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VOLUME I

This volume presents results of the experimental work that was

conducted in this study. It includes results obtained from the

X-ray Photoelectron Spectroscopy (XPS), Nuclear Reaction Anal-

ysis (NRA), Optical microscopy and the Atomic force microscopy

studies.
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Abstract

The topmost atom layers of any surface often play very crucial roles regarding

the surface properties, in addition to facilitating the interaction of materials

with their external environment. They form substrates for both homo and

hetero-epitaxial growth of thin films used in semiconducting device fabrication

and in other cases act as heterogeneous catalysts used to induce and steer a given

chemical reaction. They are the key players in many surface processes such as

bonding, wettability, surface conductivity, lubrication, optical absorption and

corrosion among many others.

Some of these processes can be affected quite significantly by the foreign

atoms residing on the surfaces, which may be introduced onto the surfaces

either intentionally or through alien means. It is therefore extremely important

when studying surface properties to pay keen interest towards their nature and

where necessary the foreign atoms residing on them, their bonding sites and

also the bonds that they form, as well as their proportions.

Foreign atoms on diamond surfaces have already been shown to alter its

surface properties in a way that makes it quite useful in various technological

applications and in other cases less attractive. Among the many foreign atoms

that may bond onto polished diamond surfaces, oxygen has so far been shown to

be among the main adsorbate on diamond surfaces prepared through mechanical

polishing and then cleaned in an acid mixture, followed by rinsing in deionised

water.

This was confirmed by our XPS studies which further established that the

optimum oxygen coverage on clean diamond surfaces was 0.5monolayers on

the (100) surface, and 0.3monolayers on both the (110) and (111) surfaces.

The oxygen atoms were further bonded in various oxidation states, sometimes

forming C-O or C=O bonds and in other cases C-OH bonds. The C=O bond
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was found to be the most stable configuration on the (111) surfaces, while the

C-O-C and C-OH dominated on the (100) surfaces. The (110) surface had four

major functional groups, which included the C-OH, C-O-C, C=O and COOH

groups, with none of them showing any outright dominance. Few cases were

nonetheless considered on this surface, and the absence of any specific group

being the most stable was attributed to the nature of the surface. Some minor

groups such as O-C-O, O-C=O, C-O-C=O and H-C=O were also observed

occasionally on the three surfaces, and these were believed to reside at suitable

sites with more dangling bonds such as steps, edges etc.

This study also investigated quite extensively the transfer of 13C atoms onto

polished diamond surfaces. The source of the 13C atoms was the polishing olive

oil (principally olein), labelled with 99% 13C atoms, since olive oil is normally

used to polish diamond surfaces. It therefore doubles as a lubricant and in other

cases as a source of the hydrogen atoms that terminate the polished diamond

surfaces. By using nuclear reaction analysis and the 550keV 13C(p,γ)14N reso-

nant nuclear reaction, it was found that when diamond surfaces were polished

with this labelled oil, a full monolayer of 13C atoms was always found bonded

on to each of the three diamond surfaces. This was quite a high coverage, and

at the same time also an interesting result, because the possibility of being able

to transfer atoms from the polishing lubricant to the surface had key implica-

tions. Among them, novel surfaces could perhaps be prepared in the manner

suggested in this work, while labelling of surfaces for identification could also

be a possible application.

By analyzing the gamma rays emitted from the nuclear reaction as a function

of the exciting proton’s energy, the nuclear reaction’s width was found to be

25±1keV, which was in excellent agreement with other studies. This value

of the width was nonetheless narrower than the most recently quoted value

of 32.5keV, which is composed of both s and p-waves. Due to the geometry

of our detector, the value of 25keV was believed to be due to contributions

from the isotropic s-wave only. Our results further showed that it was unlikely

that clumping would occur on strongly covalent surfaces, while previous works

indicated that there was no exchange of labelled carbon atoms at a diamond

surface. As such, a distribution in depth was clearly ruled out. The narrow
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width of the nuclear reaction confirmed that the 13C surface layer was indeed

very thin, and possibly the thinnest layer that can be formed, thereby being

better than most supported thin targets. This was yet another way of preparing

thin targets for nuclear reaction applications.

This work was based primarily on the study of diamond surfaces that are

polished mechanically. Mechanical polishing is the earliest and also the most

well developed method for preparing well characterised diamond surfaces. Dia-

mond surfaces prepared through mechanical polishing are known to be bulk-like,

and also terminated with a layer of hydrogen. Exposure of these to air adds a

monolayer of oxygen and/or hydroxyl groups as observed in the XPS studies.

When given an extra 30 or more minutes of manual polishing, these surfaces

are believed to be very flat, but their degree of roughness has not been inves-

tigated directly up until now. The manual polishing exposes a new surface,

which is probably different from that achieved after the mechanical polishing.

By using atomic force microscopy and optical microscopy within the Nomarski

interference mode, it was found that both the mechanically and manually pol-

ished diamond surfaces were composed of a series of parallel polishing lines.

They all had very small roughnesses, with the manually polished surfaces being

smoother. Some of the polishing grooves were wider and also deeper, while oth-

ers were shallower and much smaller and these were found to be residing inside

the larger ones. The AFM results in particular revealed that the amount of

surface roughness on the three low index polished diamond surfaces was varied,

albeit in a small way, and also depending on whether the surfaces were polished

only mechanically, or if they were given the extra manual polishing. Details of

the actual roughnesses on each face after the mechanical and manual polishing

stages are given in the thesis.

Annealing these surfaces under vacuum conditions of better than 10−6 Torr,

up to temperatures of 250 and 750◦C, revealed that the 250◦C anneal did not

change the surface roughness much from what it was before the annealing.

It was thus believed that if any changes occurred, these resulted only in the

desorption of the physisorbed species. However, annealing the surfaces to 750◦C

under vacuum resulted in some changes in the overall surface roughness of all

the the three low index faces, which were not observed at the 250◦C anneal.
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This was therefore believed to lead to surface etching and in some instances

smoothing of the surfaces, as the surface-bonded species got desorbed as C-

O groups. Lack of severe etching was attributed to the fact that not all the

adsorbates got desorbed by the 750◦C anneal.

The role of oxygen atoms and hydroxyl groups on diamond surfaces has been

a subject of debate for a while now. Their stable sites, how they are bonded and

their proportions (i.e. monolayers) under various conditions are issues that are

yet to be fully resolved. Using density functional theory, this study sought to

establish the preferred bonding sites and configurations of the oxygen atoms and

the hydroxyl groups on the single-dangling-bond (111) (1×1) and (2×1) dia-

mond surfaces. This was intended to complement the experimental work done in

the XPS studies, and also other works reported in literature. It was realized by

computing the adsorption energies of oxygen atoms and hydroxyl groups from

first principles at various sites and for varying monolayer coverages. Among the

sites investigated were the ONTOP, bridge, hexagonal close packed (HCP) and

the face centred cubic (FCC) sites. The coverages were varied between the full,

half, third and quarter monolayers. By comparing the adsorption energies as

well as the total minimum energies of the different systems, it was found that

the ONTOP site was overall the most stable bonding site on diamond (111)-

(1×1) surfaces, while the third monolayer coverage was the most preferred one.

The half monolayer bridge site bonded with oxygen atoms was found to be the

most stable site and coverage on the (2×1) reconstructed surface.

In addition, while the bond lengths and angles were preserved close to the

experimental values of 1.54Å for the C-C bonds and 109.4◦ respectively within

the bulk, those in the topmost bilayer of carbon atoms were not. They were

found to elongate by as much as 10% and others contracted by as much as

-6%. The bond angles varied predominantly between 101 and 112◦. Some of

the surface bond length changes were attributed to the presence of the adsor-

bates, while others were due to the strong rehybridization within these layers,

especially between the 2nd and 3rd carbon atom layers of the C(111)-(1×1) sur-

faces. Bond lengths within the bulk regions varied by less than ±1% of the bulk

bond length for both the (1×1) and (2×1) surfaces. Very small buckling and no

dimerization of the surface bonds was observed on the clean (2×1) reconstructed
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C(111) surfaces, but some considerable buckling of the upper π-bonded surface

layer was observed after the adsorption of oxygen atoms or hydroxyl groups.

The computed bulk properties of diamond such as the bulk modulus (4.16Mbar),

the cohesive energy (7.89eV/atom) and the lattice constant of 3.563Å were all

well within the expected theoretical and experimental ranges. The same applied

to the bulk properties of the free oxygen molecule and the hydroxyl group. Their

bond lengths were 1.21 and 0.978Å for the oxygen molecule and the hydroxyl

group respectively, while the binding energy and vibrational frequency of the

free oxygen molecule were 3.31eV/atom and 1550cm−1 respectively.

Both the O atoms and OH groups were also found to affect not only the

electronic density of states of diamond, but also the work function. Oxygen

atoms led to an increase of the work function, while the hydroxyl group’s ad-

sorption resulted in decreasing of the work function, owing to the resulting

surface dipoles, which in turn makes the surfaces to posses negative electron

affinity. An average valence band width for bulk diamond of ∼21eV was ob-

tained and both surface states due to the oxygen atoms and the carbon atoms

were established at different energies.

The half monolayer coverages of oxygen atoms at the ONTOP and bridge

sites were found to be insufficient for lifting the (2×1) surface reconstruction,

while all the full monolayer coverages and the hydroxyl terminations resulted in

the lifting of the surface reconstruction to the unreconstructed (1×1) surface.

The inability of the half monolayers coverages with oxygen atoms to break the

(2×1) surface reconstruction was attributed to an activation barrier of going

from oxygen on a (2×1) to oxygen on a (1×1) surface. It was further found that

on the C(111)-(1×1) surface, repulsion between the oxygen adsorbates started

at coverages greater than 0.33monolayers, while for the hydroxyl termination,

it was not until coverages greater than 0.5monolayers that the systems got less

stable due to the OH-OH repulsions.

Much of this work has been published in various journal, and also presented

in both international and local conferences as shown in Appendix A. Some

more publications and conference presentations are also planned for.
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Preface

This thesis is divided in two volumes. The first volume (volume I) deals with

the experimental work, while the second, (volume II) covers the theoretical work

dealing with the computational studies.

There are four chapters in volume I. Chapter 1 gives a general review of surfaces,

the theory of diamond and its surfaces, and finally the mechanical polishing of

diamond.

Chapter 2 deals with the X-ray photoelectron spectroscopy (XPS) studies of

the three low index diamond surfaces after mechanical and manual polishing.

The preferred bonding configurations of oxygen atoms and hydroxyl groups on

polished diamond surfaces, their binding energies and their proportions in terms

of monolayer coverages are determined.

Chapter 3 investigates the transfer of 13C atoms on to the three low index

diamond surfaces after mechanical and manual polishing. Olive oil (principally

Olein) labelled with 99% 13C atoms was used as the polishing lubricant, together

with diamond pastes of 0.25 and 0.1µm which achieved the manual polishing.

The 550keV 13C(p,γ)14N resonant nuclear reaction was used to determine the

number of 13C atoms transferred after the polishing and repolishing, and its full

width at half maximum was also remeasured.

Chapter 4 deals with the surface smoothness of the three low index diamond

surfaces after both mechanical and manual polishing, using optical microscopy.

Laue X-ray images were initially obtained to establish how close the diamond

surfaces were polished, relative to their true orientation.

Chapter 5 outlines the Atomic Force Microscopy (AFM) investigations of di-

amond surfaces polished both mechanically and manually. The samples were

also annealed under vacuum conditions of better than 10−6Torr, up to 250◦C
and 750◦C for about 10 minutes at each temperature regime, and then cooled

down under similar vacuum conditions to room temperature. New AFM images
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were then taken and analyzed to establish if there were any differences after the

annealing.

Volume II is constituted of one chapter, that considers in detail the role of oxy-

gen atoms and hydroxyl groups adsorbed on the single-dangling-bond bulk ter-

minated (1×1) diamond surfaces, as well as on the (2×1) reconstructed surfaces

from first principles. This is considered as a function of the site and coverage,

with the coverages being varied from full, half, third and quarter monolayers

and the sites of interest being the ONTOP, bridge, hexagonal close packed and

the face centred cubic sites.
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Chapter 1

Surface Description and Review
of Diamond Properties.

1.1 The definition of a surface.

A surface is described as not only the very top layer of atoms, but as the

boundary layer between one phase at the interface with another. For this reason,

it is usually said to be constituted of at least the top 1-10 atom layers or say

a depth of 0.25-3nm [1], with most solids having surface areal densities of the

order of 1015 atoms/cm2 [2]. The depth concept of a surface which would

otherwise refer to the near-surface-region arise from the fact that the structure

and chemistry of the topmost atom layer is influenced by the atoms immediately

below it.

Surfaces often play crucial roles in facilitating the interaction of materials

with their external environment, by virtue of the fact that surfaces are consti-

tuted of the very top atom layers. As a result, the description of a surface is to

a large extent governed by the use for which it is intended, making the study

of solid surfaces to be a rather intriguing field of basic research. They are the

substrates for both homo and hetero-epitaxial growth of thin films used in semi-

conducting device fabrication and in other cases act as heterogeneous catalysts

used to induce and steer a given chemical reaction, because such processes take

1
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place at the surfaces. Therefore, there isn’t a single universal definition that can

describe a surface adequately, without making reference to its application. This

can be appreciated when one considers the fact that, for surface processes such

as bonding and wettability to take place or even catalysis as mentioned before,

surface thicknesses close to a monolayer, or equivalently surface layers of less

than 1nm are usually involved. On the other hand, surface conductivity and

lubrication occur in surface layers of the order of 5nm in thickness, while pas-

sive surface films, corrosion and optical absorption involve surface layers whose

thicknesses range between 10 and 50nm [3]. This suggests that the distinction

between a surface and a thin film sometimes becomes very arbitrary, depending

on how one looks at the surface.

Due to the lack of neighbouring atoms on one side of the very topmost layer,

surfaces are generally said to be unbalanced and because of this, they are of-

ten referred to as being major bulk defects. This arises from the breakdown

of the 3 dimensional bulk periodic potential/symmetry. Not only do surface

atoms have fewer neighbours than the bulk ones, but the neighbouring atoms

may be distributed anisotropically. Such a scenario renders them susceptible to

foreign atom contamination because of the surface free energy that they pos-

sess, together with the prevailing surface thermodynamics. The availability of

dangling bonds that are created during their preparation makes surfaces active

and favourable sites for bonding with foreign atoms. If the surface formed is

clean, that is, no adsorbates, the surface layer atoms tend to move to new equi-

librium positions where they have minimum energy, leading to the phenomenon

of surface reconstruction, where every atom tries to optimize its coordination.

Such movement of surface atoms can also be triggered by an adsorbate attach-

ing itself onto the surface, in such a way that the surface atoms readjust their

positions to accommodate it [4].
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Surface processes, their phenomena as well as key properties very often in-

volve small concentrations of the participating atom species especially the ad-

sorbates, which may be in the order of few parts per million of the underlying

substrate atoms’ areal density. This therefore requires the techniques probing

them to be not only sensitive, but also to be surface specific. Such techniques

include mainly the spectroscopic and microscopic ones. In addition to the tech-

niques being surface specific, high vacuum is often required when investigating

surfaces or interfacial phenomena, partly to avoid contaminating the surfaces,

and also to enable the spectroscopic techniques probing them to access the

surfaces unhindered by atom species other than those being investigated.

1.2 Surface features

A real surface will often contain varying amounts of surface features that may

arise from its preparation processes. These include terraces, steps, slopes, kinks,

step edge vacancies, edge dislocations, step edge adatoms, vacancies, screw

dislocations and sometimes grooves [5]. Some of these features are illustrated

in figure 1.1.

A combination of all these features or part of them can affect a surface in

various ways, depending on its application. Some applications such as the elec-

tronic and optical ones require well characterized flat surfaces with minimum

features, while mechanical processes such as adhesion may require surfaces hav-

ing a slightly different topography. This also applies to surface processes in-

volving corrosion and catalysis, where a surface that provides maximum surface

area for the interaction process is required. It therefore becomes important

to emphasize that, as with the depth of a surface, its application also deter-

mines the quality of a surface. Often cracks develop on surfaces during their

preparation and these may accelerate their rate of erosion, especially if they are
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Figure 1.1: Various surface features. 1. Adatom 2. Dimer 3. Trimer 4. Kink
edge 5. Step 6. Terrace vacancy neighbour 7. Terrace 8. Step adatom 9. Step
vacancy 10. Terrace vacancy [6]

used in harsh environments. A plausible theory on crack formation at surfaces

proposed by Somorjai et al. [4] is that at steps, clustering of atoms near the

edge can occur, and these clustered atoms then move away from the step, in

the process opening up atomic channels into the bulk, which in turn may lead

to crack formation or propagation if an external force is applied.

1.3 The Diamond.

This work involved mainly the study of natural diamond surfaces polished me-

chanically in the three principal orientations; the cuboid {100}, the dodecahe-

dral {110} and the octahedral {111}, and this therefore makes it quite important

to discuss the key material properties of diamond initially. The study of the

three principal orientations was especially important because most applications

involving diamond tend to use some of them, as opposed to the higher index

planes. The three crystal orientations were initially determined by x-ray diffrac-

tion measurements and a photograph of the actual polished diamond samples

that were used in this study is shown in figure 1.2. More details regarding some
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5mm

Figure 1.2: A photograph of the diamond samples used in this study. The
top row starting from the LHS shows a (111) surface [sample kc5], and a (100)
surface [sample kc3]. The middle row starting from the LHS shows a (111)
surface [sample kc11], a (100) surface [sample kc8], and the RHS one a (111)
surface [sample kc9]. The bottom row starting from the LHS shows a (111)
surface [sample kf4], and a (110) surface [sample kk7].

of these samples are given in ref [7].

Diamond is an allotrope of carbon, made up almost entirely of carbon atoms

bonded in a tetrahedral structure. This means that every carbon atom is sur-

rounded by four others at angles of about 109.47◦ to each other. It occurs in the

isometric cubic form of crystalline carbon as shown in figure 1.3 and it is the

high-pressure polymorph of carbon, which is metastable at room temperature

[8]. The carbon atoms in diamond are bonded covalently through the hybridiza-

tion of the 2s orbitals of carbon (1s22s22p2) and the three 2p orbitals, to form

the strong sp3 hybridization that is characteristic of diamond. The four valence

electrons thus formed become equally distributed among the sp3 orbitals with

each orbital pointing to one of the four corners of the tetrahedron. As such,

diamond exhibits close packing of the carbon atoms, with the highly directed

charge density giving rise to its strength (hardness) and chemical stability. This
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Figure 1.3: Crystal lattice of diamond.(After A. K. Ramdas [9]).

property causes diamonds to be the hardest of all known natural materials, with

a bulk modulus of about 4.42Gpa [10, 8, 11] and a hardness ranging between

55-62GPa for type I diamond and 75-113GPa for type II diamond on the Knoop

scale [12, 13, 14].

Due to its structure and composition, diamond is a material that possesses

extreme properties which make it very useful in various technological applica-

tions. Some of these properties are listed in Table 1.1.

In addition to these properties, recent discoveries have shown that certain

adsorbates on diamond surfaces have the ability to alter significantly their elec-

tron affinities and therefore their electrical properties [22], making diamond an

extremely sought after material for those applications that exploit the said phe-

nomena such as cold cathodes [23], LEDs [24] and other optoelectronic devices

[25].

Furthermore, the unique properties of diamond cause it to be widely used in

the gem industry, as well as in technological applications. The main difference

between diamonds used in various technological applications and those meant
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Table 1.1: Properties of Diamond
Material property Value

Lattice constant (RT) (Å) 3.5668 [12]
Atomic concentration (cm−3) 1.763x10−23 [7]
Mass density(g.cm−3) 3.5154 [15]
Linear Expansion coefficient (K−1) 1.05x10−6 [15]
Thermal conductivity(RT) (W.cm−1.K−1)(Type IIa) 25 (6 × Cu) [16]
Melting point (K) 3773
Debye Temperature (K) 2230 [17]
Breakdown field (V.cm−1) 107 [18]
Resistivity (Ω.cm) (Type IIa) 1016 [19]
Cohesive energy (eV/atom) 7.37 [10]
Energy Gap (eV) 5.49 [20]
Refractive index (over the visible spectrum) 2.418 (for sodium light) [21]
Vickers hardness (kg/mm2) 9000-10000 [8]

for gem quality applications is the level of imperfection and impurity contained

[26]. If imperfections are undetectable with an optical lens having a magni-

fication of X10, and the diamond has good brilliance, sparkle, colour and of

appreciable size, then it is said to be ‘eye clean’or flawless, and hence of gem

quality.

For industrial applications, natural diamonds remain an expensive option,

and hence the need to synthesize these for such applications. In this regard,

major breakthroughs have been made in synthesizing good quality diamonds

for both industrial and gem quality applications, as outlined in [27, 28, 29,

30, 31, 32]. The level of the sophistication of the techniques used to fabricate

both high quality single crystal and polycrystalline synthetic diamonds has de-

veloped quite dramatically since the first artificial synthesis of diamond in the

early 1950s [33]. However, the most commonly used techniques still remain

the High Pressure High Temperature (HPHT) technique, and the Chemical

Vapour Deposition (CVD), with the HPHT diamonds starting to infiltrate the

gem diamond market [26], thereby causing some uncertainties in the diamond

trade. Synthetic diamonds currently account for more than 90% of industrial

diamonds, and their yearly output stands at about 80 tons [26]. In addition,
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for the 100 tons of diamond now produced annually, 80% is manufactured by

the HPHT routine [27].

Most natural diamonds are colourless stones, with some yellowish ones also

being found [34, 26]. The colour in natural diamonds is widely attributed to

lattice defects or optical centres rather than trace elements but in certain cases

the amount of single substitutional nitrogen and hydrogen have been found to

play some role [20]. However, although this seems to be the generally accepted

view regarding the origins of colour in diamonds, debate still rages on regarding

the origin of some of the colours especially the brown diamonds [35, 36]. Those

that appear naturally pink are thought to be due to strong plastic deformation

leading to a broad UV-VIS-NIR absorption band at 550nm [34], together with

an increasing absorption towards shorter wavelengths, while the yellow colour

in diamonds is attributed to minute amounts of nitrogen close to 1ppm (parts

per million) that replace carbon in the lattice.

Generally, most natural diamonds contain small amounts of nitrogen, hy-

drogen and occasionally boron as trace elements, and these enable them to be

categorized as either type I or II. Those diamonds that contain nitrogen as the

main impurity are classified as type I diamonds [8]. If the nitrogen exists in

clusters, it has been shown not to affect the colour of diamond, and these type

of diamonds are referred to as type Ia. These clusters may be constituted of

about 10 atoms [37], with typical concentrations rising up to 500ppm and some-

times as high as 2500ppm [38]. Most natural diamonds are of this type. If the

nitrogen appears in dispersed positions throughout the crystal lattice such as

in isolated substitutional sites [39] at concentrations of between 40 to 100ppm

[20] with utmost concentrations of up to 5x1019cm−3, these are referred to as

type Ib, and sometimes they appear yellow. They are very rare in nature but

almost all synthetic diamonds are of this type.

Type II diamonds have a very small concentration of nitrogen impurities



9

[20]. Within this category, if the diamonds contain nitrogen concentrations of

the order of 1018cm−3 [40], these are known as Type IIa diamonds and they

constitute the purest form of all natural diamonds. They are also very rare in

nature, and their electronic mobility at room temperature ranges between 2000

and 2800 cm2V−1s−1 [41], compared to 1500 cm2V−1s−1 in silicon, while their

hole mobility is between 1800 and 2100 cm2V−1s−1. Compared with recently

developed synthentic diamonds, the un-doped single-crystal chemically vapour

deposited diamonds have been reported to have very high drift mobility of

between 4500 and 3800 cm2V−1s−1 [33] for electrons and holes respectively.

When considered against the pure diamond’s bandgap of 5.5eV, the donor

level due to isolated substitutional nitrogen lies relatively deep at 1.7eV [42].

However, without the nitrogen donor levels, diamond is an indirect wide band-

gap material especially when compared to other group IV elements such as

silicon which has a narrow band gap of 1.12eV. This implies that the donor

levels of the incorporated nitrogen makes it act as a shallow dopant. If the dia-

monds contain traces of boron of the order of 1017cm−3 or less than 1ppm, within

the crystal matrix, they are characterized as type IIb and they appear as blue.

These types of diamond are extremely rare in nature, and they are semicon-

ducting, with an activation energy of 0.37eV [18]. Their hole mobility measured

at room temperature is 1500 cm2V−1s−1, compared to silicon’s 450 cm2V−1s−1.

Apart from being an impurity or a shallow dopant in diamond, nitrogen has

also been found to influence considerably the mechanical strength of diamond

in such a way that synthetic diamonds with increased concentration of carbon

defects in the form of dispersed nitrogen have lower mechanical strength. This

has also been attributed to the metal inclusions in such diamonds. In particu-

lar, Nassau [43] observes that diamonds with a high concentration of dispersed

nitrogen above 1000ppm may be considerably weak, an observation that agrees

quite well with the earlier findings of Field et al. [14].
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Those diamonds that show a predominantly hydrogen related absorption

line at around 2900cm−1 [44], are classified as type IIc, and they are also very

rare in nature.

Diamond stones are normally weighed in carats, with 1carat being equal to

200 milligrams [14].

1.4 Mechanical polishing of diamond surfaces.

In order to be able to make any economical use of diamond surfaces, relatively

large flat areas often need to be exposed, and one way of doing this is through

cutting and polishing. Various polishing techniques have so far been developed

as reported in literature [45, 46, 47, 48, 49, 50] but the most widely used and

well developed is still the mechanical polishing. However, before any form of

polishing commences, the rough diamonds are first cleaved or sawed, in order

to expose larger faces of the required orientations. The cleaving process is the

preferred way of creating the (111) faces due to the fact that it’s the plane of

lowest strength [51, 52] while the (110) and (100) faces are more easily formed

by sawing along the {110} and {100} faces. This is done by pressing the single

crystal diamond onto a phosphor-bronze wheel impregnated with a mixture of

diamond powder and oil at the edges. The process is however generally slow,

and it takes about 10 hours to traverse a 1 carat diamond [51]. The choice of

the sawing direction is also very critical in the sense that choosing the wrong

direction could lead to breakage of the blade. Laser cutting of diamonds has

also been used quite extensively lately, and this has made the cutting process

not only more flexible, but also much faster.

After cleaving, laser cutting or sawing, the diamond surfaces are then pol-

ished mechanically by pressing them onto a rotating cast iron scaife charged

with different sizes of diamond grit, with average pressures of about 10 to 25
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kg/mm2 [53]. Exceeding this value has been reported to lead to rough polishing

or grinding. More details of scaife preparation are given in [54]. The wheel,

which measures about 30cm in diameter and 2cm in thickness, rotates at a

speed of about 2800rpm, and the material removal rate is linearly proportional

to the speed [45]. This means that the material removal is proportional to the

number of revolutions of the scaife irrespective of its speed, implying that the

every revolution of the wheel results in the same amount of material removal

[55]. This agrees fairly well with the slow manual polishing technique which is

applied in this work, where the polishing is achieved by rubbing the diamond

back and forth on a metal block loaded with diamond paste and olive oil. The

manual polishing follows the mechanical polishing as outlined later on in the

experimental section of the XPS chapter.

