 
(2 X 1) periodicity along the dimerization direction of the Si(lOO) surface.

Further evidence supporting this configuration re-assignment, based once again on STM 
images, is the appearance and the intensity of the dangling bond feature centred over the 
uiireacted Si atoms of the Si dimer row. The Si atom unpaired dangling bond is known to be 
energetically unfavourable on the surface and tends t o interact with any other .source of electrons 
such that the electron density can be redistributed away from the atom centre (hence the Si(lOO) 
dimer structure). There is theoretical evidence to suggest that, given the opportunity, the un 
paired dangling bonds of the Si atoms would immediately attack the remaining double bond of 
the adsorbed molecule such that it would become bound at 4 rather than 2 carbon atom centres 
with the loss of the C=C bond. Indeed this tetra coordinated structure has been proposed as a 
stable configuration of 1,3CHD on Si (100) and calculated to be only slightly less energetically 
preferred than the endo di-coordinated structure [Ref. 163]. It is proposed in this thesis that the 
high LDOS intensity, corresponding to the remaining C=C bond and that corresponding to the 
dangling bond features provide strong evidence that support an identification of the molecular 
configuration as the exo product of 1,3CHD on Si(lOO) where the tetra-coordinated product is 
ruled out.

7.2.1 Exo and Endo Configurations of 1,3CHD on Si(lOO).

DFT data generated in order to provide a definitive identification of the molecular configuration 
corresponding to the LDOS signature of Fig 7.1(a) can also be used to support the arguments 
presented above. Our DFT calculations begin with generation of an appropriate substrate model 
to simulate the molecule-surface interaction. In this respect, Fig 7.5 presents the optimised 
molecular model of the c(4x2) Si(lOO) surface used as the substrate model for all the DFT 
calculations discussed within this chapter. The original model for this structure stems from 
the Si(lOO) asymmetric (4x2) cell discussed in Sec 6.4.2. In this respect, to generate the 
structure of Fig 7.5, the optimised model presented in Fig 6.4(a) is repeated by a factor of two
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Figure 7.4: STM image {V = +1.2,/( = O.SnT) (25nm x 25nm) of the dominant inter
dimer intra-row product on Si (100) surface following reaction of 1,3-CHD. The blue 
lines are drawn along the maxima of the silicon atoms that comprise the dimer rows, 
whereas the red lines represent the (2x1) periodicity along the dimerization direction 
of the surface. The bright dangling bonds on the left side of the reacted dimers are 
clearly located on the Si dimer atoms, whereas the bright C=C feature is positioned 
over the trench between dimer rows, and consistent with the exo product assignment. 
Distances between the blue and red lines are fixed to a result from a DFT-optimised 
model of the Si (100) surface and then scaled appropriately so as to fit on the STM 
image
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along the Si(lOO) dimer row direction such that the resultant model, used for the calculations 
discussed herein, has four dimers along the Si dimer row. Additionally to ensure a ground state 
configuration, the resulting structure is subjected to a final DMOL^ geometry optimisation 
calculation. This calculation was performed with the DNP basis set in an all electron regime 
where each basis function was restricted to a Rcutt = 4.6 A. The k-point grid spacing used in the 
calculation was 0.04 and convergence thresholds for energy change, maximum force, and 
maximum displacement between optimization cycles were set to 2x10“^ Ha, 0.004 Ha/A and 
O.OOSA respectively. No significant change in either the Si dimer bond length or angle was 
apparent between the initial and final structural models. Since the optimised structure given 
in Fig 7.5 is two Si dimers rows wide and four Si dimers long the model can be labelled for 
convenience as a (2 x 4) simulation cell.

Figure 7.5: Si(100)(4 x 2) simulation cell used as substrate throughout this chapter. Si 
dimer bonds have been coloured blue for visualisation purposes

In order to determine the geometry optimised configuration for the endo and exo configu
rations of 1,3CHD on the Si(lOO) surface the imreacted 1,3 CHD molecule is imported into the 
cell and positioned parallel to the Si (100) surface ~ 2A above the central dimers of a single Si 
dimer row in either the endo or exo orientation. These two configurations are then subject to 
a geometry optimisation with parameters identical to those described above for the generation 
of the optimised (2 x 4) simulation cell. Note that only the bottom Si and terminating H ionic 
positions are constrained during these calculations and also that additional calculations were 
performed using a denser k-point mesh to establish that total energy convergence with respect 
to k-point sampling is achieved. Fig 7.6 presents the optimised structures for the endo and 
exo configurations of the adsorbed 1,3 CHD molecules generated from these calculations and 
Table 7.1 presents the corresponding energetic data. The third column of Table 7.1 represents 
the population ratio between the two products as calculated from the thermodynamic data and 
using the Boltzmann distribution equation given in Eq 7.1. This data implies a thermodynamic 
ratio of exo:endo populations of ~ 2:1.

-AElkT (7.1)

Fig 7.7 provides LDOS analysis of the DFT data generated from calculation of the the 
exo and endo optimised molecular models shown in Fig 7.6. The square of the wave functions 
calculated for the model are summed in an energy interval from Ef to 3eV and two isosurface
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Figure 7.6: (a)and (b) are molecular models of the geometry optimised configurations 
of the proposed endo and exo configurations of 1,3-CHD on Si(lOO) respectively

Table 7.1: Energetic data from the DMOL^ geometry optimised configurations of the 
endo and exo configurations corresponding to Fig 7.6

Configuration E(Ha) AE(Ha) AE(eV) Pop; Eq 7.1
exo -28045.9843217 0 0 2.169

endo -28045.9836067 0.000715 0.019556 1

slices positioned ~lA above the Si(100) surface and ~1A above the molecule are laid on top 
of one another. In this respect the simulated STM image is generated from LDOS information 
taken on two horizontal planes of the calculation supercell. Furthermore, the energy interval 
chosen is such to facilitate visualisation of the LDOS intensity corresponding to the C=C^ tt* 
bond located ~ 3.5eF above Ef. Fig 7.7(a) shows for the simulated STM image corresponding 
to the endo configuration of the molecule that the C=C tt* intensity is located well inside the 
dimer row and cannot be reconciled with the empty state LDOS features presented in Fig 7.1. 
In contrast, the simulated STM image for the exo configuration is of the appropriate symmetry 
and contains the C=C tt* LDOS registry that is consistent with the actual STM image.

Given the arguments and data presented in the above paragraphs it is proposed here that a 
definitive identification of the LDOS feature of Fig 7.1 must correspond to the exo configuration 
of the adsorbed 1,3CHD molecule. STM image analysis, DFT energetic and LDOS information 
have all been shown to support the exo assignment of the adsorbed molecule. There is however 
one piece of information that remains puzzling at this juncture. At room temperature, the 
energetic data presented in Table 7.1 corresponds to an exo:endo population ratio of 2:1. Given 
that the original STM experiments were performed over lOOO’s of unreacted dimer sites it is 
an unusual result that no evidence of the endo configuration has ever been observed. I’hus 
the population analysis available through the DFT data is clearly in disagreement with the
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Figure 7.7; (a) and (b) are simulated STM images for the endo and exo adsorption 
configurations of 1,3 CHD on Si(lOO) generated from the empty state wave functions 
output from the DFT calculations for the optimised models shown in Fig 7.6. The 
images are built by superimposing two parallel isosurface slices positioned ~lA above 
the Si(lOO) surface and ~1A above the adsorbed molecule from the 0-3eV LDOS 
output in those calculations. The C=C tt* LDOS registry in the exo simulated STM 
image (b) is consistent with the actual STM data.

observed STM data. It is therefore apparent that the reaction of 1,3-CHD with the Si surface is 
not thennodynainically driven and that the observed reaction selectivity must reflect differences 
in the barriers to reaction along each of the two possible pathways. This topic of observed 
steroselectivity will be returned to in Sec 7.4.

7.3 Naphthalene on Si(lOO).

To the best of our knowledge the STM data presented in this thesis represents the first STM 
investigation on the adsorption configurations of naphthalene on SiflOO) surface. The exper
imental details of the Si (100) surface preparation and naphthalene source were as discussed 
in Sec 5.2.2 and Sec 5.2.3 respectively. Molecular deposition was carried out on a clean and 
fully characterised Si (100) where dosing rates were monitored via quadruple mass spectrometry 
and ion gauge pressure measurement. A typical dose of the molecule increased the background 
pressure from 8 x 10~^*m6ar to 8 x 10“^'^m5ar held for ~ 1 sec at room temperature where 
the ion gauge readings have been uncorrected for differences in molecular sensitivity. The mass 
spectroscopy data corresponding to such a dose procedure is given in Fig 7.8 and molecular 
species corresponding to H2, H2O, N2/CO and CigHg have been monitored.

Prom Fig 7.8 it is evident that there is a significant increase in the molecular species corre
sponding to either N2 or CO once the naphthalene source is opened to the preparation chamber. 
There is a useful trick to rule out adsorption of either of these molecules on the Si (100) sur
face during a naphthalene deposition process. This technique takes advantage of the different 
pumping rates experienced by each the molecular species dosed into the chamber. Once the 
dosing valve has been turned off an almost immediate drop of the 28amu peak back to back
ground levels is evident while the peak corresponding to CjoHg decays exponentially. Thus, 
by holding the reactive Si(lOO) surface in the STM chamber of the Omicron system, isolated 
from the preparation chamber where the molecules are initially introduced, it is possible to
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Figure 7.8: Mass spectroscopy data recorded during a typical naphthalene deposition 
procedure. Note the the curves corresponding to N2/CO and naphthalene decrease at 
different rates.

allow the contaminant species to be pumped out of the chamber while maintaining a sufficient 
]5ressnre of naphthalene to facilitate sub mono layer adsorption onto the Si surface at a later 
stage. In this fashion ie. by monitoring the QMS spectra until the contaminant peaks have 
reduced to background and subsequently opening the valve that isolates the preparation and 
STM chambers one may be confident that the surface has not been contaminated by unwanted 
species introduced along with the molecule.

The data set of STM images collected for naphthalene on Si(lOO) have been obtained with 
numerous Si substrates, tips, and different sources of the molecule. In this respect the data 
presented here are representative of this much wider study. Some of the earliest STM attempts 
to image the naphthalene product on Si(lOO) revealed a bright feature in the filled state images 
that could not be explained by common dimer defects. Fig7.9(a) and (b) are representative filled 
state STM images {V = —1.5V,/( = O.lOSnA) recorded on the Si(lOO) surface post naphthalene 
deposition that show the appearance of these partially unresolved features. Note that the A, B 
and C-type defects are identifiable in the image.

The higher resolution filled state STM images in Fig 7.10(a) and (b) indicate the most 
important features following the submonolayer adsorption of naphthalene on Si(lOO). Dark 
features in Fig 7.10(a) and (b) are characteristic Si dimer defects discussed in Sec 4.3 but the 
new bright features consistent with Fig 7.9 indicates that the reacted naphthalene molecnle 
is imaged in filled states as an elongated ‘‘bean” shaped maxima or protrusion positioned on 
top the Si(lOO) dimer rows. The zoomed in filled state image provided in Fig 7.10(b) provides 
strong evidence that the molecule adopts a single well defined configuration on the Si(lOO) 
surface.

Fig 7.11 represents a profile analysis on three of the bright features from Fig 7.10. These 
profile scans are useful aids iu characterisation of the LDOS footprint corresponding to the 
adsorbed naphthalene molecule. These line profiles are examined for apparent symmetry and
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Figure 7.9; Filled state STM images {V = —1.5V, It = 0.105ny4) recorded on the 
Si(100)surface post naphthalene deposition. Note that the A, B and C-type defects are 
identifiable in the image. LDOS maxima features in the filled state images are deemed 
to correspond to naphthalene deposition sites

Figure 7.10: Filled state STM images {V = —1.5V, It = 0.12nA) recorded on the 
Si(100)surface post naphthalene deposition. Image B is a scan performed on the area 
indicated by the dashed line in image A. The LDOS maxima features provide strong 
evidence that naphthalene molecule adopts a single and well defined product configu
ration on the Si(lOO) surface.
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to determine where the axis of that symmetry resides. Identical line scans are performed on the 
LDOS maxima feature and parallel to that feature on top of the neighbouring Si dimer row. 
For each of the three features, Fig 7.11 indicates that the LDOS protrusion occupies a 4 dimer 
footprint with the maximum centred about the two central Si dimers. Fig 7.12 is an equivalent 
analysis taken from a separate data set obtained six months after the data of Fig 7.10.

Figure 7.11: Profile analysis on three of the LDOS maxima features from the STM 
image presented in Fig 7.10. The analysis indicates that the LDOS maximum features 
of Fig 7.10 take on a 4 dimer footprint with the absolute maxima centred about two 
central Si dimers within the Si(lOO) dimer row.

The STM images discussed and analysed so far in the section are all filled state images, 
which are easier to obtain experimentally than the corresponding high resolution empty state 
images. Additionally, each of the previous images have all been obtained with relatively large 
filled state bias set around — 1.5F and with rather low tunneling current with It values set 
around O.lnA. It is well known for STM experiments on Si(lOO) that higher resolution of the 
Si(lOO) dimers can often be obtained under lower bias conditions which brings the tip closer 
to the surface for a given set point current. Under these conditions with bias set < ±1F 
highly resolved images of the Si dimers are often obtained but there is an associated cost with 
reducing the bias to these values. The main trade-off is that empty state and filled state imaging 
on Si(lOO) under these conditions is often complicated by the fact that the low bias required 
to obtain highly resolved Si dimers necessary as product footprint and symmetry indicators
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Figure 7.12: An equivalent profile analysis to Fig‘7.11, carried out on the the LDOS 
maxima features recorded by a filled state STM image (F = —1.3F,/( = O.lnA post 
naphthalene deposition on Si(lOO) from a second data set.

induces strong interaction between tip and molecule [Ref. 20,21]. Another complication :s that 
under these low bias conditions intrinsic defect on the Si(lOO) surface are often imaged as LDOS 
maxima and can be easily confused with molecular adducts.

In order to examine the naphthalene dosed Si(lOO) surface under low bias conditions, simul
taneous images are recorded in the forward and backward scans of the same scanning area at 
opposite low bias polarities. These types of measurements, although often unstable, ensure that 
the intrinsic defects are not confused with a molecular adsorption LDOS signature. Fig 7.13 
shows STM data recorded using this scheme where (a) and (b) are filled and empty state images 
respectively. These low bias images return excellent resolution on the Si(lOO) dimers, so much 
so, that even single dangling bond features above each dimer can be resolved.

The trade-off associated with STM imaging of the Si(lOO) functionalised surface under 
under low bias conditions is evident in Fig 7.13. The filled state image (a) indicates that 
there are two new LDOS maxima features in the STM data and a third unresolvable feature. 
The LDOS maxima features, circled by the brown and yellow boxes in Fig 7.13, can both be 
resolved via the empty state STM image (b) and correspond to a B-type defect and C-type 
defect respectively. The B-type defect is the easier of the two to resolve in the empty state 
image given that it shows the characteristic 2 dimer vacancy. It is necessary however, to analyse 
the C-type defect in more detail via a line profile (see Fig 7.14) where the characteristic 3 dimer 
footprint confirms it as such.

The third feature highlighted by the pink box in Fig 7.13 is an STM signature or “fuz2iness” 
that is usually associated with tip-molecular interaction [Ref. 16]. Decreasing the scan speed 
and proceeding with a slight reduction in the set point current, thus pulling back the tip a 
fraction, allows for the unidentified feature to be resolved while maintaining excellent Si dimer 
resolution. Fig 7.15 shows a filled and empty state example of how the unresolved features of
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Figure 7.13: Filled (A) and empty state (B) STM images of the Si(lOO) surface post 
naphthalene deposition obtained with {V — —0.8F, If = O.OSnA) for image A and {V = 
0AV,It — O.OSnA) for image B. Excellent dimer resolution is achieved hut associated 
with the cost that common defects and the molecule configurations become difficult to 
identify.

Figure 7.14: Empty state image {V = 0.4E,= O.lnA) and profile analysis for the 
LDOS feature consistent with the feature bounded by the yellow box in Fig 7.13. The 
3-dimer LDOS footprint confirms the feature as a C-type defect.
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Fig 7.13 appear when the the set point current has been reduced in this fashion. Note that while 
sample drift and tip sensitivity prevented a series of transitional images allowing observation of 
how a particular feature changes, the STM images presented in Fig 7.15 and the in the data set 
taken afterwards show the complete disappearance of the fuzzy feature for images taken with 
decreased set point current. Furthermore, profile scans on the filled and empty state low bias 
images (see Fig 7.1G) show the characteristic four dimer footprint that has been identified in 
the earlier measurements recorded at higher bias in Fig 7.15. Thus we identify the unresolved 
feature of Fig 7.15 as the adsorbed naphthalene molecule.

