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VOLUME I1

This volume presents results of the first principles theoretical cal-
culations of oxygen atoms and hydroxyl groups adsorbed on the
bulk terminated (1x1) diamond (111) surfaces as well as on the
(2x1) reconstructed surfaces. The work is treated here separate
from the experimental investigations discussed in volume I since
its approach is fundamentally different.
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Chapter 1

ab 1nitio Density Functional
Theory (DFT) study of the
adsorption of oxygen atoms and
hydroxyl groups on the (111)
diamond surfaces

1.1 Outline of the Chapter

This chapter discusses the ab initio DFT calculations of both oxygen atoms
and hydroxyl groups after adsorbing on the bulk terminated (1x1) and the
(2x1) reconstructed diamond (111) surfaces. The total minimum energies of
the systems terminated by either O atoms or OH hydroxyl groups are considered
together with adsorption energies, in order to establish their preferred bonding
sites as well as the most stable coverages. In addition, the changes occurring
in the work function of the respective surfaces when the two adsorbates are
bonded on to them are computed and discussed quite extensively. Density of
states for the clean surfaces as well as those terminated with the adsorbates are
also considered. These include the density of states for carbon atoms located
within the bulk, those at the surface, as well as states from the adsorbed oxygen
atoms from the O-only terminated surface, and those of oxygen atoms from the

hydroxyl groups. The chapter deals initially with the theoretical background
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and principles of density functional theory, followed by a description of the
atomic structure of the bulk terminated (1x1) diamond surface, and then the
(2x1) reconstructed (111) diamond surface. The computational procedure, as
well as the testing of the pseudopotentials and the optimum plane wave cutoff
energies are initially explained. These are followed by the determination of
the converged properties of the free carbon and oxygen atoms, those of the
free oxygen molecule and the hydroxyl group as well as the total minimum
energies of the converged systems terminated with the desired adsorbates. The
results obtained are then presented, their discussion made, conclusions drawn

and finally some recommendations are made.

1.1.1 General introduction

The role of adsorbed oxygen atoms, as well as the OH groups and other or-
ganic groups, on “clean”diamond surfaces have been discussed in detail in the
XPS chapter (presented in volume I) as well as in the references quoted in
the respective literature review sections. However, in spite of the vast body
of experimental findings and their associated successes, theoretical predictions
still play a crucial role in complementing these results. The wide spread use of
theoretical predictions in solving material science problems has become almost
routine in certain industrial applications as well as in research, a feat that has
been made possible by the fact that the principles governing the theoretical
calculations are now very well established as is evident from the large body of
literature available, making the calculations not only more reliable, but also
quite accurate. In addition, the tremendous and almost exponential increase
of the computational power over the recent past has made it possible to han-
dle systems containing a large number of atoms which are truly representative
of the material under investigation, within a fairly short period of time. This

makes the calculations less expensive computationally, and hence attractive and



reliable say in industry, where quick results may be required.

1.1.2 Theoretical Background

On the microscopic scale, any solid can be considered to be made up of a
collection of a large number of atoms which are bound together. The solid
is therefore thought of as being formed by heavy positively charged nuclei and
lighter negatively charged electrons. In such a scenario, all the particles interact
with each other electromagnetically, and if there are N nuclei in the solid whose
atomic number is Z, then there will be ZN electrons, giving rise to a total
of N+ZN interacting particles. Such is a many-body problem, and owing to
the fact that the particles are also light, it requires one to seek a many-body
quantum mechanical solution to the problem. For such a system, the exact

many-particle Hamiltonian is expressed as, viz [1, 2],

PO Vi, hQZV% 1
2 M, 2 — M, 4rreg

or

i i L
1 e? 1 e’Z, 7,
> P (1.1.2)
87T60 oy ’ r,—r; | 87T€0 oy ’ Rz — R]. |

where M; is the mass of the nucleus at ﬁi, m, the mass of an electron at a
position vector r;, while P; and p; are the momentum operators of the nucleus
and the electrons respectively. The Schrodinger equation for such a system is

thus written as,

(ﬁon + Te + ‘A/efion + ‘A/efe + ‘A/ionfion>\1j = E[\II] (113)
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In this case, the Hamiltonian consists of the kinetic energy operators of the
nucleus Tzon and that of the electrons Te respectively, which are represented by
the first two terms in equations 1.1.1, 1.1.2 and 1.1.3. The last three terms
in the equations describe the Coulomb interaction between the electrons and
nuclei Ve,i(m, between the electrons and other electrons Ve,e and between the
nuclei and other nuclei \A/Z-on,ion. The electrons can further be separated into
either valence and/or core level ones. The core level electrons are found in the
filled orbitals, and are therefore mostly localized around the nuclei. As a result,
they are often lumped together with the ion cores.

Although all the interacting particles in a solid may be considered to be
in motion, the relatively heavier mass of the nuclei (ion cores) compared to
the electrons allow them to be considered as being stationary within the Born-
Oppenheimer approximation. Thus, by separating the electronic and nuclear
motions, the nuclei are considered frozen and the electrons are assumed to be in
instantaneous equilibrium with them, meaning that the electrons are the only
participants in the many-body problem. The nuclei then become sources of pos-
itive charge and hence external to the electron cloud. This means that the first
term of the Hamiltonian in equations 1.1.1, 1.1.2 and 1.1.3 disappears, while the
last terms become constant, thus simplifying the many-body problem. With the
nuclei frozen, and further assuming that the electrons are non-interacting, the
electron cloud can be regarded as that of an electron gas, and the Hamiltonian

reduces to,

A ~ ~

H=T. 4 Vo4 Von (1.1.4)

where 7, is the kinetic energy of the electron gas, V._. is the potential energy
due to the electron-electron interaction and Vext is the potential energy of the
electrons in the external field provided by the nuclei.

Both the kinetic energy of the electrons and the electron-electron interaction



b}

are system independent, while the only system specific information is given by

the potential energy of the electrons in the external field of the nuclei.

In seeking to find solutions to various atomic and molecular systems using
such Hamiltonians, the quantum mechanical calculations can be done in various
ways. Some approaches are derived semi-empirically by using parameters fitted
to experiment, while others solve the quantum mechanical calculations from
first principles using the foundations of quantum mechanics, in an approach
commonly known as the ab-initio method. The principles of quantum mechan-
ics indicate that the state of a system is fully described by a wavefunction ¥
that depends on the position of the electrons and nuclei, as well as time. For
such a system, the wavefunction can be determined by solving the Schrodinger

equation,
HY = EV (1.1.5)

where H is the Hamiltonian operator, and E is the eigenenergy of the corre-

sponding wavefunction.

1.2 The Hartree-Fock (HF) Theory

Within the Hartree-Fock theory, every electron is represented by a spin orbital
which is a product of an orbital wavefunction and a spin function. The electrons
are also considered to move in a mean field potential produced by the nuclei
as well as the electrons in the system, and in case there is only one, the mean
field is produced by an external potential [3]. The spin orbitals in the HF
approximation are normally obtained from the variational theory, and these in
turn give the electron wavefunction that minimises the Rayleigh ratio,

[V HW

— 1.2.1

HHF = min
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where H is the Born-Oppenheimer Hamiltonian. The lowest energy Eyp is the
electronic energy of the system, and is referred to as the Hartree-Fock limit,

which is written as,
E[V] > E, (1.2.2)

This means that the energy computed from a guessed wavefunction ¥ is an
upper bound to the true ground state energy Ey. Full minimisation of the
functional E[W¥] with respect to all the allowed N-electron wavefunctions (single-
particle orbitals) will yield the true ground state Wy and energy E[¥o| = FEy;

that is,
Ey = Irgn E[V] (1.2.3)

This approach gives rise to the Hartree-Fock equations for individual spin or-

bitals ¢; (where electron i is assigned to the spin orbital v;), that is,

Fyi(n Z € i (n (1.2.4)

7j=1
where ¢, ; is the orbital energy of the spin orbital and F' is the Fock operator,

expressed as,
Fy=Hi+ Y Ju(i) = Ki(i) (1.2.5)
k

H; is the core Hamiltonian for electron i, and the sum is over all spin orbitals &.
J is the Coulomb operator and K is the non-classical exchange operator. The

two are defined as,

Hr) = [ 6 aa) ) (1.26)

2
e

K(ox) = [ 0haa)uon)dos (1.27)
12

The Hartree-Fock expectation value of the energy expressed in terms of the

two operators J and K, becomes,

Eup = (Vup|H|Vyr) = ZH+ Z 5 — Ky (1.2.8)

'L]l



where

H; = / U@ 9+ o(e)(a)da (1.2.9)

Just like in equation 1.2.5, J;; in equation 1.2.8 are the Coulomb integrals
and Kj;; the exchange integrals.

Each spin orbital is then calculated by solving the Fock operator equation.
Since the Fock operator F depends on the spin orbitals of all the electrons in
the system, the solution must be iterated from an initial trial set of spin orbitals
until a self-consistent solution is obtained.

The Hartree-Fock (HF) theory can however be divided into two different
categories depending on how one incorporates the spin of the system into the
calculations. If electrons with spin T are considered equal to electrons with spin
1, it is called restricted HF(RHF'), and this approach cannot be used on sys-
tems with open electron shells. When different spins are considered as different
spatial orbitals, it is called unrestricted HF (UHF). Treating the spins as being
different gives a double set of equations, matrices and integrals to compute and
hence gives better values for calculated energies since it enables one to split the

energy levels for spin T and spin |.

1.3 Density functional theory (DFT)

Although the HF theory could accurately determine the total energies of vari-
ous atomic and molecular systems, some of the difficulties encountered revealed
that there was still a need to establish a theory that was computationally fast
and accurate. This gave rise to the now commonly used density functional the-
ory. Since the early 1950’s, first principles density functional theory calculations
have developed tremendously to become one of the most powerful theoretical

techniques for materials analysis, enabling one to investigate various properties
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by using only the electron density. The accuracy and reliability of DFT calcu-

lations has progressively improved over time to such a level that it has become
a valuable tool in various applications, thereby complementing the traditional
quantum mechanical methods [4]. It deals mainly with properties of interact-
ing many-particle systems, and its ability to predict material properties close
to those obtained experimentally makes it even more attractive. This trend is
likely to continue and improve even further as computational power increases
almost exponentially, coupled with significant improvements and progress in the
fundamental theories governing DFT [3] which have seen the errors in calculated
properties decrease rather remarkably. This feature has seen the applications
of DFT extending to almost all spheres of atomic and molecular studies. An
important factor that endears DFT to many researchers is its ability to simplify
the calculations in such a way that it permits one to replace the complicated N-
electron wavefunction W(zy, xs, ..., xy) and its associated Schrodinger equation
by the much simpler electron density n(r) and its associated calculation regime.
This means that all the information that one needs to know about a system
composed of atoms or even molecules can be extracted from the electron den-
sity n(r) alone, which is normally expressed as a function of the position vector
r. In other words, the electron density uniquely determines the groundstate
energy of a given system.

The total energy E of the system can be expressed as a functional of the
electron density, as E=E[n(r)].

In their 1920s pioneering work, Thomas and Fermi [5] established the energy
formula for an atom in terms of the electron density, forming the foundation for
DFT. Their energy functional which is commonly referred to as the Thomas-

Fermi (T-F) model had the form,

Erp[n(r)] :C'F/n5/3(r)d Z/ ——=dr + = // ’rl_m’ dridry(1.3.1)
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where Cr is a constant that arises from the total kinetic energy Trp, which is

expressed as,

Trrn(r)] = CF/n5/3(r)dr, and Cr = %(3#2)3, (1.3.2)

In deriving their formula, they assumed that electrons were distributed uni-
formly in the six-dimensional phase space for the motion of an electron at the
rate of two for each h? of volume [6], where h was the length of one side of a
cubic space. They also assumed that there was an effective potential field that
was itself determined by the nuclear charge and the distribution of electrons.
Their model therefore used the electron gas assumption for calculating the ki-
netic energy Trp of the system as a function of the Fermi energy, ex. The model
did not however include the exchange and correlation terms [7], and therefore
bonding in molecules was omitted [8] and also negative ions were unstable.

To correct this anomaly, Dirac [3], [6] added an exchange term to the T-F
energy functional, giving rise to the Thomas-Fermi-Dirac model of the energy

functional
Erpp[n(r)] = Erpn(r)] + E;[n(r)] (1.3.3)

but the model still did not work well. The main drawback was the assumption
that the potential was uniform or varying slowly as was the case with their
initial starting point of a uniform electron gas.

Various attempts to improve on the Thomas-Fermi energy functional as well
as the Thomas-Fermi-Dirac energy functional were made and in fact, the initial
attempts to approximate the Hohenberg-Kohn functional Fpg[n(r)] used the
kinetic energy term developed by Thomas and Fermi, but the use of this kinetic

energy functional did not yield the desired results.
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1.3.1 Hohenberg-Kohn Theorems

Although some principles about DFT such as the Hartree-Fock theory were al-
ready known by the 1920s, it was not until the 1960s theorems of Hohenberg and
Kohn [9] that the utilization of DFT in various many-particle systems became
a reality. They showed that the groundstate electron density n(r) was suffi-
cient to determine the exact many-body energy. That is, n(r) could uniquely
define the potential. The implication of their theorem was that all proper-
ties of a system could be determined from the electron density, since it alone
determines the number of electrons and hence the wavefunction of a nondegen-
erate groundstate. They also showed that there exists a universal functional
Frk[n(r)] (independent of v(r)) such that, for a given external potential v(r),
the actual groundstate energy E and density n(r) were obtained by minimizing

the energy functional

Eln(r)] = Fln(r)] + / o(r)n(r)dr (1.3.4)

with respect to the variations in n(r). This was however subject to the con-
straint that the particle number N within the system which is given by equation

1.3.5 should remain constant.
N = /n(r)d3r (1.3.5)
The universal functional that they proposed had the form,
Fuxn(v)] = Tln(x)) + Veen(r)] (1.3.6)

where T'[n(r)] is the kinetic energy component and V,.[n(r)] is the electron-
electron interaction, which is composed of the sum of the classical repulsion and

a non-classical term.
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1.3.2 Kohn-Sham (K-S) Theorems

Building on the progress made in the earlier models such as the Hartree-Fock
as well as the one by Hohenberg-Kohn, Kohn and Sham established a the-
ory that was to revolutionalize the use of DFT and make it a practical tool
for everyday analysis of material properties. Their theory differed from the
Hartree-Fock one in the sense that the Hartree-Fock energy Ef¥" was replaced
by the density functional E,.[n;,n;] for the exchange-correlation energy, and
the nonlocal Hartree-Fock exchange potential v (r,r/) was replaced by local
exchange-correlation potential v7.(r) as a component of the selfconsistent ef-
fective potential v{;,(r). The local potential vy, (r) is the functional derivative
dE,./ény (r) and hence it depends on both the spin up (n;) and spin down (n))
densities.

They suggested a highly nonlocal functional that was giving the major part
of the kinetic energy. This was the ‘single-particle’kinetic energy, Ts[n(r)| for
electrons without mutual Coulomb repulsion (i.e. independent) in their ground-
state under the action of an external potential, such that their groundstate
density was n(r). This gave rise to the Kohn-Sham orbitals ¢; which formed
a wavefunction that described exactly a system containing N non-interacting

electrons. The kinetic energy term of this system was described exactly as

T, [ne)] = 55001 | V7| 6) (137

This approach resulted in a model that was more accurate than either the
Thomas-Fermi or the Thomas-Fermi-Dirac models, but one that was also com-

putationally expensive. The energy functional which they derived was

2

Eln(r)] = /v(r)n(r) + Ts[n(r)] + < / mdgrld?’rg + Ecn(r)]

T — 1y
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where E,.[n(r)] was the exchange-correlation energy, a term that contained
both a kinetic and potential energy, and it was composed of the following:

o A negative potential energy which formed the exchange energy that tends

to cancel part of the Hartree potential energy. It originated from the fact

that the wavefunction antisymmetry causes electrons of like spin projection
to avoid each other.

¢ A negative potential energy known as the correlation potential energy,

which further reduces the Hartree potential energy. This occurs because

the Coulomb potential causes electrons of either spin orientation to avoid
each other.

© A positive correlation contribution to the kinetic energy, which arises due

to the uncertainty and Pauli principles. As a result, the KE increases

because mutual avoidance reduces the available space.

Minimization of the K-S energy functional with respect to the one-particle
eigenfunctions, which is equivalently similar to minimising with respect to the
electron density leads to the Kohn-Sham equations that give the exact ground
state energy and density of a non-degenerate system. This is obtained from
the self-consistent solution of the Kohn-Sham equations. The total electron
density can thus be decomposed into a set of single-particle orbitals known as

the Kohn-Sham orbitals which are expressed as,

n(r) =Y | i(r,s) (1.3.8)

where s stands for spin T and |. The above equation can further be written in

a more simplified way as,

occ

n(® =3 | 6:(¥) (1.3.9)

and from these, the K-S equations can be obtained. By taking advantage of the

orthonormality of the wavefunctions and also the fact that the derivative of the
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energy functional should be zero for a minimum leads to the Schrodinger-like

Kohn-Sham orbital equation,

2

P9 gy 0)te) = ) L)

where ¢, is the Lagrange multiplier for ensuring normalization. This can further

be re-written in a more general way as,
Hn|d: = ei¢; (1.3.11)

This is the DFT equivalent of the single particle Schrodinger equation in the
Hartree-Fock theory. It is worth noting that, since the Kohn-Sham scheme is
a ground state theory, the eigenvalues cannot be treated as transition energies
to or between the interacting excited states. In equation 1.3.10, vess(r) is the
effective one-electron potential and it consists of an external potential v(r), a

Hartree term and an exchange-correlation term. That is,

e? nr/ 3
= / 3.
Vess(r) =v(r) + pr / T |d r/ + Uge(r) (1.3.12)

where the exchange-correlation potential v,.(r) is expressed as

5E:EC
Vae(r) = on(r)

(1.3.13)

The three sets of equations shown above are collectively referred to as the K-
S equations, and they form the Kohn-Sham formalism which offers a simpler
way of dealing with DFT. Through the K-S formalism, the scheme becomes
computationally simpler than say the approximate Hartree-Fock scheme, since
Uesf(r) islocal i.e. acts on the wavefunction at the point r. Recent developments
have also seen the exchange and correlation energy functional of the Kohn-Sham
equations for multicomponent systems being developed [10]. Since the DFT
calculation takes place via fast fourier transform between reciprocal and real

space, the Kohn-Sham equation in reciprocal space takes the form,

1 - - . I oL
S5 1 E+G P dg + vess(G Ok + G) = (B + G) (1.3.14)

G/



14
1.3.3 Local Density Approximation (LDA) and Local Spin

Density (LSDA) for the exchange-correlation en-
ergy.

Although the K-S equations offer the most ideal tool for many-body problems,
the exchange-correlation term F,. is still unknown.

In order to incorporate the correlation energy into their equations, Kohn
and Sham split the kinetic energy functional T'[n(r)] into a part based on the
independent-particle form and a remainder that adds to the unknown exchange
correlation energy E,.[n(r)]. They did this by considering a spin-paired (closed
shell) case and a spin-unrestricted case with both approaches treating the elec-
tron density to be slowly varying, hence they approximated the density as being
constant locally. This gave rise to the approach commonly referred to as the
local density approximation.

In the LDA approach, the K-S orbitals are expressed as

5V o) [ e o () = () (135

Since the K-S equations are non-linear, they need to be solved iteratively in a
self-consistent way, and the solutions thus obtained define the K-S local density
approximation (LDA).

LDA is especially applicable to systems with slowly-varying densities but
cannot be formally justified for highly inhomogeneous systems such as atoms
and molecules.

Often one encounters systems having electrons with spin projections either
up or down, especially when the electron shells are not closed. In these cases,
the electron densities can be treated separately so that those having an up spin
projection will have a density n;, while the density for those having a spin down

is n;. The two spin projections can also be combined to become,

n(r) =ny +ny (1.3.16)
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For systems having spin projections either up or down, the electron densities

are normally generated from the spin-up and down K-S wavefunctions, that is

ni(r) = Xy | g (r) (1.3.17)

and similarly for n;.
Such an approach gives rise to the local spin density approximation (LSDA)

where the exchange-correlation term is

EESPn; n] = / rn(r)ese(n; (), n, (r)) (13.18)

This functional utilizes the exchange-correlation energy per electron of a uni-
form electron gas, that is, €,.[ny,n|] which is accurately known [11]. LSD also
works very well not only for odd-electron systems but also for even ones, by al-
lowing electrons of different spin to have different densities. If the electron shells
are not closed, differences in the densities between electrons with spin T and
spin | usually occurs, and therefore the total density becomes, (p*! + p™!) while
the spin density difference is (p"" — p™). Such a system leads to a spin-polarized
model which is characteristic of the LSD. LSD has been used widely in Solid
State Physics to predict correct crystal structures, lattice constants, bulk mod-
uli and vibrational frequencies, but in quantum chemistry it overestimates the
atomization energies of molecules. In fact, it has already been shown that 50%
or more of the energy required to atomize a molecule is the exchange-correlation
energy [4]. Tong and Sham [12] also observed that this approximation tends
to underestimate the exchange energy by at least 10% while overestimating the
correlation energy by a factor of two or more. Such underestimation or overes-
timation of the energy values was attributed to the problem of self-interaction
of the electrons when approximate functionals are considered. In this case, self-
interaction becomes a major problem since an electron in a molecule interacts

with other electrons through the coulomb potential but does not interact with
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itself. Owing to its significant effects as far as the calculated total energies of
a system are concerned, this problem has received a great deal of attention,
starting with the earlier attempts to avoid it (in an approximate FE,.), as pro-
posed by Perdew and Zunger [13], as well as by Parr and Yang [14]. Such
efforts have seen the error due to the self-interaction problem in the exchange
contribution being reduced to less than 3% [7] (compared to the uncorrected
local spin density form) while the error in the correlation contribution (except
helium) is reduced to about 30% [3].

Parr et al. [15] observed that the correlation energy (which is the error in
the energy defined as FI' = E — Eyp) tends to remain constant for atomic
and molecular changes that conserve the number and types of chemical bonds,
but it can change drastically and become determinative when bonds change.
Its magnitude can vary from 20 or 30 to as high as thousands of kilocalories per
mole, from a few hundredths of an atomic unit on up. The exchange energies

on the other hand are an order of magnitude or more larger, even when the

self-exchange term is omitted.

1.3.4 Generalized Gradient Approximation (GGA) and
Functionals of the electron density.

In order to improve on the accuracy and performance of the density functional
theory, the fluctuation of the electron density has to the taken into account.
The assumption that the electron density is constant or slowly varying as is the
case with LDA and LSDA may not work well for certain systems, especially the
strongly localized ones like diamond [16]. As a result, both the electron density
and their gradients are normally taken into account, in an approach that is
commonly known as the generalized gradient approximation (GGA), proposed
by Perdew and Wang [17]. This approximation depends only on the density

and its spatial derivative, making it easy to evaluate.
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In the Kohn-Sham approach to the DFT, the total energy of a system can

be expressed as:
Eln] = Ti[n] + Vew[n] + J[n] + Eyc[n] (1.3.19)

where V,.[n] is the potential energy in the field of the nuclei plus any exter-
nal perturbation, Ts[n| is the kinetic energy of a set of n independent (non-
interacting) electrons moving in an effective one-electron potential which leads
to the density n(r), J[n| is the total Coulomb interaction and E,.[n] is the
exchange-correlation energy. The exchange-correlation energy represents the
main problem in DFT, since its exact expression is unknown as mentioned pre-
viously, and approximations must be made. The simplest approach is the local
spin density (LSD) in which the functional of the uniform electron gas density

is integrated over the whole space, that is,

xc

ELSD — /d?’rn(r)e“mf(m(r),ni(r)) (1.3.20)

where €7

is the accurately known exchange-correlation energy per particle of
a uniform electron gas [18]. Although the approach gives fairly accurate results
[19], and was responsible for the early successes of DFT, it often provides some
unsatisfactory results in chemical applications. Starting from the expression
for ELSP  several corrections for the non-uniformity of atomic and molecular
densities have been proposed, with those based on the gradient of the elec-
tron density receiving considerable attention in the last few years due to their
simplicity. These corrections which are collectively referred to as generalized
gradient approximation (GGA) are usually expressed in terms of an enhance-

ment factor over the exchange energy of the uniform electron gas, so that the

total exchange-correlation energy assumes the form,

V i VTLZ',
FOOA — pLsD 1§ / PrCilny (1), my (1)~ 5~
n; n

i i

(1.3.21)
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A number of GGAs for the exchange-correlation functionals have been pro-
posed [20], and these can be categorized in two classes. The first one deals
with functionals constructed semi-empirically with parameters fitted to exper-
iment, while the second class includes functionals which satisfy a number of
theoretical physical constraints. The constraints involve derivation of the func-
tional starting from the gradient expansion, then restoring those properties of
the exchange-correlation hole that are responsible for the success of LSDA in
solids, while other functionals combine the two classes. Some GGAs perform
better than others and in this study, we focus on the Perdew, Burke and En-
zerhoff (PBE) functional for the exchange and correlation energy [11, 21]. Tt’s
also important to add that while the Hartree-Fock approximation underbinds
atoms in a molecule and LSDA overbinds them, GGAs achieve generally better

accuracies with regard to binding energies [11, 21, 22, 23, 24]

1.3.5 The PBE functional

The non-empirical GGA functional developed by Perdew, Burke and Ernzer-
hof commonly referred to as PBE has been noted to be probably the most
promising non-empirical functional [25, 17, 21, 22|. It significantly reduces the
mean absolute error in the calculation of say molecular bond energies, and it is
therefore among the most widely used functionals to approximate the exchange-
correlation energy. Its construction ensures that it retains a number of physical
features in both the correlation and exchange parts, and key among the features
that it satisfies are as follows [26]:

> Fulfilment of the required uniform gas limit

> The correct upper bound of the correlation energy E. < 0

> The correct upper bound of the exchange energy E, < 0

> The exact exchange energy obeys the spin scaling relationship and uniform

density scaling of F,
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> Satisfies the linear response of the spin-polarized uniform electron gas.

> Satisfaction of the Lieb-Oxford bound. [27]

The PBE exchange-correlation functional is very much like the one developed
by Perdew and Wang, referred to as PW91 which was derived from a model for

the exchange-correlation hole [17] and its form is expressed as,
B PP Ay, ny] = /dgrnﬁuxmfoc(Ts, £, ) (1.3.22)

where Fyc is an enhancement factor, and €/ is expressed as,

=3¢’k
eunif = % (1.3.23)

¢ is the relative spin polarization, expressed as,

e (=) - n) (1.3.24)

and r; is the local Seitz radius obtained from,

drrd 3m?

n(r) (1.3.25)

However, although the PBE exchange-correlation functional F,., is a great im-
provement to the application of DFT in solving many problems relating to
atoms, molecules and solids, GGA functionals are still too limited to yield a
fully consistent improvement over LDA and to describe binding energies with
the desired chemical accuracy of better than lkcal/mol or 50meV /atom. It is
therefore envisaged that a hybrid Hartree-Fock/DFT approach has the potential
to offer better numerical accuracy [28]: a model that uses a linear combination
of the two, that is, a Hartree-Fock exchange with DFT exchange-correlation.
In this case, while trying to improve on the GGA’s E,., Lee, Yang and
Parr approximated the Colle-Salveti functional [29, 30, 31] which is an orbital
functional that is automatically free from the self-interaction error and is also

invariant under unitary transformation of the occupied orbitals. They obtained
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the correlation energy as an explicit functional of the density, its gradient and
Laplacian. The functional that they derived is now generally known as the Lee-
Yang-Parr (LYP) functional [32] and it gave rise to perhaps the most widely
used and popular implementation of such a hybrid model, the so-called BLYP
(Becke-Lee-Yang-Parr) [33, 34]. It uses in a self-consistent way the Becke88,
(EB) [35] exchange functional together with the Lee-Yang-Parr correlation. The
BLYP functional has the form viz [36],

EﬁLYP — (1 o A>E$Slater + AEfF + BE:CBecke + CECLYP + (1 o C)E;/WN

where E5'a%r i the Slater exchange, EAT is the Hartree-Fock exchange, EBecke
is the gradient part of the exchange functional of Becke [35], EXY'" is the cor-
relation functional of Lee-Yang-Parr (LYP) [32] and EY"¥ is the correlation
functional of Vosko-Wilk-Nuisar parametrization [37]. The three semi-empirical
parameters A, B and C are often obtained by fitting the heats of formation of
a standard set of molecules.

In this model, the LSD contribution to the exchange energy is actually that
of a uniform spin-polarized electron gas.