As the grit particles interact with the diamond surface asperities, the polish-

ing is believed to proceed in two dominant ways; mechanical and chemical wear,

with three forms of mechanical wear being proposed in the literature. These

include fracture at the highest loads, plastic grooving at intermediate loads and

attrition of the surface involving the removal of individual atoms or small groups

of atoms at low loads [56]. The size of the grit particles has also been reported

to affect the removal rate of material, with large-sized grains leading to higher

removal rates and therefore to a larger affected layer such as more pronounced

crack patterns. Many studies have also shown that the material removal rate on

diamond surfaces through mechanical polishing depends very strongly on the

crystallographic orientation of the polished plane, [47] as well as the direction

of polishing. This finding leads to what are commonly referred to as the easy

(soft) and hard polishing directions, meaning that material removal is different

in each direction, depending on the orientation being polished. Thus, although

any surface may be polished in any given direction, the polishing proceeds dif-

ferently depending on whether it is done in an easy or hard direction, implying
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that the mechanisms governing material removal are also different.

The <100> is the soft polishing direction for both the {110} and {100}
orientations, while the <110> direction is the hard polishing one for the same

faces. The {100} planes have four directions of maximum wear in the cube

<100> directions, while the {110} planes have two ‘soft’<100> polishing di-

rections [57]. The {111} orientation is resistant to wear and therefore hard to

polish in all directions [51], although it shows a slightly three fold symmetry

[54]. As such, polishing of this plane is only achieved by tilting the face slightly

off the principal plane, say by 1 or 2◦ [58]. Polishing in the soft directions has

been shown to result in formation of grooves with very smooth bottoms [56],

and the surface shows no fractures or generation of dislocations, an observation

that has been attributed to the removal process occurring at stress levels under

the critical value of the applied load. However, the grooves are absent when

polishing is done in a hard direction. The earlier work of Hitchiner et al. [59]

showed that ratios greater than 10:1 for material removal rate between the soft

<001> and the hard <110> polishing directions were realized for the (110)

face, showing quite clearly that the choice of the correct polishing direction is

critical as to how the polishing proceeds. More recently, it has been shown in

other related studies that material removal rate is so different between polishing

in the soft or hard directions for both the {110} and {100} orientations, that

variations of 2 to 3 orders of magnitude higher for the soft <100> abrasion

direction as compared to the hard <110> direction are typically reported [51].

This confirms Thornton et al’s [60] earlier findings that the rates at which pol-

ishing proceeds in different directions on different crystallographic faces may

differ by more than two orders of magnitude.

Environments rich in hydrogen and oxygen have also been reported to in-

crease the rates of polishing, with similar effects in both the soft and hard direc-

tions, an observation attributed to oxidation processes aiding in the polishing,
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in the presence of H2 [61]. Such an observation was also made by Thornton

and Wilks [62] where they established that scratch marks produced by nor-

mal polishing process may be removed by rubbing on a cast iron lap in the

presence of an oxidizing agent such as potassium nitrate. Although Field [55]

reported earlier that abrasion resistance is not thermally activated, heating of

the scaife upto 100◦C has been reported to result in higher removal rates, with

further temperature increases reducing the polishing rate [53]. According to

Yarnitsky et al. [57], heating the scaife to say 145◦C allows the grit particles to

get embedded into the cast iron scaife, thereby achieving faster polishing rates.

However, heating the scaife further makes it soft, and in the process the grit

particles sink completely into the cast iron, and hence no further polishing is

realized. On the contrary, heating the diamond itself does not achieve any im-

provement in polishing, a factor that has been attributed to the yield stress of

diamond not decreasing appreciably below 1900K. This means that the number

of diamond-grit contacts remain unchanged below this temperature, and hence

the rate of material removal. Furthermore, Hird et al. [54] observed that the

grit particles tend to orient themselves to positions that facilitate polishing in

the easy directions. Efforts to determine the exact temperature at the point

of contact of the surface asperity and the scaife are currently going on, with a

view to establishing its real effects on the polishing process [54].

Various explanations have been presented regarding the exact wear pro-

cesses of diamond when the diamond grit interacts with a surface, especially

those involving the microscopic and atomic scales. In their work on diamond

polishing, Grillo et al. [49] found that the polishing of diamond in the soft di-

rection proceeds via a process in which diamond transforms to less dense forms

of carbon, after which the transformed material detaches, possibly as graphitic

debris. Similarly, Couto et al. [56, 63] established that a form of plastic nano-

grooving develops while polishing in the soft directions [64]. These suggestions
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seem to be driven by the general understanding that when two solids slide over

each other, very high pressures( 108 - 1010 Pa) develop at the point of contact

with a surface asperity or a grit particle, on application of normal loads ( several

Newtons). At such pressures, local sites on the surface are drastically deformed

and get displaced from their equilibrium positions, giving rise to an atomically

disordered interface [65] as illustrated in figure 1.4, while figure 1.5 shows a

schematic diagram of the actual set up used in the mechanical polishing. The

argument of the local site becoming deformed under high pressure and high pol-

ishing velocities, becomes even more convincing when considers the fact that

the indentation hardness of cast-iron (used in making the polishing wheel) is

equivalent to 30 kilobars, which is the pressure onset of diamond-stable region

[66]. Therefore, as the diamond surface being polished slides over the diamond

grit particles, they sink into the iron as shown in figure 1.4 until this pressure

is present over the indentation area, with the pressure that the top of the par-

ticle is exerting on the diamond being usually higher (depending on shape) and

hence well within the diamond-stable region. A momentary ‘cold weld’can then

be expected to form, with the subsequent fracture possibly occurring in a dif-

ferent place, and hence the diamond surface getting gradually eroded, partly as

individual atoms or as quite small groups of atoms. Frictional sliding at high

contact pressures has been reported to produce plastic deformation in diamond,

which implies that transformation to lower-order carbon structure occurs [54],

and in the process severe surface damage takes place too.
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Figure 1.4: A diamond surface sliding over diamond grit that has embedded
itself into the cast iron scaife due to high pressures developed at the point of
contact, as well as temperature (Adapted from [65, 54]). Diamond is quite
resistant to plastic deformation except at high temperatures (> 1600◦C) [60],
although Hird et al. [54], appear to suggest that this can occur even at lower
temperatures.
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Figure 1.5: A schematic diagram of a simplified set up used for the mechanical
polishing of diamond surfaces.
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Using Rutherford Backscattering Spectrometry (RBS), it was shown that a

large number of atoms is displaced in the subsurface layer during polishing [67].

However, the term large is rather relative here, since for the mechanically pol-

ished surfaces, this has been shown to corresponded to 1.2×1017atoms/cm2 or a

depth of about 200nm down to which damage occurs, although not the whole of

it is disordered [67]. For the tribochemically polished surface, a damaged region

of 1.2nm or 1.2×1016atoms/cm2 near the surface region of the top 20nm was

observed. Reflection Electron Energy Loss spectroscopy further showed that no

diffraction pattern occurred for the polished {110} surface, whereas a cleaved

{111} face showed a pattern of perfectly crystalline structure. These obser-

vations were interpreted to mean that during frictional contact of diamonds,

the surface of the diamond degrades towards a structure that is amorphous to

some extent and containing sp2 bonded carbon [49]. Derry et al. [68] using

RBS together with ion channelling found very little damage being propagated

into the bulk by mechanical polishing, with only one or two atom layers being

disordered. This follows early experiments on subsurface damage carried out

by Casey et al. [69] using the cathodoluminescence mode of the electron mi-

croscope. They found some traces of surface damage of mechanically polished

diamond surfaces, but they did not indicate its extent in terms of the depth.

Computer simulations have also been helpful in complementing the exper-

imental findings regarding the mechanical polishing of diamond surfaces. By

applying principally the ab initio quantum mechanical simulations to the wear

processes on the (110) diamond surface, Jarvis et al. [70] showed that me-

chanical processes involving the atomistic mechanism of nano-grooving earlier

proposed by Couto et al. [56] were responsible for polishing on this surface

in the soft direction. In the hard direction, they proposed that nano-grooving

may play some role in the wear of diamond, but the process is significantly
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difficult. They further established that the surface deformation in the soft pol-

ishing direction was local while it was nonlocal in the hard direction since the

stress was distributed over a large number of diamond bonds, leading to ex-

tensive subsurface damage and the likelihood of the polishing residue being

amorphous. Their observations agree fairly well with the RBS and channelling

findings mentioned earlier as far as the displacement of the subsurface atoms

during polishing is concerned. Recent findings by Bouwelen et al. [47] suggest

that a form of mechanically induced degradation of diamond by bond bending

weakens the material and allows removal by harder material. In particular,

they suggest that non-degraded diamond, may actually be responsible for the

removal of material during polishing in the soft directions.

As more efforts continue to be invested towards the understanding of the

mechanisms by which diamond polishing proceeds, new and more accurate

methods have progressively been developed for both natural and synthetic di-

amonds [71, 45, 72, 59, 48, 73, 74] and [49], but most of the workers agree

that the microcleavage mechanism initially proposed by Tolkowsky [45, 8] and

further developed by Wilks and Wilks [75] is the most likely process of material

removal only in the hard polishing directions. These were complemented by

both the early and recent works of Ford [76], Feng et al. [77], Thornton et al.

[60], Casey et al. [78], Hird et al. [79], Grillo et al. [80] and Tolansky et al. [81]

which spans a period of more than 5 decades.

The study of the topography of various polished diamond surfaces has also

helped a great deal in understanding the underlying mechanisms of diamond

polishing. In this regard, while studying the topography of polished diamond

surfaces, Couto et al. [82] found that diamond polishing along the soft direction

is produced by disruption of atomic bonds under high shear stress. Through this

process, they suggested that individual atoms or groups of atoms were removed
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from the diamond interface, reorganizing into carbonaceous debris. They fur-

ther established that the topography of surfaces polished in the easy direction

(e.g. the {100} plane in the <100> direction) exhibits smooth grooves often free

from indications of fracture [49]. However, when the same surface is polished

in the direction of difficult abrasion, it shows a rough array of grooves suggest-

ing that the mechanism of material removal is one of fracture on a nanometre

scale. In addition, when the (100) face is polished in the easy polishing direc-

tion <100>, there is a fourfold symmetry in friction, the lowest value being

observed along the hard polishing direction <011>, while the highest is regis-

tered in the easy <100> polishing direction, commonly referred to as the cube

edge direction. Such an observation was also made by Yarnitsky et al [57].

Friction of diamond surfaces also plays a significant role when diamond

surfaces are polished, through the abrasive wear. This was initially established

by the pioneering work of Tabor [83], with further developments being made

by E. M. Wilks and J. Wilks [84] and later on by Tabor and J.E. Field [85] all

of whom showed that the friction depended on the crystal face as well as the

orientation. They also found that friction is always low on the (111) face with

a coefficient close to 0.1 being reported for diamond on diamond [65] and there

is no anisotropy on this face, which agrees with the findings of Mingyoung et al.

[86]. Furthermore, friction, wear and lubrication of diamond surfaces is closely

intertwined with their applications in industry, as well as their polishing process

[87], [56], [77], [88], [89], [78].

Due to the strong dependence of mechanical polishing of diamond surfaces

on the orientations and the polishing directions, certain difficulties may be en-

countered when polishing polycrystalline diamonds using this process, an obser-

vation also made by Bouwelen et al. [50]. Instead, other techniques as discussed

in [74, 90, 91] as well as the ion polishing technique explained by Koslowski et al.

[48] may be appropriate. These may be complemented by other new techniques
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for preparing smooth surfaces such as the lift-off technique [92]. This technique

is achieved through ion irradiation, resulting in a buried damaged layer. A

smooth surface is then obtained by ‘lifting-off’the top layer after annealing.

The aforementioned discussion summarizes the polishing of diamond sur-

faces, and although it only touches on the key aspects, it seems to suggest quite

strongly some sort of consensus with regard to the actual processes involving

the mechanical polishing of diamond at the atomic level. However, some de-

bate still remains, and the exact combination of factors responsible for the wear

mechanism during polishing remain elusive as alluded to by Hird et al. [79, 54].

This means that further work is still needed to give a better understanding

of the wear mechanisms developed over 600 years, when diamond surfaces are

prepared through mechanical polishing.



Chapter 2

X-Ray Photoelectron
Spectroscopy (XPS) Studies of
Oxygen Adsorption on the Three
Low Index Diamond Surfaces.

2.1 Chapter layout

This chapter deals specifically with the x-ray photoelectron spectroscopy studies

of the adsorbed oxygen and hydroxyl groups on the three low index diamond

surfaces. XPS is the technique of choice in this case because of its high energy

resolution and surface sensitivity (0.5% of an atom layer), which make it possible

to establish not only the atomic species adsorbed on the polished surfaces and

the responsible amounts (monolayer coverages), but also their binding energies.

These findings, their role and possible effects on the applications of diamond

surfaces, are indicated. Further details are given in Appendix B.

2.2 Introduction

As mentioned before, the first few atom layers that constitute a surface are

crucial to the behaviour and properties of surfaces. These are the atoms that

interact with the environment, participate in surface modifications and bond

20
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with other materials to form interfaces. The adsorbates on them also play a

crucial role with regard to the surface applications. In any surface, the top-

most layer of atoms are generally unbalanced because they have matter on one

side and not the other, meaning that the electron distributions around them

are asymmetrical with respect to the positive ion cores. Although not always

desirable, foreign atoms may therefore be introduced onto “clean”surfaces either

through alien sources or intentionally, depending on the environment in which

the surface is prepared or is within. Foreign atoms adsorbed on surfaces have an

advantage that they contribute towards the lowering of surface energies, making

such surfaces to be more stable.

There has been a great deal of interest lately to use diamond in various

technological applications where it has various advantages over other materials

owing to its unique properties. Interestingly, many of these applications depend

mainly on its surface properties and therefore, establishing the identity and na-

ture of the foreign atoms on polished diamond surfaces holds the key towards

the realization of these objectives. Over the last few years, tremendous efforts

have been committed towards the investigation of particularly oxygen on pol-

ished diamond surfaces, a task which seems to present some challenges even up

to now. Theoretical models using various approaches such as the local density

approximation (LDA), quantum ab initio calculations and molecular dynam-

ics methods have been developed [93]. Such efforts have benefited immensely

through the numerous experimental investigations that have been conducted to

verify these models, and also to get an idea of the actual bonding on the real

surfaces, with the spectroscopic techniques being mainly used. But in spite of all

this, different theories continue to be suggested, indicating a need to investigate

these surfaces further, and more thoroughly.

Oxygen has so far been established to be the main foreign atom on “clean”polished

diamond surfaces [94], apart from hydrogen [95, 96]. It has also been shown to
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play some key role in the technological applications of “clean”polished diamond

surfaces, especially at the surface interfaces with other materials, such as semi-

conductors. An earlier investigation by Derry et al. [94] using RBS revealed a

sub monolayer of oxygen coverage on the three low index diamond faces, with

the (100) face showing higher oxygen coverages. Such varying oxygen coverages

were attributed partly to the fact that the (100) face has two dangling bonds

per surface carbon atom while the other two have one each. This coverage has

further been confirmed by Rebuli et al. [97] using RBS and nuclear reaction

analysis, who in addition found that the oxygen coverage depends on the vac-

uum level of the target chamber as well as the cleaning technique used. Oxygen

atoms on diamond surfaces have also been suggested to have hydroxyl (OH)

groups on the (111) surface and C-O-C bridges or C=O groups on the (100)

surface [98]. Perhson et al. [99] however report that the oxygen chemistry of

the smooth C(100) faces is hardly understood. They further indicated that

although carboxyl (C=O), bridge (C-O-C) and hydroxyl groups on polished

diamond surfaces have been observed, specific groups were not attributable to

specific faces. A similar observation was earlier made by Wang et al. [100],

but they point out that the bridge chemisorption of oxygen monolayer domi-

nates at temperatures below 400◦C, while the ONTOP chemisorption becomes

favourable at 500◦C. Baumann et al. [101] on the other hand observed that

in addition to the two bonding configurations for oxygen terminated surfaces,

i.e. C=O and C-O-C observed by Rebuli et al. [98] and Perhson et al. [99],

oxygen termination on the C(100) leads to a (1×1) structure. First principle

calculations of Rutter et al. [102] showed that standard chemical bond energies

favoured the double bonded structure over the bridge bonded one on an ideal

C(100) surface, while Perhson et al. [99] indicated that similar calculations sug-

gested that atomic oxygen adsorption energies at the ONTOP and bridge sites

were nearly identical, showing clearly a need for further clarification to reconcile
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the two hypotheses. The presence of adsorbed oxygen atoms on polished dia-

mond surfaces has also been shown to yield surface states which gives further

insights about the bonding environments, as well as the strength of the bonds.

Most of the previous work on the surface density of states of diamond has tended

to concentrate more on the effects of hydrogen [103, 104, 105, 106, 107, 101],

because of its ability to yield negative electron affinity on diamond surfaces,

with little work being done on oxygen [108, 109, 110, 111, 112]. A great deal of

it has also involved mainly theoretical modelling. The available works in liter-

ature show that oxygen leads to positive electron affinity on diamond surfaces

and therefore its adsorption on these surfaces can lead to modifications of such

surfaces for electronic purposes.

In most cases, Ultraviolet photoelectron spectroscopy (UPS) or electron en-

ergy loss spectroscopy (EELS) have been the techniques of choice to probe the

surface density of states, but with improved energy and spatial resolutions of-

fered by modern XPS systems, they are now routinely being used to probe the

valence band spectra. The importance of the valence spectra is rooted in the

fact that valence electrons are the ones involved directly in the bonding pro-

cess, and so the intensity and energy of the valence band peaks depend on the

bonding environment. According to the chemistry of bond formation, when an

adsorbate forms on a solid surface, it either donates an electron to the con-

duction band of the substrate, or electron transfer to the adsorbate may occur.

In either case, when the adatom gets adsorbed, charge can accumulate at a

surface in positions between atomic planes, and this charge could reduce the

surface energy because the s-like states which concentrate at the ion cores have

higher energy than the p-like states of electrons collecting between the atoms

[2]. Somorjai et al. [113] reports that adsorbates tend to fill up first the strongly

bonding surface states before the weaker bonding sites become occupied as the

coverage increases. With regard to oxygen adsorption, Baumann et al. [101]
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indicated that the lone pair orbitals of oxygen extending from the surface are

expected to increase the work function of the surface, possibly leading to the

reported positive electron affinity associated with adsorbed oxygen on diamond

surfaces.

Theoretically, surface states are solutions to the Schrödinger equation in the

region near the surface where the potential varies periodically in only two di-

mensions. In the case of diamond, electrons may be regarded as being tightly

bound to the ion cores, since it exhibits a wide band gap and therefore the

tight binding electron theory is normally used. For some cases, the solutions

of the Schrödinger equations at a surface can have eigenfunctions whose energy

corresponds to a band gap but which are localized at the surface, and such are

the kind of surface states one expects in an environment where there are broken

bonds. If charge is situated in these surface states it will result in electrostatic

fields penetrating into the solid, and thus a varying electrostatic potential on

passing from the surface to the interior [2]. This varying potential distorts the

band structure of the bulk solid, leading to band bending because the charge

associated with these states is different from the bulk charge distribution. Sur-

face states will thus inevitably affect the electronic properties of the surfaces

by acting as either sources or sinks of electrons. Due to the fact that only the

electrons in the valence shells (and not the core level ones) of all the ions con-

stituting the oxidation states of oxygen on diamond are directly involved in the

bonding, the structure of the oxygen layer on diamond (valence band) VB is

very sensitive to changes in short and/or long range ordering of the ions in the

oxygen layer.

When XPS is used to obtain the valence band spectra, the kinetic energy

of the valence photoelectrons is such that the final states may lack structure

due to the high energy of the exciting x-rays, though this may not be the

case always,especially with the new spectrometers that have added features
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as explained previously. Thus, we can confidently allude to the fact that the

observed density of states closely reflects the initial filled density of states.

Furthermore, due to the depth of the photoelectrons, it is very likely that the

XPS would also yield some bulk states. Additionally, the cross-sections of the

photoelectron emission from the valence levels are much lower than for core

levels, giving rise to low intensities in general.

In this work, we present XPS (X-ray photoelectron spectrometry) results for

adsorbed oxygen and its nature (configurations) on the polished “clean”diamond

surfaces. Since its early development throughout the 1950’s and 1960’s by

Siegbahn et al. [1], XPS has become one of the preferred tools for surface

analysis, owing to its high surface sensitivity of the order of 0.5% of an atom

layer, as well as its superior energy and spatial resolutions. Its popularity is

further enhanced by its high information content, its ability to address a wide

variety of samples, and its sound theoretical basis. It is important to note that,

while the X-rays may travel deep into the material, the detected photoelectrons

come from only within a few atom layers below the surface. The distance below

the surface from which the photoelectrons come, is determined by the inelastic

mean free path (IMFP) λ , which is a function of the energy of the photoelectron,

and from this, the mean escape depth of the photoelectrons which is expressed as

λcosθ (θ is the emission angle) can be determined. The probability of detecting

the photoelectrons in the XPS spectrometer therefore depends primarily on the

distance of the emitting atom below the surface and not how deep the exciting

X-rays travel within the materials’ bulk. This probability is normally expressed

as

p(d) = exp(−d

λ
) (2.2.1)

Where λ = λ(E) is the inelastic mean free path of the photoelectron and d =

the photo-emitting atom’s perpendicular distance below the surface.
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Figure 2.1: Photoemission of a core level electron. (After J.C. Vickerman [1]).

When an X-ray photon impinges on a target atom, it may transfer all its

energy to an atomic orbital electron, thus leading to the emission of the electron

from the atom into the vacuum. This process which forms the basis of XPS can

be summarized by Einstein’s equation that

hν = KE + BE + φ (2.2.2)

Where, hν= kinetic energy of the X-ray source, KE=energy of the emitted

photoelectron, BE=binding energy of the electron in the atom, and φ = work

function of diamond. However, the work function is normally a small value

compared to the other terms in equation 2.2.2, and thus the expression reduces

to,

BE = hν −KE (2.2.3)

It is the value of the binding energy in equation 2.2.3 that gives the signature

of the photo-emitting atom. This process is illustrated in figures 2.1 and 2.2.

Figure 2.3 shows a typical Mg and Al dual anode X-ray gun. Unlike the

earlier versions of XPS spectrometers, the modern ones are now fitted with

monochromators, which are capable of giving spatial resolutions of down to

20µm, while at the same time the X-ray beam scans and rasters over the spec-

imen surface [115]. Energy resolutions of between 0.1 and 0.2eV are possible
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Figure 2.2: The XPS process. (After J.C. Vickerman [1]).

Figure 2.3: An illustration of the twin anode X-ray gun. (After VG Scientific
company [114])
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today, and the surface sensitivity can even be improved further by carrying out

angle resolved XPS analysis, which decreases the distance perpendicular to the

sample surface, which the photoelectrons have to travel.

The advantages offered by modern XPS equipment are therefore fully ex-

ploited in this work to investigate oxygen adsorption on polished diamond sur-

faces, as well as their associated surface density of states.

2.3 Experimental

Six natural type Ia diamond samples and one synthetic of different sizes and

thickness ranging between 3mm x 3mm x 2mm and 5mm x 4mm x 3mm were

used. The actual sizes of these are shown in figure 1.2. They were initially

polished mechanically by pressing onto a cast iron disk (scaife) rotating at

about 2800 revolutions per minute. Diamond powder of the order of 1µm was

initially used, and the polishing is thought to proceed through cleavage of tiny

diamond fragments when the diamond particles in the powder hit the surface

asperities [50], at least for the hard polishing directions. Recent studies suggest

that other mechanisms such as transformation of diamond into other phases

under shear stress may be responsible for polishing in the easy directions as

outlined in the introduction chapter. The polishing was done in air, where the

environmental conditions were not controlled. The polished surfaces were then

cleaned by boiling for 30 minutes in an acid mixture of 1 part HNO3 (nitric)

acid, 3 parts HClO4 (perchloric) acid and 4 parts H2SO4 (sulphuric) acid in order

to remove any impurities (such as metal and other loosely bound particles or

debris) which may attach themselves on the faces during the polishing process.

This was followed by a 3 times rinsing process in double distilled deionised

water.

After the surface preparation procedure discussed above, each surface was
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further polished manually by pressing it on a highly polished metal block us-

ing normal (hand) force. The metal blocks used in our laboratory are made

of mild steel, cast iron and tin. The diamonds were held on a cork, where

the preferred polishing directions were already marked. To achieve the de-

sired polishing, 1/4µm and 1/10µm diamond pastes were used as the abrasive

medium, together with olive oil which acted as the lubricant. Apart from being

the lubricant, the oil was also believed to have provided the hydrogen atoms

required to terminate some of the broken (dangling) diamond-carbon bonds,

especially in view of the fact that most dangling bonds have been established to

be terminated preferentially by hydrogen [116]. The principal aim of the man-

ual polishing was to achieve a much smoother (flat) surface as opposed to the

mechanically-polished ones where diamond grit particles of the order of 6µm

down to a 1/4µm were used. Additionally, it was very likely that the 1/4µm or

even the 1/10µm diamond particles would break down into smaller fragments

during the polishing procedure, thus achieving even smoother surfaces. It has

already been established that the mechanical polishing is a 3 body process where

both the diamond workpiece as well as the diamond grit particles get polished

in a reciprocal manner [54].

As a measure of achieving better polishing, all the polishing marks evident

from the mechanical polishing (as observed using an optical microscope) were

expected to become relatively smaller or any loosely bound diamond or non-

diamond particles swept away, since a finer grade of diamond paste was used. In

the process, much smoother and cleaner surfaces were expected to be achieved.

Such a hypothesis is thoroughly investigated in the Atomic force microscopy

work presented in chapter 5, by studying the nature and size of the polishing

lines/grooves, before and after the manual polishing. Through the slow speed

and low contact pressures of the manual polishing, rearrangement of the surface

carbon atoms was expected to proceed via the breaking of some surface bonds
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together with the associated atoms or groups of atoms, in a manner similar

to the one described earlier. Through this, much improved surfaces were to be

realized [117]. It is important to also note that, before the hand polishing proce-

dure commenced, the easier polishing directions were first identified, and these

were established to be the same directions as used in the mechanical polishing.

This was realized through the identification of the polishing marks on each face

before starting the manual polishing process using an optical microscope. The

manual polishing procedure lasted for about 30 minutes on every face. Each sur-

face was then cleaned separately in a solution of “Contrad”(a surface cleaning

detergent also sold under the name “Decon 90”) and deionised water in ratios

of 1:4, so as to remove any metal impurities as well as any non-diamond carbon

atoms. This was followed by a three times ultrasonic rinsing in deionized wa-

ter over different durations of time, to ensure thorough and non-contaminating

rinsing. A Pyrex beaker was used during all the rinsing stages.

Although diamond surfaces are generally hydrophobic [94], a few water

droplets were seen on the surfaces after the rinsing process, probably due to

the presence of polar surface oxygen groups. These were nonetheless eliminated

by blowing dry nitrogen gas over the surfaces, and the dried samples were stored

in ‘polythene’bags to avoid further contamination, while awaiting the analysis.