Figure 7.15: Low bias filled (A) and empty state (B) STM images of the Si(lOO) surface 
post naphthalene deposition obtained with {V = —O.SF, It = 0.047rA) for image A and 
{V = 0.41/,/f = 0.04nA) for image B. The unresolved features consistent with those 
circled by the pink box in Fig 7.13 are resolved to LDOS maxima by reducing the set 
point current to It = 0.04nA. Note that the bottom half of the image is recorded with 
It = O.OSnA.

At this stage in the STM data analysis it is possible to draw some conclusions on the 
adsorption of naphthalene on Si(lOO). The filled and empty state images indicate th.it the 
molecule adopts a single and well defined configuration on the surface with LDOS maxima 
centred on the Si(lOO) dimer rows. Additionally, the symmetry of the LDOS features ir. filled 
and empty state images suggests that the molecule which is also highly symmetric must is 
centred upon the dimer valley between two neighbouring dimers along that dimer row. The most 
interesting feature of these data, given that the naphthalene molecule contains five resonant 
C=C bonds available for reaction, is the distinct lack of alternative adsorption products

7.3.1 DFT analysis; Naphthalene on Si(lOO).

To identify the naphthalene adsorption configuration that corresponds to the LDOS signature 
observed in STM studies. Fig 7.17 presents the results from eight DFT geometry opt.mised 
calculations for various product geometries of the molecule on Si(lOO). The calculatiors pre
sented here are identical both in set-up and parametrisation to those presented in Sec 7.2.1. 
In each of the structures presented the Si coordinated C atoms are coloured in blue and the
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Figure 7.16: Empty state STM image {V = 0.6V, It = 0.04nT) and profile analysis 
performed on one of the 3 LDOS maxima features previously resolved in Fig 7.15. Note 
the image has been flipped 180° to allow clearer visualisation of the Si(lOO) dimers and 
the molecular registry. The empty state profile analysis confirms a 4 dimer LDOS 
footprint that is consistent with the earlier analysis performed on filled state images at 
higher bias.

rehybridisation within the naphthalene molecule upon adsorption is indicated by the remain
ing set of C=C bonds. Structures involving Si-C bonding at two and four bonding sites are 
considered within these models and in all our calculations it is found that the largest binding 
energy structures are obtained when four adjacent Si atoms are bonded to four C atoms of the 
naphthalene molecule. This result can be observed by examination of Table 7.2 which presents 
the energetic data for each of the eight structures of Fig 7.17 and where it is obvious that struc
tures involving reaction between adjacent dimers and multiple C atom sites (structures (a) and 
(b)) represent the lowest energy structures. In contrast, configurational models that involve 
reaction between two Si atoms either on the same dimer or across adjacent dimers (structures 
(g) and (h) respectively) show the the lowest energetic stability. In this respect the calculations 
presented here are in line with the DFT calculations carried out by Okamura et al [Ref. 164] 
and Phillips et al [Ref. 165] who both used H terminated Si cluster models to represent the 
Si(lOO) substrate in their calculations. The limited set of comparable calculations presented in 
those publications is compared to our own results in the fourth column of Table7.2.

Given the energetic data presented in Table 7.2 and the obvious energetic preference re
ported for naphthalene product configurations (a) and (b), it is possible, at this juncture, to 
eliminate structures in Fig 7.17 from the theoretical product spectrum for reaction of naph
thalene on Si(lOO). Thus the single LDOS feature observed in the STM experiments presented 
above must be attributed to either naphthalene adsorption configuration (a) or (b) which can 
be labelled as in the publication of Okamura [Ref. 164], as the rotated symmetric bridge (RSB) 
and the symmetric bridge (SB) respectively.

As in the case of 1,3CHD on Si(lOO), simulated STM images available through analy
sis of the LDOS generated in the geometry optimisation calculations of naphthalene product 
configurations RSB and SB can be used to assist in the configurational assignment of the 
STM recorded LDOS signature associated with the adsorbed naphthalene molecule identified 
in Sec 7.3. Fig 7.18 presents the 0-3eV simulated STM image for these two configurations of 
the adsorbed naphthalene molecule. Fig 7.18(a) shows for the RSB configuration of the ad-
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Figure 7.17: Proposed adsorption models for naphthalene on Si(lOO). The geometry op
timised structures (a) and (b) represent the RSB and SB configurations of naphthalene 
on Si(lOO) respectively.
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Table 7.2; Energetic data from the DMOL^ geometry optimised configurations of naph
thalene on Si(lOO) configurations corresponding to Fig 7.17. Data presented in brackets 
and curly brackets are from DFT calculations carried out in [Ref. 164,165] respectively. 
Each of these publications propose that configuration (a) and (b) are the lowest energy 
structures

Configuration E(Ha) AE(Ha) AE(eV) Pop; Eq 7.1
(a) -28198.52542 0 0 1
(b) -28198.52319 -0.0022 0.0605(0)10.04} 0.0948
(c) -28198.49341 -0.0320 0.8711(0.88) neg
(d) -28198.49337 -0.0320 0.8721 neg
(e) -28198.48652 -0.0389 1.0585 neg
(f) -28198.4859 -0.0395 1.0753 neg
(g) -28198.42864 -0.0968 2.6335 {3.09} neg
(h) -28198.40059 -0.1248 3.3967 neg

sorbed molecule that the 3 remaining C=C tt* LDOS maxima are arranged perpendicular to the 
dimer row direction with the extremities overhanging the dimer valley between neighbouring 
dimer rows. It is logical to assume that this configuration of the molecule would lead to an 
empty state STM LDOS signature with similar symmetry such that the recorded image would 
show significant intensity above the Si(lOO) dimer valley. This is something that has never 
been observed in our STM investigations of the naphthalene on Si(lOO) reaction. Instead the 
empty state STM images presented in Sec 7.3 show more in common with the simulated STM 
image corresponding to naphthalene adsorption configuration SB. The simulated STM image 
in this case shows that all tt* LDOS maxima are confined within the dimer row and gives a 
LDOS signature consistent with the STM images and line profile analysis presented earlier (see 
Fig 7.16). Given the STM and DFT data presented here, it is our view that the naphthalene 
molecule exclusively takes the geometry and electronic structure of the SB configuration follow
ing submonolayer adsorption on Si(lOO). In this respect, the assignment of the submonoyayer 
naphthalene product configuration presented here is consistent with the experimental work of 
Okaniura ef. al who came to the same conclusion following an infra-red reflection absorption 
spectroscopy (IRAS) study of the same system.

At this juncture, it is worthwhile, as in the case of the exo and endo configurations of 1,3 
CHD on Si(lOO), to examine the Boltzmann populations as predicted from the DFT results 
for the SB and RSB configurations. In contrast to the 1,3CHD system, our assignment of the 
molecular configuration in the case of naphthalene on Si (100) is in favour of the higher energy 
product. As seen from Table 7.2 the SB:RSB ratio is predicted to be 1:10 given room temper
ature reaction conditions. The lack of STM evidence for the DFT proposed RSB configuration 
highlights another example of high sterospecificity for cycloaddition reactions on Si(lOO) and 
the failure of thermodynamic arguments to predict the product distribution of the naphthalene 
on Si(lOO) system.
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Figure 7.18: The images in (a)and (b) are simulated 0-3eV empty state STM images 
of the naphthalene on Si(lOO) configurations RSB and SB respectively. The LDOS 
information in the SB configuration is consistent with the empty state STM images.

7.4 Frontier Orbitals and Observed Steroselectivity.

Sec 7.2.1 and Sec 7.3.1 of the above discussion shows the configurational a.ssigninent of dom
inant STM observed LDOS signatures to definite molecular adsorption structures. Both of 
these discussions have revealed that thermodynamic arguments arising out of a DFT analysis 
of molecular adsorption products cannot account for the product distributions observed fol
lowing deposition of 1,3 CUD and naphthalene on Si (100). In light of this information the 
following paragraphs examine if, by treating each molecular reaction as concerted and employ
ing a frontier orbital treatment of the interacting wave functions between molecule and surface, 
favourable and unfavourable interactions can be observed that would indicate a preference for 
the experimentally observed dominant products.

Towards this end, the HOMO and LUMO of the 1,3CHD and naphthalene molecules have 
been depicted in Fig 7.19 alongside a binary representation of the phase information contained 
on one plane of the each individual molecule for each frontier molecular orbital. In this scheme 
a positive lobe is designated to be a 1, and a negative lobe a 0, yielding a matrix format of 
I’s and O’s. This same scheme can be applied to the frontier orbitals of the Si(lOO) surface, 
representing each of the 16 high symmetry CW’s shown in Fig 6.8. Fig 7.20 provides an example 
of how the binary representation for the c(4 x 2) Si(lOO) ttiJ CW is constructed . The matrix 
representation of the repeated CW is built by representing the phase information across the 
dimer rows in a binary fashion. Thus phase information that is contained within the blue 
rectangle in Fig 7.20(a) becomes the binary pattern of the bottom row of the matrix given in 
Fig 7.20(b). It is worthwhile here to consider the dimensions (8 x 16) of the CW matrix. The 
lowest order binary representation of any of the CW is actually an (4 x 8) matrix gi\en by 
the shaded area in Fig 7.20(b). This matrix is repeated by a factor of two in each direction to 
accommodate potential wrap around matches on the CW for the binary pattern corresponding 
to the naphthalene molecule (potential superposition matches that occur across the periodic
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boundary between the lowest order representations of the CW matrices).
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Figure 7.19: HOMO (a,c), LUMO (b,d) and the corresponding binary representation 
of those frontier orbitals for the 1,3CHD and naphthalene molecules.

In this manner, the high symmetry CW’s of Fig6.8 that represent the frontier tt and tt* wave 
functions of the c(4 x 2) Si(lOO) surface result in sixteen (8 x 16) binary matrix representations. 
In order to examine for possible favourable and unfavourable orbital interactions between the 
frontier molecular orbitals of 1,3CHD and naphthalene with the Si(lOO) surface wave functions a 
simple pattern search algorithm is implemented that returns the surface matrix and the positions 
of possible superposition of binary patterns corresponding to the reacting configurations of exo, 
endo, RB and RSB for the two molecules. Thus to examine if the endo configuration of the 
1,3CHD molecule is supported by favourable frontier orbital interactions on the Si (100) surface 
CW’s, the TT and tt* matrices corresponding to the molecule and given in Fig 7.19 are rotated 
clockwise by 90° to give the matrix patterns given below in Eq 7.2. Corresponding binary 
patterns are generated for the exo configuration of the molecule by rotating the 1,3 CHD tt and 
TT* matrices 90° in an anti-clockwise direction.
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Figure 7.20: The schematics in (a) and (b) indicate how the phase information of a 
Si(lOO) TT CW is represented in a matrix. The phase information enclosed by the blue 
rectangle in the Si(lOO) ttiJ CW becomes the bottom binary pattern in the (8 x 16) 
matrix given in (b)

1,3CHD ■Kendo - 

1,3CHD Kexo =

0 0 1 0
1 1

1,3CHD =
1 0

1 1 1,3CHD = 0 1
0 0 0 1

(7.2)

Examination of the search matrices represented in Eq 7.2 reveals that the matrices for 
HOMO and LUMO of the endo and exo configurations for the 1,3CHD molecule are the com
plement of one another. Thus any comprehensive search (that must consider each matr.x and 
its complement) for a superposition match over the sixteen Si(lOO) matrices will return the 
same information. However, if the search algorithm is restricted to only return matches that 
correspond to exo and endo registry of the molecule i.e. a match over a Si dimer row for the 
endo configuration and over a Si dimer valley for the exo configuration, a preference towards one 
configuration emerges. The restriction of search “hits” in the algorithm is indicated schemati
cally in Fig 7.21 where the HOMO of the 1,3 CHD molecule is positioned in an endo aid exo 
configuration over an general representation of one of the sixteen Si (100) CW’s. Note that 
the K search matrices given in Eq 7.2 can be used to represent the phase information rn the 
underside of each reacting 1,3CHD configuration. The arrows at the bottom of Fig 7.21(i) and 
(b) indicate where across the Si dimer rows a superposition match is allowed (yellow arrcw) for 
each configuration when running the pattern matching algorithm. A successful match is found 
for the schematic in Fig 7.21(b).
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Figure 7.21: The schematics of the reacting endo and exo configurations of the 1,3CHD 
molecule given in (a)and (b) indicate how the pattern algorithm is restricted to return 
only search results that correspond to adsorption over a Si dimer row in the case of the 
endo searches and over a Si dimer valley for the case of the exo searches. The phase 
information between the molecule and surface state is commensurate in (b) thus the 
pattern search algorithm will return a successful match for that example CW.

Table 7.3 shows the results from a run of the pattern matching algorithm corresponding to 
superposition searches for the endo and exo configurations of the tt and tt* pattern matrices for 
1,3CHD on Si(lOO) interaction. The second column in the table indicates the type of interaction 
considered and specifies that the reaction occurs between the molecular tt and the surface tt* or 
vice versa (HOMO-LUMO or LUMO-HOMO). The results show that there is no pattern match 
for the endo configuration of the molecule interacting with the Si(10()) surface CW’s. Thus 
the endo configuration of the 1,3CHD molecule is subject to unfavourable orbital interactions 
for every permutation of frontier wave function interactions. In contrast, the exo reaction 
configuration of the 1,3CHD molecule is supported on one of the eight tt* CW corresponding 
to the Si (too) surface and therefore the HOMO of the molecule in this reacting configuration 
may experience favourable primary and secondary orbital interactions towards the eventual 
establishment of the exo product.

Table 7.3: Results from the pattern search algorithm for adsorption of 1,3 CHD on 
Si(lOO) in the endo and exo configurations.

Configuration Interaction Match ? CW’s
endo Mol TT, Sur TT* 0 -

endo Mol TT*, Sur TT 0 -

exo Mol TT, Sur TT* 1 TTir

exo Mol Tt*, Sur TT 0 -

A similar analysis may now be carried out for the SB and RSB naphthalene configurations 
superimposed upon the Si(lOO) CW’s. The tt and tt* pattern matrices corresponding to the
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SB and RSB orientations of the naphthalene molecule are given in Eq 7.3. Once again the 
search algorithm is used to locate the CW’s that contain these binary strings and these results 
are decomposed into molecular 7r and surface tt* interactions or vice versa. Table 7.4 shows 
the results of these pattern matching searches where for the case of the SB confignration of 
naphthalene on Si(lOO), there are a total of seven pattern matching instances with the CvV’s of 
Si(lOO). As before, these matches indicate that for the given CW’s and the SB molecular orien
tation of the reacting molecnle, favourable orbital interactions are present between the surface 
and the incoming molecule frontier orbitals. Meanwhile, despite being the thermodynai iically 
favoured product, the RSB configuration experiences favourable orbital interactions only on a 
single CW from the Si{100) surface tt states. It is reasonable to speculate therefore, that if the 
orbital interaction arguments are accepted to be important then the SB configuration of the 
reacting naphthalene molecule would be the favoured above the RSB configuration for e\entual 
reaction with the Si(lOO) surface.

Naph TTSB

Naph TTflSB
0 0

1 0
1 0
0 1 Naph ttsb —

0 1

1 1 1 0
0 0

Naph ttrsb =
1 0

1 1 
0 0 
1 1 
0 0 (7.3)

Table 7.4: Results from the pattern search algorithm for adsorption of naphthalene on

Configuration Interaction Match ? CW’s
SB Mol Tt, Sur TT* 4 tt^Y’, tt*^3, tt^Y, tt^Y’
SB Mol TT*, Sur TT 3 TTsY, 7r2Y’, TTiY’

RSB Mol TT, Sur TT* 1 TTir

RSB Mol TT*, Sur TT 0 -

7.5 Discussion.

Taking the combined results from STM, DFT LDOS and thermodynamic data in conjunction 
with the frontier orbital analysis carried out in the above sections of this chapter allows us to 
speculate on the nature of the reaction mechanisms involved for the adsorption of 1,3 CHD 
and naphthalene on Si(lOO). The analysis presented above indicates that an exclusive use of 
thermodynamic arguments originating from a DFT treatment of the proposed product spectrum 
for each system can not account for the STM observed products. Instead the DFT analysis 
predicts product configurations (endo and RSB) that have never been observed via STM across 
thousands of potential Si(lOO) dimer reaction sites. Thus it seems likely that the product 
distribution in each system must be a reflection of energetic barriers along the reaction pathways 
for each of the potential products. Under this scheme adsorption pathways associated w;th the 
exo and SB configurations of 1,3CHD and naphthalene respectively must exhibit lower potential
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barriers along the reaction pathway than the corresponding reaction pathways for endo and RSB 
configurations of the same respective molecules. Thus at a given reaction temperature (room 
temperature in the experiments considered here) only the lowest energetic path is chosen by 
each of the reacting molecular species such that only the exo and SB configurations of the 
adsorbed molecules become the dominant products.