With such new improvements to DFT, within either the LDA or the GGA,
accuracy of geometries can now be obtained to better than 0.1A and the cal-

culated relative energies to better than 0.2eV and for special cases even better

than 0.01eV [38]

1.4 Basis set

Both the Hartree-Fock and Kohn-Sham equations can be solved using similar
mathematical techniques, where one seeks to find coefficients cfl to express the
wavefunctions 1), in a given basis set 1), where q represents a set of quantum

numbers (n,k). This may be written as,
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L

Yo=Y uf (1.4.1)

=1

where 1), is a member of a function space having infinite dimensions, and hence
L, which needs to be large, is also infinite in principle. However, when solving
real problems, a limited set of basis functions is often needed and as such the
wavefunctions 1, cannot be described exactly. Instead, one tries to find a basis
that can generate a function that is close to 1,. In this case, one only needs
to find a few of the basis set functions to describe the wavefunction accurately,
and such a basis set is said to be efficient. Limiting L may however lead to
approximate eigenfunctions that carry too many of the properties from the
basis set, and such a basis is said to be biased. Therefore one needs to find
a basis set that is both efficient and unbiased. Two basis sets have been used
widely, and these include plane waves as well as augmented plane waves [1].
Since a basis set composed of plane waves was used in this study, it will form
the main focus of this section. It was chosen for its simplicity and for being
unbiased, meaning that it does not force the result in some hidden way to
go in a particular way. In this approach, any eigenfunctions wg of a periodic
Hamiltonian can be expressed exactly in the plane wave basis set by means of
an infinite set of coefficients CT}(’E. Therefore,

Gp() = 3 bR (1.4.2)

—

K

This compares with equation 1.4.1 where g represents quantum numbers
(n, E) and 1 stands for k + K. Using this representation, one basis function for

Y2(F) or K would be,

(7) =| K) = e/F+R7 (1.4.3)

le‘l

¢

Since one cannot work with an infinite basis set, the limiting in the case

of plane waves is achieved by limiting the set of all K with K < Koz, which
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corresponds to a sphere with radius K., centred at the origin of the reciprocal
space. As such, all the reciprocal lattice vectors that are inside this sphere are
taken into the basis set [1]. However, to make the basis set limiting and more
practical, instead of using K., one often uses the free electron energy corre-
sponding to K., and this is called the cut-off energy FE.,;, which is expressed

as,

h2K?
E.,=—"% 1.4.4
t 2me ( )

where m, is the mass of an electron.
Using the reciprocal lattice vectors é, the cut-off energy E.,; (expressed in
Rydbergs) is obtained as | k + G |< v/Euy and in the reciprocal lattice space,

the wavefunction (plane wave) expansion of the Kohn-Sham states is,

Ug() = D (@)D (1.4.5)
G
or
o ekt G

k,r) = (k+G 1.4.6
BN =2+ 6= (146

Since plane waves are orthogonal, then
(K, | Ky = /e“fz—fl)f = §(K, — K,) (1.4.7)

The number of plane waves in a basis set is usually determined by the
smallest length scales that are described in the real space. Depending on the
value stated, the number of plane waves may turn out to be very large, thus
putting the plane wave basis set’s efficiency into doubt. However, this problem
is overcomed by taking into account the fact that the most oscillating parts
of the wavefunctions are the tails that reach out into the region close to the
nucleus. Fortunately, this region of the solid is shielded from the more outer

regions of the atoms where valence electron are, and hence where many chemical
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processes take place. This means that the electrons in this region will not behave
differently from free atom electrons. It therefore becomes possible to replace the
potential in the inner regions by a pseudopotential that is designed to yield very
smooth tails of wavefunctions inside the atom. When the inner regions (core -
states) are removed from the spectrum, one no longer considers the all-electron

potential of a system given by the expression,

(_%V2 + Veff)wq = €4Yq (1.4.8)

but rather the pseudopotential (ps), so that the Schrodinger equation becomes
(—lvz + V(ps))z/)ps = e PP’ (1.4.9)
2 eff /¥q — “47¥q o

The pseudopotential should however perform equally well as the all electron
potential.

In the outer regions of the atoms, the pseudopotential continuously evolves
into the true potential such that this region of the crystal behaves as if nothing
had happened. As a result, it is possible to use the ultrasoft plane wave basis set
for realistic cases with a given cut-off energy. The pseudopotentials constructed
will need to be both soft and transferable, whereby the softness means that
only a manageable number of plane waves are needed. In order to make a
pseudopotential soft [39, 40, 41], it has to be tailored for a particular element in
a given environment. However, one also requires a potential that can be used in
many environments i.e, solids, molecules, clusters, surfaces, insulators, metals
etc., of the corresponding element, and if this is realized, such a potential is

said to be transferable.

1.5 The diamond (111) surface

The (111) diamond surface is not only one of the most important growth planes

in CVD diamond, but it is also the natural cleavage plane, yielding a clean
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surface terminated by one dangling bond parallel to the surface normal [42],
and in other cases three dangling bonds forming an angle of 70.5° with the
surface normal [43]. This surface also finds a lot of use in industry, especially
owing to its surface atomic structure. In trying to establish the most stable
dangling bond terminations between the single (SDB) and triple dangling bonds
(TDB), Scholze et al. [43] observed in their DFT calculations that the single-
dangling bond arrangement was the most favoured energetically. They found
the surface energy for the TDB minimum energy configuration to be 1.35eV
higher than that of the SDB surface. Such an outcome was not unexpected,
since it is energetically easier to break a single bond than three, although some
workers suggest that it is possible for the two terminations to coexist on the
same surface [44]. A clean (111) diamond surface is normally bulk-terminated
(figures 1.1 and 1.2), but it may reconstruct into (2 x 1) m-bonded Pandey
chains [45] (figures 1.3 and 1.4) that are nearly undimerized and unbuckled
under say heating conditions above 950°C [46]. Walter et al. [16] observed
in their LEED measurements that the m-bonded chains forming the (2 x 1)
reconstructed surface were not tilted or only negligibly tilted, which tended to
differ slightly from the work of Huisman et al. [47] who observed some degree of
buckling. A similar result to that obtained by Walter et al. [16] and Scholze et
al. [43] was also obtained by Kern et al. [48] using DFT energy minimisation,
and they further found that there was a substantial buckling in some of the
inner layers.

Over and above this study looking at the O and OH adsorbates on the C(111)
surfaces, it also sheds some more light on both the clean unterminated (1x1)
and the (2x1) reconstructed diamond (111) surfaces, with a view to reconciling

both the experimental observations and the theoretical predictions.
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Figure 1.1: Schematic diagram of the top view of bulk-terminated (1x1) C(111)
surface. The grey circles represent the topmost carbon atoms, while the white
(open) ones represent the 2nd layer of carbon atoms from the top.

[101]

> [121]

Figure 1.2: Cross-sectional view of a bulk terminated C(111) surface showing
an adsorbed oxygen atom (yellow circle) on a single dangling bond termination
(SDB), and some dangling bonds.
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In the presence of adsorbates under various ambient conditions, the structure
of diamond surfaces is found to change somewhat, while in other cases it is
preserved. In this regard, Klauser et al. [49] observed that the C(111)-(2 x 1)
structure of the annealed surface remains after saturation coverage of oxygen
which appears to be contradictory to other works, including the findings of this
study. It is not clear if the surface was exposed to oxygen while still being
annealed, or if it was allowed to cool down, then exposed, since heating may
provide an energy barrier to the expected 1x1 dereconstruction under these O-
exposure conditions. A recovery from a (2 x 2)/(2 x 1) reconstruction to a 1 x 1
bulk terminated surface is nonetheless achieved after exposure of the surfaces

to hydrogen generated at a hot filament [46].

Figure 1.3: Side view of a (2 x 1) reconstructed (111) diamond surface. After
Walter et al. [16]

Adsorbed oxygen atoms or hydroxyl groups have been shown to particularly
alter the surface properties of diamond in a way that makes it quite attractive
for various technological applications. In particular, some of the changes already
observed involve modifying the chemical, mechanical and electronic properties of
diamond surfaces, making them quite useful in semiconductor as well as in other

high-tech applications. Apart from making the surfaces either hydrophobic or
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[101]

[121]

Figure 1.4: Top view of a (2 x 1) reconstructed (111) diamond surface. The
large dark circles represent carbon atoms at the upper m-bonded zigzag chains,
while the smaller grey circles correspond to the lower m-bonded zigzag chains.

hydrophilic, these adsorbates may also affect the bonds formed at the interface
with other materials, either making them more useful or instead compromising
the devices thus formed.

It has already been shown that adsorbed oxygen atoms result in positive
electron affinities (PEA) on various diamond surfaces for different oxygen ter-
minating groups [50, 51], while hydrogen terminated surfaces exhibit a negative
electron affinity (NEA). Additionally, hydroxyl terminated diamond surfaces
have been shown to yield negative electron affinities, which makes them poten-
tially useful in for example cold cathode applications. Using ab initio calcu-
lations, Loh et al. [52, 53] have investigated several models of atomic oxygen
chemisorption on the C(111) plane, where they indicate that oxygen chemisorp-
tion depends on the coverage. They further suggest that at low coverages (0.5
monolayer), epoxy-like (bridge) oxygen adsorbs while at higher coverages, the
carbonyl ONTOP chemisorption dominates. Our earlier XPS findings as well
as the results of Derry et al. [42] and Rebuli et al. [54] revealed that under
Ultra High Vacuum (UHV) conditions, the optimum coverage of oxygen on the

C(111) surface was % of a monolayer, while the XP§S results further showed that
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the most preferred adsorption site was the On-Top one. Rebuli et al. [54] went
ahead to show that the oxygen adsorption depends on the vacuum level, and
hence the environment under which the surfaces are prepared or exposed (i.e.
either in the presence of oxygen atoms or hydroxyl groups) becomes an integral
part of the observed coverage. To the best of our knowledge, this possibility has
however not been explored fully theoretically to establish unambiguously which
terminations and sites were most favoured as the adsorbate coverage increased
progressively. It has nonetheless been known for sometime that diamond sur-
faces used for various applications and prepared under atmospheric conditions
are always terminated with oxygen atoms, hydroxyl groups and hydrogen atoms.
Even then, it is still conceivable that in spite of the presence of these species at
diamond surfaces, some form of surface defects may exist on real surfaces.

Oxygen has also been reported to play a significant role in CVD diamond
synthesis, where it preferentially attacks the graphitic sp? bonds [53], and hence
improves the diamond film quality as well as having an influence on its texture
and morphology [55]

Establishing the optimum coverages of oxygen atoms or hydroxyl groups
on clean diamond (111) surfaces when they are exposed to the environment as
well as determining the preferred adsorption sites remains an important and
intriguing subject of study. This is especially so due to the reasons alluded
to previously, and more importantly bearing in mind the unique properties of
diamond and how these can change in the presence of the two adsorbates (O &
OH). The general understanding of the behaviour of such surfaces or interfaces
in the presence of the adsorbates is therefore central to knowing and controlling
their performance when put into use in various applications. This makes it
possible to harness the accruing advantages and at the same time avoid any
difficulties that may arise due to their presence, by choosing to engineer the

surfaces in such a way that the undesirable adsorbates are avoided, while the
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useful ones are exploited.

1.6 The Computational procedure

All the calculations reported in this study were done using the FHI98MD com-
puter code [56, 38]. This is a molecular dynamics computer code that employs
first principles pseudopotentials and a plane wave basis set. The pseudopo-
tentials that were used for the carbon, oxygen and hydrogen atoms were all
norm-conserving, and they were generated by the scheme of Troullier-Martins
[57]. The norm-conserving nature of the pseudopotential ensured that they
exhibited the same scattering properties (logarithmic derivatives) as the all-
electron potential in the neighbourhood of the atomic eigenvalues, which is a
measure of the pseudopotential’s proper performance. Pseudopotentials gener-
ated by the scheme of Troulier-Martins are also both smooth and transferable,
whereby their smoothness ensures that they have rapid convergence in the cal-
culated total energy of system. This means that there is also rapid convergence
of the system properties, with respect to an increase in the plane wave basis
set. The fact that they are also transferable means that they work in various
environments such as atoms, molecules or solids. Pseudopotentials generated
through the Troullier-Martins scheme also work much better for strongly local-
ized valence states such as in the case of diamond.

The calculations were performed using the generalized gradient approxima-
tion (GGA) for the exchange-correlation functional.

The Monkhorst-Pack [58] scheme was implemented in the start utility of
the package to generate the special k-points and for each of the k-point, the
accuracy of the scheme was automatically performed and checked following the
procedure proposed by Chadi and Cohen [59]. The Monkhorst-Pack scheme

ensures that the irreducible part of the Brillouin zone is integrated over a set
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(mesh) of uniformly spaced special k-points.
The slab approach was used to simulate the surfaces as opposed to the

cluster representation.

1.7 Calculations of the bulk parameters of the
free carbon, oxygen and diamond-carbon
atoms, as well as those of the oxygen molecule
and the hydroxyl groups.

This study involved the calculation of the total minimum energies of relaxed
geometries of the C(111) surface with and without adsorbed oxygen atoms or
hydroxyl groups on them, and hence it was essential to establish initially the
bulk properties of all the participating atoms, principally carbon and oxygen.
This was then followed by the computation of the bulk properties of the oxygen
molecules and the hydroxyl groups as well as those of bulk diamond, before
embarking on the main surface or slab calculations. It was essential to compare
these first, because they were a prerequisite to the determination of not only
the converged energies of the relaxed structures of both diamond-carbon and
the oxygen molecule, but also in establishing the interatomic spacings (bulk
lattice constants) which were required in the calculation of the initial atom
positions within the slabs. Their total minimum energies were also required
for the determination of the adsorption energies of the oxygen atoms and the
hydroxyl groups on the respective surfaces. Starting the calculations with atom
positions that were not too far off from the expected relaxed locations helped
quite a lot with faster system convergence.

The free carbon atom was placed at the origin of a large box measuring
20 Bohrs in size (where 1 Bohr = 0.5291A) when determining its bulk proper-
ties, and the plane wave cutoff energy was varied between 30 and 80Ry, where

1Ry=13.6eV. A large sized box was necessary because it ensured that the atom
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properties were simulated as if it were completely free. The cutoff energy was
varied between the values mentioned above in order to determine the optimum
value where the total energy converged, since the cutoff energy was directly
related to the number of plane waves and therefore the size of the basis set. A
very large cutoff energy would nonetheless make the specific problem expensive
computationally, while a smaller one would result in a total energy that may
not be adequately converged. Based these arguments, the range between 30 and
80Ry for the plane wave cutoff energy was considered to be ideal. Figure 1.5

shows a plot of the total energy versus cutoff energy of a free carbon atom. A
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Figure 1.5: Total energy of a free carbon atom for various plane wave cutoff
energies. The vertical axis is given in Hartree, where 1H=27.2116eV.

similar calculation was also done for two carbon atoms simulating the diamond
lattice. These were placed within a cell whose size was appropriate for bulk
diamond, with one atom being placed at the origin, while the other was placed
at a distance of (i, %, i) of the diamond’s lattice constant. The experimental
value of the lattice constant of diamond (3.567A) was used to determine the
initial (guessed) atom positions and the calculated bulk properties of diamond

are shown in Table 1.1
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Table 1.1: Calculated DFT-GGA and experimental bulk properties of diamond-
carbon. Plane wave cutoff energy E., is in Rydbergs (Ry), while the lattice
constant a,, and the distances between the C atoms d._. are in A. The binding
energy Ep, is shown in eV /atom, while the bulk modulus is in Mbar

Ecut | a, de-c Ecoh B
Exp. | - 3.567[60] | 1.544[16] | 7.37[61], 3.65eV per bond [62] | 4.42[61, 63|
Theo. | 30 3.606 1.543 7.45 3.19

40 3.581 7 7.82 4.22

50 3.562 7 7.90 4.18

60 3.563 7 7.89 4.14

70 3.563 7 7.87 4.15

80 3.563 7 7.89 4.16

The lattice parameters of bulk diamond were reproduced to within very
good agreement of the experimental values as seen from Table 1.1. Using the
Murnaghan equation of state [64] which is given by equation 1.7.1, the bulk
modulus of diamond was found to be about 4.14Mbars on average, compared

to the experimental value of 4.42Mbars.

F(V) - () = ol

B

(1.7.1)

In this equation, F = free energy (of deformation of an isotropic medium) P
= uniform pressure, Vo=equillibrium (initial) volume, Bp= bulk modulus and
'By=pressure derivative of the bulk modulus.

The Murnarghan equation of state was evaluated by the main computational
package (FHI98MD) together with a small Fortran program known as the murn
package, which performs a least squares fit to the calculated points, then ex-
tracts the equilibrium lattice constant ag, the bulk modulus By and its pressure
derivative 'By. The output of the Murnaghan equation of state’s fit is then
plotted together with the calculated lattice constant values, and the minimum
value of the fitted curve as shown in figure 1.6 gives the required relaxed bulk
lattice constant of diamond.

The binding energy E.o, of bulk diamond which is expressed as (eV/atom)
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Figure 1.6: Lattice constant of bulk diamond for various minimum total ener-
gies.

was obtained by using the relation,

1 1.24
Eco - - E iamond—bulk — Eca'r on—atom = A= 11~
n =y Bdiamona—vutk =1 (Ecarton—atom = 575775

1 1.24
=1k ramond—bulk — 2 Ecar on—atom ~ S~ o141~
o Bdiamond-sut, =2 X (Ecarton—atom = 575775

)}27.2116

)}27.2116  (1.7.2)

where Egiamond—buik 18 the total energy of bulk diamond, E.qpon—atom is the total
energy of a system containing only the carbon atom, n is the number of carbon
atoms per unit surface cell in a given calculation, and the value of 1.24 eV is the
correction for the spin polarization energy of the carbon atom within the GGA
approach. Using the values shown in Table 1.1, the converged parameters of
bulk diamond were plotted as shown in figure 1.7 for various plane wave cutoff
energies.

A procedure similar to that followed for determining the bulk properties of
diamond-carbon, was also applied to determine the relaxed bulk properties of
the oxygen atom and molecule. For the oxygen molecule, the two oxygen atoms
were placed within a large box whose dimensions were similar to those used for

the calculations involving the carbon atoms. The only difference in this case
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was the fact that the plane wave cutoff energy was varied over a wider range,
(between 30 and 130Ry) because the oxygen molecule’s vibrational frequency
depended quite sensitively on the cutoff energy. In the case of the oxygen
atom, the initial atom was placed at the origin of the large box (measuring 20
Bohrs), while the two oxygen atoms forming the oxygen molecule as well as
the oxygen and hydrogen atoms constituting the hydroxyl group, were placed
at half of the respective bond length values about the origin i.e. at (—%,0,0)
and (%,0,0). Table 1.2 shows the calculated DFT-GGA values of the oxygen
molecule together with the corresponding experimental ones for comparison
purposes. Figure 1.8 shows a plot of the relaxed total energy versus the bond
lengths of a free oxygen molecule at a plane wave cutoff energy of 70Ry, which
yielded a converged bond length of 2.30 Bohrs for the oxygen molecule. This
value was in very good agreement with other DFT studies [65] as well as the
experimental value of 2.28 Bohrs [65, 66]. The total minimum energy of the
oxygen molecule was found to be -31.8202H which corresponded to the global
minimum of figure 1.8.

The third order polynomial equation (eqn 1.7.3) was used to determine the
relaxed parameters of the oxygen molecule such as its bond length. This in-
volved fitting the theoretical curve given by equation 1.7.3 to a plot of the calcu-
lated total energies, E(H) versus the bond lengths (a4tice) using the computer

program Grace (Graphing Advanced Computing and Exploration of data) [67].
y = as(r —a1)® + as(z — a1)?* + ag (1.7.3)

In this relation (1.7.3), ap=calculated total energy of the system, a;=bond
length, while the equilibrium vibrational frequency was obtained from the rela-
tion

v(em™) = — JTEm Y] (1.7.4)

:27'('

where E” is the second order derivative of the energy F, and m is the mass of
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an oxygen atom.
Using the plot of E versus bond length (ajice), as shown in figure 1.8,
the equilibrium vibrational frequency of the O molecule was obtained after

rewriting the expression (eqn. 1.7.4) as,

% (1.7.5)

1
viem™) = 2—\/[(2a2 x 3113.8235{m~1})]

T
where c=speed of light and m = mass of an oxygen atom (15.9994 x 1836.15 X
9.109x10720)=(2.675x10"%%kg). ay was obtained after fitting equation 1.7.3 to
the data, and then by solving equation 1.7.5, the vibrational frequencies which

are shown in Table 1.2 for various plane wave cutoff energies were obtained.
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Figure 1.8: Total energy versus bond length of an oxygen molecule at a plane
wave cutoff energy of 70Ry.

The various bulk properties of a free oxygen molecule shown in Table 1.2
were plotted as shown in figure 1.9, while figures 1.10 and 1.11 show the
total energies of a free oxygen atom and molecule plotted against the plane wave

cutoff energies respectively. Figures 1.10 and 1.11 further show that the total
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Table 1.2: Calculated DFT-GGA and experimental properties of an oxygen
molecule. The plane wave cutoff energy E.,; is given in Ry, the bond length ag,
in Bohrs, the binding energy E.,, in eV /atom, while the vibrational frequency
v, is in cm™!

Ecut Ao Ecoh 4
Exp. |- | 2.28 [65, 66] | 2.56 [65] | 1586.0 [65]
Theo. | 30 | 2.39 3.31 1977.0
40 2.29 3.22 1683.5
50 | 2.32 3.22 1406.7
60 | 2.31 3.28 1530.0
70 | 2.30 3.31 1556.9
80 | 2.30 3.31 1552.9
90 2.30 3.32 1549.1
110 | 2.30 3.31 1550.1
130 | 2.30 3.31 1550.2

energies of both the oxygen atom and molecule were almost well converged at
a cutoff energy of 60Ry.
The binding energy (eV/atom) of the oxygen atoms constituting the free

oxygen molecule was obtained from the relation,

0.9 1.6

- E ry—atom
a7211g) " Fomy-aton — 5o ore
1 0.9 1.6
Eo:_ E:c—moecue_ _2Ew—aom_
Coh 2{( Ozy—molecul 27.2116) (Eozy-ar 27.2116

1
ECoh = E{(EOxy—molecule - )}272116

)}27.2116

(1.7.6)

where Eogzy—motecute Was the total energy of a free oxygen molecule, Eozy—atom
was the total energy of a free oxygen atom, and both 0.9 and 1.6eV [65] were
the spin polarization (energy) corrections for an oxygen molecule and an oxygen
atom respectively, within the GGA approach. These corrections arise from the
fact that the atoms have spins when they are free, but they loose it once they
get bonded to the surfaces.

From the plots of the bulk properties together with the values shown in
Tables 1.1 and 1.2, a value of 50Ry was taken to represent an optimum cutoff
energy for all the subsequent calculations. This value was chosen on the basis of

the fact that it ensured that a not-too-large plane wave basis set was used, while



39

-133

L 155
:
S -15.6
-157F
= = = = 2
_155 Il 1 Il 1 1 1 1 Il Il
30 40 50 60 70 B0 a0 o0 o 12 130
Cutoff energy (Ry)

Figure 1.10: Total energy of a free oxygen atom for various plane wave cutoff
energies.

at the same time it was not too small to be within the regime where convergence
was not yet achieved. As such, when determining the relaxed properties of the
free hydroxyl group as shown in figure 1.12, a plane wave cutoff energy of 50Ry
was used unlike in the other cases whereby this was varied over a given set of

values.
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Figure 1.11: Total energy of a free oxygen molecule for various plane wave cutoff
energies.
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Figure 1.12: Total energy versus bond length of a free hydroxyl group at a plane
wave cutoff energy of 50Ry.
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The minima of the figure 1.12 gave the total energy of the hydroxyl group

as well as its bond length. From these, the adsorption energy E,q4(OH) of the
hydroxyl group, which was essentially the energy that it gains by adsorbing on

to the surface was calculated from the relation,

0.445

Eads(OH) = 1/n[Eslab(OH) - Eclean—su?”f. - n(EtOt(OH) - 272116

)] x 27.2116

(1.7.7)

Eqa(OH)= total energy of a slab terminated with a hydroxyl group, Eqean—surf.
= total energy of the corresponding clean (unterminated) surface, E;;(OH)=total
minimum energy of the hydroxyl group, n=number of hydroxyl groups per sur-
face unit cell; n=2 for full monolayer coverages and 1 for half monolayer cov-
erage, and 0.445eV=spin polarization correction energy of the free OH group
within the GGA approach [68]. This was obtained using the DMol computer
program since the total energies obtained from the FHI98MD molecular dy-
namics computer program were not corrected for the spin polarization energy.
The converged bond length of a free hydroxyl group was found to be 0.978A,
which was slightly shorter than, but almost equal to the experimental value
of 0.98A [69] by -0.2%, while the total minimum energy was found to be -

16.41753Hartree.

1.8 Surface modelling

The diamond surfaces were initially modeled using carbon-atom slabs made
up of five, six and seven bi-layers. This was done with a view to establishing
the optimum slab size that was not too large to consume an unnecessarily
large amount of computer time(i.e. expensive computationally), yet not too
small that it was not representative of both the diamond’s bulk and surface

properties. Ruter et al.[50] observed previously that, although a surface can
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be easily modeled by an infinite periodic sandwich of substrate and vacuum
regions, care must be taken to ensure that the bulk properties can be estimated
from as little bulk and vacuum regions as possible. In our case, the atoms were
allowed to relax along the x, y and z directions, with the lower end of the slab
being passivated with hydrogen atoms. For each of the different slab sizes, the
top 7 layers of carbon atoms were allowed to relax while the rest were kept fixed
at their calculated bulk positions.

Table 1.3 shows the adsorption energies of oxygen atoms at the ONTOP site
of the three different slab sizes, as well as the corresponding changes in their
work function compared to those of the corresponding bare (clean) slab.

Table 1.3: Calculated DFT-GGA adsorption energies of oxygen on diamond

(111)-(1x1) surfaces for testing the optimum slab size. Tests were done for the
full oxygen monolayer coverage at the ON-TOP sites.

Slab size

EO

A®(work function)

A®(work function)

adsorption
(eV/atom) | (Clean surface) (eV) | (O-Terminated) (eV)
5 bi-layers | -5.0065683 | 3.6131 6.0756
6 bi-layers | -5.0041192 | 3.6040 6.07575
7 bi-layers | -5.0005817 | 3.5902 6.0695
The adsorption energies of the oxygen atoms ES, ... (eV/atom) were
calculated from the relation,
O 1 O—term. bare—sur f. O—atom 1.6
Eadsorption = E{[Eslab o Eslab - Tl(E - 272116)]} X 27.2116
1 1.6
—{[EG term. — phare=surf. _ o pO—atom _ 27.2116
(1.8.1)
In these relations, Eg;bt”m‘ = total energy of an oxygen-terminated surface,

bare—surf.
Eslab -

total energy of a clean surface and E9~%°"= relaxed total energy

of an oxygen atom (-15.70077H). n=2 for a full and a third monolayer coverages,

and 1 for half and quarter monolayer coverages.

The thickness of the slabs together with the vacuum spacing were thoroughly

tested to ensure that they were large enough, to avoid any interaction between
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replicas. In this case, a vacuum region of similar size as the z-axis component
of the slab was used, totaling to a combined height of ~44 Bohrs in the case of
the 5 bilayer slab. The slab approach was especially preferred over the cluster
method because of edge effects associated with the cluster method. It was also
believed to produce more accurate results.

Based on the results of Table 1.3 where there was no noticeable differences
between the adsorption energies of the oxygen atoms located on different slabs,
the 5 bi-layer(or a 10-layer) carbon-atom slab was considered to be the optimum
representation of the diamond’s bulk region, surface and near surface regions. It
was thus used for all the subsequent surface calculations reported in this work.
This slab size was neither too small nor too large, and therefore while satisfying
all the basic material requirements, it was also less expensive computationally.

The clean diamond surfaces were modeled by passivating the bottom side
with hydrogen atoms, while the top side was left clean with only the dangling
bonds. These were then to be terminated with either oxygen atoms or hydroxyl
groups at different sites and for various coverages. The initial atom positions
(i.e. starting geometries) were obtained using the two atom unit cell shown in
figure 1.13. Terminating the slabs with hydrogen on one side had the unique
advantage that it was considered by the computer program as if the material was
of an infinite extension. This was well corroborated by the already established
fact that the dangling bonds on diamond surfaces are preferentially terminated
by hydrogen [70]. The slab approach had another added advantage in the sense
that, both the x and y directions were also considered infinite, thereby ensuring
a large-enough size of the diamond material was simulated. The only variable
was therefore the number of carbon atom bilayers within the z-axis, as well as
the adsorbed oxygen atoms or hydroxyl groups.

The adsorbed oxygen atoms or hydroxyl groups induces dipole moments at

the surfaces, which would have a direct bearing on the work functions of the
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Figure 1.13: Two atom unit cell used in determining the initial diamond-carbon
atom positions, together with a representation of the atoms stacking in the z-
axis . Note the diamond’s A, B, C stacking.

surfaces, compared to that of the clean surfaces.

The oxygen atoms and the hydroxyl groups were placed at various sites and
for different coverages on the slabs as shown in figure 1.14. These included
adsorbing them at a full, half, third and quarter monolayer (ML) coverages,
while the adsorption sites were the ONTOP, Bridge, Hexagonal-close packed
(HCP) and the Face-centred cubic (FCC) one as shown in figure 1.15.
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Figure 1.14: Various oxygen monolayer coverages at the ONTOP bonding sites.

Q‘I.‘ ' "T - /.I../Second layer carbon atom

‘ «+— Third layer carbon atom

’ <+—Fourth layer carbon atom

‘_./ Top layer carbon atom
S

.

Oxygen atom b .

1. An ON-TOP site 2. Bridge site

3. An Hexagonal close-packed (HCP) site- site with a carbon
atom below the oxygen atom in the second layer

4. A face-centered (FCC) site — without a carbon atom below
the oxygen atom in the second layer, but one in the third

Figure 1.15: Initial geometry showing various oxygen adsorption sites. Note
that the triangle formed by the top layer of carbon atoms is facing upwards for

the HCP site, and downwards for the FCC site.
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The convergence criteria for the system was set in such a way that the
calculation terminated when the relative forces on the atoms was greatly reduced
and almost equal from all sides, the K.E of the ions was less that 0.1eV, while
the difference between the total energy and the Harris energy which is expressed

as in equation 1.8.2 was equal to or less than 0.0005Hartree.

N
Et]Zttzrris[n(m)] _ Z Z €+ AEe—e[n(m—l)]
i=1 jeBZ
+AExc[n™ Y] 4 vin—ion (1.8.2)
where the charge density is,
Nj np

() =323 filely (1.83)

J
and

1
exp((g;; —er)/KT) — 1

fig = (1.8.4)

1.9 Results

The relaxed geometries of the clean surfaces as well as those terminated with
oxygen atoms or hydroxyl groups at various sites and for different coverages
are shown in figures 1.16 to 1.26, for the (1x1) bulk terminated diamond (111)
surfaces, and figures 1.27 to 1.31 for the relaxed geometries of the (2x1) re-
constructed (111) diamond surface. The structures shown here are only for
the most stable configurations for each site and monolayer coverage on the
(Ix1) and (2x1)-C(111) surfaces, while those of the less stable configurations
are shown in Appendix A. These structural diagrams were plotted using the
XCRYSDEN [(X-Window) Crystalline Structures and Densities| computer pro-
gram [71]. From these, the converged bond lengths, angles and the percentage
(%) changes occurring within them were computed for the bulk region, surface

layer and for the adsorbed species. The results obtained are shown in Tables
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1.4 to 1.6. On the other hand, Tables 1.11 to 1.12 show the corresponding bond

lengths and their % changes for a (2x1) reconstructed C(111) surface. Due to
the relatively large bond length changes in the very topmost bilayer of carbon
atoms, these were considered separately from those within the bulk and near
surface regions. Results obtained from these are shown in Tables 1.7 to 1.10,
for the bulk terminated (1x1) C(111) surface, and Table 1.13 for the (2x1)
reconstructed C(111) surface. The % changes were computed relative to the
bulk C-C bond length of 1.54A.