Plastic gloves were worn in order to avoid surface contamination with body oils

during the manual polishing process, and plastic tweezers were used, to avoid

scratching the surfaces, lest one introduces some further surface contamination.

The cleaned samples were analyzed using both a Phi quantum 2000 spec-

trometer and a VG scientific ESCALAB III Spectrometer fitted with a CLAM

100 dual anode (Al and Mg) x-ray gun source. From these two, both wide

and narrow survey scans for each sample were obtained, while the valence band

spectra were obtained using only the Phi quantum 2000 spectrometer, due to its

high energy resolution and its ability to focus and tune the x-ray beam. This
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spectrometer also enabled us to carry out small sample area scans of about

100µm owing to the added features that were capable of yielding relatively

monochromatised X-rays that could be focused, as shown in figure 2.4.

Charge compensation for spectra obtained using the phi Quantum 2000

spectrometer was achieved by depositing a thin gold film on each sample after

taking the C and O spectra, followed by the acquisition of the XPS spectrum

containing the Au4f peak. The peak thus obtained was then shifted to the

expected binding energy (BE) value, which was 84eV [1, 118], although Vincent

C. [119] gives it as 83.98eV, which is practically a negligible difference compared

to the former value. The difference in the amount of energy shift was then

applied to the observed carbon and oxygen peaks of the respective faces, so

as to obtain the expected peak locations independent of charging. Instead on

relying on only one sample, the thin gold film was deposited on one of each of the

three low index diamond faces for consistency, which was a desired requirement

so as to cancel out any effects arising from possible individual differences on the

respective faces. The amount of shift that was obtained gave a precise reference

for locating the peak positions, and thus identifying the specific atomic species

as well as the bonding configurations corresponding to them. Through this, it

was possible to assign the peaks not only to the atoms where the photoelectrons

originated, but also the respective orbitals, thereby establishing the foreign

atoms thereon unambiguously.

Since relatively thick insulating diamond samples ranging from about 2 to

4mm were used, the loss in the intensity of the photon flux and the loss of the

bremsstrahlung of X-rays arising from monochromatising the X-ray beam led to

an appreciable decrease in the amount of the scattered low energy electrons in

the vicinity of the sample and consequently, static charge builds up. This static

charge was minimized, by using an electron flood gun producing an electron

beam of low energy (≤ 1eV) with respect to the vacuum chamber at earth,
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Figure 2.4: Schematic diagram of the XPS process using a Phi Quantum 2000
spectrometer [115].

from a source that was positioned very close to the specimen.

In the case of the VG Scientific spectrometer whose schematic diagram is

shown in figure 2.5, charge compensation was achieved by first obtaining the

spectra of a thin gold foil, and then shifting the observed Au4f7/2 doublet peaks

to the positions where they were expected to occur at 87.63 and 83.95eV in the

standard reference [119]. The amount of shift in the BE was noted and then

applied to each subsequent carbon and oxygen peak obtained thereafter on the

respective diamond samples. This gave the locations of the peaks’ BEs and

therefore their atomic identities too.

Additionally, although UPS (Ultraviolet Photoelectron Spectroscopy) is com-

monly used to obtain the VB spectra, due to the small line width of the UV

sources (HeI and II) compared to the line width of X-ray sources, in this inves-

tigation, determination of the VB spectra by XPS was preferred. This arose

from the fact that, the line width for this spectrometer was also small, and the

relatively higher energy of X-ray radiation (as opposed to the UV radiation),

meant that the valence band spectra obtained using XPS corresponded more

closely to the actual electron density of states of the VB of the solid. This way,
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Figure 2.5: Schematic diagram of the CLAM 100 VG scientific spectrometer
[120].

it would be possible to identify the surface density of states due to the adsorbed

oxygen as well as those due to the underlying surface and bulk carbon atoms.

The Phi quantum 2000 spectrometer had a better energy resolution of about

0.45eV and this enabled us to deconvolve the observed carbon and oxygen peaks,

while the relatively low energy resolution of the VG Scientific spectrometer

(∼=2.0eV) did not make deconvolution of the carbon and oxygen peaks worth-

while, because it would not distinguish between peaks which were much closer

than this. Besides, due to the large size of the X-ray beam (≈10mm) [121],

the entire sample was always illuminated and it sometimes fell onto the sample

holder. This could in a way give incorrect information on the spectra regarding

the actual species coming from the sample itself, and those from the holder,

and in the process making their quantification troublesome. The beam spot

was not entirely circular as expected, but rather oval due to the design of the

twin anode x-ray gun source. Additionally, with the intensity of the x-ray beam

dropping as 1/r2, where r is the distance between the x-ray gun and the sample,



34

(which in this case was ≈10mm), the sample holder was not expected to be a

key contributing factor regarding the spectra obtained, since it was located a

bit further than the sample surface, owing to its thickness. The problem of a

significant amount of the beam falling on the sample holder was resolved by

optimizing the counts of the carbon peak via the manipulator set-up in such a

way that the most intense carbon peak possible was obtained. A high carbon

peak meant that most of the scanning X-ray beam was falling onto the diamond

and not the holder. Under these circumstances, very little contribution from

the molybdenum holder was expected and sometimes none at all, especially on

the bigger samples. This setting was then used to obtain all the subsequent

spectra for that particular sample.

Whenever a new sample was introduced into the UHV chamber, another

optimized setting was always obtained, in a similar manner as described above,

before commencing with the scanning, due to the varying thicknesses of the sam-

ples. The samples were introduced into the UHV chamber of the VG Scientific

Spectrometer using a transfer rod, and since they were coming from atmospheric

pressure, the pumping had to be done differentially in three stages. This was

achieved by first using a mechanical pump, then a turbo molecular pump, and

finally a diffusion pump to obtain the required UHV pressures of better than

10−11 Torr.

In the case of the Phi Quantum 2000 spectrometer, all the samples were

introduced into the UHV chamber at once. This was made possible by the use

of a facility (carousel) that was in cooperated into it, which could accommodate

all the samples simultaneously, while each sample was introduced and analyzed

separately in the VG Scientific UHV system because it could only handle one

sample at a time. This meant that some samples stayed relatively longer within

the Phi quantum 2000 UHV chamber, than others, before being analyzed. Sam-

ples were also deliberately allowed to stay for longer periods of time within the
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UHV chamber of the system containing the VG Scientific spectrometer, so as to

investigate the role of ambient pressure conditions on the adsorbates. Repeti-

tive scans were obtained in both cases so as to improve the signal to noise ratio,

and particularly in the case of the VG Scientific spectrometer, since its X-ray

beam was not focussed, as mentioned earlier. This procedure was expected to

improve the signal and reduce the noise level because the signal to noise ratio

S/N increases as t1/2, where t is the scan time [1], thus yielding less background.

AlKα X-rays at 1486.6eV were used for the analysis in both cases.

2.4 Results

Figures 2.6, 2.8, 2.10, 2.12, 2.14 and 2.16 show the wide survey scans of the

X-ray photoelectron spectra obtained from the samples that were investigated,

while figures 2.7, 2.9, 2.11, 2.13, 2.17 and 2.15 show the corresponding carbon

(C 1s) and oxygen (O 1s) narrow scans.

The wide scans for each face were taken within the binding energy range

of 0eV to 1300eV and from these, the narrow scans were extracted. The car-

bon and oxygen narrow scans that were obtained using the Phi quantum 2000

spectrometer were deconvolved after a linear background subtraction, since all

had a FWHM greater than the energy resolution of the spectrometer. A linear

background subtraction was the most appropriate choice because the lower and

higher binding energy sides of every peak were almost at the same level. The

deconvolved peaks that are shown in figures 2.7, 2.9, 2.11, 2.13, 2.15 and 2.17,

gave the various sub-peaks which corresponded to different oxidation states on

the “clean”polished diamond surfaces. Identity of all the functional groups at-

tached to these polished faces were thus established by comparing the observed

binding energies from the respective sub-peaks with the standard references [1],

[122], [119]. Tables 2.1 and 2.2 gives a summary of the observed functional
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Figure 2.6: Wide survey scan for a (100) face. [Sample (kc8)]
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Figure 2.8: Wide survey scan for a (111) face. (Sample kc11)
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Figure 2.10: Wide survey scan for a (111) face. (Sample kc9)
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Figure 2.12: Wide survey scan for a (111) face. (Sample kf4)
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Figure 2.13: Narrow scans for a (111) face. Top panel represents the C1s peak,
while the bottom one is the O1s peak.[Sample (kf4]
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Figure 2.14: Wide survey scan for a (110) face. (Sample kk7)
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Figure 2.15: Narrow scans for a (110) face. Top panel represents the C1s peak,
while the bottom one is the O1s peak.[Sample (kk7]
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Figure 2.16: Wide survey scan for a (110) face. (Sample kk7)
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groups due to the adsorbed oxygen on the three low index polished diamond

surfaces, together with their corresponding binding energies. In particular, Ta-

ble 2.1 shows the oxidation states associated with the carbon atom, while Table

2.2 shows those associated with the oxygen atom.

Using the integrated areas under the C1s and O1s peaks, the number σ, of

oxygen atoms per cm2 on a given face was obtained from the expression quoted

by M.W. Roberts [123] for atomic coverages viz.

σ =
YO

YC

NA cos θµCρCλ

µOMC

(2.4.1)

Where YO= Integrated peak area of adsorbed oxygen

YC =Integrated peak area of the substrate carbon

NA = Avogadro’s number

θ= Emission angle (25◦ for the VG Scientific and 45◦ for the quantum 2000

spectrometer).

µO= Photoionisation cross-section of the adsorbed oxygen = 2.92

µC =Photoionisation cross-section of the substrate carbon = 1.0

MC = Atomic mass of carbon = 12.01amu

ρC = Density of diamond = 3.52g/cm3

λ= Photoelectron mean free path in diamond = 10x10−8cm. [122]

After correcting for the respective spectrometer atomic sensitivity factors

(as shown in the Appendix B), the corresponding number of oxygen monolayer

coverages on each of the faces were obtained. These were calculated from the

computed number of oxygen atoms per cm2 according to equation 2.4.1, to-

gether with the number of carbon atoms on each of the three low index faces.

The procedure used is summarized in equation 2.4.2, and the computed oxy-

gen monolayer coverages are presented in Table 2.3, as averages of the data

obtained from all the samples considered for each respective face using the two
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Table 2.1: Functional groups on “clean”polished diamond surfaces and their
binding energies from the carbon peak. The binding energies are for photoelec-
trons coming from the underlined and bolded carbon atom, and these values
have errors of about ±0.2eV.

Face Groups(From the Carbon peak) BEs(eV)-(C1s)
{100} C-C,C-H 284.8

C-OH,C-O-C 286.3
C=O,COOH 288.7

{110} C-C,C-H 284.7
C-OH,C-O-C 286.6
C=O,COOH 289.2

{111} C-C,C-H 284.8
C-OH,C-O-C 286.6
C=O,COOH 289.1

Table 2.2: Functional groups on “clean”polished diamond surfaces and their
binding energies from the oxygen peak. The binding energies shown are for
photoelectrons coming from the underlined and bolded oxygen atom, and these
have errors of about ±0.2eV.

Face Groups(From the Oxygen peak) BEs(eV)-(O1s)
{100} O=C,O=C-OH 531.5

C-O-C,HO-C=O 533.1
HO-C 532.2
H2O 534.9

{110} C=O,O=C-OH 531.3
C-O-C,HO-C=O 533.4
C-OH 532.4

{111} C=O,O=C-OH 531.4
C-O-C,HO-C=O 533.5
C-OH 532.3
H2O 534.7
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Table 2.3: Fractional oxygen monolayer coverages on “clean”polished diamond
surfaces.

Face Oxygen Monolayers
{100} 0.47±0.10
{110} 0.33±0.10
{111} 0.33±0.10

spectrometers. (See Appendix B for more details)

γhkl =
σhkl

ξhkl

(2.4.2)

σhkl = Number of atoms per cm2 for face (hkl) obtained from equation 2.4.1

and,

ξhkl = Number of atoms per cm2 for a face (hkl) as shown in Johansen et al.

[94], i.e 1.82×1015 for (111), 2.22×1015 for (110), and 1.57×1015 for the (100)

face.

γhkl = Fractional oxygen monolayer coverage for face (hkl)

Data obtained from the VG scientific spectrometer, was subjected to a fur-

ther correction to eliminate the C1s and O1s contributions from the sample

holder as mentioned earlier. This correction was necessary because the x-ray

beam was approximately of the order of 10mm in diameter, whereas the sample

sizes were much smaller, indicating an obvious contribution from the sample

holder, which was not desirable. (See Appendix B for more details)

In addition to the wide and narrow XPS scans, valence band spectra were

also obtained from the three low index polished diamond faces as shown in

figure 2.18. These were obtained over an energy interval of -7eV to 32.5eV at a

step size of 0.2eV, dwell time of 2.4s and a pass energy of 23.5eV, although they

were not compensated for energy shifts arising from sample charging. A longer

dwell time was important so as to improve on the statistics of the spectra, and

hence be able to pick out the weaker hidden surface state features, particularly

those due to the adsorbed oxygen. However, due to the high energy of the X-

ray beam used for the analysis, it was possible to obtain both bulk and surface
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states.

2.5 Discussion

2.5.1 Wide scans

All the XPS wide or survey scans showed clear evidence of oxygen as a major

foreign atom on all the three low index polished diamond surfaces. This was

found to exist as either adsorbed oxygen atoms or hydroxyl groups. Together

with oxygen and its derivatives, previous studies have shown that hydrogen is

also a key termination of the polished diamond surfaces [95, 96, 94]. This means

that oxygen and hydrogen adsorbates co-exist on the polished “clean”diamond

surfaces. Unfortunately, the presence of hydrogen cannot be detected by XPS,

but rather it is inferred through the observation of hydrogen containing func-

tional groups, especially from mass spectrometry experiments of the desorption

products. As pointed out previously, the initial surface cleaning procedure in-

volved boiling the samples in strong oxidizing acid mixtures. Boiling in such

acids has the effect of oxidizing the surfaces, a step that was nonetheless done

deliberately to get rid of the undesired graphitic carbon. In fact, Pehrsson et

al. [99] points out that immersing polished diamonds in boiling acids could lead

to re-oxidation of such surfaces.

In addition to achieving much smoother diamond surfaces, the manual pol-

ishing procedure that was used in this study was intended to expose a fresh

surface, onto which the only oxygen atoms would come from the aqueous clean-

ing medium, or the atmosphere. As such, most of the oxygen atoms that were

derived from the previously strong oxidizing acids were expected to be elimi-

nated through the manual polish. However, while most of the adsorbed oxygen

atoms on the “clean”manually-polished diamond surfaces comes from the two
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sources mentioned above, further oxygen contamination may also come from

other sources such as residual gases within the UHV chamber, as well as other

contaminations coming from the x-ray gun window or casing in close proximity

to the sample. However, the contribution of these is expected to be quite small.

To minimise these, extreme care was taken during the surface preparation of

the samples. Some of these measures included not keeping the samples for too

long before being analyzed, as well as flushing the chamber occasionally with a

titanium sublimation pump so as to improve the vacuum conditions, and thus

eliminate some of the contaminants within the chamber.

Based on the above observations, it is quite obvious that the surface prepara-

tion procedure as well as the environment in which the surface is prepared plays

a key role towards the amount of oxygen adsorbed, or even other adsorbates on

the surfaces. It is nevertheless important to note that diamond surfaces are gen-

erally inert, but this does not necessarily exclude totally contaminations from

unlikely sources such as smearing during the polishing process, an observation

that has already been reported [124] on metal surfaces. However, with good

care coupled with our excellent surface cleaning procedures, these effects were

completely eliminated or at worst kept at bare minimum, which explains why no

other adsorbed species were observed from the wide scans, except oxygen and

of course diamond carbon. However, while doing initial calibration of the VG

Scientific Spectrometer using heated teflon (tetrafluoroethylene - F2C=C2F),

some fluorine deposits were found on the diamond surfaces which were appar-

ently transferred from the sample holder to the diamond surfaces. These were

nevertheless successfully removed through repetitive manual polishing. David-

son et al.[104] indicates that using total-energy tight binding method on the

relaxation of a stepped (111) diamond surface, they found the clean surface

to be sp2 bonded near the step, suggesting a form of graphitic transformation.
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However, our experiments showed that our surface preparation procedure elim-

inates not only all non-diamond carbon including the sp2 bonding reported by

Davidson et al.[104], but also any metal impurities on the polished diamond

surfaces.

The adsorbed oxygen species may be thought of being randomly arranged

on the respective faces, although some may be ordered on the large flat terraces

where similar oxidation states could exist. This is quite feasible, especially

after balancing most of the competing effects such as atom sizes and their lo-

cations, adsorbate-adsorbate, adsorbate-substrate interactions as well as steric

repulsions. In addition, no conclusive evidence of clear LEED patterns for the

adsorbed oxygen atoms on all the three low index diamond surfaces have been

reported so far, except the pioneering work of Bobrov et al. [125] on molecular

oxygen adsorption and desorption from single crystal (111) and (110) surfaces.

Although van der Weide et al. [126] also report that oxygen termination on the

(100) surface leads to a (1×1) structure, the available literature shows quite

clearly that comprehensive LEED studies on diamond surfaces are still needed.

It is also worth mentioning that, failure to observe other elements apart from

diamond carbon, oxygen atoms and hydroxyl groups illustrates quite convinc-

ingly that the surface preparation procedure presented in this work was not only

capable of yielding more flat and fairly smoother surfaces, but was also quite

effective in removing any other atomic species on the polished diamond surface.

In addition, the observations made in this study suggest very strongly that oxy-

gen adsorbs on the polished diamond surfaces through bonding at suitable sites

during the surface preparation.

2.5.2 C1s and O1s narrow scans

The high intensities observed in the C1s peaks were a clear testimony that the

photoelectrons originated from a few atom layers below the diamond surface,
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while the presence of O1s peaks implied an appreciable amount of oxygen ad-

sorption on the surfaces. The narrow scans from the C1s and O1s orbitals

were obtained over an energy range of 20eV spanning from 278eV to 298eV

and 525eV to 545eV respectively. A step size of 0.2eV and a pass energy of

23.5eV was used in both cases. In all the surfaces that were investigated, the

carbon peak was found to contain relatively more information than the oxygen

one. In addition, both the raw C1s and O1s peaks were found to be rather

broad, suggesting that they were constituted of more than one oxygen species.

The specific atom species were obtained by deconvolving, both the C1s and O1s

peaks shown in figures 2.7, 2.9, 2.13, 2.17 and 2.15 into a number of sub-peaks.

Each of the sub-peaks corresponded to a specific oxygen termination, thereby

confirming the existence of several oxygen bonding configurations on each of

the three low index diamond surfaces that were studied.

It is worth mentioning that a number of attempts have been made previ-

ously regarding the study of oxygen adsorption on polished diamond surfaces as

outlined in the introductory and later sections of this chapter, but before this

study, not much comprehensive work had been done on all the three low index

faces, leaving a number of questions unanswered. For example, it had not been

established conclusively which oxidation states dominated the respective three

low index faces under various pressure and temperature conditions, as well as

their expected binding energies. A large proportion of the previous work has

also involved a bit of theoretical modelling of oxygen adsorption on either the

(100) [127, 128, 112] and the (111) faces [108, 109], and very little attention

on the (110) face. As such, building on previous studies, this work sought to

shed some light on the vital details of the specific oxidation states on all the

three low index polished diamond orientations, as well as the corresponding

monolayer coverages.

While it may not be entirely possible to assign any specific oxygen-containing
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groups to any one face, our study revealed that some groups were more abundant

on certain faces than others. In particular, we observed mainly the C-OH, C-O-

C, C=O and COOH groups on all the three low index polished diamond faces,

with other minor groups such as H-C=O, O-C-O, O-C=O and C-O-C=O being

observed occasionally. These observations are summarized in Tables 2.1 and

2.2 as well as on the individual sub-peaks, and they all show quite clearly the

existence of different oxygen functional groups on any given face. Ando et al.

[129] reports finding both single and double CO bonds as well as carboxylic

anhydride groups on diamond surfaces.

Our results further revealed that the C-O-C and C-OH groups as the most

favoured oxidation states on the (100) face. They had almost equal occurrence

probabilities, followed quite closely by those of the C=O and COOH (carboxyl)

groups. However, out of the two carboxyl groups, the O=C-OH species was

found to be the more favoured oxidation state than the O=C-OH group. This

result was in agreement with the findings of Petrick and Benndorf [130] on

their acid-treated (100) face. If one therefore considers only the C=O bonding

state in the carboxyl group together with the already established C=O bonding

state, it becomes almost clear that the C=O group was the dominant one on

the (100) face. Water molecules were also found on the (100) face, occurring

at a BE of 534.9eV. Our results agree quite well with the findings of Perhsson

et al. [99], who reported observing ether, carbonyl and hydroxyl groups on the

(100) face. Our study therefore not only establishes the most stable bonding

configurations on the (100) face, but also complements the findings of other

workers with regard to oxygen adsorption on the (100) surface. Perhsson et al.

[99] further found that after introducing small doses of oxygen on hydrogenated

surfaces, equal amounts of hydroxyl and carbonyl groups were observed, while

increasing the oxygen dose resulted in only carbonyl groups.

Based on our findings, such a transformation would be clearly driven by
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the preferential development of the double bond on the more stable and en-

ergetically favoured carboxylic group that we observe on the (100) face, over

the purely hydroxyl groups. Our results were in good agreement with those of

Perhsson et al. [99], especially before they deliberately oxidized the surfaces.

Our surfaces represented typically those that are used in many day-to-day ap-

plications where they are rarely oxidized deliberately, but instead only pick up

the oxygen from the atmosphere or environment in which they are prepared.

As such, our observations are hardly surprising, especially in view of this ar-

gument. The transformation of the hydroxyl groups to carboxylic ones would

initially appear to contradict the widely accepted view that hydrogen can dis-

place adsorbed oxygen from diamond surfaces, while oxygen cannot displace

adsorbed hydrogen. However, a closer look at the process reveals that no hy-

drogen atoms get displaced, but only the bonding configuration changes with

the initial number of hydrogen atoms being preserved.

Nemanich et al. [131] observed that oxygen bonds most strongly on the

(100) surface, where it forms strong bonds with the top layer of atoms on

the unreconstructed (100) diamond surfaces. The strong bonds arise from the

formation of two bonds to the atoms beneath it while the other two are free.

In addition, they also established that oxygen was most weakly bonded onto

the C(111) surface, and the strong bonding of oxygen on the (100) surface was

attributed to be responsible for the reasons why it took long to discover negative

electron affinity on the (100) surface.

Regarding the strength of the bonded oxygen, Bobrov et al. [125] estab-

lished that molecular oxygen was easily bonded to polished diamond surfaces

at room temperature, and upon thermal desorption, carbon monoxide was the

only product from both the C(111) and C(110) surfaces. On the other hand,

Thomas et al. [132] reported that oxygen was attached more easily to the (100)

diamond surface, forming (ether) bridge bond between two carbon atoms or a
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double bond with one carbon atom. These deductions were made on the basis

of the temperatures needed to remove oxygen from the three low index diamond

surfaces. It follows from their experimental findings that the temperature nec-

essary to remove oxygen from the C(100) surface was higher than that of the

other surfaces, being 900◦C. Meanwhile, assuming a bulk truncated C(110) sur-

face, the temperature necessary to induce NEA (Negative electron affinity) on

this surface was found to be 700◦C, which was quite close to that of the C(111)

surface of 600◦C, since both have a single dangling bond termination.

At the same time, the role of the adsorbed oxygen atoms on polished dia-

mond surfaces is clearly captured with regard to the electronic properties of the

interfaces thus formed. This becomes even more vital when making ohmic con-

tacts on the respective surfaces. In particular, the Schottky barrier for metals

on oxygen terminated diamond surfaces has been found to be nearly constant,

except for Ti and Zr, since these two are highly reactive, and hence they would

displace the oxygen from the metal-diamond interface to react with the dia-

mond directly [133]. This is one of the reasons why the two metals are often

used when making ohmic contacts on diamond surfaces.

Using Temperature programmed desorption (TPD), Klauser et al. [134],

established that the major desorption components from diamond surfaces were

CO and CO2 groups, with the CO being the main component and CO2 con-

stituting only ∼5%. They further showed that the activation energy of CO

desorption from O/C(111) surface was 67kcal mol−1, which was higher than

that for the O/C(100) system as shown by Thomas et al. [132] and Frenklach

et al. [135]. Previous theoretical calculations have further showed quite con-

vincingly that there is a difference between the chemisorption behaviour of O

on all the three low index diamond surfaces. On the reconstructed C(111) sur-

faces, the H/O/C(111) spectrum showed similar features to those of H/C(111)

surface[134] which was also similar to the observations made by J.C. van der
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Weide [116]. These observations could explain why both hydrogen and hydroxyl

terminated surfaces exhibited negative electron affinity.

Furthermore, oxygen terminated diamond surfaces are generally bulk termi-

nated (i.e. have (1×1) structures), while annealing up to 900-1000◦C leads to

a (2×1) reconstruction, which is similar to (2×1):H terminated surface. Clean

(110) diamond surfaces have also been reported to exhibit a bulk terminated

(1×1) structure [95, 136]. On the contrary, annealing the C(111) up to 950◦C

drives away the adsorbed oxygen, and in the process leads to (2×1) reconstruc-

tion and consequently a positive electron affinity is observed [101]. The LEED

and TPD studies of atomic and molecular oxygen chemisorption on the (2×1)

reconstructed diamond (100) face by Thomas et al. [132] further showed oxy-

gen adsorption could convert the surface structure into a bulk terminated (1×1)

phase and that CO was the dominating desorption product after annealing.

On the (110) face, our results showed that all the four groups (C-OH, C-O-

C, C=O and COOH) had almost equal chances of occurrence, although fewer

samples were considered for this surface. This unique behaviour which was

apparently exhibited only by the (110) face could be attributed to a number of

factors, among them the possible difficulties associated with its preparation. As

such, the inability to establish clearly the dominant oxygen containing species

on this face could imply that the surface topography was possibly different from

that of the others, or instead its quality may not have been entirely perfect. In

particular, our Atomic Force Microscopy measurements established that the

(110) face had relatively larger but fewer grooves per given area than all the

others, which obviously brings out some subtle differences between the three

low index faces.

No water molecules were found on the (110) face, unlike in the case of the

(100) surface. Previous work by Sappok et al. [137] found an ether-like bridge-

bonding on both C(111) and (110) faces and carbonyl groups on the C(100)
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face, while Ando et al. [129] reported finding C=O and C-O-C structures on

the surfaces of oxidized powders. However, powders present all possible faces

and therefore it was hard to attribute the observed group by Ando et al. [129] to

any one face. After performing Temperature Programmed Desorption (TPD),

they found that the main desorption components were CO and CO2 which was

in agreement with the observations of Bobrov et al. [125] and Loh et al. [138].

Once again, since powders generally present all sorts of orientations, it becomes

difficult to establish the face from which the desorption products reported by

Ando et al. came [129]. Clearly, very few studies of oxygen adsorption have

been done on the (110) surface.