The frontier orbital analysis presented in Sec 7.4 of this chapter identifies a possible energetic 
contrast in the reaction pathways between the exo and endo paths in the case of 1,3CHD on 
Si(lOO) and between the SB and RSB reaction pathways for the case of naphthalene on Si(lOO). 
It is our view that accounting for favourable and unfavourable frontier orbital interactions 
between the surface and the reacting molecule in a particular configuration can indicate which of 
the reaction pathways that the impinging molecule is likely to take during reaction on the Si (100) 
surface. The novelty of our analysis, is that, the examination of frontier orbital interactions 
is not limited to those states that occur at the T point as in the case of molecule-molecule 
reactions, but the complete set of CW’s from the Si(lOO) surface Brillouin zone which serve to 
build the surface tt bands.

At this point in the examination of the 1,3CHD and naphthalene reactions on Si(lOO) there 
remains some points that merit discussion. The first is that at this juncture no discussion has 
been provided as to the specifics of how the actual niolecule-Si(lOO) surface reaction proceeds 
for the case of 1,3CHD or naphthalene. Although the above analysis invokes frontier orbital 
interactions as a means to indicate different reaction pathways associated with proposed ad
sorption configurations, as yet no evidence has been provided to distinguish whether the actual 
molecule-surface reactions proceeds via a concerted or a step-wise mechanism. In the literature 
this issues has received attention for the case of 1,3CHD on Si(lOO) through room-temperature 
ab initio molecular dynamics (IMD) simulations [Ref. 140,166] and a cluster-based multi refer
ence second-order perturbation theory study of the minimum energy pathways [Ref. 163]. Each 
of these publications have proposed that the initial reaction for the case of the inter dimer prod
uct (bonding across two Si atoms from two adjacent dimers within a single dimer row i.e. leading 
to the endo/exo configurations) of the organic species occurs at a single carbon atom centre 
wdth the establishment of a short lived intermediate. These publications differ in their overall 
interperation of the reaction however, in that according to the MD study [Ref. 166], each of 
the five experimentally determined 1,3CHD products on Si(lOO) [Ref. 16,17] are available from 
an intermediate carbocation state with a 3:1 ratio preference for exo to endo formation, while 
according to the second study [Ref. 140,166] each of the five experimentally determined 1,3CHD 
products can be explained by how the molecule initially approaches the Si(lOO) through one of 
five independent reaction channels. This publication goes on to propose that each reaction path 
leads to an independent diradical intermediate rather than a carbocation intermediate but pro
vides no reasoning on the experimentally observed preference for the exo configuration. Thus, 
despite the interesting results proposed by these studies neither publication has been successful 
in answering why the endo configuration of the 1,3 CHD molecule is absent from the experi
mental product distribution. We note that neither a carbocation or diradical intermediate state 
are likely to show any preference between the endo or exo products except the thermodynamic 
3:1 ratio predicted by the stability of the final configurations. In contrast, the frontier orbital 
analysis presented above clearly favours the exo and SB product for 1,3 CHD and naphthalene 
respectively, which are the dominant products observed experimentally. It is our view that the
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frontier orbital interaction holds influence over the orientation of the incoming molecule before 
any reaction either carbocation , diradical or even concerted reaction step between molecule 
and surface proceeds. Once the orientation of the molecule has been influenced then it is likely 
than any one of the mechanisms mentioned above can be responsible to bring about the final 
product configuration and the experimentally observed distributions. In this regard, and within 
the research presented here, it is our view that the orientation and trajectory of the incoming 
1,3CHD and naphthalene molecules approaching the Si(lOO) surface is influenced by frontier 
orbital interactions but the details of the mechanism at the reaction step remains an unknown.

A final observation to be made regarding the evidence discussed above of a frontier orbital 
type interaction between organic molecules and the Si(lOO) surface is the lack of computational 
data presented here that attempts to quantify the frontier interaction energetically. For example 
there are computational methods available such as DFT Transition State(TS) [Ref. 167] or 
minimum energy path (MEP) searching algorithms [Ref. 168,169] that take advantage of the 
Hessian information at some or many system coordinates, usually geometry optimised models 
of reactant and product geometries, to interpolate and plot out as a. function of the reaction 
coordinate a minimum energy reaction pathway between reactant and product geometries. If 
these methods were used and indicated an energetic contrast between reaction pathways for 
instance between the endo and exo reaction trajectories for the case of 1,3CHD on Si (100) 
(see Fig 7.22) then it is likely that the energetic influence of favourable or unfavourable frontier 
orbital interactions to the incoming molecule could be assigned energetically and in turn provide 
strong evidence to support the arguments of sterodefining frontier orbital interactions at work 
on the Si(lOO) surface.

There is a hidden complexity in these type of experiments however and while they are 
likely to be the focus of future research within our group it is instructive to remember that 
within DFT the energy is a functional of the electron density which is strictly positive and has 
trivial symmetry [Ref. 170]. Therefore while the Kohn-Sham orbitals are calculated and may 
be examined for phase and energetic location from a DFT result, at this juncture it remains 
unclear if DFT is ever likely to identify an energetic contrast based on phase differences between 
interacting wavefunctions on the surface and molecule. Moreover if we expect this interaction 
to exhibit influence while the molecule is still some distance from the Si(lOO) surface then it is 
likely that long range van der Walls interactions are likely to contribute to the energy of the 
system and these type of interactions remain problematic and even untreatable under current 
DFT implementations. Thus while we cannot be certain that DFT will fail to identify the 
frontier orbital iirteractions proposed here, it is speculated that post-Hartree Fock methods 
such as Moller-Plesset perturbation theory or Configuration Interaction where the electronic 
wavefunction holds greater prominence in the energy evaluation step may be more appropriate 
in future simulations that attempt to quantify this interaction.
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molecular distance from surface.

Figure 7.22: Schematic indicating the possible result of a MEP calculation. If it were 
possible to identify energetic contrast along the early reaction coordinate between the 
endo and exo reaction trajectories it should be possible to attribute this to favourable 
and unfavourable orbital interactions
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Chapter 8

Nanoscale Contacts and Interface 
States.

8.1 Introduction.

The following chapter presents a discussion on a new tunnelling regime that has been identified 
in our STM measurements of the 1,3CHD molecule adsorbed on the Si(lOO) surface. The 
background to the experiment and analysis is mentioned briefly in Sec 7.2 of this thesis in 
discussion of the preliminary STM experiments carried out by Teague et al [Ref. 16,17] regarding 
this surface-adsorbate system. In that section questions were raised regarding the bias at which 
the C=C bond of the reacted molecules was imaged in STM. This phenomenon can be examined 
more thoroughly through analysis of Fig. 8.1(a) which displays an empty-state STM image of 
the Si(lOO) surface from [Ref. 16] following a room temperature sub-monolayer exposure to 
1,3-CHD. In that publication the five distinct LDOS signatures (Fig. 8.1(b-f)) observed in the 
STM images were attributed to five different attachment geometries of the molecule on the 
surface, where each configuration retains a single remaining C=C bond that appears to be the 
origin of the dominant contrast in the images. In this respect, the STM analysis mirrors the 
work of Hamaguchi et al [Ref. 171] who reported similar nodal features in empty state images 
of 1,4-cyclohexadiene adsorbed on the Si(lOO) surface at a sample bias of -I-1.3V.

In Fig. 8.1 it is the position and registry of this C=C bond with respect to the underlying 
Si(lOO) surface which enabled Teague et al to discriminate between the different surface reaction 
products. Given that the particular set of STM images are obtained using a positively biased 
sample it is not surprising that in the initial interpretation of the data the empty-state LDOS 
maxima features evident in Fig. 8.1 were attributed to the tt* state of the remaining C=C bond 
in the attached molecule. Moreover, the double-bond feature of the molecule is observed only 
in empty-state imaging conditions with improved contrast as the sample bias is reduced to -|-1V 
and below [Ref. 16,17].

The fact that the LDOS maxima measured in STM and attributed to the remaining n* on 
the C=C bond of the adsorbed 1,3CHD molecule should improve in contrast as the empty state 
bias is lowered is of significance. The crux of the issue here, is that, both experimental and 
theoretical investigations have revealed the ability of STM to image the tt* state of the 1,3-CHD

141
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Figure 8.1: STM images of Si(lOO) surface following 300K submonolayer exposure to 
1,3 CHD. Image A is 25nm x 25nm, Vsampie=+1-3V. The registry of the 5 distinct 
LDOS maxima features (b-f) with respect to the underlying Si(lOO) surface was used 
by Teague et al [Ref. 16] to propose five distinct configurations for the surface lound 
molecular adduct.
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adduct at such a low bias cannot be explained exclusively in terms of the electronic structure of 
the surface bound molecule. For example, in the literature, NEXAFS studies of C2H2 adsorbed 
on Si(lOO) (which also has a single C=C bond remaining after attachment), indicates that the 
energy of the tt and n* levels associated with the double bond are located approximately -2eV 
and +3eV with respect to the Fermi level (E/) [Ref. 144]. This experimental result is in turn 
consistent with geometry optimised DFT analysis for the 1,3 CHD molecule attached to the 
Si(lOO) surface which indicates, for the intra dimer product (Fig. 8.1b), the tt and tt* levels 
of the remaining C=C in the molecule are located at -1.6eV and +3.5eV with respect to Ef 
(see Fig. 8.5(a)). Given that NEXAFS involves the creation of a core hole and hence probes 
the levels of an effective Z + 1 system, and DFT traditionally underestimates the energies of 
empty states, both these sets of data indicate that the tt* level is located well outside the STM 
tunnelling window and should not contribute significantly to the contrast at the bias conditions 
reported by Teague et al. Even allowing for broadening of the tt* state due to hybridization 
with the bulk Si or local enhancements in the polarisability due to the presence of the molecule, 
it is not possible to explain the STM results and bias/C=C contrast detailed above.

In order to examine this phenomenon in greater detail, this chapter presents theoretical and 
experimental data obtained during an investigation of the interaction between a single molecule 
and a defined STM probe. Sec 8.2 presents the theoretical data where contact formation 
dynamics and electronic perturbations arising from the interaction of a metallic probe and a 
single molecule (1,3 cyclohexadiene) bound on the Si (100) surface are examined using a series 
of plane wave DFT calculations. These calculations allow for an analysis of the interaction 
energy, C—C perturbation and electronic redistribution of the combined system as a function 
of probe height above the molecule. In Sec 8.4, high precision STS measurements performed on 
the adsorbed molecule are discussed and it is shown that by combining the experimental and 
theoretical data that it is possible to gain insight into the forces and chemical bond dynamics 
arising from the probe-molecule interaction.

8.2 DFT Simulation of Probe-Molecule Contact.
Fig. 8.2 is a representation of the probe - molecule - surface model used for the DFT calculations 
presented in this chapter. The Si(lOO) surface was held in a supercell lattice (35.8 Ax 7.68 
Ax 11.52 A) as a six layer deep Si slab with H atoms used to saturate the bottom side of 
the slab and a vacuum separation of approximately 20 A. The slab contains three Si-Si surface 
dimers and the 1,3 CHD molecule is attached to the central dimer in the (4-1-2) intra dimer 
orientation [Ref. 16]. The STM probe is modelled as a pyramidal cluster of four Pt atoms 
with inter atomic distances and angles taken from the geometry optimised unit cell of the bulk 
metal. Prior to the introduction of the Pt STM probe the geometry optimised surface-molecule 
system was generated with a preliminary calculation where the top four layers of the Si slab 
and the adsorbed molecule were allowed to relax while the bottom two Si layers and H atoms 
were constrained at bulk positions. The STM probe was then introduced into the supercell with 
its apex positioned over the centre of the C=C bond. Geometry optimisations of the 1,3 CHD 
molecule on a constrained Si surface, interacting with a constrained probe were then performed 
at a range of probe to C=C bond separations.

All geometry optimisation and analysis calculations presented in this chapter were per-
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Figure 8.2: Schematic of probe-molecule-surface system used in DFT geometry opti
misation calculations [Ref. 37].

formed using the CASTEP [Ref. 172] code with ultra .soft pseudo potentials. The plane wave 
cut-off energy was set to 240eV and the exchange-correlation functional used was the PW-91 
GGA functional from Perdew et al [Ref. 53]. Sampling of the Brillouin zone is performed with 
a (1 X 3 X 2) Monkhorst-Pack k-point grid [Ref. 58] and geometry optimisations were carried 
out under the BFGS scheme [Ref. 71] where the energy and maximum force convergences were 
.set to 2 X 10“^ eV/atom and 0.05 eV/A, respectively. Electronic redistribution resulting from 
the probe molecule interaction is examined using LDOS and PDOS data generated according 
to the Sanchez-Portal [Ref. 130] projection of plane wave states onto a localised basis set for 
all 13 optimised structures. It is noted at this point, that given the necessary size of the sim
ulation cell involved in these calculations, the plane wave cut-off energy and k-point sampling 
density used here are limited by the computational resources at our disposal. Furthermore the 
computational expense for a typical calculation with these parameters is on the order of several 
days when run in parallel over 8 compute nodes of the TCHPC Abaddon cluster.

8.3 Computational Results.

Fig. 8.3(a) plots the interaction energy of the simulated probe molecule surface system as a 
function of the probe to C=C vertical distance. Evident from the curve in Fig. 8 3(a) is a 
well defined binding interaction at a separation of approx 0.2nm. It is noted here that the 
calculated binding interaction (~ 2eV) returned from the simulation is likely to be exaggerated 
over adsorption energy values typically found for a C=C on a Pt surface [Ref. 173]. In all 
likelihood the large decrease in the energy of the system for small probe-molecule separations 
hinges substantially on the the low coordination of the Pt atoms in the model probe when 
separated from the molecule. A literature search along these lines reveals similar behaviour 
reported for ethene adsorption on Pt where the binding energy is seen to decreases with size 
of the Pt cluster on which the molecule is adsorbed. For example, a value of l.OfieV is found
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when the adsorption is carried out on a 7 atom Pt cluster [Ref. 174], 0.73ey with a 19 atom 
Pt cluster [Ref. 175], and ~ O.GeP using an infinite Pt slab in a periodic calculation [Ref. 173].

Distance (nm)

Figure 8.3: (a) Interaction potential (left y-axis) and Mulliken analysis (right y-axis) 
as a function of the probe to C=C distance, (b) C=C bond length as a function of 
the probe to C=C distance and (right y-axis) C=C bond height relative to probe 
position [Ref. 37].

To achieve a more accurate description of the binding interaction, attempts were made to 
model the probe-niolecule-surface system using a significantly larger probe cluster. These cal
culations proved intractable however since an increase in Pt atom coordination also necessitated 
an extended Si slab to avoid potential probe-probe interaction across the periodic supercolls. 
As a compromise, a limited set of calculations were performed where the periodic supercell 
was kept fixed and the orientation of the probe cluster flipped through 180°. Under this new 
configuration the C=C bond of the adsorbed 1,3CHD molecule was allowed to interact with 
3 rather than 1 Pt atom centres and at a 0.2nm probe to C=C bond separation corresponds 
to a decrease in the energy of simulated system of 1.76eU. The importance of these extra 
simulations is that, irrespective of the magnitude of the binding energy, the subsequent PDOS 
analysis showed features (energetic location of a new C2p state) consistent with the results 
described in the following paragraphs and thus indicated that that although the strength of the 
interaction depends on the size of the probe cluster, the wave functions from the C=C that are
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invclved in the binding interaction are not affected substantially if the interaction is between a 
single or multiple Pt atom ceirtres.