The presence of the adsorbates was found to have a significant effect on
the distribution of the electron clouds of the carbon atoms located within their
neighbourhoods and less or no effect at all for those located within the bulk.
This also tended to affect the bonding environment. These effects were investi-
gated quite extensively, with a view to establishing how the electronic properties
of the surfaces terminated with either oxygen atoms or hydroxyl groups at dif-
ferent sites and for various coverages compared with those of the clean surfaces.
Of particular importance was the investigation of how the density of states
(Dos) changed in the presence or absence of the adsorbates, for a carbon atom
located within the bulk or at the surface, or even those of the adsorbed oxygen
atoms themselves. Results obtained for the density of states are shown in fig-
ures 1.36 to 1.43 for the (1x1) bulk terminated surfaces and figures 1.44 to 1.47
for the (2x1) reconstructed C(111) surface. Just like in the case of the (atomic)
structural diagrams, these are for the most stable configurations on the (1x1)
C(111) surfaces, and those of the (2x1) reconstructed surfaces. States for other
less stable configurations for the 1x1 surfaces are shown in Appendix A.

To establish the preferred bonding sites and the most stable coverages, the
total minimum energies of the various systems were computed, and from these
the adsorption energies. Surface dipoles due to the adsorbates were also ex-

pected to have a significant effect on the specific surfaces’s work function, in a
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way that would either make it easier or harder to draw electrons from them,
and for this reason, changes occurring in the respective surfaces work functions
were also investigated. In addition, although only coverages between the full
and quarter monolayers were considered, the behaviour of those that were lower
than these was to be inferred from the trends observed in the higher coverages.
Results obtained for the total minimum energies, adsorption energies and the
work function values for the various relaxed geometries are shown in Tables
1.15, 1.16 and 1.17 for the (1x1) bulk terminated surfaces, and in Table 1.19
for the (2x1) reconstructed surfaces. For the latter case, i.e. the (2x1) re-
constructed (111) diamond surfaces, only the ONTOP and bridge sites were
considered, with Oxygen atoms or hydroxyl groups occupying either a full or

half ML coverages.

1.9.1 Structural diagrams of the relaxed geometries of
the (1x1) bulk terminated (111) diamond surfaces.

The relaxed geometries of clean bulk terminated (111) diamond surfaces and
those terminated with oxygen atoms or hydroxyl groups at different sites are
shown in figures 1.16 to 1.26. These are for the most stable C(111)-1x1:0 and
1x1:0OH terminations for each of the coverage, while structures for other less
stable configurations are presented in Appendix A. In each of the diagrams, the
left hand side (LHS) panel shows the top view while the right hand side (RHS)

one shows the corresponding side view.
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Figure 1.16: Clean super cell used for the calculations involving the full and
half monolayer coverages of oxygen atoms and hydroxyl groups. The letters Cy,
Csq, C3 ete. refer to the respective carbon atom layers. J and K are different
types of surface bonds.

Figure 1.17: A full ML of oxygen atoms adsorbed at an ONTOP site. The
letters G and H refer to different types of surface bonds. The small blue spheres
represent the H atoms passivating the lower end of the slab, the gold coloured
ones the carbon atoms, and the red spheres the adsorbed oxygen atoms.



20

*lro.oesg
1.431
00471 QLT ORI O ‘ by o
o e L 1539
& T P q 1.538 110.7°
- - Q’l ! 1.545
1.539 1.537
‘ P‘“ ‘z" 108.65° 11555455
. T an® 1.555 - - .
, S L% o > 1536
’(JP‘* 109.56° “g5 =1 =% L | - 1.543

Figure 1.18: A full ML coverage of OH groups co-adsorbed initially at a hexago-

nal close packed (HCP) and a bridge site. Note the staggering of the OH groups
after relaxation.
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Figure 1.19: A half ML coverage of oxygen atoms adsorbed at an ONTOP site.

Carbon atoms bonded to the oxygens are raised by 0.2464A above those that
are not.
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Figure 1.20: A half ML coverage of OH groups that were initially adsorbed at
a hexagonal close packed site. (see figure 1.15)

Z-axis (Bohrs) 89.97°

b 19.4408 (T)
18.4687 (T) 1697
L 1532
15.5526 (T) 1562
14.5806 (T 1.560
+—— 1542

11.664 (T
10.692 H 1545
7.7763(T 1.542
6.8042 (F 1543

3.8881(F
2.916 §|:§ 1'5145’
0.8371(F :

Figure 1.21: Unterminated super cell used for calculations involving the quarter
monolayer coverages with oxygen atoms and hydroxyl groups. Numbers on the
left hand side (LHS) of the side view show the z-axis values of the respective
carbon and hydrogen atoms. T stands for true, meaning that the carbon atom
should be relaxed, while F' represents false, implying that the carbon atom
should not be relaxed.
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Figure 1.22: A quarter ML coverage of oxygen atoms adsorbed at an ONTOP
site. The letters A, B, C and D represent different types of surface bonds.
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Figure 1.23: A quarter ML coverage of OH groups that were adsorbed initially
at a Hexagonal close packed site.
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Figure 1.24: A clean slab used for calculations involving the third monolayer

coverages.
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site. Letters A and B represent different types of surface bonds.
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Figure 1.26: A third ML coverage of hydroxyl groups adsorbed at an ONTOP
site. Note the alternate orientation of the OH groups in the top view after
system relaxation.
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1.9.2 Relaxed geometries for the (2x1) reconstructed

(111) diamond surfaces

Following the optimization processes, the adsorbed oxygen atoms and hydroxyl
groups as well as the carbon atoms located within the bulk and those at the
surface regions of the (2x1) reconstructed (111) diamond surfaces were found to
move to new positions that ensured maximum coordination for each, as shown
in figures 1.27 to 1.31. As mentioned before, other less stable structures are
shown in Appendix A. The left-hand side panel in each diagram shows the top

view, while the right-hand side one is the corresponding side view.
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. 1.441
112°  0.0029 l
e o
1.58 : ,
16&50 1.533 106.4
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15347608 2=
1545~
1537
1547
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Figure 1.27: A clean (2 x 1) reconstructed C(111) surface. Note the small
buckling of the upper and lower w-bonded chains.
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109.39°

Figure 1.28: A full ML coverage of oxygen atoms adsorbed initially at an ON-
TOP site, of a (2 x 1) reconstructed C(111) surface. The upper m-bonded chains
are buckled by 0.0083A, and the lower ones by 0.0129A.

f A;i'

Figure 1.29: A full ML coverage of hydroxyl groups at an ONTOP site, of a
(2 x 1) reconstructed C(111) surface. The upper m-bonded chains are buckled
by 0.0186A, and the lower ones by 0.001A.
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reconstructed C(111) surface. Letters A, B, C and D represent
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Figure 1.31: A half ML coverage of oxygen atoms adsorbed at a bridge site, of

a (2 x 1) reconstructed C(111) surface.



58
1.10 Structural and bond-length changes within

the bulk and near surface regions of (1x1)

bulk terminated (111) diamond surfaces,
together with those of the C-O, C-OH and
O-H bonds.

Tables 1.4, 1.5 and 1.6 show the bond lengths and their % changes for those
carbon atoms located within the bulk and near surface regions of (1x1) bulk
terminated (111) diamond surfaces, while Tables 1.7 up to 1.10 show bond
lengths and their % changes for the topmost bilayer of carbon atoms. The
tables contain data for all the configurations considered in this study, in order
to get a clear and complete picture of how these bond lengths and their %
changes were related to the stabilities of the given sites or coverages. However,
the most stable structures for both O & OH coverages and those of the clean
slabs are bolded in the tables for easier identification from the others. As
mentioned before, bond lengths in the surface layer were considered separately
from those within the bulk or near surface regions, since a significant amount
of bond changes were observed. The changes observed within the bond lengths
are given relative to the respective experimental values, which are 1.36A for the
C-O bond obtained from paraffinic compounds [66], 1.43A [66] for the C-OH
bond, and 0.98A [69] for O-H bond. Although the C-O bond length of 1.36A
is considered as a single bond, Lide et al. [66] refers to it as a partial C=0
bond. From their x-ray measurements, Huisman et al. [72] reported a value of
1.43A which was most likely a C-OH bond, although they appear to refer to
it as a single C-O bond. Additionally, an experimental value of 0.95A is listed
by Hiroyuki et al. [73] for the O-H bond, which they obtained from a (100)
surface, while their calculations yielded a value of 0.96A. The C-H bond length

was taken as 1.1A which was quite close to the experimental value of 1.09A [69].
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1.10.1 Bulk and near surface C-C bond lengths

The following section discusses only the changes observed within the bulk and
near surface C-C bond lengths, excluding those at the topmost carbon-atom
bi-layer, due the reasons mentioned before. The labelling of the carbon atom
layers referred to in this section and also in the corresponding tables was similar
to that shown in figures 1.16 and 1.21.

In all cases, very little changes were observed within the C-C bond lengths for
those carbon atoms located within the bulk. These were in the neighbourhood
of 0.2% of the bulk bond length (1.54A), and it appeared as though on average
most of the bonds tended to elongate a little bit rather than contract. This
behaviour was noted mainly in the bonds that were located between the 8th
and Tth carbon atom layers for all slabs and coverages, as well as between
the 7th and 6th carbon atom layers, and those between the 6th and the 5th
carbon atom layers. However, some rather pronounced bond length changes
began to be observed between the 5th and 4th carbon atom layers, for the
clean surfaces as well as those that were terminated with either oxygen atoms
or hydroxyl groups. Incidentally, the clean surfaces showed a relatively larger
bond length elongation than those terminated with either oxygen atoms or
hydroxyl groups thus suggesting a weakening of the bonds between the 5th and
4th carbon atom layers for the clean surfaces. This also appeared to indicate
that the charge distribution around the adsorbates played some role towards
the observed apparent shortening of the said bond lengths. This was however
not sufficient on its own to conclude if the effect of the adsorbates extended
this far into the material. For the third ML coverages, changes of between 0.5
and 1% were observed within the bonds between the 5th and 4th carbon atom
layers, while in the quarter ML coverages, the changes were confined between

0.13% and 1.33% of the bulk bond length (1.54A). These were predominantly
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between -0.1% and 1.2% of the bulk bond length for full and half ML coverages.

As such, one can almost conclude with all certainty that on average the bond
lengths between the 5th and 4th carbon atom layers changed by about 0 and
1.33% of the C-C bulk bond length, and hence they involved mainly elongation
rather that contraction except only in a few cases.

Bonds between the 4th and 3rd carbon atom layers, experienced mainly
lengthening, while others contracted. In particular, the clean surfaces experi-
enced only bond contractions of between -0.19 and -0.65%, while the full and
half monolayer coverages experienced both bond expansions and contractions
of between 0.065 and 0.78% and between -0.519 and -0.97% of the bulk bond
length respectively. Most of the bonds within this layer for surfaces terminated
by a quarter ML of either oxygen atoms or hydroxyl groups experienced con-
tractions except the quarter ML bridge site that was terminated with O atoms
and OH groups. Based on the above observations, it was concluded that bonds
between the 4th and 3rd carbon atom layers were just only stronger than those
between the 4th and 5th layers. Incidentally, some bonds within the quarter ML
coverage did not experience any contraction nor expansion at all, and therefore
had similar bond lengths as the experimental bulk C-C bond length of 1.54A.
Bonds between the 4th and 3rd carbon atom layers for the third ML coverages
experienced alternate contraction and expansion, except the third ML HCP site
terminated with oxygen atoms where expansions of between 0.195 and 0.45%
were observed, and the the third ML ONTOP site terminated with hydroxyl
groups where contractions of between -0.268 and -0.32% were observed. Other
bonds within the 4th and 3rd carbon atom layers associated with the third ML
coverages retained bond lengths that were similar to the bulk C-C bond length
of 1.54A as shown in Table 1.6. The alternate contraction and expansion of the
bonds appeared to suggest evidence of the bulk symmetry breakdown, although

in a small way due to the magnitudes of the % changes. In a nutshell, most



68

bonds below the 4th and 3rd carbon atom layers experienced contractions or
expansions that were less than +1%, except between the 5th and 4th carbon
atom layers, where these breached this value by experiencing an elongation of
up to 1.3% of the bulk bond length.

The largest bond length changes were witnessed within the vertical bonds
between the 3rd and 2nd carbon atom layers that were incidentally located in
the near-surface region. Although most of the bonds showed some elongation,
a few did exhibit some strong contractions leading to stronger bonds. The
clean surfaces and the third ML FCC site terminated with OH groups showed
some of the largest bond elongations of between 10 and 16%. Stumpf et al. [76]
made a similar observation between the 3rd and 2nd carbon atom layers of clean
C(111)-(1x1) surfaces, and they attributed this to the strong rehybridization of
the bonding of the surface carbon atoms. Interestingly though, the adsorption
of a full MLL of O atoms and OH groups at the ONTOP site resulted in the
least contractions between the 3rd and 2nd carbon atom layers, ranging only
between -0.91 and -0.065%, while the co-adsorption of O atoms at the HCP and
ONTOP sites led to fairly remarkable bond expansions of about 3.8%. However,
unlike this coverage (i.e. the co-adsorption of O atoms at the HCP and ONTOP
sites), a full ML of OH groups which were initially adsorbed at the bridge and
HCP sites showed relatively smaller bond extensions of around 0.39% as shown
in Table 1.4. The two scenarios gave strong indications that the co-adsorption
of a full ML of O atoms or OH groups at different sites affected the surface
structure rather differently, and one of the reasons for this was the absence of
dangling bonds unlike the lower coverages.

The half monolayer coverages showed generally larger bond elongations of
between 0.45 and 11.7% between the 3rd and 2nd carbon atom layers, when
compared to the other coverages, with the largest elongation of 11.7% being

observed in the half ML bridge site terminated with O atoms. It was also in
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this coverage where the largest contraction of -4.1% was observed among all the
half ML coverages. The lowest bond length expansion of 0.45% for all the half
monolayer coverages was observed in the half ML HCP site terminated with O
atoms, suggesting a strengthening of these bonds. These bond length changes
were attributed mainly to the lack of sufficient coordination in the topmost layer
of the half ML coverages.

With only 25% and 30% of the surface bonds being terminated with either
oxygen atoms or hydroxyl groups, the lower coverages corresponding to a quar-
ter and third ML showed alternate bond contraction and expansion between
the 3rd and 2nd carbon atom layers, probably due to the presence of a large
number of dangling bonds. In this case, only surfaces terminated by a quar-
ter and third ML of oxygen atoms at a bridge site and those terminated with
hydroxyl groups at a quarter ML FCC site, together with the third ML FCC
site terminated with oxygen atoms showed some significant bond contractions.
Most of the other sites had their bonds between the third and second carbon
atom layers experiencing elongations, meaning that these bonds (between the
3rd and 2nd atom layers) were relatively weaker. The expansions were found
to lie between 3.2 and 10% for the third ML coverages, and between 0.9 to as
large as 8% for the quarter ML terminations with O atoms and OH groups.
Although fairly large bond contractions were observed between the 3rd and 2nd
carbon atom layers in some instances, these were confined mainly between -0.52

and -4% of the bulk bond length for both the quarter and third ML coverages.

1.10.2 Bond lengths and their % changes within the top-
most C-C surface bilayer of bulk terminated (1x1)
C(111) surfaces.

The topmost bilayer of carbon atoms (between the 1st and 2nd carbon atom

layers) suffered quite a significant amount of bond length changes, both before
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and after adsorbing the oxygen atoms or the hydroxyl groups as mentioned
before, with even more changes being observed after terminating the surfaces
with the O atoms or OH groups. The changes did not seem to be related to any
type of adsorbate or even the coverage, and a closer look at the surface bond
lengths revealed that most of these tended to be relatively large and random
as shown in Tables 1.7 to 1.10. These changes were however not unexpected
because the coordination of the surface atoms was different from that within
the bulk and not to mention the effects of the adsorbates and the associated
bonding anisotropy. It was therefore quite logical to imagine that, while the
systems relaxed to the optimized atom positions that accommodated the lack of
sufficient coordination at the surfaces, the bondlength changes mentioned above
were certainly bound to occur, especially within the surface layer. Besides, the
adsorbate atoms were different from the substrate matrix, and this could again
have contributed to the observed changes. These changes are detailed in Table
1.7 which contains data for the topmost surface layer bondlengths from the
clean surfaces and those terminated with a full monolayer of oxygen atoms and
hydroxyl groups. Table 1.8 on the other hand details the optimized bond lengths
and their % changes for surfaces terminated with a half monolayer of O atoms
and OH groups, while Tables 1.9 and 1.10 show the surface bond lengths and
their % changes for C(111) surfaces terminated with a quarter and third ML of
O atoms and OH groups respectively.

Surface bonds within the topmost zigzag carbon atom chains of all the clean
surfaces as well as those joining them experienced mainly contraction of between
-2.6% and -4.5% as shown in figure 1.16, 1.21, 1.24 and Table 1.7. These
findings were all in good agreement with other DFT calculations as shown
in Table 1.7, where contractions of between -3.1 and -5.1% have been reported
previously. Again, these contractions were clearly driven by the lack of sufficient

coordination in the topmost layer, and the presence of dangling bonds on the
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clean surfaces.

The full ML coverages did not show much changes within the surface carbon
atom bond lengths as opposed to the lower ML coverages, probably due to
the lack of dangling bonds. However, some minimal bond elongations and
contractions were observed in certain cases, but the most important observation
was that the changes occurring within the surface layer bonds of the full ML
coverages (whether expansion or contraction) were much smaller than those
observed in the clean surfaces. Adsorbing oxygen atoms up to a full ML at
the ONTOP site resulted in the carbon atom zigzag chains extending by 1.9%,
while only a minimal extension of 0.39% occurred in the corresponding hydroxyl
termination. This meant that the presence of the hydrogen atom in the hydroxyl
group played some role towards the observed bond modifications. The relative
shortening of the surface C-C bonds due to the adsorption of the hydroxyl
groups when compared to the lengthening of the surface C-C bonds following the
adsorption of oxygen atoms meant that they became relatively stronger. These
changes were also found to affect the surface bonds joining any two adjacent
zigzag carbon atom chains, where alternate bond expansions and contractions
were observed. In particular, fairly large bond expansions of between 0.0 and
2.3% were observed within the bonds joining the zigzag carbon-atom chains
following the adsorption of a full ML of oxygen atoms at an ONTOP site,
while the adsorption of the OH groups at similar sites resulted only in minimal
contractions of up to -0.13% compared to the bulk bond length.

The co-adsorption of oxygen atoms at the ONTOP and the HCP sites or
hydroxyl groups at a bridge and HCP sites resulted in overall contraction of
the surface bonds joining the zigzag carbon atom chains by margins ranging
between -0.45 and -0.26% of the bulk bond length. This led to alternate bond
expansions and contractions within the surface-layer zigzag carbon atom chains

as shown in Table 1.7. These were accompanied by a substantial increase in
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the bond lengths of the immediate underlying carbon atom layers as seen from
figures 1.18 and A.2, and also as mentioned before. The changes observed in
the bond lengths appeared to suggest that the adsorbate charges modified the
bond strengths in such a way that the ones located at the surface got relatively
stronger due to their apparent shortening while the immediate underlying C-C
bonds became relatively weaker.

With only 50% of the surface carbon-atom bonds being terminated with
either of the two adsorbates in the case of the half monolayer coverage, the
concentration of the adsorbates and hence the coordination was obviously var-
ied. This led to some differences between the surface bonds within the zigzag
carbon atom chains, and those joining them. This was especially more pro-
nounced between those surface bonds that were bonded to the oxygen atoms or
hydroxyl groups, and those that were not. The surface bonds within the zigzag
carbon atom chains that were not bonded to either the O atoms or the OH
groups were found to contract by between -2.66 and -4.54% except in the case
of the half ML bridge site terminated with oxygen atoms. This contrasted with
observations made in the surface bonds within the zigzag carbon atom chains
terminated with either O atoms or OH groups, where a general expansion of be-
tween 0.9 and 2% as shown in Table 1.8 was observed. Nonetheless, some fairly
large contractions (-2.92%) were observed in the case of the half ML bridge site
terminated with oxygen atoms, as well as some minimal ones in the half ML
FCC sites terminated with oxygen atoms (-0.31%) or hydroxyl groups (-0.71%).
However, these were rather less stable configurations as discussed later, and for
this reason their varied bond lengths were somewhat not unexpected. On av-
erage, the degree of bond extensions within the surface zigzag carbon-atoms
chains that were bonded to either O atoms or OH groups was much smaller
than the contraction experienced in the surfaces.

Due to the contractions and expansions experienced within the surface zigzag
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carbon-atom chains of the half ML coverages, the C-C bonds joining them also
suffered some bond length changes. In this case, surface bonds joining the car-
bon atoms bonded to either oxygen atoms or hydroxyl groups to adjacent ones
that were not bonded to the oxygen atoms or hydroxyl groups (marked as C
in Table 1.8 and figure 1.19) suffered fairly large expansions of between 0.65
and 5.84%. The only exception to this general trend was the half ML FCC site
terminated with OH groups, where a large contraction of -3.44% was observed.
Unlike these bonds, those within the surface layer and joining two adjacent
carbon atoms that were not bonded to either oxygen atoms or OH groups (i.e.
bond type D as shown in Table 1.8 and figure 1.19), appeared to suffer more
contraction than expansion. Once again, the expansions were generally lower
than the contractions, with typical values of between 0.71 and 0.52% being
recorded within the half ML ONTOP site with OH groups. All the other type
D bonds within the half ML coverages experienced bond contractions ranging
between -1.0 and -6.6%), with the largest and minimum bond contractions being
witnessed in the half ML FCC sites terminated with oxygen atoms and hydroxyl
groups respectively, leading to major surface bond interuptions. This obviously
meant that the presence of the adsorbates not only influenced the bond lengths
of the carbon atoms bonded directly to them, but also the ones in their neigh-
bourhood. As a result, some bonds got stronger while others became weaker,
depending on the charge distribution within and around the respective bonds
and sites, which in some way resulted in the breaking down of the expected
surface symmetry.

Lack of sufficient coordination, increased number of dangling bonds and
bond anisotropy again were cite as key factors towards the changes observed in
the surface bond lengths for the lower coverages, such as the quarter ML. For the

low coverages, it was observed that, although the surface bonds contracted or
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expanded by varying degrees, in a majority of the cases, these involved contrac-
tion as shown in Table 1.9. Most of the bonds within the surface zigzag carbon
atom chains that were not bonded to either oxygen atoms or hydroxyl groups
contracted upon system relaxation, by values ranging between -2.6 and -5.19%.
This trend was also observed in the surface carbon atom bonds within the
zigzag carbon-atom chains bonded to either oxygen atoms or hydroxyl groups,
although some bonds did expand. These changes were accompanied by bond
contractions of between -1.3% and -5% for a majority of the surface carbon
atom bonds joining the zigzag carbon atom chains that were bonded to either
oxygen atoms or hydroxyl groups (i.e. bond type C in Table 1.9 and figure 1.22)
and expansions of between 0.26 and 5.8%. These differences were attributed to
the upwards displacement of the carbon atoms bonded to the oxygen atoms or
hydroxyl groups, as seen in figures 1.22 and 1.23 and also in figures A.9, A.10
and A.11 (shown in Appendix A. These changes were a clear testimony of the
competing forces existing at the surfaces. The only exception to this was the
quarter ML bridge site terminated with oxygen atoms only, where the expan-
sions were always less than the contractions in the respective adsorption sites
and coverages. However, the surface bonds appeared to be quite significantly
distorted in this particular case.

Surface carbon-atom bonds joining the zigzag carbon atom chains that were
not bonded to either of the adsorbates (i.e bond type D as shown in Table 1.9)
contracted by values that were between -2.14 and -4.9% of the bulk bond length,
for all quarter ML coverages. Incidentally, these values were quite close to those
observed in the surfaces terminated by the half ML coverages, in spite of the
obvious differences between the two coverages. This suggested that whenever
the surface bonds were not attached to any adsorbates, they always contracted
just like in the case of the clean surfaces so as to accommodate the changes

taking place at the surfaces. This was partly due to the fact that the adsorbates
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always resulted in upwards relaxation of the carbon atoms bonded to them,
thereby increasing the resulting interatomic C-C bond lengths.

With only 30% of all the surface bonds terminated with either oxygen atoms
or hydroxyl groups, the very nature of the third ML coverages, ensured that all
the zigzag carbon atom chains at the surface had either an oxygen atom or a
hydroxyl group terminating the carbon atoms. From this atomic arrangement,
some bonds within the same surface zigzag chains were found to extend by
between 0.13 and 2.27%, while others contracted by -0.84 and -4.6% depending
on whether the surfaces were terminated with oxygen atoms or hydroxyl groups
as shown in Table 1.10. This was found to occur in both the surface bonds within
the carbon atom zigzag chains bonded to the oxygen atoms or the hydroxyl
groups (bond type A in figure 1.25) and those joining any two adjacent carbon-
atom zigzag chains (bond type B in figure 1.25). The former showed more
tendency towards either contraction or expansion of the bonds, owing to the
presence of the adsorbates.

A few instance did however show relatively large bond expansions of up to
6.8% of the bulk bond length as shown in Table 1.10, resulting in a significant
amount of surface structure distortion in those specific instances, leading to
surface symmetry breakdown.

On the other hand, the number of surface bonds joining the zigzag carbon-
atom chains (bond type B in figure 1.25 & Table 1.10) that suffered expansion
was almost equal to those that contracted, with the amount of bond contrac-
tion ranging between -1.0 and -5% and expansions of between 1.23 and 2.46%,
except in the third ML bridge:O, the third MLHCP:O and third ML FCC:O
where instead large bond expansions of up to 6, 5.3 and 6.9% were observed

respectively.
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1.11 Bond angles within the bulk and near sur-

face regions of a bulk terminated (1x1)
diamond (111) surface.

Most of the bond angles within the bulk regions of diamond were found to be
very close to experimental value of 109.4°. This was mostly up to the third
bilayer of carbon atoms from top, a factor that was attributed to the strong
covalent bonding of the diamond C-C bonds. This preservation of bond angles
was supported by the lack of significant bond distortions within the bulk as
discussed previously, and it also meant that the changes occurring within the
surface bonds did not extend deep into the bulk. The bond angles within this
regime ranged between 108.9 and 109.8°, thus exhibiting a small difference of
about 4+0.5° from the experimental value.

However, due to the fairly large bond distortions in the surface and near
surface layers, the bond angles within and close to the surface region were also
found to vary, with values of between 101 and 117° being observed. In spite
of this large change, most of the bond angles differed only by 3 to 4° from
the experimental value as shown in figures 1.16 to 1.26 and figure A.1 to A.20
(shown in Appendix A), with only a few bond angles lying at the two extremes.
Some of the changes were attributed to the presence of the adsorbates, and
especially so their effect on the topmost bilayer of carbon atoms. It was further
found that whenever the bond lengths differed quite significantly from the bulk
bond lengths, almost similar large changes occurred within the respective bond
angles. Nonetheless, the changes occurring within the bond angles were fairly
small in a majority of the cases, when compared to the experimental value, and
this led us to the conclusion that the bond angles were generally preserved,
just like the bond lengths were within the bulk regions. This was in line with
previous experimental observations where it was established that unlike silicon,

diamond tends to preserve the bond angles more than the bond lengths [47].
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1.12 C-O and C-OH bond lengths and their

orientations from the (1x1) bulk termi-
nated (111) diamond surface.

The presence of the oxygen atoms or even the hydroxyl groups on the C(111)
surfaces had a profound effect not only on the surface C-C bonds, but also
the bonds that they formed with the surface carbon atoms. Depending on the
strength of a given bonding site, the C-O bonds were either single or double
(C=0) bonds, the distinction between the two being primarily their lengths in
comparison with the known ones.

Our calculations revealed that the C-O bonds from surfaces terminated with
either a full, half, third or quarter ML of oxygen atoms at an ONTOP site were
all inclined at almost 90° to the topmost carbon atoms as shown in figures
1.17, 1.19, 1.22 and 1.25. In addition, the C-O bond from the half ML ON-
TOP site terminated with oxygen atoms was further inclined at 85.09° when
considered between the atomic rows, leading to a displacement of 0.101A for
the O atom relative to the underlying carbon atoms. This was accompanied by
some alternate shortening and lengthening of the bonds between the topmost
and second-from top carbon atom bilayers (see figure 1.19). The C-O bond
length from the quarter ML ONTOP site terminated with O atoms was also
inclined at 88.86° when considered between the atomic rows, and as a result
the O atom was slightly displaced by 0.0261A in one (y-)direction only. In the
process, some carbon atoms within the topmost layer bonded to the O atoms
relaxed upwards by 0.271A over those that were not bonded, thereby causing
some unequal buckling of the surface layer. In the third ML ONTOP site with
O atoms, the carbon atoms bonded to the oxygen atoms were found to be raised
by 0.274A compared to those that were not bonded to the adsorbates. This led
to the shortening of some of the C-C bonds within the surface, especially those

within the carbon atom zigzag chains, and the lengthening of those that were
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bonded to the oxygen atoms. The optimized C-O bond lengths for the various

ONTOP sites considered in this study are summarized in Tables 1.4, 1.5 and
1.6, where it was found that the third ML ONTOP terminated with O atoms
had the shortest C-O bond length of 1.304A. It was further found that all
the ONTOP sites had C-O bonds that were shorter than the value of 1.36A
obtained by Lide et al. [66] for paraffinic compounds which they even referred
to as a partial double bond. These values were also shorter than the value of
1.34A for a single CO bond obtained by Zheng et al. [44] through their energy
minimization calculations.

Following the adsorption of hydroxyl groups at the ONTOP sites, it was
found that the C-OH bond were inclined at slightly different angles relative to
the underlying carbon atoms for the various coverages, ranging between 90° to
94.5° as seen in figures 1.26, A.1, A.3 and A.9 (shown in Appendix A. The small
inclination from the true 90° was attributed to the presence of the adsorbed H
atoms from the OH groups, as well as their associated steric repulsion. This led
to an upward relaxation of between 0.202 and 0.273A for the OH-terminated
carbon atoms relative to the unbonded ones, and it was especially more preva-
lent for the lower coverages. The C-OH bond in the case of a full ML coverage
was 1.26% longer than the experimental one, while this varied between 0.0 and
1.4% for the half ML coverages. The quarter and third ML coverages also ex-
hibited contractions of between -0.49 and -0.84% of the experimental value of
1.43A, and these values were clearly much smaller than those observed in the
half ML coverages. The corresponding O-H bonds varied between -1.12% and
1.53% from the experimental value of 0.98A, thereby illustrating both contrac-
tion and expansion, with some larger expansions of up to 2.4% being observed
in the case of the full ML co-adsorption of OH groups at a HCP and bridge
sites, and up to 2.74% for the quarter ML FCC site terminated with OH groups.