Our results of oxygen adsorption on the (111) diamond surface showed the

C=O group being the most favoured oxidation state. We also established the

O=C-OH carboxyl group, the C-OH group, the C-O-C, as well as O=C-OH

oxidation states as the other favoured bonding species on a (111) face, in that

order. At times, the occurrence probabilities of these oxidation states were so

close to each other that it became a bit hard to distinguish clearly between

the other most stable bonding states, except the dominant C=O group. This

was exacerbated, by the errors associated with them. This sort of behaviour

where the oxidation states were hard to distinguish between the most and least

preferred ones was also reported elsewhere using first principle calculations [139],

as well as in our very own Ab Initio DFT calculations. In particular, we found

that the adsorption energies of various functional groups varied very slightly

at times, thus making it somewhat difficult to establish outrightly the order of

their stability.

The observation of hydroxyl, anhydride and generally hydrogen containing

groups on all the three low index diamond faces gave a clear indication that

there was a certain amount of hydrogen terminating them. In principle, groups

of the form CxHy would occur at the same binding energy as the diamond’s C-C
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bonds, since XPS cannot detect the presence of hydrogen explicitly. However,

whilst most of the hydroxyl groups were believed to be due to bonding of the

adsorbed oxygen atoms together with the hydrogen terminating the diamond

surfaces, some hydroxyl groups could also originate from the deionised water

used in the rinsing of the surfaces. At the same time, some hydrogen atoms

could also be derived from the olive oil used in the polishing, although with

its double bond (unsaturated) it may be hard for it to lose any hydrogens as

discussed in the chapter 3 dealing with atomic transfer. It is nevertheless to

be expected that, if by some means all the adsorbed hydrogen atoms were to

be completely eliminated from the “clean”polished diamond surfaces and be

replaced by total oxygen adsorption, then we would find that all the hydro-

gen containing groups such as hydroxyl and anhydride groups would disappear

too. As a result, the most favoured oxidation states discussed earlier on each

of the three low index diamond faces would most likely change, due to the

disappearance of the previously oxygen-bonded hydroxyl and anhydride groups

transforming themselves into states that contain no hydrogen such as the single

or double CO bonds. Coupled with their high affinity for hydrogen termina-

tion and the previous explanation of hydrogen displacing adsorbed oxygen, it

seems almost inevitable that hydrogen-containing groups would always exist on

polished diamond surfaces.

The relatively low values of oxygen monolayer coverages shown in Table

2.3 are indicative of the fact that functional groups having more oxygen atoms

such as O-C-O, O-C=O and C-O-C=O were less likely on polished diamond sur-

faces. Besides, groups with more oxygen atoms attached to the carbon atoms

were even more unlikely because the two valence electrons on the oxygen atoms

have to be saturated by bonding with either a hydrogen atom to form groups

such as O=C-O-H, or remain in the charged state. We did not however estab-

lish any evidence of the charged oxygen states and hence the only permissible
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configurations are those where the oxygen bond is fully saturated by bonding

with either a carbon atom or terminated by hydrogen. If we were to have a

case where more oxygen atoms were bonded to a carbon atom as implied by

species such as O-C-O and O-C=O, then the monolayer coverages would be

large, which was not the case in this study. We therefore conclude that the

only possible atomic oxygen arrangements that match the observed fractional

monolayers are those that have an oxygen atom on every alternate carbon atom

and not those with an oxygen atom on every carbon atom. This argument ties

in well with the observed fractional monolayer coverages, although [140] report

observing 0.75 monolayers (where 1ML≈1.6×1015 atoms/cm2) of fluorine atoms

on diamond (100) surface, in spite of the fact that the fluorine atoms have a

larger van der Waals radius than oxygen. Their surfaces were however fluori-

nated deliberately under varying temperatures in a UHV chamber with atomic

and molecular fluorine. They further indicated that the accommodation of the

fluorine molecules was limited by the number of reactive sites and not ther-

mally driven dissociation. The DFT calculations of Zheng et al. [139] appear

to suggest that the optimum oxygen coverage on diamond (111) surface would

be a full monolayer, but our density functional theory calculations as well as

the findings of this work, those of Rebuli et al. [98] and Derry et al. [94] for

surfaces prepared following the procedure described in this work totally refute

these claims. Besides, through their wettability studies, Derry et al. [94] found

out that their surfaces was neither strongly hydrophobic as might be expected

of a surface terminated by hydrogen, nor strongly hydrophilic as might be ex-

pected in the case of a monolayer oxygen coverage. Our calculations further

revealed that the third monolayer oxygen coverage at the ONTOP site was the

most stable oxidation state on the (111) diamond surface, after testing for var-

ious coverages ranging from a quarter to full monolayer at different adsorption

sites. This result confirms the findings of this work where the C=O bond was
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found to be the dominant oxidation state at the ONTOP site and at a 0.33

monolayer coverage.

Based on the previous discussions, it was quite evident that the carbonyl,

ether, hydroxyl and carboxyl groups were the most favoured oxidation states,

and hence, likely to be found on polished diamond surfaces that are prepared

under normal atmospheric conditions, as described in the experimental section.

We do not however rule out entirely the existence of groups such as O-C=O or

O-C-O, especially at those regions of the surface where certain features such as

steps with an excess of dangling bonds would favour them.

As a result, the occurrence of these minor groups was attributed mainly

to the existence of surface features such as steps intersecting the flat terraces,

edges and/or kinks among other suitable surface features as shown in figure 1.1.

These are the sites which often tend to have extra dangling bonds. However, the

same features should be quite few on properly prepared surfaces as is evident

from the Atomic Force Microscopy work reported in this study, and hence those

functional groups existing around them would be minimal. As a result, these

groups are hereunto referred to as minor groups. The step-terrace arrangement

is expected to be ordered and to exhibit high thermal stability until the surface

is heated to high temperatures. Our observation of mainly C-O-C and C=O

functional groups on all the faces, and particularly the (100) face was further

confirmed by the ab initio DFT calculations, of Rutter et al. [102, 22] and

Skokov et al. [127]. Rutter et al. [102, 22] in particular further found that

the bridging configuration was more stable by about 0.5eV per surface carbon

atom. This, they said, contradicted theoretical studies of Whitten et al. [141]

who found the ketone configuration to be lower in energy by 0.18eV and also

the prediction of chemical bond energies which gave the C=O bond a higher

energy than the two C-O bonds.

The observation of the C-OH oxidation state in our studies was further a
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manifestation of the existence of the hydrogen atom that terminates polished di-

amond surfaces [95]. They were either bonded onto the adsorbed oxygen atoms,

or instead the surface carbon atoms thereby forming different organic groups.

Earlier work of Rebuli et al. [97], Derry et al. [94], Perhson et al. [99, 111] and

Beerling et al. [142] showed that the ether, C-O-C and carbonyl, C=O to be the

most favoured functional groupings on the (100) face, observations which are in

good agreement with our XPS results. Wang et al. [100] further reported that

the bridge chemisorption of the oxygen monolayer dominated at temperatures

below 400◦C whereas the “on-top”chemisorption became favourable at 500◦C.

Perhson et al. [99] on the other hand, indicated that atomic oxygen adsorp-

tion energies at the on-top and bridge-bonded sites were identical, which again

agrees with our DFT calculations where it was observed that the adsorption

energies of some of the species were very close to each other, making it rather

difficult to establish which among them was the most stable.

One of the surfaces showed an unknown peak centred at around 283.78eV,

which was thought to be close to the one observed by Bobrov et al. [143] at -

283.8eV. They attributed this to π-bonded dangling bonds of a clean surface

dimer on a (2×1) reconstructed (100) diamond surface, and although in our case

it was established on a (110) surface we also predict that the peak at 283.78eV

(in figure 2.17) was due to a surface dimer too, although our surface may not

have necessarily undergone any reconstruction. In another surface, a peak was

observed at 284eV (in figure 2.11) and this was also associated with the same

surface dimer observed by Bobrov et al. [143], especially due to the closeness in

their energies, and more so when the error of 0.2eV associated with their binding

energies was considered. This was in fairly good agreement with the findings of

Perhson et al. [111] who observed that while oxidising heated diamond (100)

surfaces (twice at 540◦C), the surface became apparently roughened, creating

edge sites for sp2-bonded C=C dimers and C=O groups. Yet another peak
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C-OH C-O-C C=O H-C=O O-C-O

C-O-C=O O-C-O COOH

Figure 2.19: Functional groups on the three low index polished diamond surfaces

which was assigned to the C=N double bond was observed on the same surface

at 285.57eV (in figure 2.11). This was hardly suprising because nitrogen is a

known defect in diamond, albeit in small quantities.

On the basis of our results, we concluded that the most likely bonding

configurations of adsorbed oxygen on the three low index polished diamond

surfaces are those shown in figure 2.19. However, these narrow down to C-

OH, C-O-C, C=O, COOH and H-C=O as the most stable oxidation states

on diamond surfaces that are prepared according to the procedure described

previously in this work.

The occurrence of similar groups such as C-O-C, C=O and C-OH on all the

three low index faces indicated that, although one was analyzing either a (110)

or a (100) face, on a microscopic scale, these faces may actually be composed

of many tiny facets of similar orientation, at different places. This may not be

unexpected because during the polishing procedure discussed previously, some

(111) facets may be created on either the (100) and (110) faces, since the fracture

of diamond is highly directional and heavily dominated by cleavage in the (111)

plane. However, our polishing was done mainly along the easy directions where
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the process of material erosion was different from that in the hard direction,

therefore excluding the creation of most of the facets, especially if they are

formed through cleavage. In fact, very low concentrations of oxygen coverage

were particularly observed in one case involving the (110) face, which possibly

indicated the surface was somewhat different from the others microscopically.

Such a surface was thought to have been either generally smooth or flat, and

therefore devoid of many surface features (defects) such as steps, etc., that

could act as suitable sites for a large amount of oxygen to adsorb there, or

alternatively the surface quality was not too good. In line with the argument

of other facets being created on different faces, Kern et al. [107] reported that

at steps on the (111) and (100) surfaces, facets with the (110) orientations

also appear. These they indicated played a pivotal role in the model of layer-

by-layer artificial growth of diamond. Indeed, from a practical point of view,

it is extremely difficult to have an ideally flat surface, but instead what one

expects from the polishing process are surfaces with generally large and flat

terraces, having a few surface features such as steps, kinks etc., and probably

full of arrays of polishing grooves. A “clean”polished diamond surface possessing

these features will therefore undoubtedly show the existence of various types of

oxidation states, as confirmed by the findings of this study.

With regard to the varying amounts of adsorbate coverages, Somorjai et al.

[4] observed that, when the adsorbate coverage increases so that the mean adsor-

bate distance decreases to about 5-10Å, the mutual interactions often strongly

influence the adsorbate ordering, thus favouring certain adsorbate configura-

tions over others. On this basis, we propose that the dominant configurations

of oxygen atoms on polished diamond surfaces were mainly those found on the

large flat areas, thus depicting what one would expect on a real face, while the

minor ones were to be found at suitable surface features such as on the steps and
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the edges as mentioned earlier. The sizes of the steps on properly prepared pol-

ished diamond surfaces were however expected to be quite small, and in many

instances being of the order of one atom or a few atom layers in height, and

their ordering would probably be due to an excess of electron charge at those

sites. The adsorbate-adsorbate forces have been reported to be weaker than

the adsorbate-substrate binding forces, and it was thus believed that the opti-

mum adsorbate locations or sites were determined by the optimum adsorbate-

substrate bonding, although the adsorbate-adsorbate interactions among the

adsorbates themselves, often dominate the long-range ordering of the overlayer.

These surface thermodynamic processes as well as the adsorbate properties will

definitely influence the oxygen ordering on polished diamond surfaces and hence

dictate which oxidation states are to be expected on a particular surface and

site.

We observed from the binding energies of the oxidation states of carbon that

oxygen on polished diamond surfaces induces shifts to higher binding energies

by about 1.5eV per C-O bond. As a result, the O-C-O and C=O groups give

similar BE, while O-C=O has a binding energy shift of almost three times that

of a single C-O bond. Our experimental findings further showed that various

oxidation states on polished diamond surfaces led to a range of about 2.25eV

centred about the main diamond carbon peak at 284.8eV. Similarly, the binding

energy of the oxygen peak was found to fall within a narrow energy range of

almost 1.3eV about the major oxygen peak at 532eV.

The very low oxygen coverages observed especially in the (110) face appeared

to suggest that the carbon atom bonds were instead saturated by a species

that could not be detected by XPS, and this was probably adsorbed hydrogen,

although this is only speculative. This was therefore thought to leave the oxygen

and its derivatives to occupy only very few sites, and thus the reason for the low

oxygen monolayer coverages as observed. However, although not necessarily in
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all cases, this was often observed from those samples that were kept for relatively

longer periods of time within the UHV chamber (more than 12 hours) before

being analyzed. This therefore suggested that there was a possibility of some

weakly bound oxygen species being lost while the sample was in the UHV

chamber, an observation made earlier by Rebuli et al. [97] who pointed out

that the oxygen coverage on the various “clean”polished diamond surfaces was a

function of the pressure in the vacuum chamber, and not necessarily the cleaning

methods. Although this was observed mainly on the (110) faces (incidentally

because they were the only ones that were left in the analysis chamber for long),

there was no reason not to imagine that the same could also occur on any of

the other two low index faces if they were left for long (enough) periods of time

within the UHV chamber.

The UHV chamber was operated at pressures of better than 10−10 Torr. Our

earlier observations indicated that oxygen has been shown to be most strongly

bonded onto the (100) face [131] and it has also been reported to bond more eas-

ily on the (100) face and most weakly on a (111) face. Based on this, it was not

quite clear which oxygen-containing functional groups got dissociated first, but

we can predict that they would most likely be those with low residence times. As

mentioned before, it has already been shown that oxygen desorbs as CO and/or

CO2 species [125, 134], leaving a relatively etched and rough surface. Raising

the temperature of the sample surface was expected to increase substantially

the rate of the adsorbed oxygen dissociation(desorption) and therefore lead to

the establishment of some sort of oxygen loss mechanism. Ando et al. [129] have

shown using high resolution EELS (HREELS) that thermal annealing of oxygen

pre-treated diamond powders first induces decomposition of the ether (bridge

configurations) C-O-C structures while the ketone (ON TOP configuration) de-

composes at higher temperatures. Based on this, it is also very likely that this

same mechanism would apply to the single crystal oriented diamond surfaces.
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Such a desorption process has a strong relationship with the density of states

(i.e. electron distribution) and therefore it was in good agreement with the

general expectation that the weakly bound species would detach first, as illus-

trated by the calculated adsorption energies obtained in our DFT calculations

for the (111) surface. However, although temperature programmed desorption

has been used previously to investigate this phenomenon [134, 138], naturally

the desorption of oxygen from diamond surfaces has not received the attention

that it deserves, and therefore it would be an interesting subject of research to

investigate further which species desorbs first and which one leaves the surface

latest. This would probably yield more conclusive results when combined with

say LEED and XPS experiments, at various elevated temperatures. Such an

endeavour would not only be quite informative especially regarding the specific

desorption temperature onset and the corresponding functional groups, but also

shed some light on the order in which the desorbed functional groups detach

themselves from the polished diamond surfaces.

2.6 Surface states

Valence electrons play a key role in the atomic and molecular bonding of mate-

rials, and therefore the study of the charge distribution about them can reveal

vital information regarding the bonding process itself, the environment, as well

as explaining the strength of the bonds thus formed. This can be achieved by

analysing the electronic density of states using either the x-ray beam from the

XPS apparatus at low energies or instead the ultraviolet spectroscopy or even

EELS. Normally, when two atoms with equal-energy states come close together,

the energy levels of the combined system usually have nearby states just above

and below the original equal energy. Such states are referred to as bonding

(ones at lower energy) and anti-bonding (ones at higher energy states). The
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two states thus created (i.e. bonding and anti-bonding) are almost equally sepa-

rated, below and above, respectively from the original energy. Bonding therefore

occurs because matter is in a lower-energy state when electrons fill the bonding

levels and fewer of the anti-bonding levels. In this regard, the electron distribu-

tion becomes vital in understanding and thus explaining the bonding process.

Through the density of states, one gets to know where the electrons are, and

whether they are actually in the places where they are supposed to be, i.e. their

occupation probability, which is given by the Fermi function.

Using XPS, it was possible to obtain the valence band spectra for the three

low index diamond surfaces as shown in figure 2.18. However, since the energy

of the x-ray beam may not be reduced to the energies that could only permit

the probing of the surface phenomena specifically, some bulk properties (states)

were obviously expected to be observed within the valence spectra. In spite of

this and also the fear that the more intense bulk states could mask the weak

surface states, the observed valence spectra were still useful in giving some vital

information about the surfaces, and hence the existing bonding environment

between itself and the adsorbates.

In particular, the valence spectra shown in figure 2.18 indicated a small

feature slightly above 0eV, which was believed to be due to surface states orig-

inating from the adsorbed oxygen atoms, with minimal contributions from the

underlying substrate carbon. Already, first principle calculations using the lin-

ear muffin-tin orbital (LMTO) approach have confirmed the existence of oxygen

induced surface states on the (100) diamond face [108], while our ab initio DFT

calculations have confirmed this, in the case of the (111) diamond surface. The

valence band spectra from all the three low index diamond faces showed an

average valence band width of about 20.6eV, which was in agreement with pho-

toemission results that give it as 21.0±0.1 eV [144] and our DFT calculations

that show a value of ' 21eV. Zheng et al. [108] on the other hand obtained
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a value of 21.71eV, which compares well with yet another value of 21.63eV for

the valence band width [145].

All the valence band spectra were described by a multi-peak structure, with

the corresponding VB maxima and minima being shown on the respective plots.

Three broad peaks labelled as A, B and C which were centred at around 7.5eV,

14eV and 18eV were observed in all the spectra. A fourth peak centred at

around 27eV and labelled as D was observed in only four out of the six cases

considered. Those spectra that did not exhibit this fourth peak had a relatively

wider valence bandwidth than the others. The peak at 7.5eV was attributed

to the O2p electrons while the other two at 14eV and 18eV, as well as the one

at 27eV were believed to be due to bulk states of the substrate carbon. This

is in approximate agreement with Zheng’s [108] observation of the O2p surface

state for the on-top oxygen configuration, which he establishes at 6.2eV. In fact,

two of the samples that were investigated showed this state occurring at around

6.5eV. However, from Siegbahn’s BE tables, the carbon 2p valence electrons’ BE

is expected at around 7.0 eV which seemingly overlaps with the BE due to the

oxygen 2p valence electrons, thus making the peak’s interpretation somewhat

complex. We further observed bulk-like carbon atom features at 14eV(due to

hybridized 2s and 2p states) and 18eV due to the 2s valence states, again being

in approximate agreement with the ones reported by Zheng et al. [108] at 12eV

and 16eV respectively, indicating a shift of about 2eV that could be attributed

to sample charging that was not compensated for in these spectra. Reinke et

al. [146] established a peak at 13.2eV, which was very close to the one that

we observed at 14eV, and they indicated that this peak was characteristic of

diamond. In fact, the disappearance of the peak at 13.2eV (or 14eV in this

case) has been demonstrated to indicate amorphization or graphitization (sp2

bonding) of the diamond surface, in which case, since this peak was observed in

all the spectra, we can conclude that there was no graphitic and or non-diamond
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carbon on the samples investigated in this work.

Oxygen termination has also been reported to lead to high density of states

at approximately 1.7eV above the valence band maximum [147], and this was

reported mainly on fully oxygenated samples. Our study revealed a very weak

feature at around 1.2eV above the VBMax for the (100) face as seen from the

top right hand side panel of figure 2.18 and 4.8eV for the (110) face as shown

in the bottom lower left hand side panel. Our DFT calculations for oxygen

and hydroxyl termination on diamond (111) surfaces showed a 2s peak for the

adsorbed oxygen atoms at around 22.5eV in most cases, but this was apparently

missing for the clean unterminated surfaces.

The VBMin (i.e. the point where emission starts) was further found not to

be at a constant value for all the faces. It occurred at 0eV for the (100) faces,

while in all the other cases it occurred above 0eV. In particular, three of the cases

had it beginning at 3.0eV, 1.5eV (for two of them), and 0.0eV for one sample as

show in the respective spectra. Beyond these emission onset values, the emission

rate was found to increase quite rapidly in agreement with observations made

by Klauser et al. [134, 148]. The valence band maximum(VBMax) was not

constant either, and it was found to occur between 21.0 & 22.5eV for all the

spectra containing the fourth peak labelled as D, while it was found at higher

BE of between 25.0 & 26eV for those spectra that did not exhibit this feature.

Peak D was attributed to the emission from the oxygen 2s states. Francz et al.

[149] observed a similar peak to ours at 23eV, which they attributed to oxygen

2s core electrons. Taking into consideration the energy shift of 2eV, this peak

corresponded to those that we observed between 25 and 26eV. Its disappearance

has been associated with the absence or desorption of oxygen.

Apart from oxygen, hydrogen has also been shown to be the other terminat-

ing species for “clean”polished diamond surfaces [150, 94]. It has been reported

previously to remove the surface density of states within the band gap [104, 103],
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while the clean (111) diamond surface is expected to have both occupied and

unoccupied states in the gap. In some of our samples, no states were observed

above the valence band maximum, and hence no states within the band gap.

As a result, those samples that showed some states above the valence band

maximum were assumed to contain less amounts of hydrogen termination, that

is, pure C-H bonds, with a majority of their bonds being terminated by either

hydroxyl and/or possibly anhydride groups. On the contrary, those that did

not show density of states above the valence band maximum may be assumed

to contain a large amount of hydrogen termination.

Susana et al. [130] reported observing a relatively sharp high-energy peak at

approximately 17eV and they indicated that it arose from the electron emission

due to negative electron affinity of hydrogen terminated C(100) surface. They

further observed emission onset on the C(100) surface at 1.1eV which they said

was related to the location of the valence band of diamond. Using Ultraviolet

photoelectron spectroscopy (UPS), they also found a “bulk”peak for H termi-

nated surfaces at 8 eV and a smaller peak at 14.5 eV. This peak corresponded

to the one that we observed at around 12.5eV in our DFT calculations, and it

was attributed to the bulk carbon atoms’ strong 2s/2p hybridization. It was

similar to the ones that were established at 14eV for most of the valence band

spectra in our study. Emission onset was detected at around 1.2eV and 1.3eV,

showing some agreement with the findings of Susana et al. [130]. In addition,

some of our spectra showed 2s valence state peaks at around 18eV, that were

quite close to those observed by Susana et al. [130] at 17eV. The peaks at 18eV

could well be due to bulk states as pointed out earlier, since the C-C and C-H

bonds were normally taken to be the same within the XPS analysis.
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2.7 Conclusion

Apart from hydrogen, oxygen was clearly established as the main foreign atom

on all the three low index polished diamond surfaces. This, together with the

observations of various oxidation states on the diamond faces was consistent

with other reported work, as well as ab initio calculations on theoretical pre-

dictions. Various functional groups were observed on all the three low index

diamond surfaces with the C-OH, C-O-C, C=O and COOH being the dominant

ones. Minor groups such as O-C-O, O-C=O and C-O-C=O were occasionally

indicated, and their existence was attributed to the presence of surface fea-

tures like steps and edges on the “clean”polished surfaces where more dangling

bonds were expected. Except for the dominant polishing grooves, most of the

surface features were found to be quite few as confirmed by our Atomic Force

Microscopy images that are reported elsewhere in this study.

On the (100) surface, the dominant oxidation states were found to be the C-

O-C and C-OH groups, while appreciable amounts of C=O and OH-C=O groups

were also found. The (110) face showed the four groups that were observed on

the (100) surfaces, but these had almost equal occurrence probabilities, making

it difficult to choose the most and least stable of the four. Nevertheless, the

C=O and C-OH groups were thought to show some slight dominance over the C-

O-C and the OH-C=O groups, although not enough to make a more conclusive

observation. However, few samples were considered for this surface, a factor that

may have contributed to this apparent inability to establish the stability of the

species on the (110) surface. The (111) surface showed the C=O group as the

most favoured oxidation state, followed quite closely by the O=C-OH carboxylic

group. Significant amounts of the hydroxyl (C-OH) and bridge-bonded (C-

O-C) oxygen groups were also established on this face, with the occurrence

probabilities of the four main groups established on this face decreasing in the
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order that they are listed.

While the existence of large flat areas on the polished diamond surfaces was

confirmed by the observations of groups that had been predicted by theoretical

models constituted of primarily large and ideally flat areas, observations of the

few minor groups seemed to suggest that the faces not only consisted of flat

areas but they also exhibited surface features similar to those shown in figure

1.1, such as steps, edges and possibly kinks. These were nonetheless expected

to be few, therefore their overall contribution being correspondingly minimal.

Around these surface features, more dangling bonds were likely to be found,

leading to a greater variety of oxygen functional groups. Increasing the amount

of time in which the sample stayed within the UHV system before analysis led

to the loss of some of the weakly bound species as confirmed by observations of

very low oxygen coverages in some cases. Such species were also believed have

had low residence times on the polished surfaces.

Oxygen induced surface states were established on all three low index dia-

mond surfaces. Occasionally, very weak surface states above the valence band

maximum were observed, and these occurred within the energy band gap. An

average valence bandwidth of about 20.6eV was established for polished (oxygen

terminated) diamond surfaces, and the valence band emission rate was found

to increase quite rapidly after the respective emission onset values of between

0 and 1.3eV. The valence band widths associated with the carbon atoms was

generally broad, indicating the strength of the C-C covalent bonds.

Average oxygen monolayer coverages of 0.47, 0.33 and 0.33 were observed

on the (100), (110) and (111) faces of polished diamond surfaces under UHV

conditions respectively. These coverages may however decrease to much lower

values if the samples stayed for longer periods of time within the UHV chamber

as observed by Rebuli et al. [97]. The fractional monolayer coverages were in

excellent agreement with the earlier work of Rebuli et al. [97] and Derry et al.
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[94] involving oxygen adsorption on polished diamond surfaces, prepared in a

similar way as those used in this study.

2.8 Recommendation

It would be of interest to take extra XPS spectra in situ with LEED mea-

surements while annealing the surfaces. This would assist in establishing the

species that get desorbed first, those that get desorbed latest, and also the

changes occurring in the structure of the surfaces as the temperature is var-

ied. In addition to addressing this problem, these investigations would also

complement the temperature programmed desorption studies.



Chapter 3

Carbon Atom Exchange
Between The Lubricant And
The Diamond Surfaces During
Polishing.

3.1 Chapter layout

This chapter explores in detail the process by which atom transfer occurs be-

tween the polishing lubricant and diamond surfaces during polishing. The rele-

vant theoretical principles are initially discussed, followed by the experimental

procedure, then the results, their discussions and finally conclusions.

3.2 Introduction

The mechanisms by which diamond polishing proceeds are still a matter of de-

bate, in spite of the process having been perfected over a period of more than

50 years [54]. Many theories have been put forward, speculations made and

even elaborate experiments done as discussed in chapters 2 and 5, dealing with

the (X-ray Photoelectron Spectroscopy) XPS and (Atomic Force Microscopy)

AFM studies. Traditionally, a fast moving cast iron wheel impregnated with

diamond grit of specified sizes has been used as the tool for carrying out the

77
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polishing process, with the diamond surface getting gradually eroded, following

mechanisms that depend on the orientation, polishing direction and probably

the surface contact temperature among other factors. In some of their early ex-

periments, Tolansky et al. [81] observed that, in spite of the fact that tungsten

carbide was considerably softer than diamond, ring cracks developed on the

diamond surfaces when spheres made of it were pressed on the diamond using

various loads. However, they only observed this effect on the octahedral face

of the diamond, and no cracks were obtained on either the cubic nor the do-

decahedral faces. In addition, they observed that tungsten carbide balls caused

considerable internal disruptions of the diamond compared with synthetic sap-

phire balls. These experiments formed the early investigations into diamond

polishing.