Plotted using the left ordinate axis in Fig. 8.3(a) are the results from the Mulliken analysis 
for the system as a function of probe-molecule separation. The three curves red, black and 
grem provide a qualitative description of the bonding character between the specified atomic 
species [Ref. 134] throughout the probe approach. The data indicate that the strength of the 
(1=0 and Pt-Pt bonds weaken (decrease in the bond populations) as the probe advances from 
O.Sf.m. Interestingly, this trend is accompanied in the 0.45nm —> 0.24n7n {shaded area) of the 
probe approach by a negative bond population or anti bonding interaction between the frontier 
Pt fetoni of the probe and the C atoms of the remaining C=C bond within the adsorbed 1,3CHD 
molecule. This anti bonding interaction is eventually replaced by bonding character once the 
interaction distance decreases beyond 0.24nm. In short, the data taken from the Mulliken 
anaysis of the probe to C=C bond interaction shows, that while charge transfer is occurring 
froi i the probe to the C=C for interaction distances below 0.5nm the interaction is not initially 
accompanied by an increase in the bonding character between the frontier Pt and C atoms. In 
fact it is not until the probe to C=C distance has decreeised to O.Znm that there is an increase in 
Ift-C bond population indicating bond formation. The specifics of this behaviour are expanded 
)ipcn in the discussion to follow.

Also available from the results of the series of geometry optimised DFT calculations on our 
sim dated system is the vertical perturbation and relaxation of the C=C bond as a function of 
t he probe position. Fig. 8.3(b) plots these data where the approach trajectory of the probe is 
given by the green curve and the corresponding vertical perturbation of the C=C bond is given 
by the black curve. Evident from these data, is that the C=C bond is observed to be initially 
attracted towards the probe but is ultimately compressed toward the surface by the advancing 
proie. The dashed curve of Fig. 8.3(b) plots the relaxation of the C=C bond and indicates 
tha', the C=C bond length increases throughout the probe trajectory which is consistent with 
fheC=C bond Mulliken analysis of Fig. 8.3(a).

To provide a greater understanding of the bias dependence on the C=C contrast recorded 
in tne STM measurements of Teague et al and described in the introduction of the chapter, an 
bDOS analysis of the simulated system is plotted in Fig. 8.4. This analysis is carried out by 
separating the empty state orbitals for each of the optimised structures into four neighbouring 
empty-state energy windows. The orbitals in this context represent the square of the absolute 
\'ali;e of the wave function for a given electronic band, summed over all k-points and the sum 
(if each of these orbital sets gives an energy decomposed LDOS. The series of images presented 
in Fig. 8.4 are then generated from slices of the energy decomposed LDOS where the slice is 
jiarallel to the Si(lOO) surface and positioned ~ lA above the C=C of the adsorbed molecule. 
The LDOS data indicates that for large separations, the dominant charge density above the 
0=C bond of the adsorbed 1,3CHD molecule occurs in the 3-4eV energy window and can be 
associated with the it* level of the remaining C=C bond. Although there is virtually no charge 
density in the 0-leV energy window at large separations, as the probe approaches the C=C 
bond of the molecule, the LDOS density in this energy window is seen to increase dramatically. 
It i.s proposed that this new LDOS feature results from the interaction of the probe and the 
C=C bond of the molecule and under empty-state low bias conditions the STM image contrast 
is dominated by this new state. Note that the charge density distribution closely mimics that
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of the TT* level, consistent with the STM data presented in Fig. 8.1.
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Figure 8.4: Tracking the energy decomposed LDOS for a slice positioned lA above the 
C=C bond as a function of tip position. Charge density from the 3-4 eV energy window^ 
is pushed to lower energy as the tip approaches the molecule.

F\irther information on the nature of the orbital interactions responsible for the new state 
observed in the LDOS data of Fig. 8.4 can be obtained through analysis of PDOS data generated 
for each of the optimised structures. Fig. 8.5 tracks the PDOS for a carbon 2p state centred on 
one of the atoms of the C=C bond as a function of the probe-molecule separation. Consistent 
with the previous LDOS data it is evident that at large separations the energetic location of the 
7r and 7r* states which necessarily exhibit C2p character, are localised at — 1.5eF and -|-3.5eV' 
respectively. As the probe - molecule distance decreases each of these states becomes broadened 
and is accompanied by the onset of a new state with C2p character -|-0.2eV above Ef.

8.4 STS Measurements; I/V Spectroscopy.

Experimentally, the interaction of a Pt probe and the C=C bond of the adsorbed 1,3 CHD 
molecule on Si(lOO) can be examined in detail with STS measurements performed using LTSTM 
[Ref. 20,21]. This presents an opportunity to examine the qualitative fit between the DFT 
data presented above with the experimental measurement and perhaps more importantly to 
determine the resolution capabilities of the STM method when applied to the characterisation 
of metal-molecular organic devices contacts in general. There are two important points to 
be considered however, before the comparison of any experimental and theoretical data in 
this context can proceed. A first point is that the DFT treatment of probe-molecule contact 
presented above takes no account of bias conditions that are necessary to perform the STM 
experiment. This discrepancy between the experimental and theoretical measurement is not
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Figure 8.5: PDOS for a C 2p state centred on one of the atoms of the C=C bond as 
a function of probe-molecule separation. Localisation of the tt and tt* states is seen to 
decrease and is accompanied by the growth of a state with C 2p character 0.2eV above 
Ef. Labels 'Ll and ^2 represent new states with significant C 2p character located 
upon on one of the C atoms of the C=C bond on the adsorbed molecule.

overly detrimental to a proposed analysis however, and can be overcome by choosing only to 
compare the relevant (bias independent) experimental data to its theoretical counterpart. A 
second point rather more difficult to account for is that analysis of any STS data that might 
provide a comparison to the DFT data presented above is available only when appropriate scales 
are defined on the STS plotted data. The crux of the issue here, is that while the STM allows 
precise control over piezo extension and retraction (AZpiezo) the absolute values of probe to 
C=C vertical separation are not known and it is necessary to map the approach of the probe 
to the C=C of the adsorbed molecule on the co-ordinate used in the computational studies. 
The experimental and computation Z scales are aligned by fitting the experimentally observed 
potential minimum with that observed in the computation. The details of this procedure are 
described in Sec 8.5.

Fig 8.6(a),(b) and (c) presents the first of the STS measurements performed upon the 
Si(lOO) adsorbed 1,3CHD molecule to be discussed in this section. The image in Fig 8.6(a) 
shows the topographic LTSTM image ( 130 x 100 A) of the 1,3CHD molecule adsorbed on 
the Si(lOO) surface recorded with 0.1 pA tunnelling current and sample bias of 700mV at 5 K. 
The areas indicated by the hatched boxes in that image indicate the characteristic symmetry 
appropriate for c(4 x 2) and p(2 x 2) Si(lOO) surface dimer reconstruction.s while the LDOS 
maxima feature indicated by the cross is consistent with 1,3CHD molecule bound to the surface 
in the [2-1-2] intra dimer configuration ^ identified by Teague et al in [Ref. 16].

'We recognise that there is a difficulty in assignment of the precise molecular configuration of the 
LDOS maxima feature shown in Fig 8.6(a). In the LTSTM measurements described here and performed 
with an Pt-inked tip in contrast to the W tip of Teague et al, discrimination between the surface bound 
adducts proved problematic. However it is our view, given that the all inter dimer 1,3CHD adducts, 
[2-t-2] or [44-2] ([4-1-2] is treated in the DFT simulations), present a single unreacted C=C bond to 
the advancing STM probe, that the comparison of experimental and DFT data described below is
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Figure 8.6: Image (a) gives the topographic STM image ( 130 x 100 A) of the 1,3CHD 
molecule adsorbed on the Si(lOO) surface recorded with 0.1 pA tunnelling current and 
sample bias of 700mV at 5 K. The boxes indicate Si dimer domains of c(4 x 2) and 
p{2 X 2) order. In (b) the LDOS = {dI/dV)/{I/V) recorded above the molecular ad
sorption site and its dependence on the probe-molecule separation given by Zpiezo is 
presented as an contour map. In the bias window from 100-200 meV the LDOS is essen
tially independent of probe-molecule separation. Image (c) presents the corresponding 
inelastic tunnelling spectrum (lETS) recorded simultaneously with (b). [Ref. 21]
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Once the Pt-inked probe is positioned over the molecular adsorption site, the LDOS spec
trum measured as {dl/dV)/{I/V)), and the vibrational spectrum measured as {d^IfdV^) for 
the system is obtained simultaneously for a series of different probe-molecule separations with 
lock-in conditions (see Sec 2.5) of 15 mV modulation set at 534 Hz on the applied bias sweep 
of 100-700mV. The resulting data which gives the LDOS and vibrational spectra of the system 
during the probe-molecule approach is presented as an contour map in Fig 8.6(b) and (c) re
spectively. Note that the absolute values presented upon the Zpiezo will be discussed in Sec 8.5 
and for the moment can be associated with absolute probe to C=C bond vertical distance.

We now consider the electronic features that can be identified in the LDOS map presented 
in Fig 8.6(b). One important observation that is relevant to the discussion to be presented 
in Sec 8.5 is that in the energy range up to 200 mV, the LDOS for the interacting system 
is essentially constant and independent of probe molecule separation. Thus the measurements 
carried out to construct Fig 8.6(b) allows for the identification of an bias window where only the 
tunnelling distance (d) rather than probe induced LDOS features contribute to the tunnelling 
current during the probe approach to the molecule. A second feature evident from the LDOS 
map is that at probe - C=C separations between 4.0 - 3.0 A there is a weak doublet feature 
centred around 280meV. As the separation between probe and molecule is reduced this feature 
is quenched and in its place centred around 350meV emerges a new intense LDOS feature. 
Analysis of the second derivative spectrum (d'^I/dV^) plotted in Fig 8.6(c) reveals that the 
doublet feature identified in the LDOS map at large separation can be assigned to two clearly 
defined inelastic tunnelling processes located at 1610 and 2830 cm“^ which can be assigned 
to the stretching modes of the C=C and C-H bonds upon the adsorbed molecule respectively. 
The vibrational mode assignment indicated here is based on published IR and HREELS data 
[Ref. 176-178). Additionally, these inelastic tunnelling processes are observed to be quenched 
upon closer approach of the probe to the C=C of the adsorbed molecule and in their place 
at ~ 2500cm“^ emerges a new inelastic tunnelling process that must be associated with the 
growth of the 350meV LDOS feature observed in Fig 8.6(b). Further investigation of the system 
involving inward and outward trajectories of the probe positioned above the adsorbed molecule 
have determined that there is an anti correlation between the LDOS and vibrational features 
observed in Fig 8.6(b) and (c) that is reversible with the former being recovered at larger 
separations [Ref. 21). In short, on the basis of the series of measurements presented in Fig 8.6 
we may conclude that as the distance between the the STM probe and the adsorbed molecule 
is decreased, the chemical interactions between the probe and the C=C bond are responsible 
for the quenching of specific molecular vibrations and the generation of a new LDOS feature. 
So far this data matches closely what has been observed in the DFT calculations.

8.5 Zpiezo Scale Alignment; I/Z Spectroscopy

At this point, it is necessary to return to the subject of how the Zpiezo scale in Fig 8.6 is 
defined. Indicated already in that data set (Fig 8.6(b)) is that up to 200 mV. the LDOS for 
the interacting system is essentially constant and independent of probe molecule separation.

qualitatively valid
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In light of this information, it is possible within the LTSTM system to set up a series of STS 
measurements to be performed above the molecule with the intention to provide information on 
the perturbation of the molecule as a function of z-piezo extension. From the theory of electron 
tunnelling (see Eq 2.21), and given a uniform contribution from the LDOS of probe and sample 
states in 100-200mV bias at all separations, it is possible to describe the dependence of the 
tunnelling current on the barrier width (0) and tunnelling distance d as indicated in Eq 8.1.

I oc =
y/2m^

I OC exp [-Ay/^d] 
2TTy/8me

A =
(8.1)

From Eq 8.1 it is evident that if I/Z spectroscopy measurements are carried out above the 
adsorbed molecule in the low (100-200mV) bias regime, then deviations from purely exponential 
behaviour of the tunnelling current as a function of z-piezo extension (Z) can be uses as a means 
to measure the molecular adduct perturbation induced by the advancing STM probe. Note that 
d in Eq 8.1 represents the absolute molecule to probe vertical separation and not the Z piezo 
extension. Experimentally, the STS I/Z measurements are carried out by application of a 0.01 
nm dither at 534 Hz to the Z piezo under open loop conditions so that the current and the 
hrst and second harmonics {dl/dZ and d^I/dZ'^) are measured simultaneously using the lock-in 
technique [Ref. 20].

Fig 8.7(a) plots representative data from one of the STS experiments described above. 
I/Z ,—log{dI/dZ) and d^I/dZ^ curves obtained at a sample bias of 200mV for inward (red) 
and outward (green) traces of the STM probe approach over the C=C bond of the adsorbed 
1,3CHD molecule are given in the plots labelled by I,II and III respectively. Once again, it is 
important to note that the zero of the Zpi^zo scale is not fully accounted for at this stage. These 
data indicate that the tunnelling current obtained through the STS experiment detailed above 
cannot be described using a simple exponential dependence on the Zpi^zo extension. Instead 
the first and second harmonic measnrements (II and III) show systematic increase and decrease 
in the rate of current increase that must reflect vertical perturbations of the C=C bond of 
the adsorbed 1,3CHD molecule or changes in the apparent barrier height (j) induced by the 
probe approach. Additionally, the shaded areas in Fig 8.7(a) indicate regions along the piezo 
trajectory where the is no measurable hysteresis between the inward and outward traces. The 
region sandwiched between the two shaded areas therefore correspond to the probe to C=C 
distances where measurable inelastic process likely to be associated with bond breaking and 
making events begin to effect the tunnelling current [Ref. 20].

Further evidence of the perturbation of the molecule induced by the approach of the STM 
probe can be observed in the three curves plotted in Fig 8.7(b). These data (red curves in (I,II 
and III)) track the apparent tunnelling barrier height (/> along the trajectory of the STM probe 
using the data provided in Fig 8.7(a). Given that the data in Fig 8.7(a) provides simultaneous 
measurements of /, dl/dZ and d'^I/dZ'^, three nominally equivalent methods (f>Ai, 4>A2 and ({>^3 
given in Eq 8.2 are available to plot the barrier height dependence upon the Zpiezo extension.
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(a) (b)

Figure 8.7: In (a) I,II, and III are the //Z, dl/dZ and d^I/dZ^ measurenients, red 
(invards) and green (outwards),taken simultaneously over the LDOS maxima of the 
Si(LOO) adsorbed 1,3-CHD molecule. The shaded areas indicates the hysteresis-free 
range of probe-sample separations. In (b) I,II, and III, the red curves plot the depen
dence of the apparent tunnelling barrier height (pA on the probe-sample separation given 
by Zpiezo- Each curve (I)ai to (f)A3 is derived from the average of the inward and outward 
traces provided in (a) and is extracted from this data using the appropriate equations 
given in Eq 8.2. The black and green curves in (b) are fits to the 4>a data using Eq 8.4, 
with (black) and without (green) a barrier interaction term in the potential. [Ref. 20]
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(l>Ai - l-dl/dZ/IA]^
= d^I/dZ'^/IA^

<f>A3 = [~d^I/dZ'^/[dI/dZA)f

(8.2)

Ill the absence of any force interaction between molecule and probe these three method 
should yield identical measurement of the apparent barrier height (j)A ■ The three resulting curves 
plotted in Fig 8.7(b) indicate that not only is the apparent barrier height (f)A dependent upon 
the method used to track the value (/, dljdZ or (Pl/dZ^) but shows reproducible features at 
specific Zpiezo extensions. For instance each of the three curves (t>Ai, 4>A2 and (f>A3 indicate that 
the apparent barrier height decreases slowly as the probe approaches, but then show a maximum 
at 1.5A from the starting probe position followed by a secondary maximum corresponding to a 
piezo extension of 2.7A. In effect the non-linearities exhibited by these cnrves must reflect the 
vertical perturbation of the C=C bond during the probe trajectory which is not yet accounted 
for under Eq 8.2. Moreover, if a method is devised that can qualitatively account for the 
behaviour of the apparent barrier height within the three descriptions 4>aI) 4>A2 nnd (pAs, it 
would be possible to extract experimental information on the vertical perturbation of the C=C 
bond that can be readily compared to the DFT data set examined earlier. Alignment of both 
data sets can then be used to quantify the absolnte probe to C=C bond vertical displacement 
within the STM result and provide the values used on the Zpiezo scale in Figs 8.6 and Figs 8.7. 
The methodology that we use to recover these experimental data is outlined below.