The expansions were observed only in the full, half and some of the quarter ML
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coverages, while for the third ML coverages, only contractions of between -0.41
and -0.71% were observed. The inclinations of the relaxed O-H bonds to the
C-O bonds varied between 106.8° and 107.7°.

The co-adsorption of a full ML of oxygen atoms at the HCP and the ONTOP
sites, yielded a C-O bond that was inclined at 90° to the topmost carbon atoms
for the ONTOP site, but instead of forming a bond with the carbon atoms,
the oxygen atom at the HCP site formed a O-O bond with the oxygen atom
located at the ONTOP site. This suggested the possible adsorption/formation
of an oxygen molecule on the C(111) surface, with the resulting ZOOC bond
angle being 101.8° as shown in figure A.2. The C-O bond length was 1.417A
which was clearly longer than the experimental value quoted previously, and
hence weaker. The O-O bond length was 1.412A, which was also a bit longer
than our optimized O-O bond length of 1.217A for the free oxygen molecule,
and the experimental value of 1.21A [73, 66]. Again, the formation of the O-O
bond alluded to the possibility of an oxygen molecule bonding on to a diamond
(111) surface, and that the molecule was not likely to dissociate to either O
atoms or detach itself as an oxygen group, unless sufficient energy was supplied
to overcome the barrier. Zheng et al. [44] also reported an O-O bond length
of 1.49A, which was located at a bridge-bonded site on a (1x1) single dangling
bond diamond (111) surface, which is fairly longer than ours which (1.412A).

Following the co-adsorption of hydroxyl groups at the HCP and bridge sites,
the resulting C-O and O-H bonds were found to be staggered at different angles
with respect to the underlying carbon atoms as shown in figure 1.18. Such ori-
entations were clearly meant to achieve mutually optimized atom positions that
accommodated the adsorbed atoms at the two sites, especially in the presence
of other competing effects such as (OH-OH) steric repulsions. After relaxation,
the OH groups moved from their initial adsorption sites to positions that ap-

proximated the ONTOP site, and in the process resulting in C-OH bonds of



80
1.431A long.

The full and half monolayer coverages had the same surface unit cell, with
the only difference being the fact that, instead of having two oxygen atoms or
hydroxyl groups per unit cell as was the case in the full monolayer coverage,
there was only one for the half monolayer coverage. This meant that only half
of the surface bonds were terminated with O atoms or OH groups in the case
of the half ML coverages, while the remainder were not.

Due to the location of either the O atoms or OH groups in the bridge sites,
the carbon atoms nearest to them were always displaced by a certain amount
from their expected sites. In the case of the half ML bridge (epoxy) bonding
site, one of the two carbon atoms bonded to the oxygen atom was displaced by
0.141 & 0.102A in the y and x-directions respectively, and the other by 0.133
& 0.118A from their expected lattice sites, indicating an unequal displacement
and therefore some form of surface structure asymmetry. A similar observation
was also made in the quarter ML O-bridge bonding, but in addition to this, a
buckling of 0.109A for those carbon atoms in close proximity to the adsorbed
O atoms were also observed, resulting in the carbon atoms in the 2nd layer of
the topmost bi-layer relaxing upwards by 0.232A. The relaxed oxygen atom
was located at 1.195A above the topmost carbon atoms. Just like in the half
and quarter ML coverages, the oxygen atom in the third ML coverage was not
entirely centrally placed between the two nearest carbon atoms as shown in
figure A.17. Instead, one of the C-O bonds was a bit longer, being 1.688A while
the other was 1.611A, and the O atom was located at 1.185A directly above
the topmost layer of carbon atoms. The carbon atoms located close to the
oxygen atoms were also found to suffer some displacements of 0.0784A in the
x-direction and 0.142A in the y-direction, as shown in the top view of figure
A.17. Due to this displacement, some bond distortion was observed within the

topmost carbon-atom layer, whereby some of the carbon atoms were found to
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be raised by as much as 0.198A relative to the others within the same layer,
while others were displaced vertically by 0.280A. As a result of this surface
bond disruption, the bond lengths between the first and second carbon atom
bi-layers experienced both alternate contractions and expansions. This led to
a significant amount of bond length changes within the topmost zigzag carbon
atom chain as shown in figure A.5 and in the other bridge-bonding structures
too.

All the bridge sites were found to be rather unstable against the adsorption
of hydroxyl groups. In this case, although the starting geometry was the actual
bridge bonding site, the hydroxyl groups always relaxed to new sites that closely
resembled the ONTOP one. This was in agreement with other DF'T calculations
(Loh et al. [53]), and it was supported by our computed adsorption energies
(reported later) where the resultant ONTOP:OH sites were favoured by as much
as 0.3462eV (for the 3 ML coverage) over the actual ONTOP site terminated
by OH groups. This outcome wasn’t however wholly unexpected since the
stoichiometry of the bonding atoms (and especially the O atom) based on the
available valence electrons would only allow the formation of two C-O and not
three bonds on a single-dangling-bond C(111) surface as would be expected if
the OH groups were to bond at the bridge sites. This would therefore exclude
the adsorption of the OH groups at these sites.

Although the FCC site was also unstable against the adsorption of both
the oxygen atoms and hydroxyl groups, the adsorbates did not move to new
positions after relaxation like the bridge bonding where these moved to sites
that were quite close to the ONTOP one, except the third ML termination
with OH groups at the FCC site. Others relaxed to sites that were quite close
to their initial adsorbed FCC positions.

Due to the unique FCC site, neither the O atoms nor the OH groups formed

bonds with the underlying carbo atoms, except the third ML coverage. The O
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atom was situated at 1.23A directly above the topmost carbon atom layer in
the half ML coverage (which was higher than for the bridge sites), while in the
quarter ML coverages it was located at 1.164A as shown in figure A.13 and in
the third ML coverage at 1.19A (which incidentally was quite close to the values
observed in the bridge sites). Due to the position of the oxygen atom, the two
surface carbon atoms in it neighbourhood were found to suffer some unequal
displacements. These were 0.151 and 0.170A in the x-direction for the third
ML FCC coverage, and the resulting C-O bond was 1.57A and it was inclined
at an angle of 49° relative to the topmost carbon atoms as shown in figure
A.19. As a result of the displacement witnessed in the topmost carbon atoms
in the neighbourhood of the oxygen atoms, a fairly large amount of surface
bond distortion was experienced. This tended to break the surface symmetry,
a phenomenon that was also observed in the half and quarter ML FCC:O sites
as shown in figures A.7 and A.13 respectively. In the quarter ML FCC:O site,
the carbon atom located close to the oxygen atom was displaced vertically by
0.283A compared to an adjacent one that was not too close to the oxygen atom.
In addition, the oxygen atom was centrally positioned between the two closest
carbon atoms, and the C-O bond lengths between the oxygen atom and the
carbon atoms were each 1.603A as shown in figure A.13.

The hydroxyl groups behaved in an almost similar manner as the oxygen
atoms adsorbed at the FCC sites. Displacements of the topmost carbon atoms in
close proximity to the OH groups were observed as seen in the respective FCC
structures, accompanied by a significant amount of surface bond distortions.
Whereas no measurable C-OH bonds were observed due the location of the OH
(except the third ML FCC:OH), the O-H bonds showed very good agreement
with the experimental ones and other DFT calculations as summarised in Tables
1.4, 1.5 and 1.6. It was felt that the presence of strong antibonding states may

have compromised the stability of the FCC sites terminated with oxygen atoms



83

or hydroxyl groups, making them generally unattractive for bonding.

Unlike the face centered cubic site, the hexagonal close packed site was
defined as a site with a carbon atom below the oxygen atom or the hydroxyl
group in the second layer as shown in figures 1.13 and 1.15. Unfortunately just
like the bridge sites and a majority of the FCC sites, this site was also quite
unstable against the adsorption of either oxygen atoms or hydroxyl groups. In
this case, in spite of the starting geometry being the ideal HCP sites, both the
oxygen atoms and the hydroxyl groups drifted to positions that were quite close
to the ONTOP site for the half and quarter ML coverages as shown in figures
1.20, 1.23, as well as in figures A.4, A.6 and A.10 (shown in Appendix A, with
the only exception being the third ML HCP site where a small tilt was observed
as shown in figure A.15.

However, while it was possible to account for the instability of the HCP:OH
site in terms of the available bonding electrons on the hydroxyl group and the
carbon atom matrix, it was not quite easy to do the same for the HCP:O,
except to infer to the fact that the bond lengths formed may not have been
stable enough to retain the structure and instead the system always relaxed
to a state that was close to the ONTOP site. In fact, it was established that
in the case of the half ML coverage with oxygen atoms at the HCP site, the
C-0O bonds were oriented at 90° to the top carbon atom layers when considered
within the rows and 82.51° between the rows as shown in figure A.4. This
resulted in the O atom being displacement by about 0.207A in the x-direction
and a minimal 0.00822A in the y-direction, which in turn led to an outward
relaxation of 0.253A for the carbon atoms bonded to the O atom, compared to
the unbonded ones. The C-O, C-OH and O-H bonds associated with the HCP
sites (i.e. HCP:O and HCP:OH) are summarized in Tables 1.4, 1.5 and 1.6
together with those of other sites as well as in the structural diagrams shown

here and others in Appendix A. In this case, the C-O bond in the half ML
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HCP:O was -2.2% shorter than the experimental value of 1.36A, while it was

-1.47% shorter for the quarter ML site and longer by 1.47% in the third ML
HCP:O site. As such, the C-O bond was a lot weaker for the third ML HCP:O
site than either of the other two HCP coverages mentioned above. This was
thought to be due to the almost ONTOP site assumed by the two HCP:O sites
after relaxation together with the resulting O-O interactions. Again, the HCP
position of the adsorbed O atoms resulted in the shortening and lengthening of
some of the surface C-C bonds within the topmost bi-layer, as illustrated in the
respective structural diagrams.

The adsorption of OH groups at various HCP sites and coverages resulted in
different C-OH bond lengths. In the full ML HCP:OH site, the C-OH bond was
almost equal to the the experimental value of 1.43A, differing by only 0.07%
while in the half ML HCP:OH site it contracted by -1.4%. The quarter and
third MLL HCP sites with OH groups had much lower margins of contractions,
which were -0.56% and -0.2%. The accompanying O-H bond differed from the
experimental value of 0.98A by 2.2% for the full ML coverage, 1.02% for the half
ML coverage, -0.54% for the quarter ML coverage and -0.71% for the third ML
coverage. These values were also in good agreement with other DF'T calculations
[53], and the O-H bonds were inclined at orientations of between 107.85 and
112.43° relative to the C-O bond. While no clear pattern was established, the
variations in the C-OH and O-H bonds was likely to be coverage depended, due
to the OH-OH interactions. The lower coverages showed more contractions for
the C-OH and O-H bonds, due to reduced repulsive effects.

In addition, the inclination of the hydroxyl group’s bonds relative to the
underlying oxygen atoms’ horizontal plane was generally larger in the case of
the half monolayer coverages than it was for the full monolayer ones, averaging
at 22.3° compared to that of the full ML coverages which was 15.5° on average.

This was attributed to the adsorbates interactions alluded to previously.
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The fact that, in spite of starting the optimizations at different geometries
the OH groups always relaxed to adsorption sites that were close to the ON-
TOP site suggested that the ONTOP sites were on average always preferred
for bonding. The oxygen atoms were found to be capable of bonding at many
other sites, although the ONTOP site was still the favoured one. The OH
groups were unstable at all sites except the ONTOP one, unlike the oxygen
atoms that showed stability at the ONTOP, bridge and even the FCC sites.
The HCP site was found to be generally unstable for bonding of both oxygen
atoms and the hydroxyl groups, with the OH groups being more unstable, and
instead drifting to new sites that were close to the ONTOP one. The oxygen
atoms adsorption at the HCP site sometimes resulted in an optimized structure
that was lying in between the original HCP and the ONTOP sites, again em-
phasizing the preference and dominance of the ONTOP site for bonding over

the others.

1.13 Bulk and near surface C-C bond lengths
of (2x1) reconstructed diamond (111) sur-
faces; for clean and O or OH-terminated
surfaces.

Tables 1.11 and 1.12 show the C-C bond lengths together with their % changes
within the bulk and near surface regions of a (2x1) reconstructed diamond
(111) surface, for clean and O or OH-terminated surfaces respectively. These
were extracted from the structural diagrams shown in figures 1.27 to 1.31 and
in figures A.21 & A.22 for the less stables ones (shown in Appendix A). The
surfaces were terminated with either a full and half monolayer of oxygen atoms
or hydroxyl groups at a bridge or an ONTOP site.

All the calculations were started from the symmetric chain model proposed by

Pandey [45].
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The tables together with the structural diagrams showed that the bulk bond

lengths for the (2x1) reconstructed diamond (111) surface did not experience
much changes from the experimental bulk bond length of 1.54A, except some
minimal changes in certain instances of 1% of the bulk bond lengths. This
appears to suggest that the effects of surface reconstruction was only confined
only to the top two bilayers of carbon.

Our calculations revealed that bond contractions and expansions were gen-
erally less than £1% of the bulk bond length between the 8th and 7th, 7th and
6th as well as 6th and the 5th layers of the clean (2x1) reconstructed diamond
(111) surface.

However, large bond relaxations within the range observed by Scholze et al.
[43] were found between the 5th and 4th carbon atom layers, a phenomenon that
was found to traverse through all the surfaces terminated with oxygen atoms or
hydroxyl groups as well as the clean ones. Some bonds got shorter by as much
as -6 and -2.6%, while others became longer by 3.6 and 5% of the bulk bond
length, and these changes did not appear to depend on the type of adsorbate
or whether the surface was terminated or not. This alternate expansion and
contraction of bonds tended to distort the structure and therefore break the
existing symmetry, which in turn would have had an effect on the observed
density of states. Such large bond length changes, implied that certain bonds
were relatively weaker than the others. The DFT calculations of Scholze et al.
[43] found bond length expansions and contractions of 4.3 and -2.8% respectively
between the 4th and 5th carbon atom layers, while the LEED measurements
of Walter et al. [16] showed the same bonds contracting and expanding by -3.5
and 4.4% respectively, values which were in approximate agreement with our
DFT calculations. In addition, our findings were also in good agreement with
the X-ray measurements of Huisman et al. [47] who found bond contractions

and expansions of -6 and 5% respectively. The DFT work of Kern et al. [48],
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on the other hand established bond length expansions of 3.6% (1.60A) and

contractions of -3.6% (1.49A) for the clean surface, which were again in good
agreement with our observations, where the bonds contracted predominantly by
-2.6% and expanded by 4.6% of the bulk C-C bond length. These bond lengths
led to a rather strong buckling of the bond between the fourth and fifth layers
(by Az=0.17 and Az=0.06A) respectively according to Kern et al [48]. The
buckling then led to a reduction (increase) of the interatomic distances between
these layers as indicated above.

Bonds between the 4th and 3rd carbon atom layers experienced minimal
expansions and contractions, especially when compared to those occurring be-
tween the 5th and 4th carbon atom layers, although still larger than those
observed between the 8th and 7th or even the 7th and Gth layers. This ap-
plied to all the sites and terminations as well as the clean surface. In this case,
whereas bond expansions of 4.7% were observed between the 5th and 4th carbon
atom layers, only modest expansions of around 2.6% were observed between the
4th and 3rd carbon atom layers of the clean surface. Similarly, maximum bond
length contractions of -1.30% were found between the 4th and 3rd carbon atom
layers for surfaces terminated with the adsorbates, accompanied by expansions
of between 0.45 & 2.6%. From their DFT calculations, Kern et al. [48] observed
that these bonds contracted and expanded by margins that were between -0.9
and 1.7% of the bulk bond length (1.54A) respectively, while Scholze et al. [43]
observed some bonds expanding by 2.6%, and van der Bilt et al. [39] established
only bond contractions of -8.1% which were fairly large for the clean slab.

Based on these findings, our results showed more agreement with the ob-
servations of Kern et al. [48] and Scholze et al. [43], yet they differ quite
significantly from those of van der Bilt et al. [39]. Loh et al. [53] on the other
hand found that the bonds between the 3rd and 4th layers for a surface termi-

nated with oxygen atoms at a bridge site expanded by 0.26 and 2.3%, which
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agreed quite well with our computed values of between -0.39 and 2.4%.

The 3rd and 2nd carbon atom layers presented even larger bond length
changes than all the other cases, mainly because this is where the effect of
the surface reconstruction was greatly felt. In this case, the bonds expanded
by margins that were between 3.89 and 6.7%, suggesting the inevitability of
correspondingly large bond length distortions and bond angle changes. Most
of the bonds within this layer were elongated, with none of them contracting.
Kern et al. [48] observed that the distances between the atoms in the second and
third layers of a clean surface increased by +3.6% and +5% respectively, while
all other interatomic distances changed only slightly. The LEED measurements
of Walter et al. [16] showed these bonds expanded by 6.2 and 4.9% for a
clean surface, while the X-ray measurements of Huisman et al. [47] for the
clean slab also, only yielded an expansion of 1.0% for the said bonds. The
DFT calculations of Scholze et al. [43] for the clean surface showed the same
bonds expanding by 4.5 and 6.6% of the bulk bond length, while VanderBilt et
al. [75, 39] found only large expansions of ~8.1% for the same bonds within
a clean surface. Our results were therefore quite close to the experimental
findings mentioned previously, than those of most of the other workers. Up on
the adsorption of oxygen atoms at a half ML bridge site, Loh et al. [53] found
the bond lengths between the 3rd and 2nd layers expanded by 3.37 and 6.1%.
From our DFT calculations, all the terminations (with the adsorbates) showed
relatively large bond expansions between the 2nd and 3rd carbon atom layers,
which were very close to those of the clean slab. Only marginal reductions
in the values of the expansions were observed, implying that the presence of
the adsorbates did not have a major effect on the respective bulk and near
surface bond lengths. No clear pattern was established within the bond lengths
expansions or contractions for those surfaces terminated with oxygen atoms

or hydroxyl groups, to conclude if any had a higher or lower effect on the
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bond lengths between the 3rd and 2nd carbon atom layers than the other.

This appeared to suggest that the bond lengths were independent of the two

adsorbates.

1.14 C-C bond lengths and their % changes in
the lower and upper m-bonded chains of
(2x1) reconstructed diamond (111) sur-
faces.

One of the main objectives of this study was to investigate how the m-bonded
zigzag C-C atom chains changed in the presence or absence of O atoms or
hydroxyl groups at different sites. These changes are summarized in Table 1.13
for the topmost w-bonded bilayers of carbon atoms, and they are also shown
together with those of the clean surfaces for comparison purposes.

In this case, some notable changes were observed in the surface bond lengths
just like in the bulk terminated C(111) surfaces, and a majority of these were
attributed to the presence of the adsorbates, which in addition contributed
towards the observed surface layer bond distortions, leading to the breakdown
of the surface reconstruction in certain cases. The lower m-bonded zigzag carbon
atom chains that were not bonded to either oxygen atoms or hydroxyl groups
experienced mainly expansion of between 0.63 and 3.2% of the bulk bond length,
both in the presence and absence of the adsorbates as shown in Table 1.13. The
largest expansions were associated mainly with the OH terminations. On the
contrary, bonds within the upper m-bonded zigzag chains experienced varying
degrees of expansion and contraction. Those within the clean surface suffered
more contractions of about -6.7%, but upon adsorption of either a half ML
of O atoms or OH groups, the contraction reduced to between -1.62 and -5%
which showed good agreement with other DFT calculations [53]. The largest

contraction of -5% was observed in the bonds within the most stable half ML
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bridge-bonded site with oxygens atom on a 2x1 reconstructed surface (i.e. the
C-C bond length between the bridge-bonded oxygen atom), while the least (-
1.62%) was seen within the surface terminated by a half ML of hydroxyl groups
at the ONTOP site (i.e. the least stable configuration on a 2x1 reconstructed
C(111) surface). The full ML coverages of OH groups or O atoms at the ONTOP
sites, resulted in quite large expansions of between 3.05 and 28.2% of the bulk
bond length, for bonds in the upper m-bonded chains, which certainly had the
potential of disrupting the 2x1 reconstruction of the surface.

Our computed values for the C-C bond lengths of 1.441A within the upper
m-bonded zigzag chains of the clean surface were in good agreement with the
corresponding experimental value of 1.45A obtained from the LEED experi-
ments of Sowa et al. [79]. The results of this study further showed that very
small buckling and no dimerization of the surface carbon-atom bonds occurred
on a clean (2x1) reconstructed C(111) surface, which agrees to a large extent
with the findings of Kern et al. [48] and the LEED measurements of Walter et
al [16]. This stems from the well known definition of the degree of dimeriza-
tion which is expressed as A = (d — d')/d + d') with d and d’' being the two
bonds within the upper m-bonded chain. Based on this, our findings showed
that this value was actually 0, since d’=d=1.441A, implying that the structure
of the clean (2x1) reconstructed C(111) surface was symmetric. A buckling of
0.0029A was established in the upper m-bonded chain and 0.013A for the lower
m-bonded chain of a clean surface. Scholze et al. [43] reported finding a sym-
metric structure with vanishing buckling §<0.01A and almost no dimerization,
which was in excellent agreement with our findings. Our calculated bond angles
were also in good agreement with those obtained in these works as shown in all
the optimized structural diagrams of the (2x1) reconstructed diamond (111)
surfaces, with and without the adsorbates. Kern et al. [48] observed from their

DFT calculations that the bond angles varied between 93.6 and 125.3°, meaning
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that the distortions from the ideal tetrahedral bond-angle were smaller than in
the ideal Pandey geometry, where the smallest and largest bond angles were
84.7 and 134.2°.

Our study further revealed that all the bonds within the lower 7-bonded
zigzag chains experienced some degree of expansion, but overall, not as large
as the contractions observed in the upper m-bonded zigzag chains. The oxygen
terminations tended to lead to contraction of the bonds within the upper =-
bonded zigzag chains by fairly large amounts, although the observed expansions
were still relatively lower than those of the clean surface, as shown in Table
1.13. Except for the bridge site terminated with oxygen atoms and the half
ML ONTOP site with OH groups, all the other bonds joining the upper 7-
bonded zigzag carbon atom chains bonded to either O atoms or OH groups to
the lower m-bonded zigzag carbon-atom chains experienced expansions which
were much larger than the marginal contractions suffered by similar bonds in
the clean surface. These expansions ranged between 2.3 and 7.8%, while those
of the clean surfaces were only a mere 0.52% of the bulk bond length. Such
expansions implied that the electron’s cloud distributions within the adsorbate-
carbon atom bonds tended to give rise to the stretching of the respective bonds,
thereby leading to the breaking of the surface bond’s symmetry.

Surface bonds joining the upper and lower m-bonded zigzag carbon atom
chains that were not bonded to either oxygen atoms or hydroxyl groups expe-
rienced mostly contractions, except in the case of the half and full ML ON-
TOP sites terminated with OH groups. The contractions were relatively large,
ranging between -0.78 and -3.0% of the bulk bond length. This alternate ex-
pansion and contraction of the surface bonds was again attributed mainly to
the presence of the adsorbates, (since it wasn’t so large for the clean surface)
as the topmost carbon-atom layer relaxed either inwards or outwards in order

to achieve optimum coordination that would suitably accommodate all of the
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competing factors onto the surfaces. In the process, the bond angles as well as
the orientations of the adsorbates themselves relative to the underlying carbon

atoms changed quite significantly as shown in the various structural diagrams.

1.15 C-0O, C=0, C-OH and O-H bonds on the
(2x1) reconstructed diamond (111) sur-
faces.

Only the ONTOP sites of the full ML coverage with oxygen atoms and hydroxyl
groups were considered, together with the ONTOP and bridge sites for the half
monolayer coverages with oxygen atoms and hydroxyl groups. The ONTOP
and bridge sites were chosen on the basis of previous studies that indicated
these to be the most stable bonding sites on a (2x1) reconstructed diamond
(111) surface.

The adsorption of oxygen atoms at the ONTOP site up to a full ML coverage
resulted in C-O bond lengths of 1.195A which clearly indicated that they were
strong C=0 bonds, when compared to the experimental value of 1.23A, and
these were inclined at 73.6° and 70.86° relative to the horizontal plane formed
by the top m-bonded zigzag carbon atom layer. This was attributed possibly to
the small buckling observed in the topmost carbon atom layer as shown in Table
1.14, which was related to the stretching of the surface bonds joining the upper
and lower m-bonded chains of up to 1.58A, compared to those of a clean surface
which were 1.54A and 1.545A as summarized in Table 1.13. In addition, bonds
joining the upper and lower w-bonded zigzag chains for surface terminated with
O atoms were inclined at 51°, while those from the clean surface were inclined
at 27°.

The adsorption of hydroxyl groups up to a full ML at the ONTOP site
resulted in C-OH bonds that were 1.423 and 1.42A as seen in figure 1.29 and
summarized in Table 1.12. The two C-OH bonds were inclined at 69.65° and
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System Buckling | Buckling | Zbetween upper
of lower | of upper | &lower m-bonded
m-bonds | m-bonds | chains

This work | Clean 0.013 0.0029 26.9°
LEED-[16] | Clean 0.01 0.01

X-ray-[47] | Clean -0.10 [80] | 0.3

DFT-[48] | Clean 0.01 0.01

This work | Full ML ONTOP:O 0.0129 0.0083 51°

Full ML ONTOP:OH | 0.001 0.0186 39.9/39.3°

Half ML ONTOP:O | 0.0228 0.164 32.2°

Half ML ONTOP:OH | 0.0238 0.200 29.9°

Half ML bridge:O 0.008 0.0041 35°

Half ML bridge:OH 0.0273 0.219

Table 1.14: Computed buckling of the lower and upper m-bonded zigzag chains
and the bond angles between the two.

64.4° to the horizontal plane formed by the carbon atoms within the upper
m-bonded chains respectively, in order to optimize the OH-OH interactions due
to such a high coverage. The corresponding O-H bonds were each 0.984A and
these were inclined at 111° to the C-OH bond. The adsorption of the OH groups
resulted in the extension of the C-C bonds within the upper w-bonded zigzag
carbon atom chains to 1.587A, compared to those of the clean surface which
were 1.44A leading to a breakdown of the (2x1) reconstruction. Bonds within
the lower m-bonded zigzag carbon atom chains were also extended slightly up to
1.59A compared to those of the clean (2x1) reconstructed surface which were
1.56A. The C-C bonds joining the upper and lower m-bonded zigzag carbon
atom chains were 1.573A and 1.582A, with their respective inclinations to the
lower m-bonded zigzag carbon atom chains being 39.3° and 39.9°. Those from
the clean surface were 1.54A and 1.545A, with equal orientations of ~27° to the
lower m-bonded zigzag carbon atom chains, which again illustrated the effect
of the adsorbates to the (2x1) reconstructed diamond’s surface layers. Based
on these findings, the (2x1) reconstruction was found to be disrupted after

adsorbing a full ML of oxygen atom or hydroxyl groups at the ONTOP site. In
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spite of this, the surface did not appear to have reverted completely to the true
(1x1) bulk termination, and very small buckling of the upper m-bonded zigzag
carbon atom chains was observed with the two adsorbates as shown in Table
1.14.

Following the adsorption of oxygen atoms up to a half ML, at the ONTOP
site of a (2x1) reconstructed surface, it was found that carbon atoms in the
upper m-bonded zigzag chains, that were bonded to the oxygen atom were raised
by a relatively large amount of 0.164A while those within the lower 7-bonded
zigzag chains only suffered a negligible buckling of 0.0228A. The resultant C-O
bonds were perpendicular to the topmost carbon atoms within the rows, and
94.6° when considered in respect to the carbon atoms between the rows, yielding
a small displacement of 0.131A for the oxygen atom relative to the underlying
C atom bonded to it, as shown in figure 1.30. With a bond length of 1.38A,
the C-O bond was much closer to the experimental value of a single C-O bond
which is 1.36A than the experimental double C=0 bond of 1.23A. The bond
lengths observed were all in good agreement with those of other experimental
and theoretical predictions such the findings of Loh et al. [53]. A summary
of the inclinations angles of the bonds joining the upper and lower m-bonded
zigzag carbon atom chains are shown in Table 1.14.

Up on terminating the ONTOP site with a half ML of hydroxyl groups, it
was found that the C-O bonds were inclined at 112.2° to the topmost carbon
atoms when considered between the atomic rows and 90° to the surface carbon
atoms within the C-OH rows (see figure A.22 in Appendix A). This meant that
the hydroxyl groups relaxed to new positions that were only slightly off those
of the corresponding half ML, ONTOP:OH site. A possible contributing factor
to this movement could have been the orientation of the OH group arising from
the OH-OH interactions, though the coverage was still lower than that of a full

ML where this effect was expected to be strongly felt. The true (2x1) surface
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reconstruction was not preserved after adsorbing a half monolayer of hydroxyl
groups at the ONTOP site. In particular, the bonds within the topmost zigzag
chains that were bonded to the hydroxyl groups were found to extend to 1.516A
compared to those of the clean slab with no adsorbates, which are 1.441A. The
bonds within the lower m-bonded zigzag chains did not experience much change,
only differing by 0.019A from those of the clean slab as shown in figures 1.27
and A.22. The optimized C-OH bond length was 1.45A, showing a great deal
of closeness to the experimental value of 1.43A, and also the one obtained from
the DFT calculations of Theije et al. [60]. The final optimized structure of
the OH groups that were initially adsorbed at a half ML ONTOP site was one
where the topmost m-bonded carbon-atom chains were buckled by 0.2A while
the lower ones only experienced a small buckling of 0.0233A possibly due to
the lack of the adsorbates influence, in spite of their close proximity. As a re-
sult of the upwards relaxation of the topmost carbon atoms that were bonded
to the hydroxyl groups, the surface bonds joining them to the carbon atoms
within the lower m-bonded zigzag chains also suffered some significant elonga-
tion. This resulted in these bonds extending to 1.624A, as opposed to those of
the clean surfaces which were 1.548A, indicating some degree of bond weaken-
ing and possible breakdown of the (2x1) surface symmetry. Such bonds were
inclined at 30° relative to the lower m-bonded zigzag chains compared to ~27°
for the clean surface, while others are summarized in Table 1.14. Based on the
optimized bond lengths, the adsorption of oxygen atoms at the half ML bridge
site of a (2x1) reconstructed surface did not result in the lifting of the (2x1)
reconstruction. Instead, the bond lengths within the upper w-bonded zigzag
chains between the adsorbed oxygen atom extended by a small value to 1.463A,
compared to 1.441A for the clean surface. Nonetheless, the C-C atom bonds
within the upper m-bonded zigzag carbon-atom chains that were not bonded to

the oxygen atoms became longer, extending upto 1.50A as shown in figure 1.31
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compared to a value of 1.441A for the clean surface. The optimized C-O bonds

were 1.44A, and these were inclined at 59.4° to the underlying carbon-carbon
atom bonds, while the angle at the apex between the carbon-oxygen-carbon
(£ZCOC) angle was 61° as seen from figure 1.31. This was in good agreement
with the observations of Loh et al.[52] who obtained a C-O bond length of
1.434A and a ZCOC angle of 61.1°. Very minimal upwards displacement was
observed within the carbon atoms in the two topmost m-bonded zigzag chains,
mainly because all the dangling bonds were already terminated with oxygen
atoms in this coverage. These differed by negligible values of 0.008 and 0.0041A
for the lower and upper m-bonded chains respectively, meaning that the adsorp-
tion of the oxygen atoms at the bridge site quenches the buckling witnessed in

other cases, especially when there are no dangling bonds.