For most materials, surface atoms are normally bound to their neighbours

by strong chemical bonds whose average strength is close to 600KJ/mole. This

means that the mechanical force needed to remove an atom is in the range of

1x10−7N to 10 x 10−7N [65], and the external stress applied should be able to

overcome this force if the surface atoms are to be detached during polishing.

For diamond surface and even for other materials, these values are only averages

since the actual contact surface area is determined by the real total contact area

of the asperities and the polishing surface as shown in figure 1.4, depending on

how flat the surface is. The polishing process does often create dangling bonds

on the surface being polished, and these depend on the orientation as shown in

figure 3.1.

In general, polished diamond surfaces are usually bulk-like and have carbon

atom dangling bonds terminated with hydrogen atoms [150]. Exposure to air

or water adds an oxygen submonolayer [97, 151]. The terminating hydrogen

atoms are normally thought to be donated by the polishing lubricant which in

most cases is olive oil. However, one might argue that the oil molecule shown in



79

Figure 3.1: Dangling bonds on the three low index diamond surfaces. First
panel represents a (111) face, the second a (110) and the last a (100) face.
[After Hansen et al. [94]]

figure 3.7 is itself short of hydrogen, since it is unsaturated (through its C=C

double bond), and therefore might not be expected to give up hydrogen easily

in order to facilitate the bonding process. In spite of this, it seems quite logical

to imagine that whenever surfaces are polished using a polishing lubricant or

any other medium, there is always the possibility of transferring atoms from

the lubricant to the surface and vice versa. This has already been alluded

to by Franklyn et al. [124], where they found contamination of metal surfaces

through smearing during polishing. Rao et al. [152] on the other hand have also

indicated some recent advances in the electrochemistry of diamond, especially

for electroanalysis and double layer capacitor applications where the properties

of the topmost layers are explained.

The process of atomic transfer from a lubricant to the surface being polished

has not been investigated thoroughly up till now, in spite of its obvious impor-

tance and the possible consequences that it may have for the eventual use of the

surfaces prepared through this way. In particular, polishing diamond surfaces

with olive oil may have the consequence that the outer carbon atoms, as well

as the hydrogen atoms would come from the oil and not the diamond itself if

atomic transfer occurs.
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We set out to explore this hypothesis using isotopically labelled olive oil. It

was surmised that carbon atoms from the labelled oil molecule would bond with

those of the diamond surface in a way that satisfies both its own unsaturated

double bond, as well as the diamond surface’s dangling bonds that are created

while polishing. This possible exchange of atoms between the diamond surface

and the lubricant was investigated by the use of the nuclear reaction analysis

technique (NRA), where the label on the oil molecule acted as a tracer for the

transferred atoms.

3.3 Nuclear reactions

The applications of nuclear reactions are rather varied, and generally range from

the desire to have a general understanding of the nuclear and chemical reactions

themselves, to understanding the mechanisms of energy release from specific

nuclear reactions. Nuclear reactions have also been used quite extensively as

tools for studying various material properties because of their versatility. This

study utilizes a nuclear reaction of the type A(p,γ)B, commonly referred to

as particle-gamma nuclear reactions. Their suitability is enhanced by the fact

that the energy of the exciting ion can be chosen in such a way that the nuclear

reaction takes place only at the surface, thereby enabling only the surface or

near-surface phenomena to be investigated.

3.4 Particle-gamma nuclear reactions xA(p,γ)yB

When an energetic ion of mass m1, and energy E, impinges on an atom of mass

m2, it can excite a nuclear reaction if E is greater than the coulomb barrier of

the struck atom. In the case of (p,γ) nuclear reactions, the exciting particles

are protons whose energy is chosen in such a way that only the desired reaction
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Proton, radius R1

b

Target 13C, radius R2

Compound nucleus, radius R1+R2
Reaction residue, 14N

+  γ

Figure 3.2: A proton of radius R1 interacting with a target atom of radius R2.
b is the impact parameter.

is excited, and de-excitation is by gamma-ray emission, as illustrated in figure

3.2.

When the proton approaches the target, it interacts with a specific nucleus

A, via a two body collision between itself and some nucleon of A. If the proton

strikes a particular nucleon within the target nucleus and it doesn’t leave the

nucleus, another two body collision may occur and eventually the entire kinetic

energy of the proton gets distributed between the combination of the nucleons

of the target and the proton itself, leading to the formation of a compound

nucleus [153].

The compound nucleus thus formed is considered to be in an excited state,

and its decay occurs in a rather complex way that depends mainly on the

excitation energy and its angular momentum among other factors, and not nec-

essarily the nature of the proton and the target nuclei. If the reaction products

are gamma rays and they are detected during the irradiation process, such a

reaction is referred to as a prompt gamma emission reaction. At particular en-

ergies of the incoming ion, sharp resonances are usually observed, and in order

to utilize this resonant state, the resonance energy needs to be well isolated in

order to eliminate interferences with other reactions. Analyzing the reaction

products of a particular nuclear reaction, yields vital information regarding the
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target atom as well as the reaction products themselves. As such, NRA is a

technique that is not only sensitive to specific isotopes whose resonant energies

are well known, but also the energies of the emitted gamma rays. If the energy

of the incoming ion is within the range defined as low to medium, i.e < 1MeV,

the ion (in this case proton) doesn’t travel deep into the target material, and

hence nuclear reaction analysis becomes a very useful surface analysis tool, for

those cases where suitable nuclear reactions exists. Nastasi et al. [154] have

compiled a detailed list of some of the useful nuclear reactions and their reaction

products, as well as the corresponding resonance energies.

3.5 Reaction cross-section

Reaction cross-sections normally indicate the probability of a nuclear reaction

taking place when an energetic ion hits a target atom with some specific energy.

This is clearly demonstrated in figure 3.2, where two spheres of radii R1 and R2

collide, representing the incident and target particles respectively in a similar

manner as they would in a typical nuclear reaction. This situation closely

approaches a first approximation classical case, and the assumption is validated

by the fact that when a cloud of particles is held together by the strongly

mutually attractive nuclear forces, the spherical shape happens to be the most

favoured energetically. The reaction cross-section in such a case would therefore

be proportional to (R1+R2)
2, which is the area of the disc whose radius is

R1+R2.

Suppose that the colliding balls shown in figure 3.2 are substituted by two

real particles interacting in a given nuclear reaction expressed as A(p,γ)B that

is initiated by a beam of protons p of intensity Io particles/sec, incident on to

a target A containing M particles, as shown in figure 3.3. The actual number

of protons that react with the target then becomes equal to the fraction of the
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area q, that is covered by the target nuclei. If the sample contains n atoms/cm2

of the target nuclei, then the area d that is covered by the target nuclei is

n(atoms/cm2) x q(cm2) x the effective area subtended by one atom(cm2/atom),

and this area also represents the reaction cross-section, σ for the reaction. The

number of γ rays emitted is therefore proportional to the beam Io and M, where

the constant of proportionality is again the reaction cross-section.

However, while the gamma rays resulting from a certain nuclear reaction are

emitted through a complete solid angle of 4π steradians, many times one desires

to find the number of particles emitted in an element of a solid angle dΩ, in

the direction with polar angles (θ,φ) with respect to the incident beam, since

this could represent the location of the detector. In such a case, the number of

particles emitted becomes proportional to dΩ, Io and M, and the constant of

proportionality is now the differential cross-section dσ/dΩ. Owing to the fact

that the gamma ray emission is usually quite symmetrical about the direction

of the incident beam, the cross-section becomes independent of the azimuthal

angle φ, and it can then be approximated as,

σ ≈ 2π

∫ π

0

dσ

dΩ
sin θdθ (3.5.1)

Most nuclear reactions involving low to medium energy ions occur via the

compound nucleus [155], and in this arrangement, the nuclear excited states of

the compound nucleus become unstable against decay by emission of γ rays or

other particles, to states of lower energy. This means that, for isolated non-

overlapping levels of the compound nucleus, at certain values of the compound

nucleus excitation energy, individual levels of the compound nucleus can be

excited, and this happens when the excitation energy equals exactly the energy

of a given compound nucleus level.

The reaction cross-section σqc of forming a compound nucleus C, in the

resonant state from a pair of nuclei C=p+A at an energy E is proportional
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Figure 3.3: A 3 dimensional illustration of a beam of particles Io hitting a target
and producing scattered gamma rays, with some being emitted in an element
of a solid angle dΩ. Adapted from G.R. Satchler [155]

to the probability that a resonant state exists in the compound nucleus C at

that energy, and that the nucleus decays in some given way. This process could

be summarized via the process, a+A→C→b+B, and the reaction cross-section

then becomes viz [155],

σ = πD2 (2J + 1)

(2JA + 1)(2Ja + 1)

ΓaAΓbB

(E − E0)2 + (Γ/2)2
(3.5.2)

where ji is the spin of the ith nucleus, ΓaA and ΓbB are the partial widths

of formation of the compound nucleus C through the process a+A, and the

decay of C into b+B respectively, and Γ is the total width of the decay, i.e.

the Full Width at Half Maximum (FWHM) of the compound nucleus C. D is

the compound nucleus’s level spacing, E the nuclear excitation energy and E0

is the resonance energy. The expression shows that in the resonance region,

the nuclear phase shift δL rises from zero as the energy is increased towards

the resonance, passes through π/2 at the resonance, and finally approaching

π asymptotically as the energy increases beyond resonance. The rate of decay

of the compound nucleus from its excited state is Γ/~ [156], which is equal to

the sum of the probabilities for decay into the various open channels γ that are
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energetically available. That is,

Γ =
∑

γ

Γγ. (3.5.3)

with Γγ=0 for closed channels. Equation 3.5.2 can be rewritten so that the

cross-section for a transition from channel p to an open channel γ, that is, the

reaction A(p,γ)B going through the compound nucleus becomes,

σpγ ≈ ΓpΓγ

(E − Er)2 + (Γ/2)2
(3.5.4)

The reaction cross-section σpγ, given by equation 3.5.4 readily describes the

distribution of the target atoms A in the matrix, and its often referred to as

the Breit-Wigner cross-section. When its variation with the solid angle is con-

sidered, the differential cross-section is used instead, and this would typically

be expressed as viz [157],

dσ(E, θ)

dΩ
=

d(Er, θ)

dΩ

Γ2

(E − Er) + Γ2/4
(3.5.5)

3.6 Resonant nuclear reactions.

Resonant nuclear reactions are those that exhibit a sharp increase in the reac-

tion cross-section at some specific reaction energies, known as resonant ener-

gies. A resonant nuclear reaction occurs when the energy of the incoming ion

matches that of the corresponding energy level of a particular target atom’s nu-

clei. When this happens, the specific energy level gets preferentially populated,

and it becomes unstable. This leads to the emission of gamma-ray photons or

other charged particles, together with the formation of stable nuclear residues.

In other words, if the bombarding energy in a nuclear reaction A(p,γ)B matches

the energy Er of a quasi-stationary quantum state of a compound nucleus, then

there will be a resonance [155]. At this energy, the cross-section for the for-

mation of the compound nucleus shows a marked increase as shown in figure
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3.4. However, the description of resonant states has continued to intrigue many

researchers, leading to them being viewed differently. Sometimes some people

assume that at the resonance energy the incident particle gets trapped for a

while before it escapes again, while in other cases resonant states are consid-

ered to be those where the incident particle’s wavefunction assumes a large value

within the nucleus compared to its oscillating component at large distances away

from it, thus leading to increased nuclear reaction cross-section [156, 158]. In

spite of these varied descriptions, they all refer to the same phenomena.

If the energy of the exciting beam of particles such as protons corresponds

to the energy of the narrow and sharp resonance Er, resonance reaction takes

place at the target surface. However, if the energy of the ion is greater than the

resonant energy of the desired nuclear reaction, it travels through the material

matrix, losing its energy through electronic and nuclear processes, until the res-

onance energy is reached. For light ions, the nuclear energy losses are relatively

smaller compared to the electronic losses at energies of the order of 1MeV (as

used in the present work), thus the energy loss rate in this ion energy regime is

primarily dominated by electronic losses.

EE r

D

σ(
m

b/
S

tr)

Figure 3.4: Nuclear reaction cross-section, σ as a function of exciting energy.
Er is the resonance energy, and D is the nuclear level spacing
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Also known as the stopping power, the energy loss suffered by the incident

ion, -dE/dx, in a particular medium gives rise to the energy-to-depth conversion,

indicating how far the reacting isotope is located within the material matrix.

Compound nuclear reactions are relatively long-lived processes. For level widths

of ∼1.0eV, the lifetime of a compound system is Γ/τ ∼ 10−15 − 10−16s which

is indeed very long, especially when compared to the times that are needed for

a nucleon to traverse the nucleus, which is 2R/v ∼10−21s [156, 158]. As the

incident energy approaches and passes through the resonant energy, the cross-

section of the channels into which the compound resonant state can decay rises

to a maximum value and then falls again. At resonance, the emitted reaction

products which in this case include gamma rays are then detected and counted,

giving the relevant information about the quantitative amount of the isotope

causing the resultant nuclear reaction.

The total gamma ray yield, Y of the nuclear reaction emitted from a thin

target layer into an element of a solid angle ∆Ω at an angle θ to the proton

beam can be expressed as viz [157],

Y (E, θ) = NpN
dσ(E, θ)

dΩ
∆Ωεinstr (3.6.1)

where Np is the number of the incident particles, which in this case are protons,

N is the number of target atoms per unit surface area, dσ/dΩ is the differential

cross-section, ∆Ω is an element of the solid angle and εinst is the intrinsic

efficiency of the detector system.

Unlike the theoretically predicted sharp and narrow resonances, the exper-

imental width of resonance is normally broadened due to the natural width of

the resonance, the energy resolution of the beam and the energy straggling of

the particles during energy loss from Ebombarding to Er [154]. For reactions that

take place through the compound nucleus, the individual levels are normally

fragments of simpler states that have been split by residual interactions, and
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hence it is possible that the strength function will show characteristic maxima

whenever one of these states is in the region of measurement, or rather corre-

sponds to a resonant state of the compound nucleus. The simplest state is one

due to the excitation of a single particle, and since the region of measurement is

just above zero, a maximum will be expected in the strength function for nuclei

with a single-particle state near the zero of the energy [153]. As such for low

energies and also depending on the detector-sample geometry, the s-wave and

to a lesser extent the p-wave will contribute to the interaction process, implying

that in a majority of the cases, only the effects due to the two states will be

detectable.

3.7 Stopping power of protons (H+) in diamond

In order for charged incident particles above the resonance energy to excite a

resonant nuclear reaction at a depth x below the substrate surface, they have

to lose the extra energy by suffering energy losses dE/dx, also known as the

stopping power S of the target material.

The ion’s energy, as well as both the charges of the target atoms and those of

the ion play a significant role in the ion and target interactions. At low energies,

the ion carries its electrons and becomes neutralized by electron capture. At

these low energies [154], elastic collisions with the target nuclei, that is, nuclear

energy losses dominate. However, as the ion velocity and thus the bombarding

energy increases, the nuclear energy losses diminish as 1/E, where E is the

bombarding energy [159].

With increasing ion energies, the electronic energy losses, that is, inelastic

collisions with the atomic electrons then become the dominant form of interac-

tion, and at very high velocities, the ion charge state increases and eventually

it becomes stripped of all its electrons. Figure 3.5 shows a typical variation of



89

the stopping cross-section of protons with incident energy on diamond. Nastasi

et al. [154] have compiled a detailed database of stopping powers/cross-sections

of various ions incident on different matrices, together with a corresponding set

of graphical representations similar to the one shown in figure 3.5.
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Figure 3.5: Stopping cross-sections of protons incident on diamond at various
energies. [Adapted from [154]]

Using empirically determined data, they have also developed a set of rela-

tions that can be readily used to calculate the stopping cross-sections for those

intermediate energies that are not listed in their databases. However, these

parameters can also be obtained through computer simulations using computer

codes such as (Transport and Range of Ions in Matter) TRIM98 and its later

version SRIM (Stopping and Range of Ions in Matter) [160].

3.8 The 550 keV 13C(p,γ)14N nuclear reaction

The 550keV 13C(p,γ)14N resonance nuclear reaction was used to probe for the

13C atoms in this study. It yields two prominent gamma rays; one at 8.06 and

the other at 4.11 MeV [154]. The more energetic of the two (8.06MeV) gamma
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rays also happens to be the most abundant (80%), and therefore well suited

for most nuclear reaction applications. By virtue of their relatively higher en-

ergy, the 8.06MeV γ-rays are also well isolated from the interfering low energy

background. In addition, the 13C(p,γ)14N nuclear reaction is also well suited

for probing diamond because like all natural carbons, diamond contains a fixed

proportion of 13C atoms (1.11±0.03%) within its bulk [161, 162]. The exper-

iments are therefore self-calibrating. Furthermore, it was ideal for this work

because any other adsorbates or near-surface non-diamond species do not show

any significant nuclear interactions with protons within the chosen energy win-

dow. Those that may occur such as Al or others arising from the presence of

non-diamond material, have generally small reaction cross-sections compared

to the 1.44mb [154] for the 550keV 13C(p,γ)14N nuclear reaction, to be able to

produce any significant interfering effects. Due to its relatively low excitation

energy, the 13C(p,γ)14N reaction is very well suited for probing surface phenom-

ena, which was the main object of this study. Figure 3.6 shows the energy level

transitions leading to the production of the 8.06MeV gamma rays that are used

in this study.
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Figure 3.6: Nuclear energy transitions for the production of the 8.06MeV
gamma rays from the 14N energy level diagram. (After F. Ajzenberg-Selove
[163]).
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3.9 The oleic acid molecule.

Olive oil labelled with a high percentage of 13C atoms and whose structure is

shown in figure 3.7 was used to polish the diamond surfaces that were to be

investigated in this study. It consists of 18 carbon atoms, 34 hydrogen and

two oxygen atoms, resulting in a molecular weight of 282.52, and an empirical

formula of C18H34O2. Written in a more general way, the oleic acid molecule can

be expressed as CH3-(CH2)6-CH2-CH=CH-(CH2)6-CH2-COOH and in a more

general way as R-(CH2)n-COOH. The molecule is hydrophobic at the methyl

terminated end as seen from figure 3.7 and hydrophilic on the other, which is

terminated by a carboxylic group.

Figure 3.7: The chemical structure of the oleic acid molecule. The green balls
are the labelled carbon-13 atoms, the grey ones the hydrogens, and the red ones
the oxygen atoms. After [164].

For this reason, it is insoluble in water, since the hydrophobic end makes it

non-polar, while the hydrophilic site makes it polar. The double bond further

makes it a mono-unsaturated molecule and this leads to the bending of the

molecule at its centre as seen in figure 3.7.

The oil used to polish the diamond surfaces for this study was labelled with

99% 13C atoms [165], meaning that all the carbon atoms in its molecule were
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usually 13C. It was a colourless and an odourless liquid. A molecule having a

high concentration of 13C atoms was especially preferred to polish the diamond

surfaces, so as to maximize the probability of transferring the 13C atoms from

the oil to the polished diamond surfaces through bonding with the broken dia-

mond surface’s carbon-atom dangling bonds, which are created while polishing.

3.10 Interaction of incident gamma rays with
the NaI(Tl) detector’s active material.

Three dominant processes take place when a detector’s active material interacts

with gamma rays emitted from a nuclear reaction as shown in figure 3.8. These
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Figure 3.8: Various interaction mechanisms that occur when incident gamma
rays interact with the detector’s active material.

include Compton scattering, photoelectric effect and pair production. Each of

these processes dominates at different gamma ray energies as seen from the

graphical representation shown in figure 3.9 for the detector response.

The geometry of the detector with respect to the emitted gamma rays from

a given sample is usually a key component towards its efficient performance.
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Figure 3.9: Detector interaction response as a function of the incident gamma
ray’s energy for a 76x76mm NaI(Tl) detector. (After [166])

When coupled with the (large) solid angle subtended, maximum collection effi-

ciency is often guaranteed.

The detector’s absolute efficiency εabs, which is expressed as,

εabs = (number of counts recorded)/(Activity of source)

and its intrinsic efficiency εint, defined as,

εint = (number of pulses recorded)/(number of counts incident on detector),

are linearly related, with the constant of proportionality being the detector’s

solid angle. These can be expressed as,

εint = εabs × Ω, (3.10.1)

As such, a large solid angle is always desirable, for improving the detector’s

intrinsic efficiency and therefore its performance.

In addition, whenever the detector interacts with some radiation, it nor-

mally requires a minimum amount of time commonly referred to as dead time

to separate and record two pulses distinctly. If the dead time is too long, a

true event may be lost when it comes too soon following a preceding one, and
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this becomes severe when fast count rates are involved, leading to pulse pile-

up. If for example two pulses are sufficiently close to each other so that they

are treated as a single pulse by the analysis system, the problem of the dead

time becomes significant because this interferes with quantitative measurements

based on measuring the area under the full energy peaks, since the area under

the peak is no longer the true measure of the total number of full energy events.

Luckily, this problem was not encountered in this study because only pulses

with low enough count rates that avoided pulse pile-up were involved.

NaI with Thallium atoms added is an exceptionally efficient detector ma-

terial even when compared with other solid state detectors. This means that

the yield of the total light energy output is very close to 1 photon per electron-

hole pair originally formed, and therefore the energy transfer to activator sites

is extremely efficient for NaI detectors. In most cases, the initial light output

(signal) is very small and this normally requires to be amplified, a process that

is readily achieved by the use of a photomultiplier (PM), which then enhances

it before being passed on to the multi channel analyzer (MCA).

As is the case with all other detectors, the NaI(Tl) detector which was used in

this work has a finite energy resolution, that arises from contributions involving

separate effects such as charge collection statistics, electronic noise, variations in

the detector’s response over its active volume, and drifts in operating parameters

over the course of the measurement. Fluctuations in the PM tube gain from

event to event may also add to the measured resolution in this detector, as well

as in other scintillation detectors.
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Figure 3.10: Illustrations of the atomic arrangement at each of the three low
index diamond faces. The left hand side panel shows a (100) face, the middle
a (111) face and the right hand side one, a (110) face. Note the large channels
within the (110) face.

3.11 Experimental Procedure

3.11.1 Sample Preparation

The main objective of this study was to investigate the possible transfer of

carbon-13 atoms from the polishing lubricant to the ”clean” polished diamond

surfaces. To realize this, polishing oil labelled with 99% 13C was used, with the

13C atoms acting as tracers for any species that may be transferred onto the

surfaces during the polishing. Their presence was then to be detected and quan-

tified using the resonant nuclear reaction analysis technique, that was discussed

previously.

In this regard, six natural diamond samples of different sizes ranging from

3mm by 3mm by 1mm and above were used as seen from figure 1.2. These were

selected in such a way that they every face was represented by two of each of

the three low index families of planes, {100}, {110} and {111}. Figure 3.10

shows models of the atomic arrangement at each of the three low index faces.



97

The selected faces were first prepolished to within 1◦ of the desired plane

as shown by the Laue pictures presented in figures 4.1, 4.2 and 4.3, follow-

ing the standard mechanical polishing procedure described in detail within the

experimental section of the XPS chapter.

The samples were prepared in such a way that they had two parallel opposite

faces polished to the same standard. The polished surfaces were then repolished

manually on a highly polished metal block, using 1/4 and 1/10µm diamond

pastes and olive oil (principally Olein) labelled with 99% 13C atoms. In this

case, the labelled oil acted as both the source of the carbon-13 atoms that may

be transferred onto the polished surfaces, as well as a lubricant, and also as a

source of the terminating hydrogen atoms in our slow-speed, low-load manual

polishing. In the process of polishing, some of the particles of the diamond paste

may break down into even smaller ones, thus leading to even better surfaces

whose roughness was probably be of the order of the smallest particle size, and

hence yielding much smoother and flat surfaces. Each of the manual polishing

processes lasted for approximately 30 minutes, and the high 13C concentration

in the polishing lubricant ensured that the probability of bonding any broken

surface carbon-atom bonds with a 13C atom was maximized.

After the repolishing, each face was thoroughly cleaned in an ultrasonic

bath as described in the experimental section of the XPS chapter. A diluted

solution of Contrad, which is a surface cleaning detergent also sold under the

name “Decon 90”was used. A Pyrex beaker was used in each case, and the

initial cleaning and rinsing processes lasted for periods ranging between 3 to

10 minutes. Each surface was ultrasonically rinsed three times using deionised

water, and this was expected to yield very “clean”surfaces. To prevent any

further contamination, each sample was cleaned and rinsed separately in its own

beaker, and plastic tweezers used to handle them, by holding onto those faces

that were not repolished. After rinsing, the sample faces were dried by blowing
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dry nitrogen over them and/or dried using a special cloth or fine filter paper that

did not deposit any fibers onto them, then stored in sterilized polythene bags to

avoid any further contaminations as they awaited analysis. As a precautionary

measure, the surfaces were not kept for long in the polythene bags before being

analyzed, and plastic gloves were always worn during this process to avoid any

contamination with body oils.

3.11.2 Experimental set up

The 550keV 13C(p,γ)14N resonant nuclear reaction was used to probe the surface-

bonded 13C atoms. To initiate the nuclear reaction process, the Cockcroft-

Walton 1.4MV accelerator based at the Schonland Research Institute [now

iThemba LABS (Gauteng)], whose schematic diagram is shown in figure 3.12,

was used. This provided the protons needed to probe for the bonded 13C atoms

at various energies. In this set up, the initial voltage was generated by a trans-

former that delivers 100kV, which is then stepped up by a series of rectifiers

and capacitors, lined up within the pressurized tank as shown in figure 3.11.
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Figure 3.11: Operating principle of the Cockcroft-Walton high voltage Power
supply. (After D.B. Rebuli [167])
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Figure 3.12: Schematic diagram of the 1.4 MV Cockcroft-Walton Proton accel-
erator. (After R.A. Spits [168])
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The accelerator consists of a tank that is fixed above the ceiling of the ac-

celerator building as shown in figure 3.12, pressurized to operating pressures of

more than 6 atmospheres with a mixture of dry carbon dioxide and nitrogen

gases in proportions of about 1:5. An evacuated beam-line and a target cham-

ber form the remainder of the accelerator set-up. Gas bottles containing the

appropriate gases e.g. hydrogen for protons are normally placed at the top of

the pressurized tank and ionization of the required particles is initiated by an

RF(radio frequency) source fed by one of the gas bottles. The ions are then

accelerated vertically downwards from the tank to a magnet that bends them

through 90◦ to a horizontal direction towards the target chamber, which is lo-

cated at about 5 metres away from the 90◦ magnet. The magnetic field of the

bending magnet is controlled in such a way that only the ions with the desired

mass and energy are selected, and hence allowed to proceed to the target cham-

ber. Such an objective is achieved by relating the magnetic flux, B(T) and the

proton’s energy, E(MeV) as,

B = (0.651± 0.001)
√

E (3.11.1)

a relation that is derived empirically using calibration data obtained previously

from the accelerator. Since small energy steps were required when varying the

proton energy, and also due to the fact that the energy was required to remain

relatively constant during any specific irradiation process, both a helipot which

controlled the amount of current to the analyzing magnet and a rotating coil

magnetic probe that measured the actual magnetic flux were used to ensure

that any significant energy fluctuations or drifts were actually monitored, and

corrected. The two therefore ensured that the required beam energy was kept

in check, to within the errors of the two devices.