Fig 8.8 shows a schematic of how the system of interacting molecule and advancing probe can 
be treated in order to account for the non-linearities observed in the barrier height spectroscopy 
presented in Fig 8.7(b). This simplified model sketched in Fig 8.8(b) and (c) assumes that the 
displacement of the molecule under the advancing probe can be modelled as a spring system 
where the molecule is attached to the Si(lOO) surface by a spring with spring constant given 
by kg and under the influence of an external force induced by interaction with the STM probe. 
During the trajectory of the advancing probe the molecule must respond to a force Fp exerted 
upon it which results in a perturbation of the molecule by AZc=c- Thus the restoring force 
exerted by the spring upon the molecule can be expressed as Fg = kgAZc=c and which when 
in equilibrium must be opposite and equal to the force Fp, thus Fp — — F,. This model is then 
used to account for non linearity within the barrier height spectroscopy curves by expressing 
the effective separation, Z, between the probe and the molecule as;

Zpiezo AZq—q Zpiezo + kg ^F{Z). (8.3)

Under this scheme the influence of the force F must also be introduced into the three 
equations provided in Eq 8.2 that define the barrier height measurements of Fig 8.7(b). It 
follows that the equations used to describe (pAii 4>A2 and <()^3 need to corrected to account for 
AZc=c and take on a new form given by Eq 8.4 [Ref. 20].
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Figure 8.8: Schematic model of the probe-sample system under investigation. The 
molecular attachment to the surface is modelled by a spring that responds 1o the 
presence of the approaching probe. The parameters that are applied in the curve dtting 
procedure are illustrated in the figure. The different panes (a-c) represent the model 
under the influence of zero probe-molecule interaction, a repulsive, and an attractive 
interaction respectively [Ref. 20].
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cj}Ai=M{^ + K'dF/dZ)^]

4>a2 = <^^[(1 + K^dFIdZf + {A(t>i)-^k;^d'^F/dZ^]

4>A3 - 0^[(1 + K^dFjdZf + iA,pl)-^k-^d‘^F/dZ^]{l + k-^dF/dZ)-\

(8.4)

By inspection of Eq 8.4 it is possible to identify that the leading order correction terms 
depend upon the force gradient dF/dZ which is primarily responsible for the non-linearities 
evident in the barrier heigh spectroscopy measurements of Fig 8.7(b). Given the new description 
of the barrier height response as a function of the Zpi^zo extension, a curve fitting procedure 
can be used to fit curves to the barrier height spectroscopy data expressed in Fig 8.7(b) such 
that the three barrier height measurements (f)Ai, 4>A2 and (pAS laay be described with a common 
functional form of dF/dZ. The outcome of this fitting procedure is represented in Fig 8.7(b) as 
the green and black curves that respectively use the negative gradient of two different potentials 
functions to describe dF/dZ. Thus within Fig 8.7(b) for the green curves in 1, II and III, dF/dZ 
is derived from the negative gradient of a Morse potential and for the black curves in I, II and 
III, dF/dZ is derived from the negative gradient of a Morse potential coupled with an additional 
Gaussian potential barrier that manifests at specific probe to C=G vertical displacements. The 
resulting fits to the experimental data in Fig 8.7(b) indicate that the barrier height spectroscopy 
data are extremely well described by the functional form of dF/dZ derived from the coupled 
potential functions (Morse-|-Gaussian; black curve). It is important to note here that the fitted 
curves use the same paranietrisation for all three representations of the experimental data (pAi, 
<Pa2 and cf>A3 [Ref- 20].

Fig 8.9 shows the Morse-t-Gaussian potential function (blue) and its corresponding dF/dZ 
(green) force gradient which give the best fit to the barrier height spectroscopy data shown 
in Fig 8.7(b). The minimum of the potential energy in the experimentally derived potential 
function has been aligned with the minimum of the DFT interaction potential result (red) 
and the coordinate represents the the DFT measured absolute tip to C=C bond displacement. 
Using the qualitative alignment between potential functions representing DFT and experimental 
results as a guide it is possible at this juncture to assign absolute Z values to the main features 
observed in the barrier height spectroscopy data. For example, given the qualitative agreement 
of the dF/dZ curve plotted in Fig 8.9 and the (pAi data in Fig 8.7(b)I, reflecting the presence 
of the dF/dZ term in Eq 8.4, it is possible to assign the maxima in (pAi to an absolute probe 
- molecule separation of ~ 2.7A. This set point value then can therefore be used to align all 
other Zpiezo scales in the data described above.

8.6 Comparison of DFT and Experimental Result.

At this point, it is worthwhile to discuss the correlation between the DFT predicted interaction 
potential and that returned from the barrier height spectroscopy data. Most obvious in the 
comparison of these data presented in Fig 8.9, is the difference in interaction energy minima 
between the two curves. As explained earlier in the chapter, the large binding energy recorded 
by the DFT calculations is a result of the reduced coordination on the simulated Pt probe that 
is generally untreatable under our current computational resources. The value returned by the
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Figure 8.9: The blue curve above is the Morse plus Gaussian potential function that 
returns a dF/dZ which provides the best fit to the barrier height spectroscopy data 
of Fig 8.7. The experimental potential function is aligned to the result from the DFT 
calculations described earlier which allows assignment of selected absolute prcbe to 
C=C distance values to the Zpiezo scale.

STM experiment (0.6eV) in contra-st, closely matches values of previous computation studies 
that have examined the bond strength for ethene on Pt surfaces [Ref. 173). Of greater interest is 
the appearance of the Gaussian barrier in the experimentally resolved potential function which 
is not obviously present in the DFT interaction energy data. What is interesting in this regard 
is the post DFT Mulliken analysis of the electron density as a function of probe trajectory 
shows an antibonding interaction between frontier Pt and C=C atoms at interaction distances 
consistent with the coordinates of the Gaussian barrier in the experimental potential function. 
There is also subtle evidence of the phenomena to be observed in Fig 8.10 where the vertical 
coordinates of the C=C as a function of probe-molecule distance Z are examined in greater 
detail. The shaded area in Fig 8.10, consistent with the coordinates of the Gaussian barrier and 
the antibonding Pt-G interaction from the Mulliken analysis, shows that the attraction of the 
C=C bond towards the advancing Pt probe does not follow a smooth trajectory. We recognise 
here that the dimension of the perturbations are extremely small but nonetheless it coild be 
argued that the decrease in the rate of approach of the C=C bond towards the probe might be 
consistent with the antibonding interaction evident in the Mulliken analysis and the Gaussian 
barrier recovered in the STM experiments. In any case, it is suggested here that energetic 
evidence of the barrier associated with the antibonding interaction and Gaussian funcrJon is 
concealed in the DFT interaction potential by the significant larger energy lowering effects that 
transpire from electronic delocalisation at the simulated probe.

8.7 The Dewar-Chatt-Dunchanson Interpretation.

Given the theoretical and experimental data presented above detailing the behaviour of a metal
lic probe interacting with an organic compound, it is worthwhile to consider the collectel data 
set in terms of an appropriate chemical model. In our opinion, much of the behaviour in the
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Figure 8.10: C=C vertical perturbation as a function of absolute C=C to probe distance 
Z. The shaded area indicates the region where there is a decrease in the rate of approach 
of the C=C bond towards the probe. This may be consistent with the antibonding 
interaction evident in the Mulliken analysis and the Gaussian barrier recovered from 
the barrier height spectroscopy experiments.

system described above can be rationalised by drawing analogy to the chemical understanding 
of bonding apjrropriate for transition metal r;^-alkene com]3lexes and that the Dewar-Chatt- 
Dunchanson (D.C.D) model [Ref. 98] (see Sec 4.5.1) provides a useful reference in this respect. 
For example, Fig 8.11 shows a molecular orbital correlation diagram appropriate for the D.C.D 
description of bonding between a transition metal organoinetallic compound and an olefin lig
and. Within this molecidar orbital schematic, the olefin donates charge into empty metal 
orbitals (to form tki), and is accompanied by back donation from filled metal orbitals into the 
empty olefin orbital (to form The PDOS peaks in Fig. 8.5 have been labelled with the 
aid of the correlation diagram in Fig. 8.11 and the general agreement demonstrates that the 
interaction between the probe and the molecules is well described by Fig. 8.11. In particular, 
the DFT and STS resolved new LDOS feature arising from the probe to C=C interaction and 
centred at 0.2eV and 0.35eV above Ep according to the respective measurements, is consistent 
with the appearance of the 'F2 state in the D.C.D MO diagram. In addition, examination of 
the phase information of and "Fs within Fig. 8.11, reveals that while 'I'2 and 'Fa allow for
charge transfer from the probe into the tt* state on the C=C bond it is and ^^2 that allows 
establishment of the frontier Pt-C bond. Thus the initial Pt-C bond population recorded in 
the Mulliken analysis of Fig 8.3(a) and the Gaussian barrier recovered from the barrier height 
spectroscopy (Fig 8.9) can be accounted for by an antibonding interaction evident in ^3. Addi
tionally, at larger separations it can be expected that charge transfer is primarily in the direction 
from the probe to the C—C bond and therefore ^2 and ^<3 interactions will dominate leading 
to a weakening of the Pt-Pt and C=C bonds which is in agreement with the Mulliken analysis, 
C=C bond length analysis and the quenching of the C=C vibration recorded in the vibrational 
spectroscopy data (see Fig 8.6c). Eventually for reduced probe separation the Pt-C bonding 
contribution of ^<2 aided by prevails resulting in the establishment of the Pt-C bond and 
the new ^<2 LDOS feature that is responsible for the bias/C=C contrast phenomena observed 
in the initial STM experiments of Teague et al [Ref. 16].
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Figure 8.11: A conceptual molecular orbital diagram appropriate for 77^-alkene com- 
ple:ces. The theoretically and experimentally resolved growth of a new LDOS feature is 
corsistent with the formation of the ^'2 state and competition between the states can 
account for the Mulliken analysis of the Pt-C bond given in Fig 8.3(a). The labelling 
of PDOS peaks in Fig 8.5 has been set by comparison with the above schematic.

8.8 Discussion.

The combined theoretical and experimental results presented in this chapter demonstrate that 
dunng typical STM operation the probe may strongly interact with molecular systems, even 
those with large intrinsic HOMO-LUMO gaps. In instances where this interaction produces an 
interface state that is within the tunnelling energy, such as the new LDOS feature for the case 
of ],3CHD on Si(lOO), a new tunnelling conductance channel and hence a new image contrast 
mechanism emerges. This data therefore explains the bias to C=C bond contrast observed in 
the measurements of Teague et al. and is likely to be important in other STM studies that 
attempt to image C=C containing molecules using empty state bias conditions.

More important, however, is that the high precision and controlled STM studies coupled 
witi ab inito calculations described above provide a means to explore how the intrinsic proper
ties of molecules are affected by contact formation. The experimental overlap with the theory 
anc the resultant insight into molecular perturbation and contact formation is allowed by an 
abiity to explicitly separate the mechanical and electronic contributions to the experimentally 
recovered tunnelling current, which will always be possible for molecules with large HOMO- 
LUMO gaps and semiconductors where the location of the Fermi level can be controlled by 
dojing. It follows therefore, that the coupled measurements are likely to be essential in the 
delvery of information that might lead to the rational design of functional molecular scale elec- 
troiic devices. For example, the methodology facilitates a systematic approach to evaluate how 
different contacting metals affects the behaviour, electronic or otherwise, of candidate molecules 
anc molecular wires such as CNT’s in different environments and bonding configurations.



Chapter 9

CNT Characterisation and 
Nanoprober Evaluation.

9.1 Introduction

The following chapter presents experimental results on two largely independent techniques that 
both strive to return characterisation data on discrete and metal contacted CNT structures that 
might be put to use in the rational design of CNT microelectronic devices. Motivated by the 
characterisation possibilities of the STM technique, the high technological importance of the 
Si(lOO) surface and the potential for a hybrid Si-CNT device, Sec 9.2 will describe preliminary 
results on a UHV compatible deposition of SWCNT on Si(lOO) that was implemented during the 
course of research undertaken within this thesis. The topographical STM images of SWCNT 
obtained using this methodology afford us the opportunity to identify remarkable SWCNT 
features with ultra precise resolution. The section concludes with an STM image analysis 
experiment which allows a robust approximation of the chirality indices of an individual SWCNT 
structure and indicates the potential of the STM analysis as applied to SWCNT characterisation 
in general.

Experimental results discussed in the remainder of the chapter were obtained over a three 
month period, working as a visiting researcher at the IMEC facility in Leuven Belgium, and 
are primarily concerned with the electrical properties of metal contacted MWCNT structures. 
The goals of the research undertaken here were two fold. First, to establish the potential of the 
Kleindick Nanoprober tool-set in this area of research and second, to complete a metal-MWCNT 
contact comparison experiment that might reveal metallic properties that are important in the 
development of high quality and low resistance contacts to MWCNT structures. A full account 
of the motivation behind the experiments carried out within this study is provided in Sec 9.3

9.2 UHV deposition of SWCNT on Si(lOO).

The results obtained through the UHV deposition of SWCNT on Si(lOO) described within this 
section were recorded using purified HiPCo SWCNT purchased from Carbon Nanotechnologies 
Inc. (lot ^(fP0289). This product is used as supplied by coating the UHV compatible fibreglass

159
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on the CNT applicator (see Fig 5.4) in ambient conditions with CNT powder. Nanotube 
deposition upon the prepared Si(lOO) surface is then carried out as described in Sec 5.2.5. 
Fig 9.1(a) and (b) are examples of the results obtained utilising this procedure. Fig 9.1(a) 
shows an STM image (SOOOnm x SOOOnm) that allows observation of a large nanotube network 
deposited on the Si(lOO) surface. The height and complexity of the bundle prevents high 
resolution STM imaging over the CNT network. There are tubes, however, on the edge of the 
network (Fig 9.1(b)) that are isolated and of uniform height across the surface such that high 
resolution STM imaging is possible.

Figure 9.1: (a) SOOOnm x SOOOnm STM image {V = —l.SF,/j = O.lSnyl) allows obser
vation of a nanotube network deposited upon the Si(lOO) surface via in-situ deposition 
technique, (b) 600nm x 600nm. STM image under the same conditions reveals that 
tubes on the edge of the CNT network are isolated and have a uniform height along 
the surface which makes them suitable for high resolution scanning.

The procedure for locating isolated CNT’s at the edge of complex CNT networks allows 
STM imaging of novel SWCNT features and the images obtained in this fashion can be uses to 
gauge the accomplishment of the in-situ CNT deposition technique in general. Fig 9.2(a)-(e) 
shows a collection of these STM images for SWCNT on Si(lOO) where each image indicates a 
novel defect or structural feature on the CNT. Using visual inspection alone the CNT features in 
the STM images are identified as (a) metal or molecular defects, (b) bi-chiral CNT with CNT- 
CNT bundling, (c) CNT vacancy defect or kink site, (d) folded CNT or bi-directional CNT 
and (e) CNT root or growth site. It should be noted at this juncture, while taking account of 
the limitations in the STM measurements, that the assignment of features in Fig 9.2 are purely 
speculative, in that no other experimental evidence other than the LDOS information gathered 
can be used to establish the origin of the unusual features imaged. Thus, it is unknown if 
the HiPCO tubes originally exhibit these features or whether they are introduced through the 
CNT deposition process. Despite the inherent limitations, Fig 9.2 indicates that the LDOS 
information and the STM images, available through the in-situ CNT deposition technique
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Figure 9.2: (a)-(e) are are a collection of high resolution filled state STM images per
formed at tunnelling conditions set around {V — —IV, If — O.lnyl) and collected over 
a number of SWCNT deposited upon Si(lOO). Tentative identification of the SWCNT 
features imaged are discussed in the text

As an example of the usefulness of the in-situ deposition technique, Fig 9.3 outlines a scheme 
analogous to the procedures of Odom et al [Ref. 180] that can be employed to identify the (n, m) 
indices of a isolated SWCNT from the topography data obtained from STM measurements. Ac
cording to Odom, atomically resolved STM images of SWCNT can be used to provide two pieces 
of information, the circumference C and the chiral angle 0 that uniquely determine the struc
ture (electronic or otherwise) of a SWCNT. Under the Odom scheme, chiral angle and diameter 
determination of the SWCNT are carried out using line profiles and STM images obtained from 
the uncorrected constant current STM images. Venema et al [Ref. 181] subsequently observed 
that diameter and chiral angle determination using the raw STM data are prone to error given 
that the values obtained under this method are affected by image convolution of tip and sample. 
This effect combined with the actual curvature of the SWCNT induces an error such that the 
tube appears flattened in the STM images and in turn, leads to an overestimation in the chiral 
angle for atomically resolved tubes by as much as 15%-7()% [Ref. 104].