1.15.1 Changes in the work function of the bulk termi-
nated (1x1) diamond (111) surface due to the ad-
sorbed O atoms and/or OH groups.

In their work on diamond surfaces, Himpsel et al. [81] and Baumann et al. [51]
found that surfaces of wide band gap semiconductors like diamond posses the
potential to exhibit negative electron affinity(NEA) because their conduction
band minimum is very close to the vacuum level. This means that electrons
present in the conduction band have sufficient energy to overcome the work
function of a NEA surface and be emitted into the vacuum. They further state
that different surface terminations and adsorbates have the ability to shift the
position of the bands with respect to the vacuum level and hence induce NEA
or remove it all together. For this to happen, the adsorbates cause changes in
the surface dipole, leading to an increase or decrease of the surface’s electron
affinity. It has already been shown that hydrogen induces NEA on diamond

(111) and (110) surfaces, while oxygen on the other hand gives a dipole that
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results in positive electron affinity (PEA) on the two surfaces [50]. Rutter

et al. [50] observed that surfaces terminated by hydroxyl groups exhibited a
negative electron affinity, in spite of the presence of the oxygen atoms. Clean
diamond (111) surfaces terminated by single dangling bonds have also been said
to posses PEA, owing to the orientation of the surface dipole. All these changes
in the electron affinities have a direct bearing on the work function of such
surfaces. This section investigates the role of O atoms and OH groups on the
work function of C(111) surfaces when these are adsorbed at different sites and
for various coverages, in relation to that of the clean surface. This is motivated
by the need to establish how the work function changes with respect to the two
parameters.

Previous studies have tended to concentrate mainly on the role of the oxygen
atoms and hydroxyl groups, in relation to the surface properties for higher
monolayer coverages above say 0.5ML. No efforts have so far been made to
extend this to lower coverages, meaning that certain surface properties such as
electron affinities or even work functions for those surfaces with generally much
lower adsorbate coverages than 0.5ML have not been adequately probed. A
major part of this study seeks to establish among other things the relationship
between the work function and the coverages due to the adsorbed oxygen atoms
as well as the hydroxyl groups, starting with a layer of a full ML coverage of
each, up to a quarter ML. The sites investigated included the ONTOP, bridge,
hexagonal close packed and the face centred cubic one. The initial investigations
are focussed on the bulk terminated (1x1) surface and then extensions are made
to the (2x1) reconstructed (111) diamond surface.

The dipoles observed on diamond surfaces have been attributed variously
to the presence or absence of the adsorbates, which leads to the observed elec-
tronegativity due to specific adsorbing species, as well as the symmetry of the

charge distribution at a given site. Both hydrogen and oxygen terminated sites
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on diamond surfaces have been shown to be asymmetric [82], leading to addi-
tional dipole effects, which in turn affects the electron affinity. In particular,
the lone pair orbitals of oxygen extending from the surface are expected to in-
crease the work function, and similarly, an adsorbate free surface would exhibit
dangling bonds resulting in dipole of the same polarity as that of an oxygen
terminated surface, while hydrogen adsorption results in a dipole that lowers
the work function.

Initial calculations involving three different sizes of clean slabs showed that
there wasn’t much differences in the values of their work function as seen in
Table 1.3, probably due to the fact that they all exhibited the same num-
ber of dangling bonds per surface carbon atom, except some minor differences
that could be attributed to the changes within the bond lengths, symmetry
etc. These small differences were found to vary in such a way that the super
cell for the third monolayer clean surface had a marginally higher value of the
work function, followed quite closely by those used for calculations involving
the quarter monolayer coverage, and finally those associated with the full /half
monolayer clean surfaces. The differences from each other were rather small and
almost negligible, with a value of 0.0476eV being established between the work
function of the clean surfaces associated with the third and quarter monolayer
coverages, and 0.0668eV between that of the third and full or half monolayer
coverages. These differences were additionally much smaller than those found
between the clean surfaces and those terminated with oxygen atoms. Tables
1.15 to 1.17 show the values of the work function for (1x1) bulk terminated
surfaces terminated with different adsorbates together with those of the clean
surfaces, while Table 1.19 shows similar results for the (2x1) reconstructed
C(111) surface. These values were then plotted against the respective coverages

as shown in figures 1.32 for the most stable configurations, and A.23 (shown in
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Appendix A) for all the sites and coverages considered in this study. These val-
ues are for the workfunction of the (1x1) bulk terminated C(111) surface, while
figure 1.33 shows the changes in the workfunction for the (2x1) reconstructed

C(111) surfaces. Based on the computed values of the work function and fig-
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Figure 1.32: Workfunction for the most stable configurations of O and OH on
the (1x1) surface plotted with the coverage.

ures 1.32 and A.23, it was concluded that both oxygen atoms and hydroxyl
groups had a remarkable effect on the work function of the surfaces, in relation
to that of the clean surfaces. It was further found that, while the adsorption
of hydroxyl groups lowered the work function compared to that of the clean
surfaces, adsorption of oxygen atoms on the other hand did the opposite by
increasing it as shown in figures 1.32 and A.23 for the (1x1)-C(111) surfaces.

The highest and least changes in the work function were observed in the half
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monolayer ONTOP site terminated with oxygen atoms, and the full monolayer
ONTOP site terminated with hydroxyl groups respectively.

Some general decrease in the work function was further established in the
case of the full monolayer co-adsorptions, especially in the case of the adsorp-
tion of the hydroxyl groups at the hexagonal close packed and bridge sites. This
implied that co-adsorption of different groups at various sites contributed to the
lowering of the workfunction, although this may not necessarily be the case al-
ways as seen in the co-adsorption of oxygen atoms at the ONTOP and HCP
sites. A reason for this was the resultant surface dipoles in the two cases and
it suggested that the adsorption of the same species, be it atoms or a group of
atoms at different sites may actually result in some relatively marginal decrease
of the overall work function, even when this involves oxygen termination, which
is ironically known to contribute towards its increment, and hence the reported
PEA of such surfaces. This means that other factors may be acting and hence,
while the adsorption of oxygen atoms increases the work function and the hy-
droxyl groups decreases it, the co-adsorption of both oxygen and/or hydroxyl
groups at different sites would contribute towards the overall lowering of the
work function, when compared to a situation where the surface was only ter-
minated by a single species such as oxygen atoms. Clearly, the surface dipoles,
and any other effects acting together with the corresponding charge distribu-
tions around the different sites would vary, leading to the observed changes
in the work function. Adsorbing hydroxyl groups at an ONTOP site in the
case of the full monolayer coverage resulted in relatively large reductions of the
work function, when compared to that observed in the case of a full monolayer
coverage with oxygen atoms at an ONTOP site as shown in Table 1.15.

The situation changes quite a lot in the case of the half monolayer coverages
at different sites, probably due to the presence of the dangling bonds and the
resultant C-O, C-OH, O-H or even the relaxed surface C-C bonds. Adsorbing
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oxygen atoms at an HCP and an ONTOP site was found to increase the work
function slightly above that observed in the case of full monolayer coverage. As a
result, the highest change in the work function for the half monolayer coverages
with oxygen atoms was established in the adsorption of oxygen atoms at an
ONTOP site, followed quite closely by the hexagonal close packed site, then
the face centred cubic site, and finally the bridge site. A significant amount of
change in the surface symmetry of some of the surface bonds occurred, which
obviously in turn contributed to the observed changes in the work function as
observed before. Comparing all the four half monolayer coverages terminated
with oxygen atoms, a difference of about 2.33eV was found between the highest
(half ML ONTOP:0) and lowest (half ML bridge:O) values of the work function.
This was incidentally twice the difference of 1.165eV found in the case of the
full monolayer oxygen adsorptions.

All the half monolayer sites terminated with hydroxyl groups showed a gen-
eral decrease in their values of work functions when compared to those of the
corresponding oxygen adsorption sites. The values were even lower than those
of the clean surface, suggesting a clear possibility of the surfaces possessing
NEA. Table 1.15 shows that, the half monolayer ONTOP site terminated with
hydroxyl groups had the least value of the work function, followed by the bridge
site, then the hexagonal close packed site, and the highest value was established
in the case of the face centred cubic site. In spite of this difference though, all
the OH terminated surfaces had much lower values of work function than their
corresponding half ML oxygen terminated surfaces. A possible explanation for
this order of change in the work function was again due to the asymmetry of the
charges about the various bonding sites as mentioned before, as well as some
bond distortions as witnessed in the surface layers (structural diagrams).

A replica of almost what was observed in the half monolayer coverages was

found in the quarter monolayer coverages, although the values obtained for the
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work function were generally much lower than those observed in the case of the
full monolayer coverages. Here, all the oxygen terminated surfaces had higher
work function values compared to those of the corresponding ones from the
surfaces terminated with hydroxyl groups. As such, it was found that the work
function in the case of the quarter ML coverages with oxygen atoms decreased,
following the order; quarter ML ONTOP:O >quarter ML HCP:O>quarter ML
FCC:O>quarter ML Bridge:O. Out of the four bonding sites, the work function
for surfaces terminated by a quarter monolayer of oxygen atoms at the ONTOP
and HCP sites were relatively higher than those of the FCC or bridge sites. The
work function of the former two was very close to each other, with a difference
of only 0.1223eV being established while for the latter two it was quite close,
with a difference of 0.1489eV being found between their respective values of
work functions. One may therefore conclude that the surface dipoles developed
in each of the two cases had almost similar character, and hence the observed
similarities. This was again not too surprising since the structural diagram
shown in figure A.10 (in Appendix A) for the quarter ML site terminated with
oxygen atoms at the HCP site shows that up on relaxation, the adsorbed oxygen
atoms moved quite a lot, and finally settled at positions that were quite close
to those of the ONTOP site as seen in figure 1.22, except for the minimal tilt
of the C-O bond of 14° from the surface normal.

The values of the work function in the case of the quarter ML hydroxyl
terminations were not very different from each other and therefore showed little
scatter unlike the oxygen terminations. Except in the case of the bridge site, all
the other quarter monolayer(ML) hydroxyl terminations had their work function
values being generally lower than those of the clean unterminated surface. These
differed by a value of 0.9415eV between the highest and lowest values. As such,
comparing the change observed in the work function values for all the quarter

ML hydroxyl terminations, it was found that they increased from the quarter
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ML FCC:OH site, to the quarter ML ONTOP:OH site, then the quarter ML

HCP:OH, and the highest value was registered in the quarter monolayer bridge
site terminated with hydroxyl groups. This order was completely different from
that of the quarter ML O terminations. In addition, the results appeared to
suggest that the work function was somehow tied to the suitability of a given
bonding site, since among other factors, the strong bonds would tend to offer
more resistance to the extraction of electrons from there, and vice versa for the
unfavourable bonding sites.

The third monolayer oxygen terminations at the ONTOP and hexagonal
close packed sites showed values of their work functions being relatively higher
than those of the other third ML sites. These were the sites with the highest
values of adsorption energies (discussed later in section 1.16) in the case of
the third monolayer coverages (and hence most stable), just like in the case of
the quarter and half ML coverages. The values of the work function were also
quite close to some of those observed in the half and full monolayer coverages.
Incidentally, the changes observed in the values of the work function for the two
sites (ONTOP and HCP) were very close to each other, which again confirmed
that the surface dipoles in the two cases were almost quite similar in character
and/or alternatively had properties that made them behave in the same way.
On the contrary, although the values of the work function for the face centred
cubic and bridge sites were also quite close to each other, they were generally
much lower than those of the hexagonal close packed and the ONTOP sites,
and their values incidentally almost approached those of the clean surface. As
such, the order of the increase in the work function of the third ML coverages
with oxygen atoms was, the Third ML ONTOP:O >Third ML HCP:O>Third
ML FCC:0>Third ML Bridge:O site.

Just like in the case of half and quarter monolayer coverages, the work func-

tion was also lowered by the adsorption of hydroxyl groups at different sites in
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the case of third monolayer coverage. However, unlike the quarter monolayer
coverage where one value of the work function for an hydroxyl termination was
higher than that of the clean surface, in the case of third monolayer coverage,
all the hydroxyl groups lowered the work function values below those of the
clean surfaces. This meant that the resultant surface dipole due to the ad-
sorbed hydroxyl groups behaved more or less like that of the hydrogen atom as
mentioned earlier. The difference between the highest and the lowest values of
the work function in the case of third monolayer hydroxyl termination was not
as large as that between the surfaces terminated with oxygen. For the third ML
hydroxyl terminations, the work function was least in the case of a third mono-
layer HCP site terminated with hydroxyl, followed by the bridge site, then the
face centred cubic site, and finally the ONTOP site. A detailed plot of the work
function versus coverage/site is given in figure A.23 which is shown in Appendix
A. What was interesting in this case though was the fact that the decrease in
the work function did not necessarily imply a weak bonding site as seen from
Table 1.17 as far as the adsorption of hydroxyl groups on diamond surfaces was
concerned. The adsorption energies of the third ML sites terminated with OH
groups for the four sites were surprisingly very close to each other, differing by
only 0.316eV between the highest and lowest values, while the changes in the
work function between the highest and lowest values differed by 0.4073.

By lowering the work function, it became evident that the adsorption of the
hydroxyl groups created a surface dipole that modified the electronic structure
around the surface atoms, thereby making it easier to extract electrons from
these sites. In addition, depending on the surface dipoles, changes reported ear-
lier in the bond lengths of the adsorbed hydroxyl groups, and the corresponding
C-OH bonds as well as the C-C bonds joining the surface carbon atoms could
all have easily contributed towards the aligning of the surface dipoles in a way

that favoured the lowering of the work function.
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There was therefore no doubt that, the surface dipoles developed as shown
in the structural diagrams of figures 1.16 to 1.26 and in figures A.1 to A.20
(shown in Appendix A for C(111)-(1x1) surfaces) together with the asymme-
try of the bonds and their various lengths (especially the surface ones) played a
major role, with regard to the changes observed in the work function values, as
well as the resultant electron affinities. The inclinations of the adsorbed hydro-
gen atoms from the OH groups changed the orientation of the C-O bond, and
therefore influenced the charge distribution within its vicinity and by extension
the surface dipole, which was effectively responsible for the observed changes in

the work function.

1.15.2 Changes in the work function of (2x1) recon-
structed diamond (111) surfaces terminated with
O and OH adsorbates compared to that of a clean
one.

Figure 1.33 shows a plot of the work function for a (2x1) reconstructed C(111)
surfaces terminated with either a full or half ML of oxygen atoms and hydroxyl
groups at a bridge or an ONTOP site. Both the oxygen atoms and hydroxyl
groups affected the work function of the reconstructed surface in a manner
that was similar to that observed on the (1x1) bulk terminated surface, with
regard to the specific roles played by each of the two adsorbates. In this case,
the oxygen atoms contributed towards the raising of the work function, thereby
making the surfaces to exhibit a positive electron affinity, while those terminated
with hydroxyl groups had lower values of the work function, which gave rise to
the possibility of such surfaces having a negative electron affinity. The changes
observed in the work function were referenced to that of the clean surface,
which is known to posses positive electron affinity [48]. Although few sites and
coverages were considered here as opposed to the bulk terminated cases, out

of these only the full and half ML ONTOP sites terminated with OH groups
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2x1-Full/Half ML CLEAN
2x1-Full ML-ONTOP:0O
2X1-Full ML-ONTOP:OH
2X1-1/2 ML-ONTOP:0O
2X1-1/2 ML-ONTOP:OH
2X1-1/2 ML-BRIDGE:O
2X1-1/2 ML-BRIDGE:OH

o
]
AAJ4O S0

Work function (Arb. units)

FULL/HALF-ML-CLEAN
2x1-1/2-Monolayer-ONTOP -
2x1-1/2-Monolayer-BRIDGE -

2x1-FULL-Monolayer(ML)-ONTOP -

Figure 1.33: Work function (eV) for various sites and coverages of a (2x1)
reconstructed C(111) surface. The shaded symbols represent the work function
for surfaces terminated with oxygen atoms, while the open ones represent the
work function from the hydroxyl terminated surfaces. The half-shaded circle
shows the work function of a clean surface.

resulted in work function values that were lower than that of the clean surface.
For the adsorbed oxygen atoms, the increase in the work function was much
lower in the case of the half monolayer (2x1):0 terminated surface compared
to that of the corresponding (1x1):O terminated surface. It was also found
that the work function values were relatively much lower than those of the
corresponding half monolayer coverages associated with the bulk terminated
(1x1):OH diamond surfaces, especially the one from the ONTOP site. The
largest difference between the work function of any two given corresponding

sites terminated alternately with oxygen atoms and hydroxyl groups was found
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in the case of the half monolayer (2x1) reconstructed ONTOP sites (4.2354eV),

while the half monolayer bridge site presented the lowest value for the difference
(i.e. AP:O-AP:OH) of 1.465¢V (see Table 1.19 and figure 1.33).

By comparing the values of the work function of the (2x1) reconstructed
surfaces terminated with various half ML oxygen atoms or hydroxyl groups at
the ONTOP or bridge sites with those of the (1x1) bulk terminated surface, it
was found that the work function decreased from the half monolayer (1x1):0
ONTOP site> half monolayer (2x1):0 ONTOP site >half monolayer (1x1):0
bridge site> half monolayer (2x1):0 bridge site>half monolayer (1x1):OH
bridge site>half monolayer (2x1):OH bridge site>half monolayer (1x1):OH
ONTOP site> half monolayer (2x1):0H ONTOP site. This clearly demon-
strates the fact that the work function of the surfaces due to the adsorbed O
atoms was always higher than that of surfaces terminated with OH groups in
any given situation. This again was attributed mostly to the resultant sur-
face dipoles. The influence of other factors such as steric hindrance, bonds
asymmetry, lack of sufficient coordination in the half ML coverages and also
the presence of the adsorbates themselves and the reconstructed nature of the
(2x1) also contributed somewhat towards the changes observed in the values of
the work function. In particular, the effect of the steric hindrance was possibly
stronger for higher coverages such as the full and half monolayers, and then got
less and as the coverage was decreased to third and quarter monolayers (for the
(I1x1) terminations).

Pickett [83] investigated previously the negative electron affinity and low
work function of a surface due to Cesium on oxygenated diamond (100) surface,
where he showed that addition of Cesium on an full monolayer of ether bonded
oxygen resulted in an effective negative electron affinity. His finding led to the
conclusion that lowering the work function which was due to the shifting of the

surface dipole did indirectly or directly lead to the the observed negative electron
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affinity . At the same time, van der Weide et al.[70] indicates quite explicitly

that lowering of the work function causes the diamond (111) surfaces to exhibit
a negative electron affinity which gives more credence to our earlier assertions on
the relationship between the surfaces’s electron affinity and the work function.
When a surface attains a NEA (which in this case is closely related to low work
function), the secondary electrons which are thermalized to the conduction band
minimum get emitted, and then appear as sharp peaks in the photoemission
spectra. Based on these arguments, we were able to conclude from our findings
that the lowering of the surfaces’s work function with different terminations
indicated that such surfaces probably possessed NEA, while the opposite was
true for those cases where the work function increased, which would induce a
PEA, though marginally. It was further found that both the oxygen atoms
and the hydroxyl groups terminations on the (1x1) surfaces resulted in higher
values of work function than their corresponding sites and coverages on the
(2x1) reconstructed surfaces. Just like in the bulk terminated (1x1) surface,
the two different electron affinities were again speculated (not tested here) to
be quite closely intertwined to the changes observed in the work function, and
hence the corresponding sites, configurations, and monolayer (ML) coverages.
This study therefore shows that devices utilizing different but suitable electron
affinities can easily be fabricated by taking advantage of the various values of
work function and hence the corresponding electron affinities associated with

each species, site or coverage as established in this study.
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1.16 Total and adsorption energies of oxygen

atoms and hydroxyl groups, adsorbed at

different sites and coverages on bulk ter-
minated C(111) surface.

In order to establish the preferred bonding sites and optimum coverages for oxy-
gen atoms and hydroxyl groups on C(111)-(1x1) surfaces, the systems’s total
minimum energy and adsorption energies of the two adsorbates were computed,
thus giving us the systems ground state conditions. As mentioned before, the
sites considered were the ONTOP, bridge, hexagonal close packed, and the face
centered cubic sites, while the coverages were full, half, third and quarter mono-
layers of each of the two adsorbates at the respective sites. Results obtained
are shown in Tables 1.15, 1.16 and 1.17 which include the computed total min-
imum energies, the adsorption energies, and the changes in the work function
of the clean surfaces as well as those terminated with oxygen atoms or hy-
droxyl groups. We considered both the bulk terminated (1x1)-C(111) surfaces
as well as those of the (2x1) reconstructed surface, but in this sections only the
results of the bulk terminated surfaces are reported while those of the (2x1)
reconstructed C(111) surfaces are reported later in section 1.16.1. By compar-
ing the total energies and the adsorption energies of different systems, we were
able to deduce the most stable configurations, and hence suitable for bonding.
In this case, a comparison of the total and adsorption energies showed that,
with an adsorption energy of ~ -5.58¢V /atom and a total energy of -376.84H,
the third monolayer ONTOP site terminated with oxygen atoms was the most
preferred bonding site in the all cases that were investigated in this study for
the bulk terminated (1x1):O or (1x1):OH configurations. This agreed quite
well with our earlier XPS findings that are reported in the XPS chapter of this
thesis. The least favoured bonding site for both O atoms and OH groups on

the (1x1) bulk terminated surfaces was the half monolayer face centered cubic
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(FCC) site terminated with hydroxyl groups, whose adsorption energy was only

-1.8718¢V /atom.



114

‘poproq ore sdnoisd g 10 swoje
O 3M 98RISA0D [DRS I0] SUOIIRINSYUOD J[(RIS JSOUL 9 ], "9IMRHEG,TH 9T~ sem dnoisd [AXoIpAY o) JO Jey) o[IyM ‘9d13IRH . L00.L GT
sem ASIoUo JO-INO ouwres o) Je WOIR UISAXO o) JO ASIoUs (€10} SUIpuodsorion o) pur ‘posn sem AY(C Jo AS1ouo po-jno oue(d y
"soorJINs puoweIp (T1T) pojeururo) ymq (TXT) WO $o31s JuolofIp e sdnoid [AXOIPAY pue Swoje UISAXO JO SoSRIDA0D IoAR[OUOW
J[eY pue [[NJ SNOLIRA IOJ SON[RA UOIIOUN] YIOM pUR ‘SoldIouo uordiospe ‘sordrous wWnwiuiu 2103 YHO)-T,4(] POIR[IOMR)) CGT T 9[qR],

qeee’e « 8TL8'T- GRILVTET- HO-0DJ JI*H

G9L6°¢ « G60L°C- Gcees0el- O-00d JI*H

€099°¢C « 1GEL V- GOC8STET- HO-dOH JI*H

L88E'9 « GLLTG- G9Lc6°0€T- O-dOH JI®H

6€€9°C « 7C69 - Gr08G'TET- HO-93pug JleH

GeLTV « €8CLV- GrL06°0€T- 0-98pug JreH

6€2¢S°C « COveE V- €LLIGTET- HO-dOLNO JI®*H

0€04'9 1€19°€ 0€0€°4- LG8T6°0€T- O-dO.LNO JI®*H

€4c0'c 1€19°€ V8EV- 0TF91'8V1- | HO-93plag pue JDOH 1A

1L66°7 1€19°¢ 99€7- 9IVIS IV~ O-dOH Pu® JOLNO IMMA

VET- [eg]) 1Ad « «

G181 1€19°€ v9CE V- L86ST 8V~ HO-dOLNO "4

(s [ec] 1AA « «

GL620°9 1€19°€ 9900°5- €CT98°9V1- O-dO.LNO II"g

JIBY pue (g

1€19°€ CIVL6VIT- ~10§ ([0 todns weo[o

(A®) ‘o) HO 10 O- | (A9) (eorpms uesp) | (woye/As) | (eaI1prep)™ (s1eAe[OUO]N)
(uorpouny y10m)pYy | (Uonouny YI0M)Hy :g.:&o%oam A310u7] 130T, | oG uorpdiospy 23 98eI0A0))




115

‘posn sem GT'T 9[qR], Ul st dnois [AXOIPAT oY) pue WOIR UdSAXO Ue 10 ASIoUS [RJ0) pue [Jojno aarm oue[d o)
I0J ON[RA IR[IWIS Y/ “90RLINS PUOWRIP (TTT) PojeuItLIa) YN (TX ) ® UO S9)IS JUSISPIP IR S8SRIIA0D [AXOIPAY PUe UeSAX0 IeAr[ouOU
Iojrenb SnoLIeA I0J SoN[eA UOIDUNJ YIOM pUe S9ISIoUe UOoIdIospe ‘S9ISIoUue WNWIUIW [R10}) YHO-T,4( Pere[moe) :97°T SR

GEE6'C vv09°¢- VIGLY 9VC- HO-DDA 03enp

9691 8€90°G- CI68°CHE- ODD 03EnY

0ceee 6T0L - GGeSS IV e HO-dOH 1931enp)

L1G8°G VeEvya- G1906°4¥¢- O-dDH 031enp)

Ly8L¢ v9r9° - 8T0GS 9V ¢~ HO-93p1ig 1031enp)

Lv10'¥ €P88P- 9F88" G- O-o3plIg 1031eny

¢l16¢°€ €00L V- 91¢SS 9ve- HO-dOLNO 1031end

0vL6°G GCLG G- 88606°G¥C- O-dOINO 1931enp)

GGE9'E 75S¥6°6¢C- [[92 Todns-ues]d I9)reng)

Ry HO 10 O- (e0epms wea[)) | (woge/Ad) | (eo1rrel )y (s104eOUONN)
(uorjouny y10M)pYy | (womOUN] YI0M)HY :s.:%o%%m A310U7] Te30], | 031§ uonydiospy 2y 98eIoA0))




116

‘peploq a1e sdnois H() 10 swoje () YIM SUOIJRINSYUOD S[(R)S }SOW SY T, ‘GT T 9[R], Ul UMOTS 9SO1[} Sk oules
o) os[e aIom dnoisd [AXOIPAY pue wWoje UdSAXO 97} I0J SOISIoUS [R10) O[] JO Son[eA o[} PUR ‘pasn sem G] T 9[qR], Ul UMOUS JRY) 09
Teqruars A810u0 Jo-imo oue[d Y oorJINS puowelp (11T) PojeUItLIo) YN (TXT) © U0 S9IS JUSIOPIP JB SoSRIOA0D [AXOIPAY pue Ue3AX0
I0AR[OUOWI PIIY) SNOLIRA 0] SON[RA UOIJOUN] YIOM PUR S9ISI0Ue U01}dIospe ‘SaI8Ioue WNWIUIW [R)0) YOO~ PIRMOIe)) L1 T 9[qRL

9¢0c’€ €eov- GO6TT 8LE- HO-DDA PIYL

€086°¢ 9T0V6L V- T0€8L°9.L¢E- 0O-00d PIUL

LT8¢ 90L7- 00SCT 8LE- HO-dDOH PHIYL

V1L0°9 LT9VC G- VCIT8 9LE- O-dDH PIUL

VLV6'C vLV- I8LCT'8.L¢E- HO-93pug pay,

G0L6'€ GGT19087- 6ESLILE- O-98pug pay,

gy [99] “yrwodxy

80FCT [ey] “seowt fer-y

00¢e’€ OvaL V- VL8CT'8LE- HO-dOLNO PIIYL

LLLY9 €€LOBY G- €8078°9.LE- O-dOLNO PIYL

86L9°€ CSTI6FPE- | 1199 todns-ues "A0) Payf,

w1} HO 10 O- (e0ryINS WRAL))) (A®) | (e01yrep)* iy (s1eAe[OUON)
(worjouny sy10M) Yy | (worpuny yrom)$y | “HH Pl | AS1eug rejo, | eg ondiospy 3 98eIen0))




117

-4.4 4 —m— Oxygen coverage
4.5 —@— Hydroxyl coverage

-4.6 -
-4.7—_ o\._/_.
-4.8 -
-4.9 -
-5.0 n
-5.1 -
-5.2 -
-5.3 -
-5.4 -
-5.5 -
-5.6 -

Adsorption energy (eV/atom)

—

02 03 04 05 06 07 08 09 10
Coverage (6) (monolayers)

Figure 1.34: Adsorption energy versus coverage for the most stable coverages
of oxygen atoms and hydroxyl groups on C(111)-(1x1) surfaces.

From the theory of bonding, it well known that the process is greatly en-
hanced when partially occupied orbitals of similar energy interact. Based on
this premise, it would appear as though the unsuitability for bonding of cer-
tain sites, and especially the FCC ones may have arisen from the fact that the
anti-bonding states somehow dominated over the bonding ones, and therefore
making the sites generally unstable.