Beam focusing was achieved through the adjustments of two pairs of vertical

and horizontal quadrapole magnets. Together with these, both vertical and
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horizontal beam steerers were also used to control and steer the ions towards

the target. Since it was desired to have an intense beam interacting with a

specific area of the target, and hence a certain number of 13C atoms on that

part of the surface, no beam scanning was attempted.

The pressure within the target chamber as well as the beam line was main-

tained at better than 5x10−6 torr, which was sufficient to allow the required

mean free paths of the accelerated protons.

3.12 Gamma ray background minimization and
sample irradiation analysis.

Within the vicinity of the detector, low energy gamma rays, otherwise referred

to as background radiation are often emitted from various sources. These have

the unfortunate consequence of being able to interfere with the desired gamma

rays that are produced from a given nuclear reaction. For this reason, sufficient

measures to minimize this background radiation are often needed, while at the

same time maximizing the collection efficiency of the required gamma rays. As

mentioned previously, one way of improving the detection system’s efficiency

is to ensure that it subtends a large solid angle for the emitted gamma rays

relative to the detector, an objective that can be realized by minimizing the

detector-to-source distance. In our case, the target was placed beyond the nor-

mal chamber on a beam stub as shown in figure 3.13. The detector was mounted

at 10mm away from the target. This was a very small distance, and it effectively

ensured that a large solid angle of nearly 2π steradians was subtended, outside

the vacuum. The distance between the target and the detector was critical in

determining the solid angle, because the solid angle of a point source located at

a distance d along the axis of a cylindrical detector of radius r actually depends
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Figure 3.13: Sample - detector - readout arrangement. The dimensions are not
drawn to scale.

on it, according to equation 3.14.1.

Ω = 2π[1− d√
(d2 + r2)

] (3.12.1)

From this relation, if the detector radius r is much bigger than the source-to-

detector distance d, then the solid angle Ω will approach 2π (about 80% of 2π

in our case), which is a rather large value and thus necessary for improving the

detector’s efficiency as seen from equation 3.10.1 [159]. As one would expect, γ-

ray emission is almost isotropic, and therefore absorption by the sample holder

is negligible.

In order to cut off the low energy background gamma radiations arising from

sources such as building materials, cosmic rays and generally from other sources

of low energy γ-rays within its vicinity, the detector was shielded with a lead

annulus of thickness close to 6.9cm. In addition to the sources of the back-

ground radiation mentioned above, noise from the detector electronics may also

contribute to some high background that is registered within the low energy
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regime of the gamma ray yield spectrum. Further minimization of the back-

ground radiation was achieved by wrapping round the beam stub where the

sample was mounted with several ‘turns’of lead strips of 1.5mm in thickness.

In order to ensure that only gamma rays arising from the desired nuclear

reaction were counted, another lead annulus measuring about 8cm in length by

4.2cm in diameter was used. This had a through ‘hole’measuring 0.8cm in di-

ameter which was bored at its center and placed just before the target as shown

in figure 3.13. This arrangement ensured that any gamma rays originating from

sources such as slits and collimators upstream of the target were strongly atten-

uated and if possible eliminated completely so that they did not interfere with

the required gamma ray signal and hence get erroneously counted.

Together with these measures, data collection times were minimized by using

high beam currents. At times, beam currents of up to 500nA were used, and

this helped in shortening the exposure times significantly. This was realized by

setting the current integrator in such a way that when a total count of 2x104

had been achieved per run, the irradiation process would stop automatically.

The number of counts of 2x104 was chosen on the basis of the fact that these

were large enough to yield a sufficient number of γ-rays per run for the analysis,

and at the same time they also ensured that the surface was not significantly

damaged at the end of all the exposures. The beam size (diameter) was verified

initially to ensure that it was on the expected area of the target, by irradiating

a blue polythene paper that burnt at the point where the beam was hitting,

thereby verifying not only the region of the sample where it was falling, but

also the actual size for corrections during the quantification process. Through

this, the correct position where all the targets were to be placed for the nuclear

interaction to take place was established, as well as giving an idea of the size

and shape of the beam. From these preliminary experiments, the beam size

was found to be ∼2mm in diameter, corresponding to the size of the upstream
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collimator that was placed near the target. Beam spread was not expected to

be a significant factor in this case, because the final collimator and the target

were not located too far apart. However, one needs to consider possible changes

on the surfaces after long and high beam exposures, because these tend to lead

to the deterioration of the surface quality. In addition, the target chamber

was also well isolated from the ground, so as to avoid any undesired effects

from leakage current. In the process, the whole chamber acted as a Faraday

cup for the current integration, which avoided the need for secondary electrons

suppression.

3.13 Detector calibration

A 10x10cm Bicron [169] NaI(Tl) scintillation detector with an energy resolu-

tion of about 60±10keV FWHM was used to count the (8.06 MeV) gamma

rays emitted from the 550keV 13C(p,γ)14N nuclear reaction. It was positioned

outside the vacuum, at 10mm right in front of the beam stub where the target

was mounted as shown in figure 3.13, and this arrangement was used for the

collection of the gamma rays in all cases. As mentioned before, this ensured

a solid angle of about 80% of 2π Steradians was subtended. The detector was

operated at a voltage of about 900V and an amplifier gain of 4.4 was used.

As mentioned previously, sodium iodide detectors with thallium atoms added

are very efficient for the detection of gamma radiation, even when compared

with solid state conductivity detectors. They have a much better measuring

efficiency particularly at higher energies, although their energy resolution is

relatively poor when compared to solid state detectors. However, the poor en-

ergy resolution was not a significant factor, since this study did not involve

resolution of a large number of peaks. As long as the gamma-rays of interest

were recorded, broadening of the peaks became unimportant. On the other
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hand, good detector efficiency was required because the study entailed picking

out very small amounts of 13C, an objective that made the NaI(Tl) detector

more desirable over the others. Since the gamma rays emitted from the 550keV

13C(p,γ)14N nuclear reaction were rather energetic, a detector having a large

NaI(Tl) crystal was required for maintaining a high efficiency. The excellent

light yield characteristic of NaI(Tl) detectors (which is related to its efficiency)

made them the preferred choice in this study, but their relatively long decay

time of 230ns [159] may impact negatively for some fast timings or high count

rate applications. This was however not a problem in this study because the

count rates were optimized as mentioned previously, through the appropriate

choice of collimation and the beam current.

In the case of the 550keV 13C(p,γ)14N, three gamma ray peaks separated by

an energy interval equal to moc
2, where mo is the rest mass of an electron and c

is the speed of light, are always produced as shown in figure 3.15. These corre-

spond to the full energy peak, as well as the single and double escape peaks that

arise from processes involving the interaction of the detector’s active material

and the γ-rays. Additionally, the detector’s active material was large enough

to interact with the energetic gamma rays appropriately without affecting the

accuracy of the results.

In order to establish that only those gamma rays originating from the re-

quired nuclear reaction were counted, the multi-channel analyzer (MCA) was

first set in such a way that it operated within the correct energy window for

the detection of the emitted 8.06MeV gamma rays. The role of the MCA was

to place correctly the various gamma rays into the respective channels that

corresponded to their energies. The result would then be an output spectrum

that consists of a series of peaks, whose number depends on the energies of the

γ-rays present from the respective sources.

In this study, two standard gamma ray sources were initially used to set up
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the MCA, firstly, as a check for accuracy and two, for correct placement of the

resultant gamma rays into the right channels corresponding to their energies.

This was achieved by determining the values of the energy per channel for each

of the gamma rays emitted by the two standard sources, and then using a linear

relationship (scale) to set up the analogue-to-digital (ADC) converter gain, so

that the 8.06MeV gamma rays were identified. The use of the two sources also

ensured that any ambiguities that may arise from using only a single source

were eliminated. The high energy (8.06MeV) gamma rays were conveniently

located in a region that was well away from the low energy regime which in

itself was an advantage, thus effectively eliminating the problem of low energy

background interference. At the same time, the energy window was also chosen

in such a way that it took account of the broadening of the detected gamma

ray peaks.

The two sources used in the setting up of the MCA were 60Co that produces

two gamma rays of energies 1.173MeV and 1.332MeV [169, 170] and 137Cs that

produces gamma rays having an energy of 662keV [170]. Each source was placed

quite close to the detector (≈ 1cm away), to emulate the actual sample-detector

arrangement. The electronics controlling the detector and the signal processing

devices such as the amplifier and its gain as well as the ADC and its gain were

then adjusted in such a way that the detected gamma rays from the two sources

were clearly identified within the desired channels of the collected spectra. Using

these as references, it was possible to ensure that the required gamma rays

occurred at the channels that would permit the 8.06MeV gamma rays from

the 550keV 13C(p,γ)14N nuclear reaction to be observed. This was realized

by determining the channel into which the 662keV gamma ray peak from the

137Cs occurred and then by using linear proportionality, establish the channel

into which the 8.06MeV gamma rays were expected to occur. By applying a

similar procedure for the 1.332MeV gamma ray peak from the 60Co standard
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Figure 3.14: Detector calibration peaks using 137Cs and 60Co standard sources.

source, the channel into which the 8.06MeV gamma rays were expected to occur

was also determined. These detector settings were then recorded and used for

all the subsequent nuclear reactions involving the production and collection

of the gamma rays, so as to maintain consistency. Some typical examples of

the calibration spectra obtained from the 60Co and 137Cs standard sources are

shown in figure 3.14. These spectra gave the resolution for the 60Co 1.332MeV

gamma ray peak at the detector settings mentioned previously as 9.1%, while

that of the 662keV 137Cs gamma ray line was found to be 10.9% at FWHM

of the respective peaks. Energy resolution values are however not constant

with energy E, and they are generally better at low energies, with the detector

resolution varying as 1/
√

(E) [169].

Natural diamonds have been shown to contain small traces of non-diamond

materials [171] such as nickel and aluminium. Unfortunately, Al can pro-

duce gamma rays of comparable energy to the 8.06MeV gamma rays from the

13C(p,γ)14N nuclear reaction, especially when the energy of the protons is above

600keV. Luckily, the reaction cross-section of aluminium with protons within

this energy regime is quite small [154] compared to that of the 13C atoms being
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detected. Additionally, its amounts were expected to be generally small enough

that gamma rays from it or any other trace elements would not interfere with the

yield from the surface-bonded 13C significantly, especially in situations where

relatively large amounts of 13C atoms were residing on the diamond surfaces,

as was the case in this study. Furthermore, the Coulomb barrier makes it quite

unlikely for the energy of the bombarding ions (protons) to excite nuclear in-

teractions with elements of higher atomic numbers. Spits et al. [172] observed

that the closest interfering nuclear reaction to 550keV one would originate from

30Si at a resonant energy of 630keV, but its contribution would also be low.

3.14 Quantification of the adsorbed 13C atoms
on diamond surfaces.

The number of 13C atoms transferred onto the diamond surfaces through pol-

ishing was determined by counting the emitted gamma rays from the 550keV

13C(p,γ)14N resonant nuclear reaction, since these were considered to be pro-

portional to the number of surface-bonded 13C atoms. The proton energy was

varied between 445 and 680keV, that is, quite close to the 550keV resonance en-

ergy, using steps of 10keV in the off-resonance region and 5keV in the resonance

one. From this, a profile of the gamma ray yield versus the proton energy was

obtained. This process was initially done for a graphite sample, using similar

energy stepping, and within the same energy range, so as to establish the nature

and shape of the 13C yield profiles. Although smaller energy steps may have

been more desirable, those below 5keV were not considered useful, nor practical

since the accelerator accuracy was about 4keV (±2keV) [7], thus limiting the

step size to this as a minimum. The choice of such a value meant that we were

working almost at the highest resolution of the accelerator.

All the samples used in this study were type Ia natural diamonds, and in

line with all natural terrestrial carbons, they contained small amounts of 13C
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Figure 3.15: Three gamma ray peaks obtained at a specific proton energy, fitted
with a Gaussian distribution. The area under them is taken between channels
x and y.

corresponding to about 1.11±0.03% of the bulk 12C [161, 162]. Thus, instead of

using a different standard sample to calibrate for the 13C atoms transferred onto

the diamond surfaces, the small traces of 13C atoms contained in the natural

diamonds were used for this purpose, and this makes natural diamonds self-

calibrating, with regard to the 13C isotope.

Upon the excitation of the desired nuclear reaction, three gamma ray peaks

which were separated by an energy interval equal to m0c
2 as shown in figure

3.15 were always obtained. The area under these peaks gave the total number

of gamma ray counts at the respective proton energies, and from these the

corresponding numbers of 13C atoms were computed. The exact area under the

peaks was obtained by integrating the counts between the continuum values on

either side of the peaks after a linear background subtraction as illustrated in

figure 3.15. This area is expressed mathematically as,

Peak Area =

y∑
i=x

Ci − (y − x)
Cx + Cy

2
(3.14.1)

where Ci are the counts in channel i, while Cx and Cy are the counts obtained by
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averaging the counts in the four channels about channels x and y respectively.

The area was determined by choosing the appropriate region of interest, and

then integrating it over the chosen energy channels. For most applications

involving the use of a NaI(Tl) detector, a Gaussian curve fit to the points that

lie within one standard deviation on either side of the measured photopeak value

has been shown to represent adequately the shape of the photopeak for various

source geometries and counting conditions [173]. As such, a linear background

subtraction was first applied to all the three gamma ray peaks (see figure 3.15),

before fitting them with the corresponding Gaussian peaks, and then the area

under them was determined as described previously. In figure 3.15, the solid

line forming the envelope over the three peaks is their Gaussian fit.

The choice of the exact positions of either channel x or y was not fixed (i.e.

was relaxed), and could vary slightly as seen from figure 3.15, depending on

the judgment made as to where they began or ended. This gave rise to slightly

different peak areas when their extraction was repeated several times (at least

5) at the various x and y values. However, these variations in peak area were

generally small, meaning that the repeated values for the area would be pretty

much the same. The main cause of the uncertainty in choosing the correct values

of channels x and y was the continuum’s high and random background especially

at the low energy side of the three gamma ray peaks. From the repeated values

of the peak areas, the median rather than the mean was considered to represent

the correct area. This was especially vital in order to reduce the effects of large

areas obtained erroneously affecting the accuracy of the results. The error in

the measurements was taken to be one standard deviation of the data obtained

from the repeated values of the peak areas. Using the tabulated data of the

gamma ray counts (given by the area under the peaks) at every proton energy,

line profiles corresponding to the gamma ray yield for the respective diamond

faces were plotted.
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Figure 3.16: A step function illustrating the background spectrum from the
1.11% 13C atoms contained within the bulk of all natural diamond samples.
These data were obtained from sample kc5, which was a (111) face.

Their shapes were similar to the one shown in figure 3.16, which was obtained

from a diamond sample that was not treated with the 13C-labelled oil, as the

proton energy was swept below and above the 550keV resonance energy. This

yield profile corresponded ideally to a step function (dashed line) convolved

with the resonance width of 25keV. This was taken to represent the calibrating

spectrum from the standard samples (originating from the 1.11% 13C atoms

contained in the diamond’s bulk).

Figure 3.16 is a typical plot from resonant nuclear reactions, due to the

relation between the proton energy E, and the nuclear reaction’s resonance

energy Er. If E¿Er, no resonance nuclear reaction takes place, and when E=Er,

the reaction takes place at the sample surface. If E>Er, the protons (ions)

must lose the extra energy through mainly (the inelastic) electronic stopping,

until E=Er at a depth x, and it is only then that the reaction takes place at
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that specific depth. If the bulk contains a fixed amount of the isotope causing

the desired nuclear reaction, the gamma ray yield would also become almost

constant at some point where EÀEr, implying that the counts reach a point

where almost no more increment occurs and this in our case is referred to as

the saturation region, as shown in figure 3.16.

For a sample having a thin layer of the relevant isotope at its surface e.g

13C atoms as was the case for the diamond samples used in this study, a surface

13C peak would typically occur at the resonance energy Er. This would be

similar to the one shown in figure 3.17, where it appears as a parasitic peak

riding on the background, which is represented by the fitted solid line. After

subtraction of the background, the parasitic peak gets isolated as a surface

peak which is then fitted with the Breit-Wigner (B-W) distribution (solid line)

as shown in figure 3.18, which describes the true distribution of the adsorbed

atoms. It is also vital to add that, since the 13C surface layer was very thin,

the target atom distribution may be thought of as being a delta function to a

first approximation. However, due to the finite width of the nuclear reaction as

well as the energy spread of the beam and detector response, the surface peak

is normally broadened.

Equation 3.14.2 shows the gamma ray yield Y(E), of the extracted surface

peak, which is approximated by the B-W relation as,

Y (E) = b
ΓpΓr

(E0 − Er)2 + Γ2/2
(3.14.2)

E0 is the incident proton’s energy, Er the resonance energy, Γp and Γr the

proton and gamma ray’s partial widths respectively, Γ the total FWHM, and b

a scaling factor.



113

450 500 550 600 650
0

500

1000

1500

2000

2500

3000

3500 Sample kc8
(100) face

 

 

G
am

m
a 

ra
y 

co
un

ts
 (A

rb
. U

ni
ts

)

Energy (keV)

Figure 3.17: A typical 13C peak riding on the background spectrum.
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Figure 3.18: An extracted surface peak fitted with the Breit-Wigner distribu-
tion.
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The extracted data points constituting the surface peaks were fitted with

equation 3.14.2, where all the parameters were used as fitting variables except

the proton’s energy E and the resonance energy Er. The variables were allowed

to vary in turn, until the best least-squares fit to the data was achieved.

The saturated background (see figure 3.16) was proportional to the num-

ber of 13C atoms per unit volume in the bulk, which was (1.11% x 1.76x1023)

atoms/cm3, while the integrated area or the total number of counts under each

of the surface peaks was taken to be proportional to the number of surface

atoms per unit area. The ratio of the two counts gave the areal density of the

13C atoms at the surface as illustrated in the following discussion.

Suppose that the number of gamma ray counts per channel at the saturation

region as shown in the background spectrum of figure 3.16, is Nm. If one then

considers a small slice of proton energy ∆E within this region, corresponding

to an element of depth ∆x which contains a specific number of 13C atoms, then

∆x can be expressed as,

∆x =
∆E

(dE/dx)
(3.14.3)

where dE/dX is the stopping power of protons in diamond at resonance (since

the region chosen varied only slightly from the resonance energy). If the atomic

density of diamond, (1.76x1023atoms/cm3) is taken to be D, the number of

carbon atoms per unit area in ∆x becomes D∆x. This means that, the actual

number of 13C atoms per unit area originating from the 1.11% bulk 13C in the

slice of depth ∆x becomes,

=
1.11

100
D∆x (3.14.4)

This can be stated alternatively as the number of 13C atoms corresponding

to the gamma-ray counts per channel within the diamond matrix, previously

referred to as Nm, for an equivalent slice of energy ∆E. Using a similar argument,
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the number of 13C atoms contributing to a surface peak containing Ns gamma-

ray counts per channel becomes,

=
Ns

2Nm

1.11

100
D

∆E

dE/dx
(3.14.5)

In equation 3.14.5, the term 2 in the denominator comes from the fact that

the energy stepping in the resonance region where the surface peak occurs was

half of the one in the off-resonance region. Furthermore, in spite of the fact

that the layer of 13C atoms was residing on top of the diamond’s 12C matrix,

it did not offer any significant stopping to the protons since it was extremely

thin. Additionally, although the irradiated area was much smaller than 1cm2,

this was normalized when determining the number of counts from the surface-

bonded 13C atoms through the ratio Ns/Nm, since both were derived from the

same area. Through this, the area of the irradiated region falls out of the

equation.

Surface sputtering of the target atoms, was not expected to be significant

in this study, according to the TRIM98 [160] computer code and its later ver-

sion SRIM2003, meaning that the surface-bonded 13C atoms were expected

to remain in their respective bonded positions throughout the entire irradia-

tion process. However, surface deterioration through extended periods of beam

exposure could cause some changes on the surfaces as mentioned previously.

Nonetheless, although some damage was found to occur during the initial pre-

liminary studies at the irradiated regions where the diamonds changed from

colourless to dark, this did not change the surface-bonded 13C atom numbers.

Furthermore, TRIM simulations showed that most of the damage was occur-

ring at the end of the ion trajectories where most of the particle’s energy got

deposited, and the low damage at the surfaces was due to the fact that the

particles were still too energetic as they approached and passed through the

surfaces. The presence of minimal surface damage, may however indicate that
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one is not necessarily investigating identically similar surfaces towards the end

of a long irradiation process as they were at the beginning. This was however

not expected to affect the measured 13C atoms, since if no surface sputtering or

long-range atomic displacement occurred, almost the same number of carbon

atoms would be excited all the time, up to the end of the irradiation process,

the nature of the surface notwithstanding.

3.15 Results

Profiles of the gamma ray yields versus proton energy for diamond surfaces that

were not treated with the 13C atoms and those that were treated are shown in

figures 3.19 to 3.28. Two different samples were used for the untreated diamond

surfaces, and their profiles are shown in figures 3.19 and 3.20. These were taken

to represent the background gamma ray counts from the 1.11% 13C contained

in all natural diamonds as mentioned before. Figures 3.21 and 3.22 on the other

hand show the profiles obtained from the {100} faces that were repolished with

the 13C-labelled oil, while figures 3.23, 3.24 and 3.25 show the corresponding

profiles obtained from three different {111} faces. Profiles from the 13C-treated

{110} diamond faces are shown in figures 3.26, 3.27 and 3.28, with each of the

three low index faces being represented by at least two faces, so as to eliminate

any ambiguities.
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Figure 3.19: Gamma ray profile from sample kc5, which was a (111) surface
that was not treated with the 13C-labelled oil. It shows the step function yield
of the 1.11% 13C atoms contained in all natural diamonds.
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Figure 3.20: Gamma ray profile from sample kc9 which was a (111) surface that
was untreated with the 13C-labelled oil. This yield profile corresponds to the
1.11% 13C atoms contained in all natural diamonds.
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Figure 3.21: A plot of the gamma ray yield profile from sample kc3, which was
a (100) surface treated with 13C.
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Figure 3.22: Gamma ray yield from sample kc8, which was a another (100)
surface treated with 13C.



119

450 475 500 525 550 575 600 625 650 675 700 725

0

500

1000

1500

2000

2500
sample kc5
(111) face

 

 

G
am

m
a 

ra
y 

co
un

ts
 (A

rb
itr

ar
y 

un
its

)

Energy (keV)

Figure 3.23: Gamma ray yield from sample kc5, which was a (111) surface
treated with 13C.
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Figure 3.24: Gamma ray yield profile from sample kc11, which was a second
(111) surface treated with 13C.
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Figure 3.25: Gamma ray yield from sample kf4, which was yet another (111)
surface treated with 13C.
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Figure 3.26: Gamma ray yield from sample kk7, which was a (110) surface
treated with 13C.
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Figure 3.27: Gamma ray yield profile from the opposite side of the (110) surface
whose profile is shown in figure 3.26, which was also treated with 13C.
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Figure 3.28: Gamma ray yield from the same (110) surface as in figure 3.27
which was treated with 13C, but with the face slightly tilted relative to the
proton beam axis.
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Figure 3.29: Some examples of the three gamma ray peaks obtained as the
proton energy was progressively increased. Note the difference in the vertical
scale.

All the yield profiles, showed that the gamma ray counts were extremely

small at low proton energies, especially below ∼515keV. This was due to the

fact that the Coulomb barrier of the nuclear reaction had not yet been overcome.

A sharp increase in the gamma ray counts then followed as the resonance energy

was approached and passed, reaching a saturation plateau that corresponded to

the gamma ray counts from the 1.11% bulk 13C. At high energies, the protons

were energetic enough to travel deep into the diamond matrix, thereby exciting

nuclear reactions from the bulk 13C atoms. Any further increase in the proton

energy was not expected to increase the gamma ray counts, and thus the reason

for the saturation plateau which remains more or less constant. Figure 3.29

shows illustrations of some typical gamma ray peaks collected as the proton

energy was gradually increased. Owing to the fact that the resonance energy of

the nuclear reaction used in this study was clearly known and also well isolated,

an initial (narrow) scan within a small energy range very close to the resonance

energy was made for some samples. This was intended to verify experimentally

whether or not any surface sputtering of the surface-bonded 13C atoms occurred,

since earlier TRIM simulations had predicted that no such surface sputtering

was expected to occur. If negligible or no sputtering of the bonded surface 13C
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atoms occurred, then a repeated scan at the same proton energy was expected

to yield similar numbers of gamma ray counts as the previous one. The results,

though few, confirmed that no surface sputtering or displacement of the surface-

bonded 13C atoms occurred. Lack of proton-induced sputtering on diamond

surfaces has also been reported by da Rosa et al. [174] and this means that

the results are very reliable especially for thin targets involving the first top

monolayers of a solid, as well as the near surface region.

After the narrow (short run) scans, complete scans were then made on the

respective samples ranging from about 445keV to 680keV at varying energy-step

intervals. From these, the nature, shape and size of the gamma ray yield for

the 13C-treated diamond surfaces, well below and above the resonance energy of

the 550keV 13C(p,γ)14N nuclear reaction was obtained. Although the number

of gamma ray counts at low proton energies was extremely small as seen from

the first panel of figure 3.29 and also from the yield profiles shown in figures

3.19 to 3.28, one may be tempted to imagine that the areas under the gamma

ray peaks would be characterized by higher errors, but instead the absolute

errors were generally small. Following the tabulation of the gamma ray counts

against the proton energy, and the plotting of the data points, the Boltzman

distribution step function was used to fit these, in order to obtain the desired

γ-ray yield profiles. The fit ensured that the error at all the respective energy

points was evenly distributed over the entire energy range, which explains why

the error bars are all equal in any given spectrun. The size of the error bars

was one standard deviation of the values considered at a given proton energy.

3.15.1 Number of 13C atoms transferred onto the pol-

ished diamond surfaces.