The alternative method of SWCNT diameter and chiral angle determination proposed by 
Venema et al. is to compress the atomically resolved STM image in the direction normal to
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the nanotube axis to the point that a 30° internal angle is achieved between the armchair and 
zigzag direction of the SWCNT [Ref. 181]. This 30° angle is constant for all SWCNT (n, m) 
values and serves as the compression limit for the image. Following the image compression 
step, a corrected chiral angle can be interpreted by measurement of the angle defined by the 
nanotube axis and the zig-zag and armchair directions as indicated in Fig 9.3. Following this 
scheme, the corrected diameter and chiral angles for the atomically resolved SWCNT on Si(lOO) 
given in Fig 9.3 are measured as 2.1 ± 0.2nm and 3° ± 1° respectively. These data can then be 
used to predict an appropriate group of SWCNT {n,m) indices as indicated in Fig 9.3(c). In 
the analysis presented for the tube given in Fig 9.3 this corresponds to SWCNT (n,m) indices 
equal to (30 ±3, 2) as indicated in graphene lattice map plotted on the right of the STM images.

It .should be noted that in the publications of Odom and Venema [Ref. 180,181] the assign
ment of SWCNT (n, m) indices is supported by a complementary data set of STS measurements 
performed upon the SWCNT. These ^ measurements are used as an indicator of nanotube 
electronic behaviour either semiconducting or metallic and additionally to facilitate a second 
experimental measurement of SWCNT diameter. These measurements performed at 4K were 
used by each author to reduce the error associated with SWCNT indices assignment. While 
^ measurements were carried out on the SWCNT imaged within this thesis the data obtained 
at room temperature using the Omicron system proved insufficiently stable across the SWCNT 
spectroscopy sites to be of any analytical use. It is probable that this shortcoming for these 
preliminary experiments could be rectified by performing the STS measurements within the 
Createc LTSTM at 4K with the Pt inked W tips that have been previously observed to facil
itate highly reproducible STS measurements over single molecular sites [Ref. 20,21]. Indeed 
these type of measurements are currently the focus of a new study beitrg undertaken in our 
laboratory.

9.3 Electrical characterisation of probe contacted MWCNT.

From here, results on the characterisation of CNT structures presented within this chapter 
switches focus to an analysis of data obtained using nanoprober I{V) measurements of metal- 
contacted MWCNTs. The MW^CNT samples and Kleindick nanoprober system used in these 
experiments have been previously described in Sec 5.3.1 and Sec 5.3.2 respectively. Given the 
goals of the research outlined in the introductory paragraphs of this chapter, the following 
discussion will focus upon experiments and data that indicate the potential of the nanoprober 
technique to complement and even transcend existing CNT characterisation toolsets. Thus, 
the experiments presented below will highlight the efficiency of the nanoprober technique to 
return sample characterisation and metal-MWCNT contact characterisation data, as opposed 
to the traditional and difficulty laden techniques that generally involve lithography or focused- 
ion beam (FIB), or electron beam lithography (EBL) of defined metal deposition steps. In 
light of this. Sec 9.4 details the nanoprober characterisation methodology and record resis
tance measurements for the two MWCNT via samples that have been described previously in 
Sec 5.3.1. Given an initial account of the general characterisation procedure it is also important 
to identify and examine the variables that affect the nanoprober measurement and to establish 
the nanoprober measurement protocols which should facilitate optimal accuracy in MWCNT 
characterisation experiments. Thus, Sec 9.5.1 presents a series of refined measurements taken
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Figure 9.3: (a) SWCNT chiral angle determination as proposed by Venema et al 
[Ref. 181]. (b) is the uncorrected STM image where the angle between the zig-zag and 
armchair directions is overestimated due to image distortion effects that stretches the 
atomic lattice of the CNT in the direction perpendicular to the nanotuhe axis, (b) The 
corrected STM image brought about by compression of the original image to obtain 
a 30° difference between the zigzag and armchair directions. A chiral angle of 3° and 
diameter of 2.1 nm is determined from the corrected image. These data can be used 
to identify the SWCNT {n,m) indices according to the scheme set out in (c).
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exclusively upon MWCNT supplied from the Ni catalyst via sample to enable investiga'ion of 
the Joule heating effect on nanoprober contact resistance measurements which if unaccounted 
for, would prevent accurate metal-MWCNT contact comparison data. Following this, tlie dis
cussion shifts to an examination of results from of a series of nanoprober measurements that 
provide important data towards the functional design of CNT microelectronic devices. Thus 
in Sec 9.5.2 we examine the electronic transport route (one shell or many shell ?) utilised in a 
metal contacted MWCNT and in Sec 9.5.3 attempts are made to identify metallic properties 
that allow for high performance and low resistance contacts to MWCNT structures. The chap
ter concludes with a discussion detailing how the nanoprober system can be coupled with an 
external TEM system to allow selective harvesting and TEM analysis of MWCNT structures.

9.4 Via sample characterisation

Fig 9.4 is a schematic of the single probe measurement technique used to characterise the 
MWCNT from the via samples. A back electrode is fashioned from copper tape and attached 
to the tungsten common electrode on each sample by removing an area of the insulating Si02 

with HF solution. This back contact is then electrically connected to an appropriate SMU on 
the nanoprober system and I{V) measurements can be carried out once a selected individual 
MWCNT on the sample has been contacted by the probe. Prior to MWCNT I{V) measurements 
the resistance of a closed circuit minus the MWCNT can be determined by contacting the probe 
on an area of exposed tungsten close to the copper back contact and typical measurements in 
this mode usually result in a resistance from lOfl to 4014.

Figure 9.4: Schematic for single probe measurement technique used to characterise the 
MWCNT from the via samples. A back electrode is fashioned from copper tape and 
attached to the tungsten common electrode on each sample by removing an area of the 
insulating Si02 with HF solution. This back contact is then electrically connected to 
an appropriate SMU on the nanoprober system and I{V) measurements can be cirried 
out once a selected individual MWCNT on the sample has been contacted by the probe.

Fig 9.5 shows a typical measurement on the Co catalyst sample (130nm via) using a probe 
that has been partially coated with an indium deposition layer. Across the top of Fig 9.5 are a 
series of SEM images showing probe movement during initial contact, measurement and iiduced
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failure of the MWCNT. Also shown in the figure are the I{V) characteristics of the MWCNT 
during measurement. The measurement takes place as follows :

1. Potential sweep -2V to 2V. Compliance set to 0.3mA

2. 0.6mA initialisation run sustained for approximately 20sec

3. Potential sweep -2V to 2V. Compliance set to 0.6mA

4. Potential sweep -2V to 2V. Compliance set to 0.9mA

5. Potential sweep -2V to 2V. Compliance set to 1mA

6. Potential sweep -2V to 2V. Compliance set to 3mA

7. Potential sweep -3V to 3V. Compliance set to 3niA. Induces MWCNT failure

It can be observed on the plot of the I{V) data for the measurement that the resistance of the 
circuit changes as a result of the 0.6mA initialisation run and that further voltage sweeps with 
increasing compliance give a stable I{V) curve. It should also be mentioned that the voltage 
sweeps themselves also induce a initialisation effect while the current is hitting the compliance 
value (indicated in the plot by horizontal portions of each curve). For this particular tube, the 
sub.sequent initialisations do not cause a further decrease in resistance of the circuit although 
it cannot be said with certainty that the resistance would not have decreased further given the 
opportunity to do so, if a higher compliance value that would not have induced tube failure had 
been used. In any event, the I{V) data obtained here is used to measure the resistance for this 
circuit as approximately Ikil. and determine that tube failure occurs with a current between 
1.5mA - 3mA.

9.4.1 Via sample comparison

Variations of the procedure discussed above in Sec 9.4 were repeated a number of times on each 
of the via samples (Co and Ni catalyst) until a general picture of the quality of the tubes and 
typical resistance and failure values was determined. Typically initialisation and compliance 
values are increased on each tube measurement until the resistance of the circuit has stabilised. 
In some instances the lowest possible resistance is not recorded due to induced failure of the 
tube and we consider the lowest resistance recorded before failure as the resistance of the circuit. 
In all, over forty tubes from each sample are examined by these means. Table 9.1 presents a 
summary of the characterisation results from each of the cobalt and nickel via samples.

It is found experimentally on both via samples that the first contact measurements without 
initialisation procedure result in I{V) curves of high resistance and low stability. Once the 
initialisation procedure takes place, the resistance of the circuit decreased and subsequent I(V) 
curves have greater stability. Further initialisation using a higher compliance values often 
reduces the resistance in the event that the tube can withstand the higher currents required 
and does not fail. The initialisation procedure is discussed in greater detail in Sec 9.5.1.

Repeated measurements also reveal a difference in measurement uniformity between the two 
via samples. The poor uniformity present in measurements on the Ni via sample is due to the 
fact that the range of tube diameters is greater in this sample while tube diameter on the Co 
via sample is more consistent and usually takes on the diameter of the via from which it grows.
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Figure 9.5: Typical single probe I{V) measurement of an MWCNT from the Co via 
sample. The first two SEM images across the top of the figure show the positioning of 
the tip prior I(V) characterisation. The third of these, show the MWCNT after current 
induced failure

Table 9.1: Ni and Co Via sample comparison
Co Catalyst Ni Catalyst

Initialization Procedure Gives stable R Gives stable R
Measurement Uniformity Good Poor

Typical Failure 1 — 3mA 0.1 — 3mA
Typical Resistance 2kQ 20 - 2kn

Record Tip Material indium indium
R record 800Q 90012
R theory 12012 44012

Tube Quality Poor (irregular) Higher Quality
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The larger range in tube diameter for the Ni sample also increases the range of the current for 
which typical failure of tubes occurs. In the Co sample typical failure occurs from l-3mA but 
in the Ni sample failure can occur on tubes of smaller diameter with currents as low as 0.1mA, 
It is possible, however, to select tubes on the Ni catalyst sample, prior to measurements, on 
the basis of their diameter (determined from SEM imaging) that generally survive the 0.1mA 
currents used in the initial application of the initialisation procedure. These preselected tubes 
typically fail in the l-3mA range and allow typical resistances measurements of approximately 
2kn which is in the same range of values recorded on the Co catalyst sample.

Resistance records set for both samples are also listed in Table 9.1. Each of these measure
ments were completed using an In coated tip on an encapsulated tube. Encapsulation of the 
tube is performed by initially inducing failure of the tube just above the via by either electrical 
breakdown or the application of force using the probe. The probe is then repositioned on top 
of the remaining tube fragment from where probe and tube are pushed down into the via. 
The contact between probe and tube formed in this fashion is expected to be of a lower resis
tance given that a greater number of MWCNT shells on the remaining tube fragment would bo 
exposed to contact with the probe.

In Fig 9.6 the resistance record set for each via sample is compared with a theoretical 
upper limit for the resistance that has been calculated following an estimation of tube diameter- 
based on SEM images of the actual tubes that were used to set the record measurements. Thc^ 
calculation is summarised in Table 9.2.

Table 9.2: Estimate of upper resistance values on MWCNT from Co and Ni via samples.
Co Catalyst Ni Catalyst

Estimated outer radius (ro„t) 130nm/2=65nm 50nm/2=25nm
Estimated inner radius(rj„) lOnm lOnm

Ar 55nm 15nm
Number of shells (-1-3.4A) 162 44

Resistance from Eq:4.8 12012 44012

In the Co via sample the theoretical upper limit to resistance is estimated to be 120n for- 
the tube of the given dimensions. This value is less than the calculated result for the tubr^ 
from Ni catalyst sample due to the greater nunrber of shells in MWCNT from the Co sample. 
A comparison of the theoretical and measured resistance measurements for each sample allows 
for rough estimate on the quality of the tubes from each sample. The fact that the resistance 
recorded on the tube from the Ni catalyst sample shows less deviation from its theoretical upper 
limit for resistance, would suggest that these tubes are of a higher quality and that scattering 
resistance values observed for tubes on the Ni catalyst sample is less than that for the tubes 
from the Co catalyst sample. SEM images taken on both samples support these results because, 
as discussed in Sec 5.3.1, tubes from the Co sample appear kinked and structurally irregular 
which should serve to increase scattering resistance in MWCNT’s. The representative SEM 
images of both via samples are re-shown in Fig 9.7 for convenience.
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Figure 9.7: SEM images of MWCNT grown by CVD from electrochemically deposited 
Cobalt and Nickel
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9.5 Refined measurements on Ni catalyst sample

9.5.1 Initialisation - Joule Heating Effects

In order to examine the initialisation effect more thoroughly and determine the factors in the 
circuit that are changing during the procedure, three refined I{V) measurement experiments 
are carried out on the Ni catalyst via sample. These experiments are as follows:

1. The repeated contact experiment.

2. The delayed measurement experiment.

3. The decreased compliance experiment.

Each of these experiments will be discus.sed in the following paragraphs.

Repeated contact experiment

Fig 9.8 is a summary of the data collected from the repeated contact experiment. In this 
experiment a single tube from the Ni catalyst sample is selected and contacted on five separate 
occasions. The series of SEM images on top of the figure show this contact for one occasion. 
Care was taken to ensure that at each contact attempt the probe is touching the same area of 
the tube. After each contact the tube undergoes a defined measurement procedure which can 
be described as follows:

1. O.lniA initialisation run.

2. Potential sweep -5V to 5V with compliance set to 0.1mA

3. 0.3niA initialisation run.

4. Potential sweep -5V to 5V with compliance set to 0.3mA

5. Pull back tip to break contact with tube.

6. Approach with tip to re-contact to the tube and repeat steps 1-6

The resistance after each initialisation is calculated from the I{V) curves recorded during 
each potential sweep. The bar graph in Fig 9.8 plots the resistance of the circuit as a function of 
initialisation current and contact attempt. On the fifth contact measurement the initialisation 
procedure is extended to a 0.6mA initialisation run and this is followed by a potential sveep 
-5V to 5V. The resistance is again calculated from the resulting I{V) curve and also plotted on 
the bar graph. A subsequent attempt to extend the initialisation procedure to a higher current 
of 0.9mA on this contact resulted in failure of the tube.

Examining the bar plot it is apparent that the resistance at each contact attempt decreases 
due to the initialisation current. Also of interest is the fact that on a re-contact measurement 
the resistance of the circuit reverts back to its original state of approximately 13A'f2 follov/ing 
a 0.1mA initialisation run. It is therefore evident that the initialisation procedure is reversible 
(by breaking the top contact) and does not cause a permanent change to the either the tube or 
the bottom contact.
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Contact Attempt

Figure 9.8: Resistance profile of a single MWCNT contacted on five occasions.

Delayed measurement experiment

Fig 9.9 displays the data collected during the delayed measurement experiment. In this mea
surement an individual tube is selected and contacted. The measurement then proceeds as 
follows:

1. 0.1mA initialisation run.

2. Potential sweep -5V to 5V with compliance set to O.lniA

3. 0.3mA initialisation run.

4. Potential sweep -5V to 5V with compliance set to 0.3mA

5. 0.6mA initialisation run.

6. Potential sweep -5V to 5V with compliance set to 0.6mA

7. Wait 5 mins

8. Potential sweep -1.4V to 1.4V avoiding compliance regime.

Evident from the plot of the I{V) data displayed in Fig 9.9 is the fact that once again the 
resistance of the circuit is decreasing as a result of initialisation current. However the final 
potential sweep between -1.4V to 1.4 V is taken after waiting five minutes and avoids the 
compliance regime of the previous potential sweep. Thus it is reasonable to suggest that the 
resistance attained due to the initialisation procedure is stable and does not degrade significantly 
over time.
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Figure 9.9: Resistance profile of a single MWCNT.

Decreased initialisation experiment

The data obtained during the decreased initialisation experiment is displayed in Fig 9.10. As 
before a single tiibe is contacted and undergoes the initialisation procedure followed by potential 
sweeps between -5V to 5V with a set compliance as follows.

1. O.lmA initialisation run.

2. Potential sweep -5V to 5V with compliance set to O.lmA

3. 0.3mA initialisation run.