The most stable configurations on the C(111)-(1x1) surfaces for each cov-
erage with O atoms or OH groups were extracted and summarized as shown in

Table 1.18 for easier assimilation of the results, and then plotted in figure 1.34
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in order to get a clearer picture of how the stability of the sites varied with the

coverage of the two adsorbates.

Coverage (Monolayers) | Adsorption energy Adsorption energy
O-termination(eV/atom) | OH-termination(eV/atom)

0.25 -5.57 -4.702

0.33 -5.58 -4.754

0.5 -5.30 -4.735

1.0 -5.01 -4.384

Table 1.18: Adsorption energies of the lowest energy configurations per coverage
for O and OH species on the bulk terminated (1x1)-C(111) surface.

Both the two representations (figure 1.34 and Table 1.18) showed that a
repulsion between the oxygen adsorbates on the bulk terminated (1x1)-C(111)
surface started at coverages greater the 0.33ML, while for the hydroxyl termi-
nation, it was not until coverages greater than 0.5ML that the system got less
stable due to the OH-OH interactions.

In terms of the respective coverages, it was found that in the case of the
full monolayer coverage, the ONTOP site with oxygen atoms was the most
favoured bonding site, followed quite closely by the co-adsorption of hydroxyl
groups at an (initial) HCP and bridge sites (whereby the OH groups drifted up
on system relaxation to almost ONTOP sites as shown in figure 1.18). This was
followed by the co-adsorption of oxygen atoms at the ONTOP and HCP sites,
and the least likely bonding site for the full ML coverage was the adsorption of
a full monolayer (ML) of hydroxyl groups at the ONTOP site. This was quite
an interesting result because the co-adsorption of OH groups at the HCP and
Bridge sites was found to result in them relaxing to positions that approximated
the ONTOP ones, which were incidentally quite stable for the OH groups. The
only difference between this and the adsorption of the OH groups at the actual
ONTOP site was the orientation of the H atoms after the system relaxation.
These oriented themselves in a staggered way that led to the sites being quite

stable. Other than the adsorption of oxygen atoms at the ONTOP site, the
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adsorption energies of the other full ML sites and coverages were found to be
very close to each other, as shown in Table 1.15, differing by a mere 0.0596eV
between the most and least stable sites.

Since the ONTOP site terminated with oxygen atoms was the most preferred
bonding site in the case of the full ML coverages while the hydroxyl group
termination was the least favoured one, it was quite clear that the hydrogen
atom bonded to the oxygen atom from the hydroxyl group played a key role
towards the making of this site unstable for OH bonding. In particular, the
C-OH bond was found to be longer than the C-O one, and therefore weaker
especially with the many adsorbate atoms repelling each other. The closeness
of the adsorption energies that was observed in all the other full ML sites, except
the ONTOP:O site suggested that in the presence of either oxygen atoms or
hydroxyl groups, any of these adsorption sites was suitable for bonding, and
therefore the different terminations may actually coexist on the same surface
as we have demonstrated. These observations were not only in good agreement
with our earlier XPS studies where we showed the possibility of co-adsorption
of O atoms and OH groups, but also with other experimental and theoretical
findings [60] such as those of Zheng et al’s [44].

More adsorption sites were considered in the case of the half ML coverages
than the full ML since it was felt that the lower coverages may have been
favoured over the higher ones, on account of our previous experimental work.
Unlike the full ML coverages, almost all the half ML sites, except the FCC
one were found to be suitable for bonding by the oxygen atoms or hydroxyl
groups, with most sites exhibiting high adsorption energies. The ONTOP site
terminated with oxygen atoms was found to be the most likely bonding site with
an adsorption energy of -5.303eV /atom, followed by the hexagonal close packed
site terminated with oxygen atoms or hydroxyl groups, then the bridge site

terminated with oxygen atoms or hydroxyl groups respectively, the half ONTOP
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site terminated with hydroxyl groups, and finally the FCC site terminated with

oxygen atoms and hydroxyl groups respectively. It is nonetheless important
to note that, atoms adsorbed at the half MLL HCP sites moved up on system
relaxation to new sites that were quite close to the ONTOP site. A similar trend
was also observed in the half ML bridge bonding sites with hydroxyl groups,
and therefore it was not surprising that the adsorption energies for these sites
were quite close, since all were practically almost the same (structurally) after
relaxation.

For the much lower coverages such as quarter ML sites, it was observed that
in the presence of environments containing oxygen atoms or hydroxyl groups,
the oxygen atoms would prefer to bond at a quarter ML ONTOP site, while the
hydroxyl groups would most likely bond at an HCP or the ONTOP sites without
much preference or energy barrier between the two. Again, this was due to the
fact that the adsorbates at the HCP site moved to new sites after relaxation,
that resembled those of the ONTOP one as shown in figures 1.23 and A.9, with
the only difference being the orientation of the hydrogen atom relative to the
underlying oxygen atom. In fact, the C-OH bond for the new ‘HCP’site was
only inclined at 85.9° to the vertical plane, while that of the ONTOP site was
inclined at 88.2° to the vertical axis, illustrating some important resemblance
between the two sites after relaxation. Furthermore, both the total energies and
the adsorption energies for these two sites were so close as seen from Table 1.16
that it was extremely difficult choosing which among the two would be preferred
by the OH groups over the other. However, since the OH groups drifted towards
the ONTOP and not the HCP site, it was evident that the ONTOP site was
more stable.

The oxygen atoms were found to least prefer bonding at the quarter ML

bridge site, while the hydroxyl groups at the FCC site. This was attributed to
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the stoichiometry of the respective bonding sites and species, which was associ-
ated with the number of available bonding electrons on each atom. The order of
preference in bonding of the oxygen atoms within the quarter ML coverage was,
the ONTOP:O site, the HCP:O site, the FCC:O site, and finally the bridge:O
site. Incidentally, unlike in the case of the full and half ML coverages, the FCC
site was actually a preferred bonding site for the oxygen atoms in the case of
the quarter ML coverage, where it resembled very much the bridge site in its
relaxed state, but unfortunately not so for the OH groups. The C-OH bond
in the quarter MLL FCC site were much elongated compared to the C-O bonds
from the surface terminated by oxygen atoms only. However, the position of
both the O atoms and the OH groups relative to the underlying carbon atoms
was almost identical as seen from figures A.13 and A.14.

Unlike the oxygen atoms, the hydroxyl groups preferred bonding at the
quarter ML HCP:OH site, followed by the ONTOP:OH site, then the bridge:OH
site, and least of all, the FCC:OH site. In fact, the adsorption energy for the
FCC:OH site was so low compared to that of the other sites that it may actually
be exempted as a likely bonding site.

Terminations with oxygen atoms were generally more preferred over those
of the hydroxyl groups in all cases involving the quarter ML coverages. This
could have been due to the reduced density of the adsorbates on the respective
surfaces, which in turn led to lowering of the repulsive O-O interactions.

The bonding preference in the case of the third ML coverage was slightly
different from that of the other cases in the sense that there was a good measure
of preference for most of the bonding sites, judging from the closeness of the
adsorption energies. In spite of this, it was quite evident from the values shown
in Table 1.17 that the ONTOP site terminated with oxygen atoms was the
most preferred bonding site, while the least likely site was the third ML FCC

site terminated with hydroxyl groups. However, although the FCC site was the
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least preferred bonding site in the case of the third ML coverage, it was still the

most likely bonding site for the hydroxyl groups in all the FCC sites that were
considered, including the half and quarter ML coverages.

The order of preference for the oxygen atoms’ bonding in the third ML
coverages was the ONTOP site, followed by the HCP site, then the bridge site,
and finally the FCC site. However, the adsorption energies for the bridge and
the FCC sites were very much close to each other, suggesting that in the presence
of oxygen, any of the two may result, or they could also exist simultaneously.
What was however curious though about these two sites was the fact that the
adsorbates were positioned quite differently relative to the underlying carbon
atoms as shown in figures A.17 and A.19, and yet they exhibited almost similar
adsorption energies. Clearly, this would suggest among other things that the
bonding environment was almost similar.

The hydroxyl groups at a third ML coverage showed almost equal prefer-
ence for most of the sites. Nevertheless, the ONTOP site was the most preferred
bonding site over the others, with an adsorption energy of -4.7546eV /atom, fol-
lowed by the site whose initial geometry was a bridge-bonded one, then the HCP
site, and finally the FCC site. From their experiments, Derry et al. [42] estab-
lished that the adsorption energy of the OH group at a third ML ONTOP site
was 4.240.8eV /atom, which compared favourably well to the values obtained
in this study as shown in Table 1.17, but certainly the third ML ONTOP:OH
site was not the most stable one in this case.

In general, it was established that there was a greater likelihood of oxygen
atoms bonding in the case of the third ML coverage as opposed to the adsorption
of hydroxyl groups. Judging from the closeness of the adsorption energies, one
could not rule out the possibility whereby in real situations co-adsorption was
very much the norm here, just like in the other coverages considered previously

in this study. As a result, different functional groups would co-exist on the same
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surface, probably at different sites and even occupying different fractional ML
coverages.

Comparing the various adsorption sites, one establishes quite clearly that
the lower coverages starting from 0.5ML and below were the most stable, as
opposed to the higher ones. Various reasons could be responsible for this, and
key among them was the effect of steric hindrance as mentioned previously,
which may exclude the higher coverages as well as the existence of bonding and
antibonding states. Another factor that excludes a full ML coverage, (unless the
adsorbates-O or OH are literally forced onto the surfaces) could be the size of the
atoms. With a large van der Waals diameter of 2.8A, which is much greater than
the adjacent carbon surface bonds on a (111) diamond surface, Derry et al. [42]
argue that the expected maximum coverage would be one third of a monolayer,
assuming a perfectly regular array which can easily be realized in theoretical
modeling. Our calculations show that this condition was well satisfied, making
the third ML ONTOP site terminated with oxygen atoms as the most stable
coverage in a single-dangling-bond C(111)-(1x1) surface. However, based on
their DFT calculations, Zheng et al. [44] seem to discount this, by proposing a
full ML coverage instead of the third ML obtained previously by Derry et al. [42]
and further confirmed by Rebuli et al. [84, 54] and also our recent XPS studies
reported earlier. Zheng et al. [44] did not however consider coverages lower than
0.5ML, so as to be able to conclusively exclude others, neither did they offer any
explanation to suggest the van der Waals concept was inappropriate. Based on
the size of an oxygen atom which was generally larger than that of a carbon atom
and also due to the O-O interactions, it seems quite logical that accommodating
lower coverages may be more stable than higher ones. Zheng et al. [44] indicate
that their calculations for atomic oxygen chemisorption led them to conclude
that the steric hindrance proposed by Derry et al. [42] which restricts oxygen

adsorption on diamond surfaces to less than a monolayer was invalid. This
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they state was further supported by observations of 0.75 monolayers of fluorine
atoms on diamond (100) surface by Freedman et al. [85] instead of the 0.5ML
of O atoms on the C(100) surfaces, in spite of the fact that the fluorine atoms
had a larger van der Waals radius than oxygen. However, again no evidence of
testing for lower coverages is indicated in their work, and their surfaces were
further deliberately and forcibly fluorinated at various temperatures where the
surface thermodynamics may have favoured higher coverages, and in any case
some fluorine atoms may bond on top of others and not necessarily the diamond
surface as observed earlier in the literature review section of the chapter dealing
with atom transfer from the polishing medium (oil) to the surfaces. Freedman
et al. [85] do not indicate if they investigated this possibility in their work,
especially in view of the size of the fluorine atoms relative to that of the carbon
atoms forming the diamond matrix, which cannot simply be wished away. We
have addressed these in detail in this work, since we can control precisely the
monolayer coverages of the adsorbates and the positions that they bond to,
and hence no ambiguities regarding whether some atoms were bonding on top
of each other instead of the diamond existed, and therefore questioning the
findings of Freedman et al. [85]. Their diamond surface was also rather rough,
exhibiting roughnesses of just below 400A, while the samples used by Derry et
al. [42], and also those used in the experimental chapters of this study were
carefully polished and hence quite smooth, with absolute roughnesses of below
8nm according the Atomic force microscopy results. It was observed in the XPS
chapter that roughness features on polished diamond surfaces which essentially
increases the overall surface area can act as sites with more dangling bonds (for
adsorbates bonding), and hence increase the total coverage of the adsorbates
as opposed to a smoother surface. Freedman et al. [85] surfaces appears to
be possessing more of this character. We would also like to add that Rebuli et

al. [84, 54] have in fact shown that the coverage of oxygen atoms or hydroxyl
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groups on polished diamond surfaces, depends quite strongly on the ambient
pressure, with even higher coverages of up to a full ML being observed. In this
case, some of the adsorbates were believed to be bonded on top of each other,
and not necessarily on the diamond surface. It is therefore quite normal to
observe these higher ML coverages experimentally as reported by Freedman et
al. [85], without necessarily implying that the third ML coverages observed in
this study or even by the experiments of Derry et al. [42] was invalid, depending
on the nature of the surface and/or the conditions for the experiment. In fact,
Pickett et al. [62] reported that steric effects coupled with the coulomb repulsion
between adsorbed fluorine atoms due to their charging precluded a ML coverage
of fluorine atoms on the C(100) surface. It was therefore inconceivable to think
that a full ML or even higher coverages of fluorine atoms would be the most
stable configurations on the C(111) surface either, which ties in quite well with
the observations made by Derry et al. [42] and other workers as mentioned
before.

Diamond surfaces have a very high affinity for hydrogen adsorption, and
therefore oxygen atoms, hydroxyl groups and hydrogen atoms compete for the
available dangling bonds. Combining the twin issues of affinity for certain
species on one hand and the van der Waals radius which is 1.4A for oxygen
[50, 42] on the other, it would be very unlikely for oxygen atoms to occupy all the
surface bonds in the presence of hydroxyl groups and/or hydrogen atoms, with
neither of the two getting adsorbed to the surfaces. In real environments (atmo-
spheres), all the three adsorbates are always present and therefore the dangling
bonds would be saturated by any of them, following the existing equilibrium
thermodynamic processes and other factors such as those already alluded to
previously. Though not exactly related, Zheng et al. [86] reported observing
submonolayer coverages of oxygen ranging from 0.25 to 0.56 from their RHEED

measurements on monohydride-terminated (2x1)-C(100) surfaces exposed to
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O-plasma at substrate temperatures ranging from 25 to 500°C. This suggested

that not all the surface bonds would be terminated with O atoms even under
conditions that encourage this to happen like the elevated temperatures, and
hence its unlikely to have a full ML coverage of oxygen atoms only on diamond
surfaces, unless these are literally forced onto the surfaces, and hence the full
ML coverage isn’t the most stable configuration as alluded to by Zheng et al.
[44].

Besides, various studies have shown that hydrogen can displace preadsorbed
oxygen, but oxygen cannot displace preadsorbed hydrogen on diamond surfaces
[49]. This appears to suggest that oxygen would preferably exist as a submono-
layer on diamond surfaces, while the remainder of the surface bonds would be
saturated preferentially by hydrogen atoms, and sometimes by hydroxyl groups.
This is what we established in our detailed XPS work [87], and it agrees quite
well with the findings of Derry et al. [42] and other workers too. Our DFT
calculations now confirm the earlier experimental observations as well as the
work of Derry et al. [42] and Rebuli et al. [84, 54] which all agree that the
third ML coverage with oxygen atoms or hydroxyl groups at the ONTOP site
as the most stable configurations on a single-dangling-bond diamond (111) sur-
face for oxygen atoms and hydroxyl groups respectively, at low temperatures.
These results together with the arguments presented earlier therefore puts into
question some of Zheng et al’s [44] findings regarding oxygen adsorption of up
to a full ML coverage as the most stable one on real surfaces. This could only
be possible under conditions similar to those discussed by Rebuli et al. [84] in
relation to the vacuum level.

From our energy minimisation studies, the ONTOP site was found to be the
most favourable bonding site in all cases involving the adsorption of both the
oxygen atoms and hydroxyl groups, except in the case of the half ML coverage

where the hydroxyl groups preferred the HCP site, which was incidentally quite
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close to the ONTOP site.

While the third ML ONTOP site was the overall preferred bonding site by
the oxygen atoms, the closeness of its adsorption energy to that of the quarter
ML ONTOP site showed that the two sites and coverages were arguably the
most likely bonding configurations for the oxygen atoms. This implied that if
the oxygen atoms did not bond at the ONTOP site in the third ML coverage,
they would certainly bond at the quarter ML ONTOP site or both.

From their energy minimization calculations also, Zheng et al. [44] found
that the lowest energy configuration on the C(111) single bond cleavage surface
was the molecular oxygen peroxy bridge site. This has however been ques-
tioned by Thieje et al. [60] where they indicate that the C-O-O-C structure
was not likely since the CO-CO bond was weaker than the C-OH bond [38
vs 105 kcal/mol]. This they argued was due to presence of hydrogen atoms
which coincidentally is a common adsorbate on polished diamond surfaces as
mentioned before, and therefore a prominent feature for the sort of surfaces
on which Derry et al’s [42] work as well as our XPS [87] studies were based.
The hydrogen atoms make the C-O-O-C bonds to convert rapidly to -OH ter-
minations. Our calculations involving the full ML coverage of oxygen atoms
at the ONTOP and HCP sites (see figure A.2 which was close to the peroxide
structure of the peroxide structure of Zheng et al. [44]showed that the total
minimum energy of the relaxed surface was relatively higher than that of the
full ML coverage with OH groups (see Table 1.15), indicating that it was not
the lowest energy configuration. This showed good agreement with the find-
ings of Thieje et al. [60], and in the process contradicting Zheng et al’s [44]
hypothesis. In fact, it was Thieje et al. [60] who ought to have have established
the existence of higher oxygen-containing groups suggested by Zheng et al. [44]

since they did their calculations using a surface that was in contact with water,
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but they did not. The relatively high adsorption energy observed in the calcula-

tion involving the co-adsorption of oxygen atoms at the ONTOP and HCP sites
nonetheless confirmed the stability of the site, and therefore the adsorption of
oxygen molecules on the C(111) diamond surface was indeed possible, a view
shared by Zheng et al. [44]. They observed an O-O bond length of 1.49A at a
(1x1) bridge-bonded site and 1.48A at a (2x1) reconstructed m-bonded site.

Zheng et al. [44] further stated that the presence of the peroxide structure
explains the experimental observations that the main desorption product from
an oxygen covered diamond powder was CO,. However, this does not agree with
other studies [55] that show the main desorption product is actually CO and not
COs. Beerling et al. [88] in particular found that the main desorption product
was CO, and very little CO,. The desorption of the small amounts of CO,
may partly confirm the existence of the peroxy structure or O-O molecule on
diamond surfaces as shown by one of our systems, but based on the arguments
presented, it was certainly not the most stable configuration. Our earlier XPS
studies done under UHV conditions (i.e. pressures of better that 10~'!'Torr)
did not establish species with large components of oxygen either, such as the
C-0O-0-C as proposed by Zheng et al. [44], an observation that is ruled invalid
by Thieje et al. [60].

Loh et al. [53] concurred with Thieje et al. [60] when they noted that the
CO-OC bond would be weak. They calculated its value to be 1.565A, compared
to our calculated CO-OC bond length of 1.412A, while one of their C-O bond
length agreed with ours of 1.417A.

The fact that previous studies on oxygen desorption from diamond surfaces
have shown that it detaches from the surface as C-O and not as CO,, or O,
or even as O atoms [55, 53] suggests that certain bonds close to the surface of
diamond got weaker either upon the adsorption of oxygen or hydroxyl groups

than others (within the bulk), and thats why some carbon atoms got detached
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easily from the diamond, instead of the adsorbates dissociating themselves and
then leaving the diamond surface intact. The findings of this study established
that the bonds between the 2nd and 3rd carbon atom layers were generally
longer, and therefore weaker than most of the other bonds. The situation was
not improved by adsorbing oxygen atoms or hydroxyl groups. As a result, we
speculate that when the adsorbed oxygen dissociates from the diamond surface,
some of the vertical bonds between the 2nd and 3rd topmost carbon atoms
layers as well as some weaker surface C-C bonds were likely to be broken easily
than the much stronger C-O or C-OH bonds. This argument is supported by
the large changes observed in the surface bond lengths especially within the
topmost surface layer, therefore making some bonds within the topmost surface
bilayer weaker and hence vulnerable to breaking up when sufficient energy is
supplied. These observations could thus explain why the observed desorption
products from diamond surfaces are often predominantly C-O components and
not CO,, or Oy or even as O atoms.

However for a clean surface devoid of either oxygen atoms or hydroxyl groups
but possibly terminated with hydrogen atoms, organic groups of the form C,H,
would preferentially be desorbed, again due to the weaker C-C bond between
the 2nd and 3rd carbon atom layers as opposed to the short and most likely
stronger C-H bonds. This arises from the fact that diamond surfaces have a
high affinity for hydrogen adsorption as mentioned previously. Loh et al.[53]
indicates that the adsorption energy per hydrogen atom on a (1x1) surface was
4.89eV while that of oxygen was 4.24eV, indicating the preference of H over O
on diamond surfaces.

Since the submonolayer coverages were found to be more preferred in this
study over the full monolayer coverages, it was to be expected that upon des-
orption of the oxygen or hydroxyl groups, only a fraction of the surface bonds

would be etched out, while others would transform into graphite, which was
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similar to the argument presented by Loh et al.[53].

In environments containing oxygen atoms or molecules only, the preference
in bonding starting from the lower intake would therefore be, quarter ML ON-
TOP:O (-5.5722eV), third ML ONTOP:O (-5.58073eV), half ML, ONTOP:O
(-5.3030eV), and full ML ONTOP:O (-5.0066eV).

However, when the environment contains hydroxyl groups only or possibly
water like the calculations of Thieje et al. [60], the likely intake of the OH
groups starting from the lower coverages would be the quarter ML HCP:OH (-
4.7019¢V) or ONTOP:OH (-4.7003eV), the third ML ONTOP:OH (-4.754eV),
Half ML HCP:OH (-4.7351eV) and finally a full ML co-adsorption of OH groups
at HCP and ONTOP sites, i.e. 0.5ML HCP:OH and 0.5ML ONTOP:OH (-
4.384eV) [which essentially relaxed to the full ML ONTOP:OH site - see figure
1.18].

When both oxygen and hydroxyl groups are present in the vicinity of the
diamond surfaces, the situation does not change much. In this case, the uptake
starting from the lower doses would be the quarter ML ONTOP:O, Third ML
ONTOP:O, Half ML, ONTOP:O, and then the full ML, ONTOP:O, meaning
that the oxygen adsorption would clearly dominate the OH adsorptions.

Zheng et al. [44] reported that LEED measurements on both C(111) and
C(100) diamond surfaces with sufficient amounts of oxygen did not yield any
patterns, an observation that they attributed to the adsorbed oxygen not pro-
ducing long range surface order, although they indicated that their explanation
was only speculative. This again seems to be in conflict with the LEED measure-
ments of Derry et al. [46] who found nice LEED patterns on polished diamond
surfaces containing oxygen even at low electron energies, down to 14eV. As
such, if Zheng et al’s arguments of higher ML coverages were to hold, then such
nice LEED patterns would not have been observed on the polished diamond

surfaces, and hence the lower coverages predicted in this work were more likely
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since they appear to fit in quite well with the LEED measurements, or at least
explain them without inconsistencies.

Furthermore, Wang et al. [89] and Sergei et al. [90] observed that as-
polished or acid treated diamond (100) surfaces showed a (1x1) LEED pattern,
an observation that renders Zheng et al’s [44] suggestion on the LEED patterns
invalid too, since the acid would tend to deposit more oxygen-containing groups,
possibly through the bonding of their polar -OH groups on the surfaces, or even
through the reaction between the surface bonded H atoms together with the
active sites of the acid on the polished diamond surfaces. The bonding would
probably be promoted by the fact that oxygenated diamond surfaces are hy-
drophilic while hydrogenated ones are hydrophobic [49]. This means that by
applying Zheng et al’s arguments [44], no LEED pattern would be observed at
all in such heavily oxidized acid-treated surfaces, of which the arguments pre-
sented above seems to discount. Some Atomic force microscopy images obtained
in this study from our polished diamond surfaces and cleaned with isopropanol
instead of “Contrad”as we normally do (not shown here), showed that the clean-
ing medium left a thin film on top of the surfaces, thereby covering the surface
roughnesses, and in the process making them to appear much smoother than
they actually were in reality. This tended to even mask the polishing lines that
were expected to be seen at such high spatial resolutions. After thorough clean-
ing and rinsing, the film was removed, and the polishing lines were visible again.
This therefore means that the surface cleaning process plays a key role towards
the nature and properties of such as-polished surfaces, and if not properly done
may actually result in misleading experimental observations, such as higher ML
coverages and other vital conclusions as discussed before.

The stability of the ONTOP:O site over all the others was supported by
our observations of the C-O bond length being the shortest amongst all of
the C-O bonds. In the full ML ONTOP:O site, it was 1.324A, 1.32A for the



132
half ML ONTOP site, 1.31A for the quarter ML ONTOP site, and 1.304A for

the third ML ONTOP site. In addition to the bond lengths, the adsorption
energies for the ONTOP sites listed above were always higher than all the other

configurations considered in this study.

1.16.1 Adsorption energies of O atoms and OH groups
on a (2x1) reconstructed diamond (111) surface:
the most and least preferred bonding sites.

Only two adsorption sites were considered in the case of the full ML coverages,
and four for the half monolayer coverages on the (2x1) reconstructed C(111)
surface as shown in figures 1.28 to 1.31 and figures A.21 to A.22 (shown in
Appendix A.

These were the ONTOP and bridge bonded sites, each terminated with
oxygen atoms and hydroxyl groups, while only the ONTOP site was considered
in the case of the full ML coverage. Just as expected from the stoichiometry
of the bridge-bonding site with OH groups, the bridge bonding was broken
following the adsorption of the hydroxyl groups, resulting in adsorption sites
that were quite close to those achieved by the relaxed half ML ONTOP ones,
as shown in figure A.21 and A.22. The only difference between the two sites
was the orientation of the adsorbed OH groups relative to the diamond matrix
as seen from the top view of each corresponding diagram. The most favoured
bonding site on the (2x1) reconstructed diamond (111) surface was the half
ML bridge site terminated with oxygen atoms, with an adsorption energy of
~-4.6eV /atom as shown in figure 1.30. The least preferred bonding site was the
half ML coverage with hydroxyl groups at the ONTOP site, with a a very low
adsorption energy of only -1.965eV /atom. Figure 1.35 shows the adsorption
energies versus coverage for O atoms and OH groups adsorbed at either an

ONTOP or a bridge site on the (2x1) reconstructed C(111) surface. Comparing
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Figure 1.35: Adsorption energy versus coverage for full and half monolayer
coverages of O atoms and OH groups adsorbed initially at bridge or ONTOP
sites on a 2x1 reconstructed C(111) surface.

the suitability of the four half ML sites for the adsorption of oxygen atoms or
hydroxyl groups, it was found that the most favoured bonding site was the
half ML bridge (2x1):0O as mentioned before, followed by the half ML, ONTOP
(2x1):0, then the half ML coverage whose initial geometry was bridge bonded
(2x1):0H, and finally the half ML ONTOP (2x1):OH. This again suggested
that the adsorption of oxygen atoms was generally more favoured on a (2x1)
reconstructed diamond (111) surface over the hydroxyl groups just like in the

C(111)-(1x1) surfaces. The hydroxyl groups did not seem to favour any of the
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two half ML bonding sites (either ONTOP or bridge) that were considered, with

the adsorption energies of the hydroxyl groups at the two sites beig generally low
(-1.965 and -2.249eV /atom) and relatively close to each other, differing by only
0.284eV. This contrasted with the adsorption energies of the oxygen atoms at a
bridge or an ONTOP site which was relatively higher (-4.6045eV and -3.203eV),
although the difference between the adsorption energies for oxygen atoms at the
two half ML sites was a bit higher, with a value of 1.4015eV being observed. This
indicated that there was a significant energy barrier between the two bonding
sites, and even so when moving from the O- to the OH-termination, but in spite
of this, co-adsorption may be still be possible, especially in view of the closeness
between the various adsorption energies.

On a (2x1) reconstructed diamond (111) surface, Loh et al.[53] found that
the adsorption energy per hydrogen atom was 4.44eV while that of oxygen was
4.85 for a carbonyl site and 5.23eV for an epoxy site. In the presence of atomic
H, they suggest that the oxygen-chemisorbed surface may convert to a more
stable hydroxyl terminated C(111)-(1x1) surface. These findings are in good
agreement with our computations of a full ML of OH groups at the ONTOP
site of a C(111)-(2x1) surface. Klauser et al.[49] also agrees with this view
where they observed that the O-exposed (2x1) reconstructed C(111) surface
reacts strongly with hydrogen, but they do not explore the possibility that the
H can actually bond on top of the O atoms instead of displacing it all together
as suggested by the adsorption energies computed by Loh et al.[53]. At higher
H exposures, this leads to the lifting of the surface reconstruction from a (2x1)
structure to a characteristic (1x1) H-terminated surface, while atomic oxygen
cannot replace the preadsorbed hydrogen.

The adsorption energies of oxygen atoms at an ONTOP site indicated that
they were more favoured than the hydroxyl groups on a (2x1) reconstructed

diamond (111) surface. In spite of this though, it was established that the OH



136
groups were more stable at the full ML ONTOP site than they were at the

half ML ONTOP site or even the corresponding bridge site. This is further
confirmed by the findings of Zheng et al. [44], who found that in spite of
starting at other sites with hydroxyl groups, a configuration that was close to
the ONTOP site was always achieved up on system relaxation. The stability of
oxygen atoms at the half ML bridge site over the other sites and that of a full
ML of OH groups against the half ML OH coverages was in good agreement
with the DFT calculations of Loh et al. [53].

Klauser et al.[49] suggested that surface reconstruction is not lifted by oxy-
gen adsorption under their exposure conditions of 0.5ML and any other coverage
less than the saturation level of 1ML. However, Loh et al.[53] established that
a full monolayer adsorption of oxygen atoms on a (2x1) reconstructed (111)
diamond surface results in the lifting of the reconstruction.

Naturally, from the stoichiometry of the bonding sites, the OH groups would
not bond elsewhere except at the ONTOP site, but this does not necessarily
mean that the ONTOP site with OH groups was always the most stable, since
to some extent the stability seems to be coverage dependent instead.