To determine the number of 13C atoms transferred from the lubricant to each

of the polished diamond surfaces or the areal density, the corresponding 13C
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Table 3.1: 13C atom coverages on clean diamond surfaces expressed as areal
densities and monolayer coverages.
Sample name & Number of 13C Expt. areal density Monolayers)
Sample Face atoms(atoms/cm2) of 12C (atoms/cm2) [94] (ML)
(kc3)- {100} 1.36 x 1015 1.57x1015 0.9
(kc8)- {100} 1.73 x 1015 1.57x1015 1.1
(kk7-face1) - {110} 2.32 x 1015 2.11x1015 1.1
(kk7-face2) - {110} 1.94 x 1015 2.11x1015 0.9
(kk7-face1) - {110} 0.644 x 1015 2.11x1015 0.3
kc5 - {111} 1.43 x 1015 1.82x1015 0.8
kc11 - {111} 1.89 x 1015 1.82x1015 1.0
kf4 - {111} 1.70 x 1015 1.82x1015 0.9

surface peaks shown in figures 3.30 to 3.37 were extracted from the respective

gamma ray profiles shown in figures 3.19 to 3.28. The extracted experimental

data was then fitted with the Breit-Wigner distribution function which made

it possible to determine the experimental width of the nuclear reaction as well

as the distribution of the surface-bonded 13C atoms. The Breit-Wigner fits

were made using Origin version 6.1 [175] which is a computer program with

various features that are easily adaptable to the fitting process. The same size

of error bars used in the γ-ray yield profiles was also applied to the corresponding

extracted surface 13C peaks.

Using equation 3.14.5 together with the number of gamma ray counts ob-

tained from the areas under the extracted 13C surface peaks, the number of 13C

atoms per unit area (areal density) on each of the respective low index diamond

surfaces was determined. These are shown in Table 3.1, wherein they are ex-

pressed as both areal density and as monolayers. The monolayer coverages were

obtained by comparing the coverages expressed as atoms/cm2 with the known

areal densities of 12C atoms on each of the respective diamond faces, as shown

in Table 3.1

A value of 0.1178keV/nm was used for the electronic stopping power of pro-

tons in diamond at the resonant energy of 550keV when determining the areal
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Figure 3.30: Carbon -13 surface peak for a (100) surface, extracted from figure
3.21.
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Figure 3.31: Carbon -13 surface peak for a (100) surface, extracted from figure
3.22.
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Figure 3.32: Carbon -13 surface peak for a (111) surface, obtained from figure
3.23.
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Figure 3.33: Carbon -13 surface peak for a (111) surface, obtained from figure
3.24.
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Figure 3.34: Carbon -13 surface peak for a (111) surface, extracted from figure
3.25.
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Figure 3.35: Carbon -13 surface peak for a (110) surface, obtained from figure
3.26.
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Figure 3.36: Carbon -13 surface peak for a (110) surface, obtained from figure
3.27.
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Figure 3.37: Carbon -13 surface peak for a (110) surface, obtained from figure
3.28.
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densities. This value was obtained from a TRIM simulation, and it was consid-

ered to be generally constant over the small energy range of the experiment, and

therefore significantly representative over the desired range of interest. Omit-

ting the smallest value of the monolayer coverage (0.3) shown in Table 3.1, an

average value of 0.9±0.1ML was obtained for the number of 13C atoms trans-

ferred from the polishing lubricant to the surface. The error in this case was

one standard deviation of the values considered when determining the average

monolayer coverage.

Table 3.1 further shows that the 13C coverage on most of the faces was close

to a monolayer. This was a relatively high coverage, implying that the topmost

carbon atom layer was actually constituted of 13C atoms that were derived from

the polishing oil and not the diamond. As a result, we postulate that whenever

diamond surfaces are polished with oil, transfer of atoms from the lubricant to

the diamond surface occurs in such a way that the topmost layer is donated by

the polishing lubricant.

In addition, a deconvolution of the Breit-Wigner-fitted surface peaks gave

the values of the full width at half maximum (FWHM) of the 550keV 13C(p,γ)14N

resonant nuclear reaction, which are shown in Table 3.2 for each of respective low

index diamond faces that were investigated. The observation of only a full ML

of 13C atoms that was transferred onto the polished diamond surfaces through

the procedure described previously confirmed that this constituted probably

the thinnest surface layer that can possibly be made. This therefore had the

consequence that the experimental width of the nuclear reaction thus obtained

was bound to be quite accurate.
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Table 3.2: Full width at half maximum (FWHM) values for the 550 keV
13C(p,γ)14N resonant nuclear reaction.

Sample Face Full Width at Half
& Sample name Maximum(FWHM)
{100}-kc3 25.0
{100}-kc8 24.6
{110}-kk7 face 1 25.0
{110}-kk7 face 1 (repeated) 25.0
{110}-kk7 face 2 (tilted) 25.0
{111}-kc5 25.0
{111}-kf4 24.0
{111}-kc11 26
Average 25±1keV

3.16 Discussion

The tiny parasitic peak that was observed riding on the background spectra

close to the resonance energy (550keV) in figures 3.21 to 3.28 was a clear ev-

idence of the transfer of carbon-13 atoms onto each of the three low index

diamond surfaces after repolishing with the olive oil labelled with 99% 13C. On

subtraction of the background spectra, the tiny peaks gave rise to the surface

peaks illustrated in figures 3.30 to 3.37, which was again a clear testimony of

the atomic transfer from the lubricant to the repolished diamond surfaces. In

addition, it is important to note that, while hydrogen as deuterium has been

shown to exchange freely with diamond-like surfaces, carbon does not [176].

Instead we find evidence only of direct bonding during polishing.

This is a rather interesting outcome because the possibility of being able to

transfer atoms onto the repolished diamond surfaces has direct consequences to

the final applications of such surfaces, and it further shows that there is a high

chance of modifying them through bonding with different atoms. Our study

suggests that, this can actually be realized by polishing them with a medium

containing the desired foreign atoms. The implication of such a finding is that

certain surface properties could be altered through this process, suggesting that
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immense potential exists as far as many surface applications are concerned

[22, 131]. In particular, one might engineer the coverage of a given surface to

achieve some intended properties, for example changing the electron affinity,

resistance or response to the environmental agents, as well as adhesion to other

surfaces such as the already reported adsorbents for blood plasma cleaning on

diamond surfaces [177] or even the surface properties of medical devices [178]

among many other applications. This becomes even more important when one

considers the fact that the operation of most semiconductor devices depends

very strongly on the properties and nature of the surface as well as the interface

with ohmic contacts. The findings of Koslowksi et al. [48] that the morphology

of surfaces and interfaces influences quite significantly the resulting properties

of devices whose performance is based on multilayers prepared on top of each

other, lends more credence to the role of foreign atoms on diamond surface.

This is informed from the point of view that their presence on such surfaces or

interfaces does modify the devices’ response in a number of ways. We therefore

propose that novel surfaces or even nanostructures may actually be formed

on diamond surfaces, through this way. Already, various authors [179] have

observed the attachment of various organic compounds on diamond surfaces, a

process which is achieved through different approaches.

However, while such atom transfer may yield benefits in certain aspects of

surface applications, the same phenomena could lead to undesired results in

others, especially if one is not aware of the fact there is an exchange of atoms

taking place between the polishing medium and the surface being polished. Such

an eventuality could very easily compromise the performance of many devices.

Information regarding the surface preparation, its eventual nature (as discussed

in the atomic force and optical microscopy chapters) and other phenomena

such as the atom exchange between the surface and the lubricant as mentioned

previously is therefore vital. This makes it easier not only to understand the
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properties of the devices prepared out of such surfaces, but also to manage and

control them better. One could for example choose to eliminate the foreign

atoms altogether, or better still, make use of them if they are essential to the

application for which the device made is intended.

In some applications, bonding between a coating and the substrate could

be greatly enhanced by the presence of the desired surface atoms, while in

other cases this could lead to failure if undesired atoms are present on the

surfaces. This is especially vital for diamond, because it has lately been used

as a heat sink for a number of semiconducting devices, while over the years

it has been used traditionally as a hard coating of cutting tools. In both of

these applications, better results can only be achieved if the adhesion at the

interface is good. On this particular aspect, Caveney [180] points out that

if care is not exercised on the interfacial bonding procedure, the benefits of

using diamond heat sink can be completely negated. As such, any undesired

foreign atoms introduced through polishing and hence existing at the surfaces or

interfaces may compromise the mechanical and electrical properties of the device

and therefore its overall performance, leading to failure, especially in high-tech,

harsh or critical applications. These examples, though not exhaustive allude

to the fact that foreign atom transfer onto surfaces during polishing plays an

important role, regarding their final applications.

While most surfaces showed coverages that were close to a monolayer, a

slight difference between the actual numbers of 13C atoms transferred onto the

three low index diamond faces was observed, as seen from figures 3.21 to 3.28,

as well as the surface peaks shown in figures 3.30 to 3.37. However, although

this variation may just have been statistical, these differences become more

significant when one considers them in terms of the areal densities and not

monolayers. This is because the experimental error, which is the standard

deviation of the values considered in Table 3.1 (omitting the last coverage of
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0.3ML from sample kk7) is found to be 3.2x1014atoms/cm2. Although small,

this is a rather significant value with regard to other processes such as the

electronic doping of surfaces. It is also interesting to note that even for surfaces

having the same orientation, the number of 13C atoms transferred was slightly

varied, an observation that can readily be attributed to possible differences

arising from the surface preparation procedures for each individual face. Based

on this, one can conclude that, although all the surfaces were prepared following

the same procedure, it appears that no single surface was exactly identical to

another, and probably the wear mechanisms during polishing were also different.

An important aspect that may be responsible for these minor differences is

that the polishing direction usually remains constant during the mechanical

polishing, while in the manual polishing it may alternate between the hard

and soft polishing direction due to the difficulties associated with the polishing

process itself. This could alter the surface’s quality (though marginally), which

may in turn translate into the creation of suitable bonding sites for certain

species. However, since the areal densities were of the same order of magnitude

for most of the faces, these differences were nonetheless expected to be quite

small indeed.

For those faces which had the same orientations, these differences (observed

in their areal densities) were relatively smaller as compared to those observed

on surfaces with different orientations, with the exception of the last {110} face

shown in Table 3.1. As such, when the little differences were amplified and

then considered in terms of the respective orientations, it was found that both

the {100} and {111} faces showed a consistently higher relative areal density,

followed quite closely by the {110}. This variation is once more associated with

the available bonding sites on each face. In spite of this, with an average value of

0.9 monolayers (or ∼1 monolayer) and an experimental error of 0.1 monolayers,

the 13C monolayer coverages were practically the same for all the three low index
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faces. This coverage was independent of the duration of the polishing when a

moderate hand (manual) force was applied between the diamond surface and

the polishing metal block. One can thus speculate that the same coverage would

be obtained even if a higher force was applied, as was the case in the mechanical

polishing, since the bonding was driven by the availability of suitable bonding

sites and again no packing of the 13C atoms layers was expected. In addition, it

was unlikely for clumping to occur on strongly covalent surfaces, while previous

work indicated that there was no free exchange of labelled carbon atoms near

diamond surfaces [176]. As a result, distribution in depth was clearly ruled out.

Initial analysis showed that the beam was falling on an irradiated area of

2mm diameter, which was evidently large enough to contain many surface fea-

tures. In addition, the fact that some faces were easier to polish than others

in certain directions seems to support the suggestion that surface features did

play a crucial role as far as the number of 13C atoms transferred was concerned.

The faces that were easy to polish were expected to have relatively broad and

well-oriented terraces with occasional steps. As such, they would generally

present fewer surface features, meaning that they were better quality surfaces

compared to those obtained through polishing in the hard direction. Couto

et al. [56] have further shown that surfaces prepared through polishing in the

easy directions posses grooves that have smooth bases. Since the steps, slopes

and other surface features may have a higher concentration of dangling bonds

around them, it follows that faces with less of these would have fewer sites for

high dangling bond concentration. As a result, there was a high possibility that

the two polishing directions (hard and soft) would give rise to different numbers

of transferred 13C atoms, albeit small.

The {110} faces presented the widest variation of the 13C coverages amongst

all the three low index faces in spite of the fact that similar surface preparation

procedures were applied. This was however not entirely suprising since it was
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previously established that the mechanically polished (110) faces and generally

most non-(111) surfaces may contain facets having the (111) orientation [178].

This means that strictly speaking, one is not necessarily investigating any one

true orientation, but rather surfaces that also had other smaller different facets

on them. The development of these is driven mainly by the natural cleavage of

diamond along the {111} planes. Pickett et al. [181], indeed points out that a

(111) polished surface might well contain not only simple steps, but also regions

of disordered carbon and microfacets of other low index faces. Our AFM images

showed that the (110) faces had wider and sometimes deeper polishing grooves

than the other two low index faces, suggesting that the rate of material removal

was possibly higher, and therefore the polishing was more effective. The sides

of these large grooves could in some way expose other facets.

Based on the prevailing surface thermodynamic processes, it was to be ex-

pected that the oleic acid molecule or its fragments would bond preferentially

at the favourable sites in such a way that all factors governing its equilibrium

position onto the diamond surfaces such as steric hindrance, were adequately

fulfilled. Most of the faces showed similar 13C coverages and since it is not easy

to diffuse atoms into the diamond bulk [182] the only likely possibility for the

interaction between the oleic acid molecule and the diamond’s dangling bonds

was one whereby, if further adsorption was forced, no more 13C atoms would

bond onto the surface. It may therefore be possible that a saturated coverage

is achieved when no more dangling bonds are available and this optimum value

is maintained since any further bonds that would be broken will be instanta-

neously saturated by an equal number of 13C atoms. The polishing oil therefore

acted as a reservoir for the 13C atoms, and when saturation was achieved, the

repulsive force keeping the atoms apart may hinder any further adsorption.

From the principles of particle-solid-interactions, when a light particle like

a proton is incident perpendicular to a crystal lattice, it may interact with the
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host atoms located at a lattice or an interstitial site, or alternatively, it can pass

into the channels between the atomic rows. The (110) surface has the biggest

size of the channels between the atomic rows, followed by those of the (111) face

and least of all the (100) face, as seen from figure 3.10. The presence of such

channels, which are referred to as the <100>, <111> and <110> axial channels

herein respectively, means that there is a higher probability of channelling of

the proton beam into the (110) face as opposed to the other two low index

faces. As a result, since channelling means lower nuclear encounters and hence

fewer gamma rays per distance, low bulk gamma ray yields would generally be

recorded in those cases where some channelling occurs. This is clearly illustrated

in one of the profiles associated with a (110) face, shown in figure 3.27 and its

corresponding 13C surface peak shown in figure 3.35. The distance scale in this

case depends on the electronic stopping which is almost constant for channelled

ions. The channelled protons would then travel deep into the diamond matrix,

and excite few 13C atoms, resulting in decreased background. As such the whole

gamma ray profile becomes depressed over the desired energy region as shown

in figures 3.27 and 3.28. However, the beam can interact with all the surface

atoms and so the surface peak should be almost the same size and within the

expected position. Exceptions would only occur when the effects of the large

channels associated with the material’s bulk are extended to its surface.

Owing to the channelling effects, the number of gamma ray counts was found

to be consistently lower for two cases involving the (110) surface (figures 3.27

and 3.28), where the bulk 1.11% 13C saturation point was not even achieved

at all, as compared to the other surfaces (figure 3.27). It is worth noting that

no attempt was made initially to mis-align the surfaces off the perpendicular

orientation with the incoming proton beam to avoid effects of channelling for

all the spectra shown in figures 3.21 - 3.27, except in the case shown in figure

3.28.
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To correct for the channelling effects, a small tilt (<1◦) was applied to one

of the (110) faces (figure 3.28), relative to the incoming proton beam. However,

although the overall number of gamma ray counts improved slightly when com-

pared to those of the other (110) faces (figure 3.27), they were still low, even at

the bulk saturation point corresponding to the 1.11% 13C atoms. In addition,

although the saturation point was achieved after tilting the sample slightly, the

total gamma ray counts at saturation was still relatively lower than those of

the other cases involving the (100) and (111) faces, meaning that the effect of

channelling may not have been eliminated significantly. This suggested that

by tilting the face, we probably only succeeded in moving from axial to planar

channelling. Interestingly though, a repeat scan on the opposite face of the

same sample which was also a (110) face (figure 3.26) resulted in much higher

gamma ray counts, implying that the observed differences could not wholly be

generalized to a specific orientation, unless the surfaces were exactly identi-

cal, including their mounting onto the sample holder, which may not be too

practical.

Nonetheless, it should be noted that a small orientation difference between

opposite surfaces could result in a large difference in channelling, especially

when one considers the fact that the critical angle for 0.6MeV protons is only

0.7◦ and below [7].

It may also be important to point out that while investigating oxygen ad-

sorption on polished diamond surfaces as reported in the XPS chapter, one case

involving the (110) face was also found to have a significantly lower amount than

all the other orientations. Such observations confirm that the nature and even

the subtle differences of the surfaces such as the numbers of surface features or

defects contained play some role towards this effect. In particular, steps have

been said to result in some atomic ordering due to the excess charge that exists

at those sites. This, leads to processes such as repulsive interaction, which may
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in turn prevent the molecule’s atoms from bonding close to each other, and

hence possibly resulting in lower coverages than expected [4].

From the yield profiles shown in figures 3.21 to 3.28, it was observed that the

parasitic surface peaks did not occur at exactly the same place at the inflection

point, especially when considered relative to the saturation counts. Sometimes,

their positions occurred closer to the top of the saturation point as seen in

figures 3.21, 3.24 and 3.25, while in other cases like those shown in figures 3.22,

3.23, 3.26, 3.27 and 3.28, it was shifted and occurred at a slightly lower value

relative to the saturation point.

This apparent shifting was not an artifact, but rather a real effect that was

caused by the background counts associated with the bulk 13C atoms contained

within all natural diamonds, which are also believed to be randomly distributed

within the matrix. In this case, the effect of high background counts was to

add on to the actual counts from the surface bonded 13C atoms, resulting in

the peak position being shifted much lower than it should be, relative to the

step function’s saturation point. Using a similar argument, a lower background

would result in the peak occurring much closer to the spectrum’s saturation

point. However, in spite of the shift, it was observed that the surface peak always

occurred at about 550keV, which was the resonance energy of the 13C(p,γ)14N

nuclear reaction. This confirms that the apparent shift was mainly due to the

amount of background that was changing and not necessarily the peak shifting.

As mentioned previously, channelling is one of the major factors that can lead

to the reduced background.

3.16.1 Full Width At Half Maximum (FWHM) of the

550keV 13C(p,γ)14N resonant nuclear reaction.

Following the fitting of each of the surface peaks with the Breit-Wigner dis-

tribution function, an average value of the FWHM was found to be 25±1 keV



139

Proton beam

Target

γ

Detector

Figure 3.38: Gamma ray detector geometry.

as shown in Table 3.2. This value was in good agreement with the findings of

certain others [172, 183], and it also confirms our earlier suggestion that the

13C surface layer was generally thin. The value was however at variance with

some others as noted in [184] and the explanations for this are given below.

It was felt that the observed nuclear width was greatly influenced by the

way in which the beam of the energetic particles interacted with the target

atoms. According to Hodgson et al. [153] two waves would be observed if a

reaction takes place through the compound nucleus. These are the s and p

waves, with the isotropic s-wave being the main contributor to the interaction

process, and the p-wave contributing much less according to our sample-detector

geometry. Edmund A. Milner [185]on the other hand observes that experiments

involving the capture gamma-rays as well as the radiative cascade measurements

show that the 8.06MeV level in 14N formed by protons of 0.56MeV is formed

by s-wave protons. Figure 3.38 shows the sample-detector geometry that was

used in our experiments. From their experiments, Galster et al. [183]observed

that the width of the nuclear reaction was composed of partial widths that

were constituted of the s-wave contribution measuring 26keV and a d-wave

contribution of 7keV. Since any effect would only add on to the broadening of

the nuclear reaction’s width, one would expect that the values that we observed

for the nuclear reaction width to be the very minimum, being constituted mainly
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of the s-wave, and very little of the p-wave contribution.

3.17 Stereo-chemical bonding of the oil molecule
with the diamond surface.

Two possible mechanisms by which the oil molecule bonds with the dangling

bonds on the diamond surface are suggested here. These include bonding via

the oleic acid molecule’s unsaturated double bond or its carboxylic functional

group that terminates one end of the molecule as seen from figure 3.39. Both

of these are active sites, and therefore are expected to participate and compete

in the bonding process.

When the diamond surface’s bonds are broken during polishing, the surface

can for all practical purposes be considered to behave like an electrophile (i.e

a species that seeks out negative centres). As such, this would require an

electron to share so that the dangling bonds are saturated, and the obvious

donor would be the double bond of the oleic acid molecule. A visualization

of this process is illustrated in figure 3.39, where the 13C atoms are depicted

with red, C symbols, R is an organic chain (CH)n and C+ indicates a dangling

bond on the diamond surface. Through this process, the oleic acid molecule

saturates its own double bond, as well as the diamond’s dangling bonds. A

closer look at this bonding process seems to reveal that the oleic acid molecules

are not very closely packed on the surface. Additionally, the bonding of the oleic

O

OH

COOH

Diamond

C C

C C

RR

RRCH3

H H

Diamond-C+ +

Figure 3.39: Process by which the oil molecule may bond with the diamond
surface.
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acid molecule onto the diamond surfaces may be achieved either dissociatively

or molecularly, depending on the enthalpy of adsorption. However, while this

mechanism seems quite likely, it is still not clear whether the molecule bonds

onto the surface as a whole entity or breaks down before bonding into smaller

units or even whether it bonds as individual atoms. One can still speculate

that a combination of all these processes may take place, especially in view of

the fact that the pressure and frictional forces existing between the diamond

surface, the lubricant, the diamond paste and the metal block as the polishing

proceeds could actually lead to the breakdown of the molecule.

Although the pressures developed at the point of contact during the manual

polishing do not approach those observed during the mechanical polishing, it

is still worth noting that temperatures in excess of about 300◦C [54, 186] are

routinely developed during mechanical polishing in the soft directions. As such,

with a boiling point of 300◦C [187], and probably lower chemical breakdown

temperature, the oleic acid molecule is likely to experience breakdown at tem-

peratures typical of the mechanical polishing (if it were to be used there), and

therefore the break down (or decomposition) of the molecule cannot be ruled

out when polishing is done under such conditions. In addition, although no evi-

dence exists, there is no reason not to speculate that the molecule may actually

break down during manual polishing too.

On the other hand, although oleic acid is a relatively weak acid, the car-

boxylic functional group that it carries is also an active site and therefore may be

expected to compete favourably for the dangling bonds created on the diamond

surfaces, with those of the molecule’s unsaturated double bonds. Sappok et al.

[188] have shown that an oxygen-terminated diamond surface is hydrophilic,

and our studies reported in the XPS chapter further showed that diamond sur-

faces prepared using the technique that was applied in this work were indeed

terminated by a fractional monolayer of oxygen. Therefore, if we consider the
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participation of the carboxylic site in the bonding process, we can imagine the

bonding to proceed via an initial substitution of the hydroxyl hydrogen, in a

similar way as it bonds to a polar molecule. Such a bonding process has also

been observed when oleic acid molecule bonds onto a water molecule [189].

Through its hydrophilic and hydrophobic ends, the oleic acid molecule bonds

onto water in such a way that it sticks upright, since the hydrophilic end gets

attached to water while the hydrophobic one does not. Through this process,

and also assuming that the dangling bonds on the diamond surface will behave

like a strong electrophile, it will attack the nucleophilic oxygen (i.e a species

that seeks out positive centres) atom at the carboxylic site of the oleic acid

molecule, so that it directly gives a positively charged intermediate which then

looses a proton as shown in the equation below, with the acid molecule being

represented as RCOOH.

RCOOH+Diamond surface(with dangling bonds acting as strong electrophile)−→
RCOO-Diamond surface+H+

The proton then bonds with the oleic acid molecule double bond, or even a

dangling bond on the diamond surface. Through such a process, both the di-

amond’s dangling bonds as well as the oleic acid molecule’s double bonds get

satisfied.

It is also very likely that both these two bonding mechanisms, involving the

oleic acid molecule’s double bond as well as its active carboxylic site, would

participate in the bonding of the oil molecule’s atoms onto a diamond surface

simultaneously; maybe on an equal basis, slightly or even completely different.

Such variations would depend generally on the underlying surface thermody-

namics [190], whose role is beyond the scope of this work, but nevertheless is

intertwined in the entire bonding process. While considering the bonding pro-

cess, it is vital to note that the oil molecule contains a relatively large number

of hydrogen atoms. If these bonds break during the polishing and at the same
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time those of the surface carbon atoms on the diamond surfaces also break, it

would be expected that there will be competition to saturate these dangling

bonds between the 13C atoms and the hydrogen atoms. Owing to the high

affinity of diamond surfaces for hydrogen [150], this competition is bound to be

rather severe, especially in view of the fact that the oil molecule is itself short

of hydrogen as mentioned before, and hence is not likely to lose its hydrogen

atoms easily. This therefore makes it more likely for the 13C atoms to bond onto

most of the dangling bonds, and it may therefore explain in part why we find

only a 13C coverage of the order of a monolayer, and not more on the polished

surfaces.

Strother et al. [179] reported a technique in which they were able to at-

tach functionalized organic molecules onto polycrystalline diamond surfaces. In

this case, they observed that the C=C group in one of the organic molecules

was responsible for the attachment to the surface. They further detailed other

cases where organic layers have also been formed via the photochemical re-

action of perfluorobutyl iodide multilayers with hydrogen-terminated diamond

surfaces, and by the electrochemical reduction of phenyl diazonium salts on di-

amond electrodes. Recently, close packing of polycyclic aromates was reported

by Eremtchenko et al. [191] on metal surfaces. Though different structurally,

such observations makes the case involving the attachment of the oil molecule

onto the polished diamond surfaces even stronger. In a related case, Robert

A. Freitas [178] has reviewed the attachment of large molecules on diamond,

and in particular the adsorption of proteins on diamond surfaces, where they

reported that protein adhesion at the molecular level does take place.

Polished diamond surfaces have also been reported to have a complex web

of microcracks below them [192]. Some of these microcracks may even cross

with surface cracks that may be created on the diamond surface during pol-

ishing. However, assuming that they don’t cross with any surface cracks and
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owing to the fact that they occur only below the surface, they may not provide

any suitable bonding sites for the oil molecule to attach itself there. The fact

that they are created in the subsurface region also means that they may not

be accessible to the oil molecule at all. Any bonding sites that may be created

below the surface via the microcracks in the form of free unsaturated bonds,

would therefore be saturated preferentially by electron capture from the dia-

mond’s bulk electron cloud, and hence will not be available for the molecule’s

bonding. This again suggests that the microcracks do not play any role as far as

the bonding of the 13C atoms is concerned. This argument is further bolstered

by the obvious lack of extremely large amounts of 13C atoms at the surfaces as

one would expect, if some oil molecules were to penetrate in to the microcracks,

and get buried there.

In addition, the absence of any broadening of the nuclear reaction width

(FWHM) arising from the high background from 13C atoms bonded to sites

such as microcracks seems to strongly support this view. This becomes even

more convincing when one considers the fact that if the proton energy becomes

high enough, they have the potential to travel deep into the material matrix and

excite reactions from sites that are situated deep below the surface. This would

include exciting nuclear reactions due to 13C atoms residing at the microcracks,

and hence resulting in excessively high numbers of gamma ray counts that in

turn translate into a large number of 13C atoms. This observation was lacking

in our findings, and as a result we propose that the oleic acid molecule bonds

with dangling bonds on the diamond surface through its unsaturated double

bond, and its carboxylic active site, via the mechanisms explained previously.

We also note that the oil molecules do not reside in the microcracks, if any.