4. Potential sweep -5V to 5V with compliance set to 0.3mA

5. O.lmA initialisation run.

6. Potential sweep -5V to 5V with compliance set to O.lmA

On this experiment however the final initialisation procedure is reversed from a 0.3mA run to 
a O.lmA run. The reduced 0.1 niA initialisation run is followed by a potential sweep and new 
resistance measurement which reveals that the resistance remains stable at the value attained 
following the 0.3mA initialisation run and did not increase back to the value recorded following 
the first O.lmA initialisation. Thus it is apparent that the change brought abo»it by the initial
isation procedure for the resistance of the circuit cannot be degraded using lower currents than 
those used to effect the change in the first instance.

Initialisation procedure - Summary

The three previous experiments described above are useful in the analysis of the initialisation 
procedure. Firstly the repeated contact experiment is important in allowing a determination 
of where the change in the circuit is occurring during the initialisation runs. The fact that the 
change brought about by initialisation during one contact is not maintained when the probe 
electrode is removed and then re-contacted to the tube, is strong evidence to suggest that 
the initialisation procedure affects the top contact only, since it is the top contact alone that 
is broken during re-contact procedure. One could speculate at this point that initialisation
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Figure 9.10: Resistance profile of a single MWCNT.

procedure changes the electrical transport properties of the tube by removing oxide/organic 
material from the tube by joule heating, however in order for this interpretation to be valid 
the oxide/organic material would have to re-adsorb to the tube over a short time scale on the 
order of one minute (the time between re-contact measurements) in order for the resistance of 
the circuit to degrade sufficiently and tliis is unlikely given the experiment is performed under 
vacuum conditions at 10~®mbar. The delayed measurement experiment also argues against 
this interpretation as the experiments shows no increase in resistance when five minutes are left 
between subsequent measurements.

Another interpretation could speculate that it is the bottom contact of the circuit that 
changes during the initialisation procedure. One could potentially argue that the initialisation 
procedure improves the bottom contact through Joule heating and that it is the pull back be
tween subsequent measurements the tube is somewhat ’’‘tugged’” from the via that serves to 
undo the change brought about by initialisation and recorded in the repeated contact measure
ments. It is our opinion, however, that this interpretation is unlikely given that there has never 
been an occasion during all characterisation and refined measurements that has succeeded in 
pulling a tube entirely from a via.

Thus it is proposed here that the top contact between probe metal and tube is the only 
portion of circuit that changes during the initialisation procedure. Furthermore, experiments 
have shown that once the top contact change has occurred, due to initialisation, it is stable 
over time (five minutes) and over subsequent lower initialization runs. Also evident frem the 
data presented here is the fact that similar initialisation runs result in similar drops in contact 
resistance as displayed in the data from the re-contact experiment in Fig 9.8.

The fact that the initialisation procedure results iu a drop in the resistance of the MWCNT 
circuit has important implications for further studies where the resistance’s of CNT’s are under 
investigation. Previous studies investigating electrical transport in CNT [Ref. 182] have assumed 
tha: stable and linear I{V) data are a reliable measurement indicating the resistance of their 
circuit. The data presented in this study have shown that the procedure of Joule heating 
or initialisation should be extended in future measurements until there is no change in the 
resistance of the circuit as a result of increasing the initialisation current. After the extended
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procedure the resistance of the top contact should be at its lowest value and would allow the 
most accurate characterisation of the tube resistance. It is also a possibility however, that this 
optimum contact to tubes may be unattainable as the high currents required by the initialisation 
procedure to induce the lowest contact resistance may result in failure of the tube before the 
contact resistance has converged and is observed to be stable under increased initialisation 
currents.

9.5.2 Controlled breakdown experiments

The following section details experimental attempts aimed at rationalising the high currents 
< 1.277?^ that have been observed to be sustained by the tubes in the I{V) measurements 
carried on the Ni catalyst sample. These experiments were also performed in order to gain 
evidence relating to the structure of the tubes because, at the time of the investigation, no 
TEM analysis (Section 9.6) had been carried out, and the actual structure of the tubes (carbon 
fibres or MWCNT) was still largely unknown. The experiments carried out here mimic the 
work of [Ref. 120,183] insofar as an attempt was made to induce the shell-by-shell failure of 
a MWCNT in order to determine the number of shells that contribute to transport and the 
current saturation values per shell.

The measurement technique employed for the controlled breakdown experiments is as fol
lows:

1. Contact individual tube on Ni catalyst sample.

2. Apply the extended initialisation procedure until the circuit resistance has converged.

3. Set 0.1 second delay before each data point measurement on the Keithley SCS system .

4. Set 0.5mV applied potential step between subsequent data points on Keithley SCS sys
tem.

5. Potential sweep OV to 5V with compliance set to 0.1 A

6. Attempt to switch off measurement at the first drop in current corresponding to electrical 
breakdown.

The experiment was attempted on three separate tubes and the results are plotted in 
Fig 9.11. All three tubes show a stepwise decrease of the current until complete failure of the 
tube is induced. On tube A, the experiment records five breakdown points while for tubes B and 
C only four breakdown points are recorded. Attempts were made to observe, using the SEM, 
a thinning of the tubes due to shell removal as each of the experiments proceeded. However 
the observation of tube thinning was only successful on tube B when SEM images of the tube 
before and after breakdown 3 are compared. These SEM images are compared in Fig 9.12.

Interpretation of the data presented in Fig 9.12 is limited due to the fact that the mea
surement technique used was not sensitive enough to induce breakdown of shells one at a time. 
Despite this lack of sensitivity, the data presented are a strong indication that the tubes from 
the Ni catalyst are multi-wall in character with at least 4 shells contributing to electronic 
transport. Subsequent TEM analysis discussed in Section 9.6 support these conclusions.
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V[V]

Fi!,ure 9.11: The three plots above show the results of controlled breakdown measure- 
mtnts on three different MWCNT from the Ni via sample. Each of the plots allow 
observation of a stepwise increases in resistance, corresponding to shell by shell failure, 
foithe characterised MWCNT. These data are a strong indication that at least 4 shells 
coitribute to electronic transport within the probe contacted MWCNT from the Ni via 
sanple.
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Figure 9.12: Comparison of SEM images taken before and after breakdown 3 on tube 
B

9.5.3 Probe Metal Comparison

The final experiments discussed in this report detail measurements designed to provide a com
parison of the ability of tungsten, indium and palladium metals to provide contacts of low 
resistance to MWCNT tubes on the Ni catalyst sample. In light of the knowledge gained in in
vestigating the initialisation effect it was decided that a robust comparison of the metal contacts 
could only be completed by comparing the circuit resistance achieved for a particular metal as 
a function of the initialisation current used to attain that resistance. Thus a representat ive 
measurement would proceed as follows:

1. Establish tube contact with metal probe no. 1

2. O.lniA initialisation run.

3. Potential sweep -5V to 5V with compliance set to 0.1mA

4. 0.3mA initialisation run.

5. Potential sweep -5V to 5V with compliance set to 0.3mA

6. Remove metal probe 1 and establish tube contact with metal probe no. 2

7. Repeat steps 2 to 5 .

Fig 9.13 displays a bar plot of the circuit resistance data obtained during the tungsten and 
indium comparison experiments. The series of SEM images show a single tube that has been 
contacted by two different tips. In the SEM images shown the tungsten tip is on the bottom of 
the images and the indium tip is on the top. The comparison of probe metals was carried out on 
five different MWCNT however a 0.3mA initialisation run for both metals was only completed 
on the three of the five tubes. Examining the circuit resistance Rt recorded for each mcjtal 
contact on each tube after a 0.1mA initialisation run shows that the indium metal was supei ior 
to tungsten on three of the five tubes measured. On one occasion the circuit resistance is the 
same for both metals and on another occasion the tungsten metal showed the lowest resistance. 
Following the 0.3mA initialisation completed for both metals on tubes 3,4 and 5 it is indium 
metal that exclusively shows the lowest circuit resistance even though on tube no. 4, tungsten 
had originally provided the lowest circuit resistance for the 0.1mA initialisation. The fact that
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the indium metal reacted better than tungsten to the 0.3mA initialisation on tube no.4 may be 
due in part to the lower melting point of indium metal (429.75 K) [Ref. 74].

MWCNT No.

Figure 9.13: Comparison of metal contacts to MWCNT: indium versus tungsten, (a-c) 
are a series of SEM images that show a single MWCNT that has been contacted by two 
different tips (In and W). Plot (d) shows a comparison of the circuit resistance values, 
Rt, recorded with tungsten and indium on a set of five MWCNT. For each MWCNT 
and metal probe combination, the Rt value is plotted and the colour indicates the 
metal and compliance value used to record that value of Rt-

Fig 9.14(d) displays a plot of the circuit resistance data obtained during the tungsten and 
pallad um metal comparison experiments. Once again the series of SEM images (Fig 9.14(a-c)) 
show 8 single tube that has been contacted by two different tips. On this occasion the tungsten 
tip is on the bottom of the images and the palladium tip is on the top. The comparison 
experiment of probe metals is carried out on six different MWCNT’s, however, similar to the 
previous comparison data, a 0.3mA initialisation procedure for both metals was only available 
on the three of the six tubes. Examining the lowest circuit resistance recorded for each metal 
contact on each tube after the 0.1mA initialisation run shows that the the palladium metal 
was superior to tungsten on six of the six tubes measured. Following the 0.3mA initialisation 
involving both metals on tubes 3,4 and 5, palladium shows the lowest circuit resistance on tubes 
3 and 5 while on tube no.4 the circuit resistance set by palladium for its 0.1mA initialisation dose 
not drjp at all although the resistance set by the tungsten metal after the 0.3mA initialisation
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has decreased substantially from its 0.1mA value and actually sets a lower resistance than the 
palladium metal. In spite of the measurement taken on tube no.4 it is obvious that of the three 
metals considered in this study, palladium is the metal whose contact to MWCNT of the Ni 
catalyst sample will most likely result in the lowest contact resistance.

Figure 9.14: Comparison of metal contacts to MWCNT: palladium versus tungsten.(a- 
c) are a series of SEM images that show a single MWCNT that has been contacted by 
two different tips (Pd and W). Plot (d) shows a comparison of the circuit resistance 
values, Rt, recorded with tungsten and palladium on a set of six MWCNT. For each 
MWCNT and metal probe combination, the Rt value is plotted and the colour indicates 
the metal and compliance value used to record that value of Rt-

Electrode metal comparison - Summary

The preceding sections have demonstrated conclusively that of the three metals considered, 
palladium coated tips offer the lowest contact resistance to the nanotubes from the Ni catalyst 
sample. In an attempt to rationalise the result, melting point, workfunction and bond enthalpy 
of the metal oxygen diatomic bond, for palladium are listed in Table 9.3 and compared to the 
appropriate values obtained for tungsten and indium metals [Ref. 74]. These properties are 
considered here as possible contributing factors to the formation of high quality, low resistance 
contacts to CNT’s.

First, the melting point of the three metals is examined because the metals are likely to
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Table 9.3: A properties comparison of the three metals tungsten, indium and palladium
Property tungsten indium palladium

Melting Point 3695 K 429 K 1828 K
Bond Enthalpy M-0 672 KJ/mol 320 KJ/mol 380 KJ/mol

Work Function 4.55 eV 4.08 eV 5.40 eV

undergo a deformation and subsequent increase in contact area between tube and electrode 
brought about by the Joule heating induced during the initialisation procedure. It could be 
speculated that the metal that forms the largest contact area along the tube would have an 
advantage in forming the lowest resistance contact to the CNT. However, evident from the data 
expressed in Table 9.3 is that of the three metals, indium and not palladium, has the lowest 
melting point and as such would respond greatest to any induced annealing process. In fact it 
has been determined in the literature [Ref. 119] that increasing the metal to CNT contact area 
serves to lower the resistance of the contact only up to a cut-off point of approximately lOOnrn^ 
and subsequent increases of the contact area will not further reduce the contact resistance of 
the circuit. It is estimated using SEM images in the experiments considered during this work 
that the initial contact prior to any initialisation process is always greater than this cut-off area. 
Thus it is reasonable to propose that metals that posses a low melting point will not necessarily 
form optimum, low resistance contacts to CNT’s.

Second, we consider the strength of the metal - oxygen diatomic bond for the three metals. 
This property of the metals is examined in light of the fact that an oxide layer on metals and 
the ease of removing said oxide would influence the quality of the electrode to CNT contact. 
The bond enthalpy’s listed in Table 9.3 are deduced from the gaseous diatomic molecules and 
it is recognised that the metal oxygen bond strengths in a solid metal oxide layer interface may 
differ significantly from the values considered here. However, the values do offer a guide as to 
the ease of breaking the metal oxygen bond and the energy required to do so. Again it is indium 
metal that has the lowest bond enthalpy for an oxygen atom and as such should be the metal 
for which removal of an oxide layer is most feasible by the initialisation process. This reasoning 
is however at odds with the experimental results obtained in this study and suggests that oxide 
layer removal may not be a significant factor in the formation of the lowest resistance metal to 
CNT contact at least in the experiments considered here.

The final row of values displayed in Table 9.3 compares the work function of the three 
metals. Palladium metal exhibits the largest workfunction with a value of 5.4 eV and indeed 
this property of the metal has been credited in the literature as an important factor in the 
formation of low resistance contacts of palladium metal to semi-conducting S\\'CNT due to a 
decrease in Schottky barrier formation [Ref. 112,118] at the interface. In spite of this fact, in 
the comparison of metal contacts studied in this work, the tubes from the Ni catalyst sample 
have diameters in the range of 30 - 50 nm and, as explained in Sec 4.6.3, should be considered 
metallic due to thermal smearing effects. It is unlikely therefore, in this study, that the work 
function of the metals would play a significant role in the formation of low resistance contacts 
as Fermi level alignment between the two metallic species of the contact(the tube and the 
electrode) would induce minimal Schottky barriers.

At this stage in the analysis, the precise properties of the three metals that are most
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important in forming low resistance contacts to the MWCNT of the Ni catalyst sample has 
still not been determined satisfactorily. Neither melting point, oxide bond enthalpy or work 
fnnction of the three metals have demonstrated themselves as essential features that influence 
the quality of the metal to MWCNT contact significantly. It is possible however, that other less 
accessible properties of the metals lend themselves towards forming low resistance contacts with 
MWCNT’s. In a recent paper by Nemec et al [Ref. 119] comparing titanium and palladium 
as examples of two different contact metals, the observed superiority of palladium metal to 
form low resistance contacts to SWCNT was traced back to the nature of the palladium metal- 
nanotube bond hybridization. The authors claim using arguments based on the results from ab 
initio and transport calculations that optimum metal-nanotube contacts are a result of weak 
hybridisation between the metal carbon bond at the interface.

In this respect the main limitation of the nanoprober technique is evident. Despite its 
efficiency in the characterisation of MWCNT samples and MWCNT-metal contacts, exclusive 
use of the technique offers limited information on the nature of the bonding that occurs at the 
interface between the metal probe and the MWCNT during contact. If as suggested above, 
it is the nature of metal-MWCNT bonding that can account for low resistance contacts to 
MWCNT then this interaction must be understood and controlled if the rational design of 
high performance metal-MWCNT contacts is to become possible. To fill in for the lack of 
understanding researchers must increasingly turn to ab initio simulations which will surely 
provide interesting and applicable data. If these data can be compared to refined experimental 
measurements then the foundations are in place to build an understanding of metal-MWCNT 
bonding and that will eventually find application in the design of naiioscale contacts. Given 
that the previous chapter has examined both theoretically and experimentally the nature of 
the bonding between a metal probe and a single adsorbed molecule on Si(lOO) and the first 
section of this chapter details a technique that allows for the deposition of pristine SWCNT 
on Si(lOO) we expect that the techniques that have been developed during the coarse of the 
research undertaken and described within this thesis will help to further this goal.

9.6 Deposition of MWCNT’s on TEM grid by nanoprober

The following discussion is presented as a supplement to the nanoprober evaluation and metal- 
MWCNT characterisation experiments carried out above. Following the controlled breakdown 
measurements discussed in Sec 9.5.2 attempts were made to carry out TEM analysis in order 
to determine with greater accuracy the diameter and number of shells present in the tubes from 
the Ni catalyst sample. In order to prepare a TEM grid to facilitate this analysis, individual 
tubes from the sample were harvested by the probes and deposited on a TEM grid that had 
been fastened to the sample. Tubes were harvested from the sample by inducing tube failure 
at the top of the via through either the application of force or utilising electrical burn through.