In terms of the energetics between the (1x1) and the (2x1) reconstructed
C(111) surfaces, it was found that although the adsorption energy of the oxygen
atom at a half ML ONTOP site of a (1x1) bulk terminated surface was larger
(-5.30eV /atom) than that of the bridge site from a (2x1) reconstructed surface
(-4.6eV /atom), the total minimum energies of the systems show that oxygen on
the (2x1) reconstructed C(111) surface was lower in energy (-130.95469H com-
pared to -130.92857H for the (1x1) surface) and therefore favoured due to the
(2x1) reconstructed nature of the surface. This coverage (0.5ML) was also not
sufficient to lift the reconstruction. On the other hand, the adsorption energy
of OH groups at a half ML coverage on the (1x1) surface was -4.7351eV /atom
(for 0.5ML HCP:O, that was almost close to the ONTOP:0) which was notably
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larger than that obtained in the case of the (2x1) reconstructed C(111) surface

of -2.2eV /atom (for 0.5ML bridge:OH). Additionally, the total energy of a half
ML of OH groups on a (1x1) surface was lower (E;,=-131.5820H), than that of
a half M1 of OH groups on a (2x1) reconstructed surface (E;q=-131.54245H),
showing that the OH group would clearly prefer the unreconstructed surface.
This was however not the case with the full monolayer coverages. With a to-
tal energy of -146.86123H and an adsorption energy of -5.00eV/atom for an
oxygen-terminated (1x1:0) surface at the ONTOP site, and a total energy
of -146.84587H and an adsorption energy of -4.099¢V /atom for a (2x1:0) re-
constructed C(111) surface terminated with a full ML oxygen atoms at the
ONTOP site, it was obvious that the O atoms preferred the unreconstructed
surface. Similarly, with a total energy of -148.15987H for OH-terminated sur-
face at the ONTOP site of a (1x1:0H) (for full ML HCP /bridge:OH) and an
adsorption energy of -4.384eV compared to a total energy of -148.12078eV for
the (2x1:0H) reconstructed surface terminated with OH groups (for full ML
ONTOP:OH) and an adsorption energy of -3.09eV, it was also quite clear that
the hydroxyl groups preferred to bond on the (1x1) bulk terminated surface as
opposed to the (2x1) reconstructed one. As such, 1ML would lift the (2x1)
reconstruction, and the resultant (1x1) state was more stable. This was prob-
ably due to the activation barrier to go from O or OH termination on a (1x1)
surface to a (2x1) reconstructed surface with the same adsorbates. Comparing
the behaviour of both O atoms and OH groups with regard to the surface re-
construction, it was found that the adsorption energies of a full ML of O atoms
at the ONTOP site on the (2x1) surface was -4.099eV, which was notably less
than that of the (1x1) surface (-5.0066eV). At the same time, we note that the
clean C(111)-(2x1) surface was lower in energy than the (1x1) surface per unit
cell by 1.408eV. As such, on both the 1ML and 0.5ML, the OH groups had the

highest adsorption energies and lowest total energies on the (1x1) surface, and
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hence they would prefer to bond on this surface compared to the reconstructed

surface.

1.17 Density of states(Dos) for bulk and sur-
face carbon atoms of (1x1) bulk termi-
nated C(111) surfaces, as well as those of
the adsorbed oxygen atoms.

Figures 1.36 to 1.43 show the density of states for carbon atoms located within
the bulk, at the surface, and for the adsorbed oxygen atoms on (1x1) bulk
terminated (111) diamond surfaces. The spectra shown here are only for the
most stable structures in any give coverage with O atoms or OH groups, while
those of the less stable configurations are shown in figures A.24 to A.29 in Ap-
pendix A. The density of states for the O atoms were obtained from the oxygen
atoms associated with the oxygen-only terminations, as well as those from the
adsorbed hydroxyl groups. In each of the figures, the set of graphs shown on the
left-hand side were obtained from surfaces terminated with oxygen atoms only,
while those on the right-hand side were obtained from surfaces terminated with
hydroxyl groups. Reference to the locations of the carbon atoms along the z-axis
is given relative to figures 1.16 and 1.21. The density of states were generated
using the Gaussian function, and a broadening parameter of 0.4. This value
was generally large enough, and therefore ensured the production of smooth

and less “peaky” distributions.
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Figure 1.36: Density of states (Dos) for C(111)-(1x1) surfaces terminated by a
full monolayer of oxygen atoms and hydroxyl groups at ONTOP sites.
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Figure 1.37: Density of states for C(111)-(1x1) surfaces terminated by a half
monolayer of oxygen atoms and hydroxyl groups at ONTOP sites.
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Figure 1.38: Density of states for C(111)-(1x1) surfaces terminated by a half
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Figure 1.39: Density of states for C(111)-(1x1) surfaces terminated by a half
monolayer of oxygen atoms and hydroxyl groups at sites whose starting geom-
etry were bridge-bonded as shown in figures A.5 and A.6.
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Figure 1.40: Density of states for a clean C(111)-(1x1) surface used for cal-
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Figure 1.41: Density of states from C(111)-(1x1) surfaces terminated with a
quarter monolayer of oxygen atoms and hydroxyl groups at ONTOP sites.
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Figure 1.42: Density of states from C(111)-(1x1) surfaces terminated with a
quarter monolayer of oxygen atoms and hydroxyl groups at sites whose initial

geometry was Hexagonal close packed.
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Figure 1.43: Density of states from C(111)-(1x1) surfaces terminated with a
third monolayer of oxygen atoms and hydroxyl groups at ONTOP sites.
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The energies of the density of states, were measured relative to the Fermi
energy, which in this case was taken to correspond to 0eV. The importance of
density of states regarding the electronic properties and especially the inter-
facial electronic structure of materials cannot be overemphasized. In relation
to this, Pepper [91] alludes to the fact that the interfacial strength is indeed
affected quite strongly by the interfacial chemical bonds that may be formed,
especially between a diamond-metal interface. Based on these observations, the
distribution of the Dos with respect to the electronic orbitals would be key to-
wards the understanding of why certain bonds are stronger than others, and
also in explaining the observed electronic properties. By terminating the dia-
mond surfaces with species that alter their electronic structure, the properties

of the material can be tailored quite easily for specific applications.

1.17.1 Dos for the bulk-like carbon atoms

The density of states from all the bulk carbon atoms associated with either
the clean surfaces or those terminated with oxygen atoms or hydroxyl groups
appeared almost quite similar structurally. This was nonetheless not too sur-
prising since the preceding sections have already shown that there was minimal
bond distortions (~=£1%) of the bulk bond lengths, and hence the electronic
structure (charge distribution) was not altered much.

They all had similar features that consisted of broad valence bands that
were made up of both 2s and 2p states which extended from about -22.5e¢V to
around -2.5eV for the 2s states, and -23eV to about -2.5eV, for the 2p states
while others extended up to -1eV. These yielded an average valence band width
of about 21eV, which was consistent with earlier DFT calculations, where a
valence band width of about 21.75eV was obtained by Kern et al. [48] and
21.71eV obtained by Zheng et al.[86] on a (100) diamond surface. They observed

that their value (21.71eV) was in good agreement with the value of 21.63eV
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calculated from the linearized augmented plane wave method(LAPW) by Fong

et al.[92]. Our computed value of the valence band width was also in excellent
agreement with the photo-emission results of Himpsel et al.[93] where they
obtained a value of 21.04+1.0eV. The 2s states were centred at about -15eV in
almost all cases, and their maxima was located at about -17.5eV. Our XPS
valence band spectra (reported in the XPS chapter) showed a bulk state at
~18eV, which corresponded to the one we calculated here at around -17.5eV,
and in other cases at around -15eV for the 2s bulk states. The maxima for
the 2s valence states occurred quite close to the valence band minimum, and
the intensity of the 2s states was much lower and gently sloping towards the
valence band maxima. In contrast, the 2p valence states were mainly centred
at about -10eV, and these were found to be gently rising from the valence band
minima, and increasing quite strongly between -12eV and -1.8eV. They yielded
their maximum intensity towards the valence band maxima. A hybrid 2s/2p
state was observed at slightly above -12.5eV, and this has been established
elsewhere at 12¢V [86] as being characteristic of diamond, while Reinke et al.
[94] obtained this state at 13.2eV from their experiments. Our XPS valence
band spectra found a similar state at around 14eV, but due shifting of the peak
as a result of sample charging, this was likely to be closer to the energies reported
above. No evidence of states within the energy band gap was observed for all
the bulk carbon atom states. In addition, the conduction band states which
were much narrower and less intense than the valence states were constituted
of both the 2s and 2p orbitals, and they were located above the energy band
gap. They occurred between 2.5eV and 9eV, yielding a conduction band width
of about 6.5eV. They were often dominated by the unoccupied 2p states, with
some contribution from the 2s states being observed too. Further, we generally
found no effect of the surface states extending into the bulk carbon atom states,

implying that the bulk structure of diamond was preserved, for the case of deep
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lying (bulk) carbon atoms. It was also established that the 2s and 2p states

were strongly delocalized within the valence band, a fact that could explain the
strong covalent bonding observed in diamond. There was also no evidence of
effects due to the adsorbed oxygen atoms or hydroxyl groups extending in to
the states of the bulk carbon atoms. An average band gap value that was close
to those of other first principle calculations such as 4.25eV obtained by Hafner
et al. [95] and 4.2eV obtained by Zheng et al. [86] was expected. This was
not computed in this work, but was nonetheless expected to be much narrower
than the experimental band gap for diamond of 5.5¢V, due to the fact that
diamond is a material having an indirect band gap, and also the local density

approximations (LDA) or (GGA) tend to underestimate the fundamental gap.

1.17.2 Dos for surface carbon atoms from C(111)-(1x1)

surfaces.

Following system relaxations, it was found that there was a significant amount
of movement in the surface carbon atoms as opposed to those located within
the bulk as witnessed from the structural diagrams shown in figures 1.16 to 1.26
and in figures A.1 to A.20 shown in Appendix A, and this in a way tended to
affect the associated density of states in various ways. Both the surface carbon
atoms within the topmost bilayer of carbon atoms, i.e. the topmost and the
second topmost layers of carbon atoms as shown in figure 1.21 were considered.
Depending on the coverages under investigation, sometimes alternate density
of states for the very top surface carbon atoms located in the same layer were
considered. This was occasioned by the fact that, while all the topmost carbon
atoms would be terminated by either oxygen atoms or hydroxyl groups in the
case of full monolayer coverages (e.g. in figures 1.17 and A.1), this was not

always the case, in say the lower coverages such as the half, quarter or third
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monolayers where some carbon atoms at the very topmost layer would be termi-
nated by either oxygen atoms or hydroxyl groups, while others were not. This
made it necessary to consider each of the two cases separately depending on the
coverage, since the electron cloud’s distribution would most likely be different
in the two bonding scenarios.

The computed density of states for surface carbon atoms showed that these
were generally different from those of the bulk carbon atoms, and especially so
for the topmost layer. Such differences were attributed mainly to the reduced
symmetry and coordination of the surface carbon atom-bonds relative to the
bulk ones, as observed in a number of the structural diagrams and also as de-
tailed in Tables 1.4 to 1.10. This was also attributed sometimes to the presence
of dangling bonds for the clean surfaces as shown in figures 1.2 and 1.40 and
those with lower coverages of O atoms & OH groups. The covalent bonding of
the adsorbed oxygen atoms or hydroxyl groups to the substrate carbon atoms
also contributed towards the observed changes between the Dos of the bulk
carbon atoms and those located at the surfaces. Again, the differences between
the Dos for bulk and surface carbons atom were even more explicitly clear for
the surface carbon atoms located in the topmost layer, while these were only
just visible for the surface carbon atoms in the 2nd topmost layer. Such a re-
sult was partly due to the fact that the topmost carbon atoms had a smaller
coordination than that of carbon atoms in the 2nd topmost layer, in addition
to the factors already alluded to previously.

In the case of the full ML coverages, the density of states from a surface
carbon atom located in the 2nd topmost layer exhibited 2s valence states that
were rather broad just like those of the bulk carbon atoms. These extended from
around -22.5 to -2.5eV, while those of the 2p orbitals extended from around -
22eV to around -1.25eV. This range also applied to all carbon atoms located

in the 2nd topmost layer for all coverages considered in this study, yielding an



151

average valence band width of about 21eV, just like in the bulk states. However,
unlike the bulk states, those from the surface carbon atom from the full ML
ONTOP site terminated with O atoms or OH groups appeared to be split into
two, with two new tiny states developing at around -21.25eV for the 2s states,
and -20eV for the 2p ones. This was accompanied by a general reduction in the
intensity of both the 2s and 2p states, irrespective of whether the surfaces were
terminated with oxygen atoms or hydroxyl groups, when compared to the bulk
states. In addition, the strong hybrid 2s/2p state that was previously estab-
lished in the bulk states at around -12.5eV to -11eV for the bulk carbon atoms
was not present, except in the half ML FCC O and OH terminated surface,
the half MLL HCP sites terminated with OH groups, the half ML bridge site
terminated with O atoms, as well as in all the quarter and third ML coverages
with O atoms and OH groups. This state was nevertheless quite weak in all
these cases. A new but relatively weak 2p surface state was also established at
around -2.5eV and another at 0eV for the oxygen terminated surfaces, meaning
that there were states existing within the energy band gap, unlike the case of
bulk carbon states. This was observed in all coverages, except in the half ML
FCC site terminated with O atoms and OH groups, the third ML ONTOP site
terminated with O atoms and the third ML HCP site terminated with oxygen
atoms. This made the 2p valence states to extend past the Fermi level in some
cases. The prominence in terms of the intensity of the surface states at -2.5eV
or 0eV alternated between the hydroxyl terminated surfaces and the oxygen
terminated ones. These appeared as prominent and at times as weak shoulders,
and in other cases as nice and well defined peaks.

In addition, the intensity of the conduction band states for carbon atoms
within the 2nd topmost layer was somewhat reduced when compared to that of
the bulk carbon atoms. It was also established that, although the conduction

band states were constituted of both the 2s and 2p states which ranged from
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around 3.75eV to 10 or at times 11eV, the 2p states always dominated the two,

in all cases.

The valence states for the surface carbon atoms located in the topmost
layer contrasted with those of the surface carbon atoms located in the 2nd
topmost layer, and those of the bulk states in a number of ways. They appeared
relatively modified in both their intensity, shape and features, compared to the
two previous cases. These showed a maxima in their peak intensity at between
-5eV and -7.5eV for both the two terminations (O and OH), and although the
states from the oxygen terminated surfaces were at times a bit sharper at -5eV,
both were generally broad, extending from around -22eV to around -1eV for
the oxygen terminated surface and -22.5 to around -1.25e¢V for the hydroxyl
terminated one. This also yielded an average valence band width of about
21eV, which was in good agreement with previous observations. The intensity
of both the 2s and 2p valence states for the half ML ONTOP site terminated
with oxygen atoms and hydroxyl groups was small due to the new states that
developed within the band gap. A similar behaviour was also observed in the
case of the half ML FCC site terminated with hydroxyl groups only (figure
A.24), and all the quarter (figures 1.41 & 1.42 and A.25 & A.26) and third
ML coverages (figures 1.43 and A.27 to A.29), especially the 2p states and
occasionally the 2s states. This meant that charge was being removed from one
state, resulting in bonding elsewhere.

In all the cases that were investigated, it was only the full ML ONTOP site
that did not show any significant states within the energy gap. The clean sur-
faces had states within the energy band gap (figure 1.40) for the topmost carbon
atoms, which were accompanied by a significant reduction in the intensity of
the valence band’s density of states for these carbon atoms. Unlike the states
for the surface carbon atoms in the 2nd topmost layer, the 2p surface state

appearing at -2.5eV for a surface carbon atom in the topmost layer disappeared
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after the adsorption of oxygen atoms, and only appeared as a diminishing shoul-
der for the hydroxyl terminated surface, and a new but fairly prominent state
developed at the higher binding energies, close to -20eV. The only exception to
this was the half ML ONTOP site terminated with O atoms and OH groups,
the half, quarter and third ML FCC sites terminated with OH groups, as well
as the quarter ML ONTOP and third ML ONTOP, HCP and bridge sites ter-
minated with O atoms and OH groups. For the half ML HCP site terminated
with OH groups, the surface state at -2.5eV was quite prominent, while that
of the corresponding oxygen terminated site, was barely visible. The half ML
bridge site terminated with OH groups, showed a shifted surface state located
between -4 and -3.75eV below the Fermi level.

It will be recalled that most of the bridge sites on the bulk terminated
C(111) surface were unstable against the adsorption of OH groups, just like
most of the HCP sites. They all relaxed to new positions that were close to
the ONTOP:OH site. The new state that was found in a number of cases to
develop at higher binding energies (between -22.5¢V and -21eV in figures 1.36,
1.38, 1.39, A.26 [O termination], and A.28 [O termination]) was constituted of
both the 2s and 2p states, and it was much narrower than the remaining part of
the valence band states and hence weak. The remaining states were generally
broad valence peaks ranging from around -19 to -1.25 and -21 to 1.25eV for the
O and OH terminated surfaces respectively. Between -19 and -11eV, both the
2s and 2p valence states followed each other in their intensity and also shape,
but it was quite apparent that the hybrid 2s/2p state that was previously found
at around -12.5eV for the bulk carbon atoms’ states was not present any more,
probably due to the previously observed bond distortions at the surfaces. This
phenomena was observed mainly at the full ML ONTOP and the half ML HCP
sites, as well as all the bridge sites terminated with O atoms and OH groups. A

similar behaviour was also observed in the density of states for the quarter and
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third ML FCC sites terminated with oxygen atoms. Furthermore, it was only
the full ML ONTOP site terminated with O atoms and OH groups that did
not have any states within the energy band gap for the surface carbon atoms in
the topmost layer, as opposed to those of the carbon atoms located in the 2nd
topmost layer. This appeared to suggest that the presence of the adsorbates
and the lack of dangling bonds contributed immensely towards the removal of

such states.

1.17.3 Density of states for the adsorbed oxygen atoms
on a (1x1) bulk terminated diamond (111) sur-
face.

Clear differences were established between the density of states from the ad-
sorbed oxygen atoms terminating the various surfaces and those of the under-
lying carbon atoms. It was therefore not possible to draw any comparisons
between the density of states for the two different atom species (C and O), ex-
cept possibly the obvious reduction in their intensity, and may be establishing
the states that occurred at similar energies, thus encouraging stronger bonding
states. As opposed to those of the carbon atoms where only one atom species
was participating in the bonding process, the ones associated with the adsorbed
oxygen atoms were generally related to the covalent bonding states between the
oxygen and carbon atom’s 2p states and sometimes the hydrogen atom’s 1s
states in the case of the OH bonding. Such differences in the bonding environ-
ment were thought to have had an effect on the overall variations observed in
the density of states.

In all the cases involving the adsorbed oxygen atoms and the hydroxyl
groups, it was found that neither the 2s nor the 2p density of states for the
oxygen atom were continuous and broad over the entire valence band width, as

was the case with a majority of the states involving the carbon atoms. Instead,
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they often split into two, with one part located at the higher binding energies,

and the other at the lower energies. Incidentally, the states at the higher binding
energies were mainly dominated by the 2s states, while the 2p valence states
dominated the lower energies. Additionally, the states at the higher binding
energies (=~ -21eV) were also very narrow and low in intensity, with a typical
width of about 3eV. These coincided with similarly located narrow 2s/2p states
observed previously for the carbon atom located in the topmost layer, except
for the half ML ONTOP site, Quarter ML ONTOP, HCP and Bridge sites, as
well as the third ML ONTOP and HCP sites, all of which were terminated with
either oxygen atoms or hydroxyl groups. This was also observed in the case of
the third MLL FCC and bridge sites terminated with OH groups. The remaining
2p valence states occurred between -10eV and 1.25eV for most of the cases,
thus presenting relatively wider band widths than those at the higher binding
energies. These had significantly diminished intensities, especially the third ML
HCP and ONTOP sites terminated with O atoms, as well as the quarter ML
ONTOP site and the half ML ONTOP site all terminated with O atoms. This
was accompanied by the development of some states within the energy band
gap. The lack of states at higher binding energies could explain in part the
suitability of such sites as the third ML, ONTOP site for oxygen bonding. The
2p valence states from the oxygen terminated surfaces appeared to be split into
three smaller peaks centred at between -5 and -4eV and at around -2.5eV and
another at the Fermi level (0eV), except for the half ML bridge site terminated
with oxygen atoms, as well as all the quarter and third ML bridge sites ter-
minated with oxygen atoms. Those from the oxygen atom associated with the
hydroxyl group were continuous and broad, with some smaller peaks/features
riding on the overall states (envelop) being established at between -9 & -8eV,
-5 & -4eV and at around -2.5eV, except for those from the less stable quarter

ML FCC site terminated with OH groups.
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The state located at 0eV tended to push the top of the valence band to

much lower energies, thus extending the valence band maxima even beyond the
Fermi level, and as a result contributing towards the narrowing of the energy
band gap. This state also coincided with others already established at 0eV
for the surface carbon atoms terminated with the oxygen atoms. It was also
matched with some tiny 2p states that appeared as diminishing shoulders, from
the two surface carbon atoms in the topmost layer from the hydroxyl terminated
surface.

The O-2p surface states at -2.5eV were more intense for the half, quarter
and third ML bridge and FCC sites terminated with oxygen atoms, as well as
the full ML ONTOP site terminated with oxygen atoms. Strong 2p states for
the oxygen atom were also found in the band gap, for sites terminated with
oxygen atoms at a full, half, quarter and third ML ONTOP sites, as well as
the half, quarter and third ML HCP sites, together with the half ML FCC site.
The corresponding oxygen atoms from the OH group did not show many states
within the energy band gap, except for the half and quarter ML FCC sites and
the half M. ONTOP site too. This would therefore suggest that whereas states
were observed in the band gap for most if not all the adsorbed oxygen atoms,
the hydroxyl adsorption appeared to remove these in a majority of the cases.

No conduction band states were observed for the O atoms from either of
the two terminations (O & OH), except in the half, quarter and third ML FCC
and bridge sites terminated with oxygen atoms, unlike in the case of the carbon
atoms. These were nonetheless quite narrow and extremely low in intensity.

Due to the differences observed in the states for the adsorbed oxygen atoms
and those of the oxygen atoms from the hydroxyl groups, it appeared that the
adsorbed hydrogen atom had some influence with regard to the overall surface
states for the two adsorbates (O and OH). This was quite understandable from

the point of view that its own electron cloud was bound to affect the electron
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distribution of the neighbouring oxygen atom while forming the covalent bonds,
and therefore the resultant density of states. We are therefore of the view that
the relatively broad 2p valence states associated with the oxygen atom from the
hydroxyl terminated surface may have been responsible for the stronger bonding
observed in the OH group, while the states at -5 and -4eV were responsible for
the strong bonding of the adsorbed oxygen atoms from the surfaces terminated
by oxygen atoms only. Loh et al. [53] reported observing surface state features
associated with O 2p centred at ~4 and 8.5eV, while in our case these were
found at between -9 & -8eV and between -5 & -4eV and at -2.5eV for those
surfaces terminated with the OH groups, and between -5 and -6.25eV as well
as around -2.5 and -1.25eV for surfaces terminated with oxygen atoms only.

It may therefore be concluded that in a majority of the cases, the adsorbed
oxygen atoms on a (1x1) bulk terminated C(111) surface included states within
the energy gap, while on the other hand, the adsorbed hydrogen atom from the
hydroxyl group appeared to remove these states. The result would be the C-
OH bond behaving like a C-H bond, an observation made by other workers,
especially the resulting surface dipole. The change in the electronic properties
of diamond surfaces terminated with either oxygen atoms or hydroxyl groups
appears to be intricately related to the effects of the respective adsorbates as
discussed previously. This argument is further bolstered partly by the observa-
tion that the hydroxyl terminated surfaces had generally lower work functions
as opposed to those terminated with oxygen atoms, thus behaving like those
terminated with H atoms. As such, the surface properties of diamond such as
the strength of its bonds, stability of the bonding sites, and electronic prop-
erties among many others were also found to be somewhat intertwined to the

observed density of states.
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1.17.4 Density of states for the bulk and surface car-
bon atoms of (2x1) reconstructed diamond (111)
surfaces as well as those of the adsorbed oxygen

atoms.

The density of states for the (2x1) reconstructed diamond (111) surfaces are
shown in figures 1.44 to 1.47. These include states for the bulk and surface
carbon atoms, as well as those of the adsorbed oxygen atoms from an oxygen-
only terminated surface and one that was terminated with hydroxyl groups.
The same approach followed in the case of the (1x1) surface also applied here.
Density of states from the bulk and surface carbon atoms of a clean surface are
also shown, for comparison purposes. In each of the diagrams, the panel on
the left hand side shows the density of states from the oxygen-only terminated
surfaces, while that on the right hand side shows states obtained from the

surfaces terminated with hydroxyl groups.
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Figure 1.44: Density of states (Dos) for bulk and surface carbon atoms from

a clean (2x1) reconstructed C(111) surface.

Note the close resemblance of

the states for the two surface carbon atoms in the upper m-bonded chains,
emphasizing the similarities of the two bonding sites, and also the difference
between this and those of clean C(111)-(1x1) surface shown in figure 1.40.
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Figure 1.45: Density of states from (2x1) reconstructed C(111) surfaces ter-

minated with a full monolayer of oxygen atoms and hydroxyl groups at the
ON-TOP sites.
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Figure 1.47: Density of states from (2x1) reconstructed C(111) surfaces ter-
minated with a half monolayer of oxygen atoms and hydroxyl groups. The
adsorbates were originally located at bridge-bonded site. Note that there are
no states in the energy gap, except for the surface C atoms from the hydroxyl
termination.
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We started the optimization of our geometries from a (2x1) reconstructed
diamond (111) surface which was terminated by a full and half ML of oxygen
atoms or hydroxyl groups and from these the density of states were obtained.
A common feature for the density of states for the bulk carbon atoms from
the (2x1) reconstructed C(111) surface was that they were all almost similar
to those of any other bulk carbon atoms from the (1x1) terminated surfaces.
This similarity in the states was attributed to the fact that the effect of the
surface reconstruction was not extended far in to the bulk states, but was only
localized to the surface and near surface regions, which covered regions above
the 5th carbon atom layer. For this surface, the bulk states were obtained from
the 7th carbon atom layer (from top), since our calculations revealed that there
was a significantly deeper bond relaxation within the bulk regions of a (2x1)
reconstructed C(111) surface (bonds between the 5th and 4th layer), which was
in excellent agreement with the findings of Kern et al. [48], who also established
similarly deep lying bond distortions. The 2s valence states for the bulk carbon
atoms ranged from around -22.5eV to -1.25eV with their center being at around
-15eV, while the 2p valence states also occurred within the same range, but
their highest intensity was established at approximately -7.25eV. Such a range
indicated that both the 2s and 2p valence states were generally broad, leading to
the observed strong C-C bonding. The hybrid 2s/2p state that was previously
seen in other (1x1) bulk terminated surfaces at slightly above -12.5¢V was also
found here, at the same energy. Very small states from the 2p orbitals were
found located at the Fermi level, only in the case of the half ML ONTOP site
with oxygen termination. In all cases, the conduction band states were narrower
and also low in intensity compared to those of the valence band states, and they
were all constituted mainly of the 2p orbitals with some minimal contributions
from the 2s states. These lay between 3.75 to 10eV, and their center was located

at around 6.25eV above the Fermi level.
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Density of states from the carbon atoms located in the lower m-bonded chains
were almost similar to those of the bulk carbon atom in a number of cases, except
that there was some slight reduction in their intensity. The only coverage that
did not exhibit this behaviour was the half ML bridge site terminated with OH
groups. This site was found previously to have been quite unstable against
the adsorption of OH groups, and instead a structure that was very close to
the ONTOP site was obtained after relaxation. Both the 2s and 2p states for
carbon atoms in the lower 7m-bonded chains were established between -22.5eV
and -1.25eV, with the center of the 2s states being at around -15eV, while the
most intense peak for the 2p states was found at around -6.75eV. This indicated
that all the valence states were broad peaks, just like in the bulk states. The
hybrid 2s/2p state that was observed in other cases at slightly above -12.5eV
was not very clearly defined, mainly due to the changes occurring in the 2p
states and also the bonding environment. In addition, some 2p surface states
were established at around -2.5eV, in both the oxygen and hydroxyl terminated
surfaces. These were more prominent in the density of states for clean surfaces
and also the hydroxyl terminated ones, especially the full ML ONTOP:O, the
half ML ONTOP:OH and the half ML bridge:OH sites. The surface state at
-2.5eV was also observed in the carbon atoms within the lower m-bonded chains,
but its intensity was much lower, only appearing as a diminishing shoulder in
most cases except the half ML bridge sites. For the full and half ML, ONTOP
sites with O atoms, these extended right into the energy band gap, with a
fairly strong state at around -1eV for the full ML coverage and a weak one for
the half ML coverage. The apparent differences between the Dos for carbon
atoms within the same zigzag carbon atom chains only helped in amplifying
the differences around those respective carbon atoms. Small 2p states were
found within the energy band gap for the oxygen and hydroxyl terminated half

ML ONTOP site, at approximately 1.0eV above the Fermi level unlike in other
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cases. Just like in the bulk states, the conduction band states were constituted
mainly of both the 2p and 2s states but the 2p state had a higher intensity in
most cases except in the half ML bridge site terminated with hydroxyl groups.
These occurred between 2.5 and 10eV for the oxygen terminated surfaces and
between 3.73 to 10eV for the hydroxyl terminated surfaces, with their centers
being approximately at 6.25 and 6.8eV respectively above the Fermi level.

As alluded to earlier, surfaces terminated with half monolayer of oxygen
atoms or hydroxyl groups had only 50% of their surface bonds being terminated
(except the most stable half ML bridge:O site), which meant that some carbon
atoms located at the upper m-bonded zigzag C-C chains, were terminated with
either oxygen atoms or hydroxyl groups, while others were not. This obviously
meant that the density of states for a carbon atom bonded to either of the two
adsorbates and one that was not terminated were bound to be different.

For a carbon atom that was not terminated with O atoms or OH groups,
it was established that the intensity of the states did not decrease as much as
they did for one that was terminated, except in the case of the half ML bridge
site terminated with OH groups. It also turned out that for an unterminated
carbon atom in the upper m-bonded chains, both the 2s and 2p valence states
split in to two, forming a narrow 2s/2p state at the higher binding energy and
the remainder of the states being fairly broad. The narrow state was located at
around -21.25e¢V while the other part of the broad 2s valence states was centred
at around -12.5eV and the ones for the 2p states at approximately -7.5eV.
Although the overall intensities of both the 2s and 2p states were reduced,
those of the 2s states was found to be the most affected. Other than the clean
surface, the 2p surface state at -2.5eV was barely visible except in the case of
the half ML bridge site terminated with OH groups. The energy gap for the
bulk states of a clean (2x1) surface appeared quite narrow, when compared to

those of carbon atoms in the m-bonded surface chains. The conduction band
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states were still narrower than the valence band states and these were once more
dominated by the 2p states, and their center was at around 7.25eV.

On the other hand, density of states from a surface carbon atom located
in the upper m-bonded C-C chains and also bonded to either oxygen atoms or
hydroxyl groups were found to vary slightly from those of the corresponding
unbonded carbon atom in the upper m-bonded chains, due to the presence of
the adsorbates. In this case, the 2p valence states were greatly reduced, while
the corresponding 2s states experienced only minor reductions in their overall
intensity. The 2s valence states were found to split into a narrow state located
at the higher binding energies (~-21.25eV) for the oxygen terminated surfaces
and at ~ -22eV for all the hydroxyl terminated ones, except the half ML bridge
site terminated with OH groups, and this was also lacking for the clean surface.
The other part of the valence states was generally broad, with its center at
around -15eV where a majority of the states (prominent peak) were concen-
trated. The broader states appeared to encourage bonding. The narrow states
at the higher binding energies were constituted mainly of the 2s states except in
the case of the two most stable configurations, i.e. full ML ONTOP:O and half
ML bridge:O sites, and these had a relatively higher intensity for the oxygen
terminated surfaces compared to that of the hydroxyl terminated ones. Further-
more, although the 2p states were significantly reduced, they were also broad in
both the two terminations, and their centers coincided at about -6.75eV. The
states associated with the oxygen termination were broader than those from
the hydroxyl terminated surface, probably giving rise to the strong bonding
observed for oxygen adsorption.

Fairly weak 2s and 2p states for the upper m-bonded carbon-atom chains
which extended into the energy gap were observed in all cases except the half
ML bridge:O site.

The intensity of the conduction band states was extremely small in all cases,
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extending from around 2.5 to 10eV, with their center at around 6.25eV. The

reduction in the overall density of states for the carbon atoms bonded to either
the oxygen atoms or the hydroxyl groups when compared to those of the carbon
atoms that were not terminated with any of the adsorbates suggested that the
adsorbates removed some states, leading to bonding elsewhere.

In the case of the adsorbed oxygen atoms, a narrow 2s state located at
around -21.25eV was observed in all cases, and the intensity of the states for the
O atoms was generally much lower. A similar state at higher binding energies
(23eV) has also been observed experimentally by Francz et al. [96], and they
attributed this to O 2s core electrons. This state was constituted of both 2s and
2p states except the full and half ML ONTOP:O and the half ML bridge:OH
sites where the 2s states appeared to dominate. The remaining part of the 2s
states was barely visible, except in the full ML ONTOP site terminated with
OH groups, the half ML ONTOP site terminated with oxygen atoms, and the
half ML bridge site terminated with both O atoms and OH groups.

The 2p valence states for the adsorbed oxygen atoms (from the oxygen-only
terminated surfaces) on the other hand were mainly concentrated towards the
top of the valence band in both of the two terminations. These extended right
into the energy band gap for most of the cases. For the oxygen-only terminated
surface, a not-so-prominent 2p state’s peak was found between -4 and -5eV for
full and half ML, ONTOP:O and at around -2.5eV for only the O terminated
surfaces, and another extremely weak one at about 1eV above the Fermi level
(except the half ML bridge:O). Another weak state was also observed between
0 and -2eV (except the half ML bridge:O) and instead of this, rather strong 2p
states/features were observed between -6 and -9eV with its maxima at just in
the neighbourhood of -7.5eV below the Fermi level. All the adsorbed O atoms
had states in the energy gap except the stable half ML bridge:O.

The 2p valence states for the oxygen atoms from the adsorbed hydroxyl
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groups had their maximum intensities at around -8.75eV, and they all had a
surface state at -2.5eV. These values showed some agreement with those found
by Klauser et al.[49], who found emission bands for these surfaces between -
3.5 and -5eV, with their center at -4.2eV and another between -7.5 and -9.5,
which was centred at -8.5eV. They attributed the two to the CO-like molecular
orbitals, and therefore a signature to the presence of oxygen, and also the po-
sitions of the corresponding emission peaks on a (2x1) reconstructed diamond
(111) surface. We also observed a surface state peak at slightly above -2.5eV
which is related to the (2x1) reconstruction of diamond (111) surface and this
has also been observed by other workers at 2.7eV. Loh et al.[52] further reported
observing strong valence emission features on a (2x1) reconstructed diamond
(111) surface at 4.2eV which they attributed to CO bonding orbital and another
state at 8eV. In our case, the CO bonding states appeared at around -8.75eV
and at slightly above -2.5eV, which is also related to the (2x1) reconstruction of
diamond (111) surface, while the one observed by other workers at 4.2eV is only
remotely discernible between ~-3 and ~-5eV, except in the half ML ONTOP:O
site and the half ML bridge:O, while the evidence was somewhat ambiguous for
the half ML bridge:OH site.

It was further found that there were no significant oxygen related conduction
band states in either of the two terminations (i.e. with O or OH groups) for the
(2x1) reconstructed diamond (111) surface, except in the half ML bridge site
terminated with O atoms and OH groups. A major disruption of the surface
bonds was also observed in this coverage with OH groups, resulting in a signifi-
cant departure from the expected (2x1) reconstruction, and hence affecting the
overall Dos for the O and carbon atoms, depending on their location relative to

the surface.
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1.18 Conclusions

A wide range of adsorption sites and coverages were considered in this study.
The results obtained showed that the two adsorbates (O atoms and OH groups)
played a significant role in changing the mechanical, chemical and electrical
properties of diamond (111) surfaces. The computed properties of the adsor-
bates such the oxygen molecule, the hydroxyl groups and the bulk properties
of diamond were all in good agreement with other DFT calculations as well as
experiments.

The electronic density of states for bulk and surface carbon atoms were
found to differ, a fact that was attributed not only to the effects of the pres-
ence of the adsorbates but also the atomic coordination, symmetry and the
presence of dangling bonds at the respective environments. In particular, the
surface carbon atoms showed differences in their electronic structure, depending
on their location, or whether they were terminated with either oxygen atoms
or hydroxyl groups, or even whether they were unterminated. The distribu-
tion of the respective density of states for the carbon or oxygen atoms was
found to have a direct bearing on the stability of a given site for bonding. In
most instances, broad and intense 2s core states and 2p valence states that
promoted bonding were observed, especially for the bulk carbon atoms. The
wider and intense Dos indicated localized electrons, which in turn favoured the
bonding process. An average valence band width of ~21eV was obtained, which
showed good agreement with other DFT calculations as mentioned previously.
A 2s/2p hybrid peak characteristic of the strong diamond covalent bonding was
observed at slightly above -12.5eV below the Fermi level. This was mainly seen
in the bulk carbon atoms of both the (1x1) and (2x1)-C(111) reconstructed
surfaces, and the state was diminished or completely lacking in the surface car-

bon atoms, due to a combination of factors such as the breakdown of the three
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dimensional symmetry, bond distortion and lack of sufficient coordination as
mentioned before. Bulk carbon atom states were observed at around -17.5eV,
which corresponded to similarly located bulk states observed in the XPS work,
as well as by other workers. A surface state associated with the carbon atoms
2p states was observed at around -2.5eV while the O 2p states were observed at
~-8.75eV and between -4 & -5eV among other energies as mentioned previously.
In addition, a surface state that was related to the (2x1) reconstruction was
found at slightly above -2.5eV below the Fermi level, which agreed quite well
with the observations of Pate [97] who also established a similar state associated
with the (2x2)/(2x1) surface at 2.5eV below the Fermi level. A state due to
the core level O 2s states was observed at higher binding energies, precisely at
around -21eV. This corresponded to the one observed experimentally at around
23eV by Francz et al. [96]. While states were observed in the energy gap for a
number of O-terminated surfaces, these were removed by the OH terminations,
especially those associated with the adsorbed oxygen atoms.

Regarding the stability of the respective sites for O or OH bonding on the
bulk terminated C(111)-(1x1) surface, the third ML ONTOP site terminated
with oxygen atoms was found to be the most stable bonding configuration, while
the half ML FCC site with hydroxyl groups was the least stable. In addition,
the ONTOP site was found to be generally the most preferred bonding site
compared to all the others. However, in terms of the respective coverages, it
was established that in the case of the full ML coverage, the ONTOP site with
oxygen atoms was the most stable, followed by the co-adsorption of hydroxyl
groups at the HCP and bridge sites, then the co-adsorption of oxygen atoms at
the HCP and ONTOP sites, and the least stable site was the full ML ONTOP
site terminated with hydroxyl groups. We speculate that this may have been
caused by the steric repulsions due to the high concentrations (full ML) of the

adsorbed OH groups among other factors.
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For the half ML coverages on (1x1) surfaces, the most stable configuration
was the half ML ONTOP site terminated with oxygen atoms, which was closely
followed by the half ML site whose initial geometry was a HCP one terminated
with oxygen atoms and hydroxyl groups respectively. It will nonetheless be
recalled that these two sites resembled almost each structurally after system
relaxations, and its therefore not too suprising that their stabilities were quite
close. These were followed by the bridge site terminated with oxygen atoms and
hydroxyl groups respectively, then the half ML ONTOP site terminated with
hydroxyl groups, and finally the half ML FCC site terminated with oxygen
atoms and hydroxyl groups respectively.

For the lower coverages, the quarter ML ONTOP site with oxygen atoms
was the most stable, followed by the quarter ML site whose initial geometry
was the HCP one terminated with oxygen atoms, then the quarter ML FCC
site terminated with oxygen atoms, the quarter ML bridge site terminated with
oxygen atoms, the quarter ML HCP site terminated with hydroxyl groups, the
quarter ML ONTOP site terminated with hydroxyl groups, the quarter ML
bridge site terminated with hydroxyl groups, and the least stable among all the
quarter ML coverages was the FCC site terminated with hydroxyl groups.

A more or less similar trend for the most and least stable configurations was
followed by the third ML coverages as was the case with the quarter ML ones.
Here, the most stable configuration was the third ML ONTOP site terminated
with oxygen atoms, followed by the site whose initial geometry was a HCP one
terminated with oxygen atoms, the third monolayer bridge site with oxygen
atoms, the third ML FCC site terminated with oxygen atoms, the third ML
ONTOP site terminated with hydroxyl groups, the third ML site whose starting
geometry was a bridge-bonded one with OH groups, then the third ML site
whose initial geometry was a HCP one with hydroxyl groups, and the least

stable was the third ML FCC site terminated with hydroxyl groups. Curiously,
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by comparing the adsorption energies, one establishes that the FCC site became
a bit stable with lower coverages, especially those below 0.5ML.

The stabilities of the various sites and coverages against the adsorption of
the O atoms or OH groups suggested that if the diamond (111) surfaces were
exposed to environments containing either oxygen atoms or hydroxyl groups,
the intake/adsorption starting from the lower coverages would follow the order,
quarter ML ONTOP site with oxygen atoms, then the third ML ONTOP site
with oxygen atoms, the half ML ONTOP site with oxygen atoms, and finally the
full monolayer ONTOP site with oxygen atoms too. If the environment contains
water or hydroxyl groups only, the uptake/adsorption starting from the lower
coverages would be, the quarter ML, ONTOP site with hydroxyl groups (whose
preference for OH bonding was quite close to that of the site whose starting
geometry was a HCP one), then the third ML ONTOP site with hydroxyl
groups, the half ML site whose starting geometry was a HCP one with hydroxyl
groups (which had a lot of resemblance to the ONTOP site after optimization),
and finally the full ML co-adsorption of hydroxyl groups at the HCP and bridge
sites which apparently looked more or less like the ONTOP:OH coverage after
relaxation.

On the (2x1) reconstructed C(111) surface, the half bridge site terminated
with oxygen atoms was found to be the most stable configuration, and the least
stable was the half ML ONTOP site with hydroxyl groups.

In terms of the energetics between the (1x1) and the (2x1) reconstructed
C(111) surfaces, it was found that although the adsorption energy of the oxygen
atoms at a half ML, ONTOP sites of a (1x1) bulk terminated surface was larger
(-5.30eV /atom) than that of the bridge site from a (2x1) reconstructed surface
(-4.6eV /atom), the total minimum energy of the (2x1) reconstructed surface
was lower (-130.95469H) than that of the (1x1) surface (-130.92857H) and

therefore favoured due to the reconstructed (2x1) surface. On the other hand,
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the adsorption energy of OH groups at the half ML, ONTOP site (or previously

a HCP site as shown in figure 1.20) on the (1x1) surface was -4.7eV/atom,
notably larger than that obtained in the case of the half ML coverage of OH
groups on a (2x1) reconstructed C(111) surface, which was -2.2eV /atom. In
addition, the total energy of a (1x1) surface was lower (-131.58202H) compared
to -131.54245H for the (2x 1) reconstructed C(111) surface, showing that the OH
groups would prefer the unreconstructed surface. This was perhaps due to the
activation barrier to go from O or OH termination on a (1x1) surface to a (2x1)
reconstructed surface. This was however not the case with the full monolayer
coverages. With total energies of -146.86123H for an oxygen-terminated (1x1)
surface at the ONTOP site and an adsorption energy of -5.006eV against a
total energy of -146.84587H for a surface terminated with oxygen atoms at
the ONTOP site of a (2x1) reconstructed surface and an adsorption energy of -
4.0993eV /atom, the oxygen atoms clearly preferred the unreconstructed surface.
At the same time, the total energy of the OH groups bonded up to a full ML
at the ONTOP site of a bulk terminated surface was -148.15987H, while that
of the OH groups adsorbed up to a full ML on the (2x1) reconstructed surface
was -148.12078H. The corresponding adsorption energies were -4.33eV /atom
(for full ML ONTOP:OH on a (1x1) surface) and -3.09¢V /atom (for full ML
ONTOP:OH on a (2x1) reconstructed surface) respectively, implying that the
OH groups preferred to bond up to a full ML on the bulk terminated (1x1)
surface. As a result, it was only the adsorption of O atoms at the half ML
bridge and ONTOP sites that did not lift the (2x1) reconstruction, since the
coverage wasn’t sufficient to do this, unlike the full ML coverages. At the same
time, the OH groups were all unstable at the bridge sites, an observation that
is supported by the stoichiometry of the bonding species at these sites.

A plot of the adsorption energy vs coverage for the most stable configurations

of O atoms or OH groups on the (1x1) surface showed that a repulsion between
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the O adsorbates started at coverages greater than 0.33ML, while for the OH

termination, it was not until coverages greater than 0.5ML that the systems got
less stable due to the OH-OH repulsion.

The work function of both the (1x1) and (2x1)-C(111) surfaces was found
to be changed quite remarkably by the adsorption of either oxygen atoms or
hydroxyl groups. Adsorption of oxygen atoms led to increased work function
of the surfaces, and with it the surface’s electron affinity to become positive,
even sometimes well above that of the clean surfaces. On the other hand, the
adsorption of hydroxyl groups resulted in the lowering of the work function,
therefore resulting in negative electron affinity of such surfaces, as alluded to by
other researchers referred to previously in the text. The work function of the
clean (1x1) surface was found to be higher than that of the (2x1) reconstructed
surface, and in relation to the respective clean surfaces, the full and half ML
ONTOP sites with oxygen atoms on the (2x1) reconstructed surfaces suffered
greater increases in their work function compared to that of the corresponding
full and half ML coverages with oxygen atoms on the (1x1) surfaces (see Tables
A1, A2, A3 and A.4 shown in Appendix A). However, the full and half ML
ONTOP sites terminated with OH groups on the (1x1) surfaces experienced
greater decrease in their work function values relative to the clean surfaces,
compared to that of the corresponding full and half ML sites terminated with
OH groups on the (2x1) surfaces. The most stable half ML bridge:O site on
the (2x1) surface experienced almost a three times increase in its work function
relative to that of the clean (2x1) surface, compared to that of the half ML
bridge:O site on the (1x1) surface.

The C-C atom bond lengths were found to change depending on the location
of the respective carbon atoms i.e. whether they were located within the bulk
or at the surface. Those within the bulk regions appeared to preserve the bond

lengths close to the experimental value of 1.54A, with expansions or contractions
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occurring between + 0.39% or more broadly, less than +1%. As such, these

bonds suffered only minimal changes from their expected bulk values.

However, as one approached the surface region, significant bond relaxations
were observed, leading to some pronounced expansion or contractions as one
got closer to the surface. Some of the changes observed near the surface region
have been attributed to the rehybridization of the bond orbitals [76]. Bond
length changes of between 10 and 4% of the bulk bond length were routinely
observed within the surface regions, specifically between the first and second
carbon atom bilayers of the (1x1) bulk terminated C(111) surfaces prompting
the speculation that these were generally weak and hence prone to easy erosion
by heating. The bond angles were also found to change, with larger changes
being recorded closer to the surface regions, which corresponded to the similarly
large bond length changes within these regions. Those within the bulk were
seldom changed from the expected value of ~109.4°. Up to the third and in
some cases the second bilayer of carbon atoms, the bond angles were very much
close to the experimental value. They varied between 106 and 111°, while those
at the surface varied between 100 and 117°, probably due to the observed bond
relaxations and distortions, and also the effects of the presence of the adsorbates
or their lack thereof.

Changes within the bond lengths and angles between the adsorbates and
the underlying carbon atom matrix were also recorded. The C-O bond length
was found to range between 1.304A for the third ML ONTOP site terminated
with O atoms on a (1x1) bulk terminated surface and 1.38A for the third ML
site whose starting geometry was a HCP one, still on the (1x1) surface. These
values were all within the range of the experimental value of the single C-O
bond, which was 1.36A, and they were also in good agreement with other DFT
calculations as discussed previously. The C-OH bond length varied between

1.41A for the half ML, ONTOP site to 1.431A for the co-adsorption of hydroxyl
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groups at the HCP and bridge sites on a (1x1) bulk terminated C(111) surface.

Again, these values were in good agreement with the experimental C-OH bond
length of 1.43A as well as other ab initio calculations quoted previously.

The O-H bond length was found to vary between 0.969A for the half ML
ONTOP site terminated with hydroxyl groups and 1.004A for the co-adsorption
of a full monolayer of hydroxyl groups at the HCP and bridge sites. The longer
length of the O-H bond observed in the latter case was probably due to the
repulsive forces arising from the higher density of the adsorbates, as the systems
relaxed to achieve optimum bonding configurations, in the presence of many
competing surface and thermodynamic processes. These values were nonetheless
all quite close to the experimental value of 0.98A, and they were also in excellent
agreement with other first principle calculations. The orientations of the O-H
bonds lay between ~104 and 112°, which fitted quite well with those observed
in other theoretical calculations and also in experiment.

For the clean (2x1) reconstructed diamond (111) surface, no dimerization
of the upper and lower m-bonded zigzag carbon atom chains were established,
while a very small value of buckling of 0.0029A was observed within the upper 7-
bonded chains, and 0.013A for the lower m-bonded zigzag chain. The adsorption
of the oxygen atoms or hydroxyl groups resulted in relatively higher values of
buckling as discussed previously.

When oxygen atoms were adsorbed at the ONTOP site up to a half ML of
the available bonding sites, the topmost m-bonded zigzag carbon-atom chains
were found to suffer a buckling of 0.164A, while the lower ones experienced only
a marginal buckling of 0.0228A. This forced the bonds joining the upper and
lower m-bonded zigzag chains to contract and expand alternately, depending on
whether the carbon atom bonded to it was terminated with the adsorbate or
not. This was found to occur in all the other lower coverages on the (2x1)

reconstructed C(111) surface, except the most stable half ML bridge:O since all
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of its surface bonds were terminated with the O atoms. The largest buckling
of the upper 7-bonded zigzag chains of 0.219A was observed in the half ML
site whose initial geometry was a bridge bonded one with OH groups, which
also happened to be among the least stable configurations on the (2x1) recon-
structed surface. Overall, the upper m-bonded zigzag chains suffered a fairly
large amount of buckling for the half ML coverages with oxygen atoms or hy-
droxyl groups than the lower m-bonded zigzag chains. The full ML coverages
did not result in any buckling of either of the lower or upper m-bonded chains,
probably due to lack of dangling bonds in the upper m-bonded chains unlike
the lower coverages. C-C bonds between the 4th and 5th carbon atom layers
were found to suffer significant distortions, resulting in alternate contractions
of -3.3% (1.489A) and expansions of 4.6% (1.611A). Whereas this behaviour
was observed in all the 2x1 reconstructed surfaces even those terminated with
the adsorbates, Kern et al. [48] also observed it for the clean surface, where
they stated this to be a good measure of converged optimization with respect
to the thickness of the slab. They further observed that the previous calcu-
lations that were predicting strong dimerization of the (2x1) surface such as
the slab-MINDO calculations of Zheng et al. [44] and the ab initio calculations
of larlori et al. [98] were all based on rather thin slabs (six and eight layers
respectively), and hence they couldn’t observe the bond distortion in deeper
layers and as such their calculations were not well converged with respect to
the thickness of the slab. In addition, Iarlori et al. [98] used a plane wave cut
off energy of 35Ry, which we showed in our calculations that the systems would
not be well converged at this energy (see figures 1.5 and 1.7), again highlighting
the reasons why they were unable to predict correct results as far as the surface
dimerization of the clean (2x1) surface was concerned.

Bond angles within the third bilayer of carbon atoms for the (2x1) recon-

structed C(111) surface varied between 104 and 113°, while those in the lower
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layers were between 107 and 109.9°, indicating that they were very close to
the experimental value, and therefore bond angles within the bulk regions were
generally preserved even on the (2x1) reconstructed C(111) surface. Although
the third or fourth layers were very close to the surface, the strong covalent
nature of diamond bonds ensured that any changes were mainly localized at
the surface regions.

The large extensions suffered by the C-C bonds between the 2nd and 3rd
carbon atom layers and also those at the surface bilayer were thought to be
responsible for the large proportion of the desorption products being CO and
not CO,. By virtue of their large lengths and hence reduced strengths, it was
easier to break these than the shorter and strong C-O bonds.

Based on these observations, it was quite evident that the adsorption of both
oxygen atoms and hydroxyl groups on diamond (111) surfaces had a remarkable
effect on them, not only in their structure, but also on their electronic, optical,
mechanical, chemical and physical properties among others. Establishing the
preferred bonding sites for each species and their optimum coverages as was
clearly established in this study was therefore immensely important regarding
their eventual use in various technological fields. This has the singular advan-
tage that one is able to control better and harness the useful processes and the
resulting (surface or even bulk) phenomena, while eliminating the undesirable
ones, therefore expanding quite immensely the scope of the applications of such

surfaces.

1.19 Recommendation

It would be quite interesting to carry out chemical potential calculations for O
atoms and OH groups on the C(111)-1x1 surfaces under various conditions, in

order to establish how these compare with the findings of this study, and where



179

necessary complement these theoretical predictions, as well as the already re-
ported experimental findings. Regard the optimum coverages, clarity on the
experimental findings can be obtained by conducting LEED measurements to
determine the register of the surface bonded O atoms or OH groups, and thus
be able to resolve some of the existing conflicting predictions. Calculations
involving smaller coverage steps such as 0.1ML for the intermediate coverages
between 1ML down to 0.1ML would be vital in extrapolating and further un-
derstanding the properties of the C(111) surfaces (and even other non-diamond,

but structurally related surfaces) at much lower coverages.



Appendix A

This section gives extra structural diagrams for the less stable configurations of
O atoms & OH groups, as well as their associated density of states on C(111)

surfaces.

A.1 Less stable structures for oxygen atoms
and hydroxyl groups on the C(111)-(1x1)
surface.

1.427 106.89° 0.985

17.98°

Figure A.1: A full ML coverage of hydroxyl groups adsorbed at an ONTOP
site.
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1.412 101.8°

Figure A.2: A full ML coverage of oxygen atoms co-adsorbed at an ONTOP
and a hexagonal close packed (HCP) site.

Figure A.3: A half ML coverage of OH groups adsorbed at an ONTOP site.
The carbon atoms bonded to the hydroxyl groups are raised by 0.176A above
those that are not.
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Figure A.4: A half ML coverage of oxygen atoms which were initially adsorbed
at a Hexagonal close packed site.
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Figure A.5: A half ML coverage of oxygen atoms adsorbed at a bridge site.
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Figure A.6: A half ML coverage of OH groups that were initially adsorbed at a
bridge site. Unlike the oxygen atoms (fig. A.5, the hydroxyl groups moved to
new positions that were very close to the ONTOP site.
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Figure A.7: A half ML coverage of oxygen atoms adsorbed a face centred site.
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Figure A.8: A half ML coverage of OH groups adsorbed at a face centred cubic
site.
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Figure A.9: A quarter ML coverage of OH groups adsorbed at an ONTOP site.
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Figure A.10: A quarter ML coverage of oxygen atoms that were initially ad-
sorbed at a Hexagonal close packed site.
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Figure A.11: A quarter ML coverage of oxygen atoms adsorbed at a bridge site.
Letters A, B, C and D represent different types of surface bonds. Note the
disruption of the topmost bilayer of carbon atoms due to the bridge-bonded O
atoms.
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Figure A.12: A quarter ML coverage of OH groups whose starting geometry
was a bridge-bonded one.
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Figure A.13: A quarter ML coverage of oxygen atoms adsorbed at a face centred
cubic site.
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Figure A.14: A quarter ML coverage of OH groups adsorbed at a face centred
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Figure A.15: A third ML coverage of oxygen atoms that were initially adsorbed
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Figure A.16: A third ML coverage of OH groups that were initially adsorbed
at a Hexagonal close packed site. The HCP site appears quite unstable against
OH adsorption.
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Figure A.17: A third ML coverage of oxygen atoms adsorbed at a bridge site.
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Figure A.18: A third ML coverage of OH groups that were initially adsorbed
at a bridge site. The bridge site is also unstable against the adsorption of OH
groups.
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Figure A.19: A third ML coverage of oxygen atoms adsorbed at a face centred
cubic site.
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Figure A.20: A third ML coverage of OH groups that were initially adsorbed
at a face centred cubic site. The carbon atoms bonded to the OH groups
were raised by 0.197A over the ones that were not, and the FCC site appears
to be also unstable against the OH groups’ adsorption, instead preferring the
ONTOP:OH site.
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A.2 Less stable structures for oxygen atoms
and hydroxyl groups on the C(111)-(2x1)

surface.

91.7°
1.515 69.8° 1.50

Figure A.21: A half ML coverage of OH groups adsorbed at a site whose starting
geometry was a bridge-bonded one, on a (2 x 1) reconstructed C(111) surface.
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1.574

Figure A.22: A half ML coverage of hydroxyl groups adsorbed at an ONTOP
site, of a (2 x 1) reconstructed C(111) surface.
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Coverage AD(0O)-Ad(clean surf) | A®(OH)-AP(clean surf.)
Full ML ONTOP 2.46265 -1.7976

Full ML co-adsorption 1.384 -1.5878

Half ML ONTOP 2.8899 -1.0892

Half MLL HCP 2.7756 -0.9528

Half ML, FCC 2.3634 -0.2206

Half ML site 0.5594 -0.9792

with initial

geometry as

bridge-bonded

Table A.1: Changes in the work function of (1x1)-C(111) surfaces terminated
with full and half ML coverages of O atoms and OH groups compared to that
of the clean surface (3.6131).

Coverage AD:O-Ad:clean surf. | AP :OH-Ad:clean surf.
Quarter ML ONTOP | 2.3418 -0.341

Quarter ML Bridge 0.3825 0.1525

Qurater ML HCP 2.2195 -0.3002

Quarter ML FCC 0.5314 -0.699

Table A.2: Changes in the work function of C(111)-(1x1) surfaces terminated
with a quarter ML of O atoms and OH groups, compared to that of the clean
surface (3.6322).

A.3 Work function for C(111) surfaces termi-
nated with oxygen atoms and hydroxyl groups
on the C(111)-(1x1) surface.

Coverage AP:O-Ad:clean surf. | A® :OH-Ad:clean surf.
Third ML ONTOP | 2.7979 -0.4598
Third ML Bridge 0.2907 -0.7324
Third ML HCP 2.3916 -0.8671
Third ML FCC 0.3005 -0.4772

Table A.3: Changes in the work function of C(111)-(1x1) surfaces terminated
with a third ML of O atoms and OH groups compared to that of the clean
surface (3.6798).
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Coverage AD:O-Ad:clean surf. | AP :OH-Ad:clean surf.
Full ML ONTOP | 3.0595 -0.75571

Half ML ONTOP | 3.357 -0.8784

Half ML bridge 1.7354 0.2704

Table A.4: Changes in the work function of C(111)-(2x1) surfaces terminated
with full and half monolayers (ML) of O atoms and OH groups compared to
that of the clean surface (2.3459).
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A.4 Density of states for the less stable struc-
tures for oxygen atoms and hydroxyl groups
on the C(111)-(1x1) surface.
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Figure A.24: Density of states (Dos) for C(111)-(1x1) surfaces terminated by
a half monolayer of oxygen atoms and hydroxyl groups at face centered cubic

site (FCC) sites.
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Figure A.25: Density of states for C(111)-(1x1) surfaces terminated with a
quarter monolayer of oxygen atoms and hydroxyl groups at sites that were
initially bridge-bonded. Except for the O atoms, the DOS for the carbon atoms
appear very much alike.
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Figure A.26: Density of states from C(111)-(1x1) surfaces terminated with a
quarter monolayer of oxygen atoms and hydroxyl groups at face centered cubic

sites.
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Figure A.27: Density of states from C(111)-(1x1) surfaces terminated with a
third monolayer of oxygen atoms and hydroxyl groups at sites that were initially
hexagonal close packed.
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Figure A.28: Density of states for C(111)-(1x1) surfaces terminated with a
third monolayer of oxygen atoms and hydroxyl groups at face centered cubic

sites.
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Figure A.29: Density of states for C(111)-(1x1) surfaces terminated with a third
monolayer of oxygen atoms and hydroxyl groups at sites that were originally

bridge-bonded.
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