Fig 9.15(a-f) displays a series of SEM images illustrating the stages of tube deposition on 
a TEM grid . On this particular occasion the tube undergoes initialisation and I{V) measure
ments until tube failure is induced. The remaining fragment of the tube attached to the probe 
is then positioned over the carbon mesh of the TEM grid. The probe is then carefully lowered 
until the free end of the tube is in contact with the carbon mesh. In order to induce adhesion 
of the tube fragment to the TEM grid several high magnification ‘photo scans’ are taken at the
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area of contact between tube and carbon mesh in an attempt to promote hydrocarbon depo
sition. Subsequent to the ‘photo scans’ the probe is slowly pulled back from the carbon mesh 
and in most cases the tube fragment peels away from the probe and remains attached to the 
carbon mesh of the TEM grid. Finally, the relative position of the deposited tube is recorded 
using a series of SEM images of decreased magnification.

Figure 9.15: (a-f) are SEM images displaying stages in the deposition of an individual 
tube on TEM grid. These data are collected such that the deposited tubes may be 
easily located during subsequent TEM analysis.

In all, ten individual tubes from the Ni catalyst sample were deposited onto the TEM grid 
and their relative deposition positions were mapped using SEM imaging. The map of deposition 
positions ensures that a selected tube could be located at a later stage by the TEM operator 
during TEM analysis. Of the ten tubes deposited six were subjected to failure by electrical 
measurements. However only two of these six tubes survived a 0.1mA initialisation run and were 
deemed the most important for TEM analysis. This is due to the fact that it is only tubes that 
survive a 0.1mA initialisation, that are considered in the initialisation and metal comparison 
experiments discussed in the results section of this document. The positions of these two tubes 
(tubes no.7 and no.9) have been marked red in the map of tube positions displayed in Fig 9.16.
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Tubes no.T4 have been deposited from a probe that had been force loaded with tubes 
by simply pushing the probe across the via sample surface. These tubes are the result of 
the original experimental attempts at depositing tubes on a TEM grid. At that time it was 
deemed sufficient to examine only if the procedure of tube deposition by the nanoprobe was 
actually a viable technique. Subsequent TEM analysis of all the tubes revealed that in fact 
the entire procedure was largely successful (nine of the ten tubes deposited facilitated complete 
TEM analysis) and represents a novel new method available for the selective TEM analysis of 
individual nanotubes. Results from the TEM analysis are discussed below.

O Force loaded tubes
• Electrical loaded tubes (fail on 0.1mA 

initalise)
^ Electrical loaded tubes (fail at ~ 1mA)

Figure 9.16: SEM image displaying the final map of ten tube positions on the TEM 
grid.

9.6.1 TEM analysis

Of the ten tubes deposited on the TEM grid it was possible to collect TEM analysis from 
nine. This information indicates that the nanoprober procedure of harvesting and deposition of 
MWCNT structures on a TEM grid is an excellent addition to the nanoprober characterisation 
capability. It is unnecessary, however, to examine each of the TEM images in this report. 
Instead data from tubes number 7 and 9 in Fig 9.16 are deemed most relevant for study as
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these tubes survived a O.lniA initialisation procedure and subsequent I{V) measurements and 
are therefore most representative of the tubes for which metal comparison and controlled break
down measurements were carried out upon. Unfortunately though, tube no. 9 was deposited 
on a area of fragile carbon mesh that was unstable during TEM analysis and was actually the 
only tube from the TEM sample for which the TEM analysis was impractical.

Fig 9.17(a-d) displays the results from the TEM analysis of tube number 7 deposited on 
the TEM grid following initialisation and induced failure by increasing the initialisation current 
beyond 1.2mA. The I{V) characteristics of the tube are given in 9.17(c) and show a resistance 
meiisurement of 2ATI. In Fig 9.17(a) an SEM image of the deposited tube fragment is shown, 
while in Fig 9.17(b) the same fragment of tube is located and imaged using TEM. A high 
resolution TEM image of the tube fragment is provided in Fig 9.17(d) and shows the presence 
of the carbon shells that are characteristic of MWCNT. Using this image it is possible to 
estimate the number of carbon shells to be approximately 30 with inner and outer diameters 
of the tube of approximately lOnm and 35nm respectively. Given that this tube could support 
currents of up to 1.2mA before failure allows us to estimate the current saturation value per 
shell to be approximately 40 pA in accordance with literature values quoted in the range of 10 
- 60 pA [Ref. 120,121].

vtv]

Figure 9.17: TEM analysis of for tube number 7. (a-b) are SEM images showing 
stages in the deposition of the MWCNT onto the TEM grid. Plot (c) shows the I V) 
characterisation of the MWCNT prior to current induced tube failure. Image (d) is the 
TEM analysis of the tube. The TEM analysis can be used to estimate the inner and 
outer radius plus the number of shells in the MWCNT.

To reinforce the MWCNT assignment of the tubes from the Ni catalyst sample further, 
the TEM analysis from tube number 10 is displayed in Fig 9.18(a-c). Although this particular 
tube failed on a 0.1mA initialisation, the TEM analysis reveals that the tube has MWCNT
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structure known as bamboo structure where the inner shells of the MWCNT do not propagate 
along the entire length of the tube but rather terminate along the length of the tube inside 
the inner core. The termination points of these inner shells are indicated in Fig 9.18(c) by 
red markers. In fact, seven of the nine tubes that were successfully imaged using the TEM, 
including all of the four tubes that failed using a 0.1mA initialisation procedure were found 
to possess this particular bamboo structure. Thus, it can be speculated that, the “bamboo” 
structure might be responsible for decreasing the failure current in the tubes that failed with a 
0.1mA initialisation procedure. However this interpretation cannot been verified at the moment 
as although tube number 7 shows no evidence of the bamboo structure the fragment that 
underwent TEM analysis is too small to provide a valid comparison. Also the four tubes that 
failed at this low initialisation value were typically longer and of lesser diameter than tubes that 
survived the larger initialisation currents and I{V) characterisation. In any case, the complete 
TEM analysis coupled with the electrical breakdown measurements of Sec 9.5.2 provides strong 
evidence that the MWCNT assignment ( bamboo or otherwise) of the tubes from the Ni catalyst 
sample is a valid one.

Figure 9.18: TEM analysis for tube number 10. (a) are SEM images showing the result 
of deposition of the MWCNT onto the TEM grid. Image (b-c) show the TEM images of 
the MWCNT where termination points of the inner shells are indicated by red markers.

9.7 Summary of nanoprober results

At this juncture it is possible to present a short summary on the demonstrated ability of the 
nanoprober system as a tool to aid in CNT characterisation and also to list out some of the 
noteworthy achievements gained during the coarse of the IMEC placement.
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Nanoprober system ability

1. Demonstrated the use of the nanoprober as a tool for via sample characterisation in the 
case of the Co and Ni samples.

2. Demonstrated the use of nanoprober for selectively harvesting of individual tubes from 
via samples for subsequent TEM analysis.

3. Examined the ability of the nanoprober set-up to carry out controlled burn through 
measurements on MWCNT in via structures.

4. Outlined the use of the nanoprober as a tool to investigate metal to MWCNT contact 
properties on via samples.

5. Investigated Joule Heating effect on metal MWCNT contact resistance and determined 
that a comparison of metal electrode contacts is only valid following similar initialisation 
procedures carried out on both contacts.

Noteworthy results

1. Data have indicated that it is not sufficient to get stable or linear I{V) data during 
resistance measurements carried out on MWCNT using the nanoprober technique as 
previously suggested in the literature [Ref. 182].

2. Determined that in order to record a valid resistance measurement on MWCNT using the 
nanoprober the initialisation procedure must be increased until the change in resistance 
between increasing initialisation runs has decreased to zero.

3. Demonstrated that optimal metal to MWCNT contact may be unattainable in some cases 
by the initialisation procedure due to induced tube failure caused by higher currents.

4. Have gathered strong evidence on the MWCNT structure of the tubes from the Ni catalyst 
sample using controlled burn-through and TEM experiments.

5. Have completed a robust contact metals comparison between indium, tungsten and pal
ladium. Palladium has been shown to give the lowest contact resistance to MWCNT in 
the experiments described above.



Chapter 10

Summary and Further Work

10.1 Introduction

In the following chapter, Sections 10.2 to 10.5 inclusive, will siumnarise the research achieve
ments that have arisen throughout the course of PhD research discussed within this thesis. Each 
of the result chapters from 6 to 9 will be examined independently in the following discussion 
and future directions towards increased understanding in each subject area will be proposed.

10.2 Woodward-Hoffmann rules and Si(lOO).

Chapter 6 has provided a comprehensive DFT analysis of the Si(lOO) surface reconstructions. 
This analysis, motivated by the experimentally observed propensity of ethene and ethyne 
molecules to take up product configurations on Si(lOO) consistent with the Woodward-Hoffmann 
forbidden products, has indicated, contrary to the traditional view, that for both the p(2 x 1) 
and c(4 x 2) Si(lOO) surface reconstructions, the concerted [2-1-2] cycloaddition reaction on the 
Si(100) dimers is not necessarily symmetry forbidden. On the contrary, the analysis of the 
high symmetry CW’s that describe the Si(lOO) tt and tt* surface tt bands presented within 
the chapter has shown the availability of occupied 7r*-like states on the Si(lOO) dimers that 
have appropriate symmetry and occupancy to allow the concerted reaction to proceed. It is 
our view that this result has important implications for the understanding of organic product 
distributions on Si(lOO). The data can be used to explain, for example, the high sterospecificity 
previously reported in the reactions of cis- and <rons-2-butene on Si(lOO) [Ref. 95,96,136], the 
HREELS measurements of Nagao et al [Ref. 137], who reported a [2-1-2] ethene on Si (100) re
action occurring at 4K and the computational work of Cho and Kleinman [Ref. 160] who found 
an unexpectedly low activation barrier (0.15eV) when forcing a C2H4 molecule to approach a 
Si dimer along a concerted path.

10.2.1 Future directions

In the theoretical analysis described in chapter 6, it is proposed that occupied tt* like states 
on a Si(lOO) dimer are possible only when the Si(lOO) dimer is allowed to couple to its nearest 
neighbour dimers. As a possible experiment to test the extent of this hypothesis, it is suggested

185
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that single atom STM lithography on an otherwise hydrogen terminated Si(lOO) surface would 
facilitate investigation of the phenomena. If STM lithography were used in the construction 
of geometrically defined Si(lOO) dimers islands and these reactive sites were then exposed to 
ethene molecules it should be possible to observe molecular-surface reactions within the Si(lOO) 
dimer islands.For instance, were the incoming molecules observed to reject and accept reaction 
within certain dimer islands based on the geometry of the island and how many reactive Si(lOO) 
dimers it contains, it could be explained, that it is only through the coupling of Si(lOO) dimer 
states that the concerted [2-1-2] reaction is allowed. While this study is not without significant 
challenges, it is felt that recent advances in STM single atom lithography [Ref. 184] would 
enable such research.

10.3 1,3CHD and naphthalene on Si(lOO).

Chapter 7, concerned with the reaction products of 1.3CHD and naphthalene on the Si(lOO) 
surface has revealed through an STM and DFT analysis that there are certain high binding 
energy product configurations missing from the experimentally observed product distributions. 
That these products are not observed with STM across thousands of potential reactive Si(lOO) 
dimer sites is significant if the interactions and reaction mechanisms of cycloaddition chemistry 
on Si(lOO) are to be understood and controlled. Using a continuation of the analysis of Si(lOO) 
reconstructions and tt surface states carried out in chapter 6, we propose that accounting 
for possible frontier orbital interactions between molecular and Si(lOO) states can predict the 
experimentally observed dominant products and rationalise why the alternatives configurations 
are missing from the product spectrum. This analysis is novel in that all the high symmetry 
Si(lOO) TT states that serve to build the Si(lOO) surface tt bands within the Brillouin zone, 
rather than states consistent only with the symmetry of the F point, are considered within the 
frontier orbital interaction investigation. We propose that these interactions are responsible 
for orientating the molecular species above the surface prior to tiie reaction step and that 
only by accounting for these interactions within theoretical treatments will the simulations 
[Ref. 140,163,166] return the observed experimental product distributions.

10.3.1 Future directions

Given the hypothesis presented in chapter 7 of frontier orbital interactions influencing the 
product distributions of organic molecules on Si(lOO), one of the most immediate concerns is 
the lack of theoretical data that might help quantify the influence of the interaction. Thus, 
future experiments on this topic must be carried out in attempts to map out reaction energy 
profile for each of the proposed affected reaction pathways. The discussion presented in chapter 
7 has indicated that capturing this information with DFT methods may be more complicated 
than initially thought and therefore other ab-initio methods such as post Hartree-Fock methods 
may have to be employed.

Experimentally, it is important to gather more examples of where the frontier orbital inter
action might (or might not) be responsible for observed molecular steroselectivity on SiTOO). 
Given the map of Si(lOO) surface state symmetries provided in chapter 6, the organic molecules 
to be used in these experiments could for instance be designed, either by functionalisation or
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natural representation, to test the presented hypothesis. It is noted,however, that thermody
namic (binding energy) predictions are not ruled out in the frontier orbital hypothesis and that 
the influence of alternative factors such as activation barriers to negate any frontier orbital 
interaction influence on the product distributions will also have to be considered. In short, it is 
important to consider all applicable influences including the specifics of the reaction mechanisms 
(carbocation, di-radical or concerted).

10.4 Probe-molecule contact and interface states.

Chapter 8 has examined, using a series of DFT calculations and high precision STS measure
ments, the contact formation dynamics and electronic perturbations arising from the interaction 
of a metallic probe and a single molecule bound on the Si(lOO) surface. Theory and experiment 
both show that the approach of the probe induces a relaxation of the molecule that leads to 
the formation of an new interface state due to a specific interaction between the probe apex 
atom and the C=C bond of the molecule. This new interface state has been shown to be di
rectly responsible for the contrast observed in low bias empty-state STM images of 1,3CHD 
on Si(lOO). The methodology presented in the chapter, based on the separation of mechanical 
and electronic response of the molecule under the influence the probe induced interaction is 
expected to be applicable to to the study metallic contact in a wide range of molecular scale 
devices and is likely to be important development en route to the rational design of molecular 
scale electronic systems.

10.4.1 Future directions

Already under way in our laboratory is the development of the methodology set our in chapter 
8 to the investigation of metallic contact on Si(lOO) deposited CNT structures. We envision 
that this technique, if UHV compatible tip metallisation difficulties can be overcome, will 
provide important information on the metallic properties that are most suitable towards the 
development of high performance and low resistance contacts to CNT structures. Additionally 
given the demonstrated potential to induce interface states near the Fermi energy of an adsorbed 
molecular structure an interesting potential experiment would be to attempt to induce negative 
differential resistance (NDR) behaviour [Ref. 185] in metal-organic-metal junctions that have 
been assembled upon an appropriate substrate.

10.5 CNT characterisation and Nanoprober evaluation.

Chapter 9 has demonstrated the potential of the UHV compatible SWCNT deposition technique 
to add to the SWCNT characterisation tool kit. Our STM measurements of deposited SWCNT 
structures allows identification of novel SWCNT features including SWCNT defects, junctions 
and tube ends. Additionally we have demonstrated how the images can be used to assign a 
robust approximation of chirality to individual SWCNT. Were the technique coupled accurate 
STS data then the chirality assignment could be further refined.

The second topic presented within chapter 9 has provided a comprehensive evaluation of 
the potential of the nanoprober technique to provide MWCNT characterisation data. We
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have shown that contrary to previously reported methodology [Ref. 182], in order to record a 
optimal accuracy resistance measurement on MWCNT using the nanoprober an initialisation 
procedure must be implemented until the change in resistance between increasing initialisation 
runs converged. We have investigated this variable thoroughly and by accounting for it in 
our measurements, have determined that palladium metal gives lower resistance contacts the 
MWCNT in our sample than either tungsten or indium. Additionally we have demonstrated the 
ability of the nanoprober technique to allow selective harvesting and subsequent TEM analysis 
of selected MWCNT structures from our sample.

10.5.1 Future directions

Chapter 9 has shown that the precise properties of Pd metal that are important in allowing 
low resistance contacts to the MWCNT of our sample have not been determined satisfactorily. 
Literature has shown that contact resistance of metallic contacts to MWCNT are most likely 
bond hybridisation dependent. In this sense the main the main limitation within nanoprober 
measurements are encountered. Thus, while it is accepted that the nanoprober technique is 
a welcome addition to the CNT characterisation tool set, further experiments in this area are 
likely to involve techniques that offer some insight into metal-MWCNT hybridisation. The STM 
scheme outlined above offers one direction and if coupled with results of ab inito simulation 
then the coupled route should return important information to be used in the design of CNT 
microelectronic devices.
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