Furthermore, although large cracks may also occur at the surfaces during

their preparation, and hence be able to accommodate large amounts of oil
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molecules in the form of non-diamond bonded 13C, no effect of this was ob-

served, meaning that either there were no such cracks on the surfaces being

investigated or if any were present, these were extremely few and too small to

accommodate any significant amounts of oil. This conclusion is also supported

by the view that, if large cracks existed on the surfaces, they could extend and

cross with the web of microcracks below the surface, resulting in the polishing

oil being trapped in them. This would then result in relatively high gamma

ray counts, an observation that was not made here, meaning that neither the

surface cracks nor the web of sub-surfaces microcracks contributed to the ob-

served gamma ray yield. As such, the possibility of any buried layer of 13C

atoms below the surfaces was effectively ruled out. Additionally, only one out

of the six diamond surfaces that were considered showed a surface crack when

viewed using an optical microscope at a magnification of 1000. This surface was

however not repolished with the 13C-labelled oil so as to eliminate the effects of

surface cracks being propagated into the contributions of the observed gamma

ray counts.

3.18 Conclusion

A surface 13C peak was observed for every surface finished through repolishing

with the labelled olive oil. This means that there was a transfer of carbon

atoms from the polishing lubricant to the diamond surface during the repolishing

process. The number of 13C atoms recorded on all the three low index faces

was found to average at about 0.9±0.1 monolayers (or ∼1 monolayer), a value

that was relatively large. This suggested that the topmost carbon atom layer

on polished diamond surfaces comes from the polishing oil and not the diamond

itself. Presumably, the top monolayer on all diamond surfaces, polished with

lubricants that are not labelled, comes from the lubricant too.
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In spite of the one monolayer coverage observed on most of the repolished

diamond surfaces, one of them involving a (110) face showed a significantly low

amount of 13C atoms having been transferred on to it through the repolishing.

This observation indicated a significant amount of channelling of the protons

incident on to this face, and it may also mean that the surface quality was not

entirely the same as that of the other surfaces, or alternatively it was gener-

ally not too good, after or before the repolishing. However, assuming that the

mechanical polishing produced a good surface on account of previous LEED

studies [117], then it implies that the repolishing may have either made the sur-

face rougher, or alternatively made the previous grooves larger, wider or deeper,

an aspect that is investigated thoroughly in the atomic force microscopy chap-

ter. In spite of the abnormality observed in one of the faces where channelling

resulted in depressed counts, we established that within experimental error, the

number of 13C atoms on all the three low index faces was effectively constant.

However, a closer look at the surfaces seems to suggest that the transfer of the

13C was slightly varied even for surfaces having similar orientations, implying

that individual faces responded differently to the bonding of the oil molecule’s

atoms. This could partly be related to the minor differences occurring in the

quality of the individual surfaces. As noted before, surfaces prepared follow-

ing the procedure explained earlier have been shown to be well ordered with

broad terraces containing grooves, and these are crossed by occasional steps,

an observation that is confirmed elsewhere in this study by the atomic force

microscopy work. Even for exceptionally carefully polished surfaces, Robert A.

Freitas reports, that residual asperities of ∼5nm are typically observed [178].

Through his review work, he further reports that non-(111) surfaces when me-

chanically polished will always be rough and will consist of small domains of

(111) surface canted at appropriate angles to the microscopic orientation. This

appears to suggest that although the surface preparation procedure was often



147

the same, identical faces cannot simply be achieved, and therefore some sort of

small differences will occur in the form of the obvious surface features such as

steps, vacancies, terraces, grooves, edges etc. and their varied sizes will always

be established. Nonetheless, this study found that their contribution towards

the surface properties, and in particular the number of 13C atoms transferred

following the repolishing as in this case would be generally small and limited,

to a point where they can be ignored in certain applications, although they

are quite important in others as mentioned before. In certain instances, the

small variations in the number of 13C atoms transferred may actually be only

statistical, since the surface sites with more favourable bonding configurations

would be formed almost equally on all the three low index faces and hence the

attractiveness of the molecule to bond there would also be uniform. This is

especially so when one considers the fact that a large size of the sample surface

(∼2mm in diameter) was scanned. Additionally, although both the mechani-

cal and manual polishing were done in the soft direction as evident from the

polishing lines seen in the optical micrographs of some of the diamond faces pre-

sented elsewhere, the manual polishing may occasionally alternate between the

soft and hard directions, leading to the formation of more unexpected surface

features on the individual faces.

We also established that, while diamond surfaces prepared through mechan-

ical polishing have been shown to contain a web of micro cracks below them, or

at times some cracks at the surfaces, there was no evidence of the oil molecule

atoms residing within the cracks or even microcracks. Instead, most of the 13C

atoms were bonded preferentially onto the diamond surfaces.

This study further showed that the average value of the FWHM of the 550

keV 13C(p,γ)14N nuclear reaction was 25±1keV, a value that was in excellent

agreement with the findings of others [172, 183, 154]. This confirms that the
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13C surface layer was indeed thin, which supports our view that the very top-

most layer on polished diamond surfaces was predominantly the foreign atoms

donated by the polishing lubricant. The value of the FWHM was however at

variance with those obtained by [193, 194, 195, 196, 197], and according to

our geometry, it was concluded that the value obtained was mainly due to the

isotropic s-wave as reported in Ref. [183]. The only difference between our value

and those of other workers was the fact that they were observing contributions

from both the s and other waves such as the p and d of the carbon atom. Curi-

ously though, the carbon atom has only empty 3d and higher orbitals, and hence

the actual rehybridization taking place wasn’t quite clear. Additionally, no ev-

idence of clumping was established in our studies, and therefore distribution in

depth was clearly ruled out.

While the stereo-chemical details of the bonding process of the labelled olive

oil molecule with the diamond carbon atoms, may not have been fully estab-

lished, we propose through the arguments presented earlier, that the bonding

should occur in such a way that the oil molecule’s atoms are bonded in an

equilibrium (thermodynamic) state to the diamond surface. This bonding pro-

cess will most likely be driven by the double bond existing within the oleic

acid molecule, and/or its terminating carboxylic group, which are both active

sites. Each of the two processes will be governed by the existing surface thermo-

dynamic processes, with the surfaces providing more favourable bonding sites

being attractive for the oil molecule atoms to bond there.

The fact that actual atom transfer from the polishing media occurs, should

be viewed as both an advantage as well as a disadvantage at times, as far as

surface preparation for various applications is concerned. Such an observation

means that unwanted foreign atoms could actually be introduced unknowingly

onto the surfaces through polishing. On the positive side, novel surfaces includ-

ing nanostructures could perhaps be prepared in this way. The importance of
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such an outcome cannot therefore be overemphasized with regard to the various

applications of diamond surfaces. It not only opens up a completely new way

of looking at the specific or general surface preparation techniques, but also

probably new opportunities for utilizing diamond and its subsequent properties

after the polishing. This process of atom donation from the polishing lubri-

cant may not just be unique to diamond surfaces, but could also possibly take

place on other hard surfaces prepared through polishing in a similar way to that

considered in this work.

3.19 Recommendations

It would be vital to investigate further the samples treated with the 13C-labelled

olive oil at elevated temperatures to establish if the 13C monolayer found at

room temperature would still be stable at these temperatures. It would also be

interesting to remeasure accurately the nuclear width of the 550keV 13C(p,γ)14N

resonant nuclear reaction, paying special attention to contributions from not

only the s-wave but also the p and d-waves, in order to establish how it would

compare with the one obtained from this study. The use of other labelled oils

such as fluorinated ones may also be worth considering while repolishing the

diamond or other similar surfaces.



Chapter 4

Optical Microscopy studies of
the three low index polished
diamond surfaces obtained using
the Nomarski interference
technique.

4.1 Layout of the chapter.

This chapter discusses results of the optical microscopy investigations of the

three low index diamond surfaces that were polished mechanically and manually.

These were obtained using a Carl Zeiss optical microscope, model Axiotech CL

25 HD at its highest magnification of x1000 [198], which is achieved by setting

the objective lens at a magnification of x100 and the eye piece at a magnification

of x10. It was fitted with a Carl Zeiss AxioCam (camera) for transferring images

to a computer screen. The microscope was based at the School of Process

and Materials Engineering, University of the Witwatersrand, and it was also

fitted with a Nomarski interference facility that enabled the light rays to travel

different distances. In so doing, the depth component of the polishing grooves

was greatly enhanced. Before obtaining the optical micrographs, Laue x-ray

images were acquired for the purpose of orienting the crystals. These are initially

presented in the chapter, followed by discussions on the optical micrographs.

150
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Figure 4.1: Laue x-ray image of a (100) diamond surface polished manually.

4.2 Introduction.

Laue images are often used to determine crystal orientations of various materials

[199]. In this study, they were used to establish how close the final polished

three low index diamond surfaces were to the expected true orientations. For

this reason, three images were obtained, one for each of the three low index

faces as shown in figures 4.1, 4.2 and 4.3.

After orienting the crystal surfaces according to the Laue images, optical

micrographs for each of the respective three low index diamond faces were ob-

tained as shown in figures 4.4 to 4.8. These were essential in establishing the

overall surface quality following the manual polishing, especially at the highest

resolution of the microscope, so as to establish whether small roughnesses were

introduced or removed following the manual polishing.
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Figure 4.2: Laue x-ray image for a (110) diamond surface polished manually.

Figure 4.3: Laue x-ray image for a (111) diamond surface polished manually.
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Figure 4.4: Optical microscopy image of a manually polished (100) diamond
surface for sample kc3, obtained at a magnification of 1000 times.

Figure 4.5: Optical microscopy image of a manually polished (110) diamond
surface for sample kk7, obtained at magnification of 1000 times.
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Figure 4.6: Optical microscopy image of another manually polished (110) dia-
mond surface (sample kk7). The image was taken at a magnification of 1000
times.

Figure 4.7: Optical microscopy image of a manually polished (111) diamond
surface (sample kc11) obtained at a magnification of 1000 times.
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Figure 4.8: Optical microscopy image of another (111) diamond surface polished
manually (sample kc11), obtained at a magnification of 1000 times.

4.3 Discussions.

Different materials often have different Laue image patterns depending on the

crystal structure. In this particular case, the Laue image shown in figure 4.1

has two bright lines that are constituted of a set of point reflections, indicating

quite clearly the fourfold symmetry characteristic of the (100) diamond surface.

It was obtained from a manually polished (100) diamond surface, and it shows

a slight offset from the true (100) orientation, which arises from the actual

crystal orientation during the polishing process. On the other hand, the patterns

established in figure 4.2 were typical of the (110) surface whereby a collection of

bright spots showing the 2-fold symmetry around the central bright spot were

observed. Figure 4.3 was a clear representation of the (111) diamond surface

which is associated with its unique 3 fold symmetry. The Laue images shown

in figures 4.2 and 4.3, indicated that the (110) and (111) surfaces were both

polished quite close (∼1◦ or even less) to their true orientations, unlike the

(100) surface whose Laue image had an offset of about 2◦ as shown in figures



156

4.1. This offset was however not a feature of all the (100) surfaces considered

in this study, and in fact some of them were found to have been polished quite

close to their true orientations.

The optical micrograph shown in figure 4.4, and which was obtained from a

(100) surface polished manually presented clear evidence of polishing lines with

large widths, that were not necessarily equidistant from each other, nor of the

order of the polishing diamond grit. Most probably the polishing lines that are

observed here as well as in other surfaces originated from the mechanical pol-

ishing, since the manual polishing wasn’t expected to cause any major visible

changes especially at these orders of magnifications. In fact, the optical images

from the mechanically and manually polished surfaces did not present any visi-

ble differences. Some of the polishing lines were found to be wider than others

and also further apart. However, due to the nature of the two dimensional (2D)

images, it was not easy to get a feel for their depths. The concentration of the

polishing lines at some regions of the surface and not others was again a mani-

festation of the distribution of the polishing particles on the polishing wheel as

illustrated in figure 1.4 of chapter 1 that demonstrates the polishing set up and

also in [54].

Figures 4.5 and 4.6, which were obtained from the (110) surfaces polished

manually showed more prominent polishing lines that were distributed all over

the surface unlike the case of the (100) surface. These appeared wider and

seemed to be concentrated more on the raised regions of the surface. It was

again not possible to establish the depth of the grooves from the 2D images.

Judging from the thicknesses, brightness and/or darkness of the lines, the groove

sizes were obviously not the same, and there was some indication of smaller

grooves existing inside the larger ones. In addition, some prominent and bright

marks were also observed on these surfaces, that were thought of being either

polishing debris or dust particles, but clearly not part of the surface features.
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Figures 4.7 and 4.8 which were obtained from the (111) surfaces showed fewer

polishing lines per given area than those observed on either of the other two

faces. These were quite faint and spread relatively further apart. In addition,

figure 4.7 which was obtained in the dark view mode of the optical microscope

was found to have wider and fairly deep polishing marks. The lack of prominent

polishing lines was not too surprising though on the (111) surface, since it

is generally known to be hard to polish in all directions [51], although the

process shows a three fold symmetry [54] as noted before. This observation

also confirms to some extent that the mechanisms of material removal were

significantly different from those of the other two low index faces. At the same

time, whereas it was generally hard to draw any significant conclusions regarding

the surface flatness or smoothness from either of the optical micrographs, a

casual look appeared to suggest that the (111) surfaces were smoother and

more flat than the other two low index surfaces after the manual polishing,

with more prominent polishing features being found on the (110) surface and

slightly less visible marks on the cuboid (100) surface. These observation tie

in well with those of Thornton and Wilks [60] who observed networks of small

irregular lines and sets of parallel light and dark bands of the order of 30nm

wide and height variations of the order of 5nm, which ran diagonally across

the micrographs, parallel to the directions in which the surfaces were polished.

The only difference between our polished surfaces and theirs was that the small

irregular lines were missing in our case, but we could not establish precisely the

widths or depths of the polishing lines. They further observed that the bands

were more visible on the dodecahedron (110) faces, while those on the cuboid

and octahedron faces were only discernible on the images of larger prints. This

agrees quite well with our findings, although we were further able to establish

the polishing lines quite clearly on both the cuboid and octahedron faces unlike

in their case.
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Carefully prepared and smooth diamond surfaces are critical to their final

applications, especially where diamond is used in hard metal cutting tools. In

this specific application, Thornton and Wilks [60] observed that when certain

aluminium-silicon alloys were turned with diamonds, the metals tended to ad-

here to the table of the tool if it had not been carefully polished. They explained

such a bonding between the diamond and the metal to be due to mechanical

keying with the rough surface of diamond. As such, the ultimate performance

of a tool may often be limited by the microscopic roughness observed on even

well polished diamond surfaces. From their optical micrographs, Bell et al.

[89] observed that the polishing lines were often straight and continuous, an

observation which is clearly confirmed by our studies.

It is important to mention in passing that by focussing the optical beam

deep below the polished diamond surfaces, features that appeared like ring

cracks were observed in all the three low index diamond faces. These were

however not pursued further since they as well as other aspects of the surfaces

such as subsurface damage, crack formation and their propagation were beyond

the scope of the present study.

4.4 Conclusions

The Laue images gave a clear indication that the diamond surfaces were pol-

ished quite close to their true orientations except the (100) surface. However,

although small, this offset may actually present some remarkable effects on cer-

tain surface analytical techniques such as LEED measurements, whereby some

extra erroneous LEED spots would appear on the patterns. This emphasizes the

need to orient the crystal surfaces appropriately. In addition, channelling ex-

periments on surfaces that are not properly oriented would often present higher

yields than they should, since the beam would not be channelled as it should
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if the surfaces were not polished precisely to their true orientation or at least

very close. It is therefore critical to polish surfaces as close as possible to their

true orientations for better results.

The polishing lines observed on the optical micrographs, confirmed to some

extent that the polishing mechanisms taking place on the (100) and (110) sur-

faces were remarkably different from those taking place within the (111) sur-

face. The (110) surface was found to have wider and probably deeper polishing

grooves than those of the other two low index diamond surfaces, implying that

higher material removal rates were perhaps taking place on this surface than in

the others during both mechanical and manual polishing. The (111) diamond

surface was found to have the least number of polishing lines per unit area,

which were also further apart and also with some indications of them being

shallow. This highlighted the possibility of the existence of differences within

the polishing mechanisms between itself and that of the other two low index

faces. This in some remote way also confirms the fact that the (111) diamond

surface is generally hard to polish through the abrasive wear in all directions,

and although not quite conclusive by themselves, the optical micrographs sug-

gested at least to a first approximation that the extra manual polishing that

was done after the mechanical polishing achieved relatively much smoother and

more flat (111) surfaces, as opposed to the other two low index faces.



Chapter 5

Atomic Force Microscopy
investigations of the three low
index polished diamond surfaces.

5.1 Introduction

As the quest for obtaining smoother, flat and well characterized diamond sur-

faces continues, more novel techniques for preparing and analyzing them keep

being proposed and tested. These range from the well known mechanical pol-

ishing, to exotic ones such as the ion assisted lift-off technique [92], ion polishing

itself [48], to the chemically assisted and catalytic processes as well as the tri-

bochemical polishing proposed by Haisma et al. [67] among many others. Some

of these are specifically surface finishing techniques which follow other surface

preparation processes such as the well-known mechanical polishing, with some

achieving better results than others.

A key ingredient of all the surface analytic techniques is their ability to oper-

ate at the highest possible resolution, even at the atomic level. The AFM tech-

nique approaches an upper range magnification of 1,000,000x [200] compared

to the optical microscopy’s 1000x and therefore ideal for analysing atomically

smooth surfaces. This chapter explores atomic force microscopy investigations

of the three low index diamond surfaces prepared in two different ways, with

160
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a view to establishing the degree of their effectiveness in creating smoother,

and/or alternatively, less rough surfaces after each polishing procedure.

The first method involved polishing the surfaces mechanically on a rotating

cast iron disc, a process that is described in more details in the experimental

section of the XPS chapter. Different diamond grit sizes were used, ranging

from 6 µm down to the finest ones measuring 0.25 µm. The second procedure

was a gentle manual polishing, which followed the mechanical polishing. The

manual polishing was achieved by pressing and rubbing the diamond surfaces

back and forth on a highly polished metal block, using a typical (and at least)

constant hand pressure (force) that a person can conveniently apply for a period

of about 30 minutes or more. The diamonds were held in a recess made within

a soft wooden cork, with the surface to be polished being the only one that was

exposed. In this procedure, both 1/4 and 1/10 µm diamond pastes were used,

and these were envisaged to achieve finer polishing than that observed in the

mechanically polished surfaces. Some of the manually polished surfaces were

later annealed, and these are considered separately in section 5.4.4.

Olive oil was used as the lubricant during the manual polishing. Its suitabil-

ity for the polishing of diamond surfaces with regard to its effects on the lubri-

cation, wear and abrasive processes were previously investigated by Grodzinski

et al. [87] among other lubricants, where they found it to be an ideal pol-

ishing lubricant. Due to its suitability, it has continued to be used in the

diamond polishing industry spanning over 600 years [79, 54] up to the present

day. Nonetheless, more questions on the role of the oil film with regard to the

polishing process are still being asked, and in this regard, Casey et al. [78]

investigated and reported earlier that an oil layer has no effect on the friction

since the adsorbed film only prevents adhesion but does not mask the jagged

roughness of the surface. For this reason, they observed that the friction would

be less in air than in vacuum, and therefore diamond surfaces prepared under
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the two ambient atmospheres, still display their characteristic symmetry.

5.2 Experimental

Following the mechanical and manual polishing as well as the cleaning and

rinsing of the diamond surfaces, AFM images measuring between 7×7µm and

(1×1)µm were obtained at different regions of each of the three low index dia-

mond surfaces. The AFM images were initially obtained from the mechanically

Laser beam

Tip

Photo-detector

Cantilever Sample

Figure 5.1: Schematic diagram of the AFM equipment showing the cantilever,
the tip, photo-detector, laser beam and the sample. On the right hand side is
an SEM image of the tip fabricated from Si3N4. Note the possible wear and
contamination on the tip.

polished surfaces, followed by those of the manually polished ones. These were

obtained using a scanning probe microscope based at the University of Preto-

ria. It was a type TopoMetrix TMX 2000 Discoverer whose key features and the

commonly used AFM tip are shown in figure 5.1. D.A. Bonnell [5] has outlined

the general principle of the Scanning probe microscopy, while J.C. Vickerman [1]

has given the key principles of the AFM process itself. Further details regarding

the AFM process are given by Graham J. Leggett quoted in [1], together with
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possible artifacts associated with various AFM tips that are commonly used.

Taatjes et al. [200] has further compared the correlation of tip structure with

the rendered images.

Under normal operating conditions, the laser beam is directed onto a can-

tilever which is connected to the tip that scans the sample surface. The sample

is then mounted onto a piezoelectric crystal, which moves laterally in either

direction along the x and y-axes, while the cantilever and the tip are kept sta-

tionary. The laser light gets reflected as shown in figure 5.1, as the tip passes

over different parts of the sample, and the reflected beam is detected by a four-

segment photo-detector. Some of the two (horizontal) photo-detectors pick out

any frictional forces between the tip and the sample through the torsional forces

that are developed in the cantilever. By reconstructing the reflected beam, the

surface topography gets mapped out as an AFM image [65], generated via vari-

ous suitable software such as the (GAFM) computer program used in this study.

The contact mode of the scanning process was used in this study, with a force

constant of 0.032N/m being applied and a nominal frequency of 17kHz used.

This mode was preferred over the others such as the non-contact one, because it

would accurately map out the grooves (which were an important feature in this

study) unlike the non-contact mode where smaller surface features such as steps

and grooves with sharp edges would only be considered as averages due to the

potential between the tip and the respective surface feature. As a result, the

height or depth of most features obtained within the non-contact mode would

greatly be underestimated, especially when it is noted that the tip wears out

over time. Under these conditions, the AFM images would not necessarily be a

true reflection of the actual surface nor would the surface features be resolved

to the expected atomic size. Coupled with this, the geometry of the tip also

has a strong bearing on the observed AFM images [200] since most of the tips

tend to have a few of atoms at their ends, instead of the single atom that is
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anticipated.

The AFM tip used in this study was a Si3N4 pyramidal type, whose base

and height were 4mm each, with an aspect ratio of ∼ 1:1, and a radius of <

50nm.

Due to the movement of the sample, its height or thickness was of particular

importance to the AFM equipment used in this study, with sample sizes of

1cm×1cm×0.4cm being preferred. A thick sample was likely to present artifacts

which could otherwise manifest themselves as though the tip was scanning a

curved surface as shown in figure 5.2, and in the process either mask true

features, or even give rise to features that are not necessarily real, as far as the

surface is concerned.

Movement of the 
piezo electric crystal

AFM tip

Thick sample

Piezo electric crystal 
(sample holder)

Figure 5.2: Schematic diagram of the AFM tip scanning over a thick sample.

5.3 Results

5.3.1 2D and 3D AFM images, together with their line

profiles and the corresponding power spectra.

Some of the 2 and 3 dimensional atomic force microscopy images that were

obtained from the three low index diamond surfaces are shown in figures 5.3

and 5.4 for the (100) surface, 5.7 and 5.8 for the (110) surface, as well as 5.11

and 5.12 for the (111) surface. Additional images are given in Appendix C.
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The images presented here are mainly those of surfaces that were not annealed,

since those of the annealed surfaces are considered separately later on in section

5.4.4. Each surface was represented by at least two sets of images, and in most

of the diagrams, the corresponding 2 and 3D images are shown together, so

as to be able to compare and extract maximum information from them. They

are presented in such a way that they alternate between the mechanically and

manually polished surfaces for easier comparison between the two polishing

methods. All the surfaces were polished along their correspondingly easy or

soft directions as determined by an optical microscope. The horizontal extent

of the AFM scans is about 3 orders of magnitude greater than the vertical

signal (scale), and hence the surface features are greatly over-emphasized. This

implies that these surfaces are actually very smooth and flat.

For some of the 2D images, the directions along which the line profiles

were obtained are shown. The lines profiles were obtained perpendicular to

the polishing lines (grooves), and also parallel to them, in order to establish

the degree of surface roughness/smoothness in each one of them, and also to

determine if there were any minor or significant differences. For the purpose of

this work, the surface roughness is described in two ways; (a) as the average

heights from the peak to valley in the line profiles and (b) as the lengths of the

surface features (corrugations, wavelengths or sinusoidal waves) within the line

profiles. Previous studies by Couto et al. [82, 63] showed that the polishing

grooves on diamond surfaces were smooth, while Hird et al. [54] observed that

they were flat bottomed, an observation which they attributed to the reciprocal

polishing between both the surface and the grit particle. They further found

that the groove widths for their polished (100) and (110) surfaces were between

20 and 100nm, but we hasten to add that this would depend to some extent

on the size of the grit particles. As such, although the groove sizes were not

necessarily a direct function of the polishing grit, it will be recalled that a
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large grit particle would result in a large damaged region, and consequently

larger grooves. Line profiles obtained both parallel and perpendicular to the

polishing grooves were therefore vital for two reasons. Firstly, to establish

how our manually polished surfaces differed from the mechanically polished

ones, and two, to confirm or compare the results obtained from our polished

surfaces with the findings of Couto et al. [82, 63] and Hird et al. [54] or

at least to establish whether their observations constituted a general trend,

or if they were instead an isolated specific case that applied to their surfaces

only. It is nevertheless important to emphasize that some differences may occur

due to our special (unique) manual polishing technique for surface finishing,

and correlation between their results and ours may only be established for the

mechanically polished surfaces since these were prepared in a similar way as

theirs.

The regions to investigate on the surfaces were chosen in such a way that

they avoided any of the surface features that were otherwise not part of the AFM

images, such as dust particles. These were easy to identify since they appeared

as strongly bright and hence highly raised features on the AFM images. A plot

of the line profiles along the two directions yielded the surface topographies

(i.e. ridges, valleys etc.) along the respective directions and faces. It is worth

noting that, although some of the x and y-axis scales were different for the

mechanically and manually polished surfaces (i.e. some were expressed in nm

and others in µm), an idea of the general surface topography from the two

polishing techniques was quite easily established by comparing the heights (z-

axis component), widths and depths of the features as shown in the respective

line profile diagrams. The line profiles give the absolute values of the surface

roughnesses, but they tend to ignore any spatial correlation within the surface

(such as 3D sloping regions), and as a result, the power spectral densities, which

forms the Fourier transforms of the surfaces are often used [201].
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The power spectra which are essentially convolutions of the Fourier trans-

form components are usually derived from the line profiles. The Fourier trans-

forms are therefore important in this regard since they identify the scale of the

surface roughnesses and especially so the smaller ones that could otherwise not

be easily discernible from the AFM images themselves or the corresponding line

profiles. The line profiles were in addition useful in identifying the larger rough-

nesses, meaning that these and the power spectra complemented each other.

In essence, Fourier analysis involves the breaking up of a signal into sine

waves of various frequencies, which would then represent different features on

the surfaces such as the various sizes of the polishing grooves in our case, where

different roughnesses would correspond to different wavelengths. Transforma-

tion of the signal results in a set of Fourier coefficients, with each one of them

indicating the power (amplitude) of the specific frequency component of the

signal. The power spectrum is therefore a simple way of showing the total am-

plitude at each of the frequencies. It is calculated as the square root of the sum

of the squares of the coefficients of the sine and cosine components. For exam-

ple, figure 5.5 illustrates a set of typical cases of given input signal (line profiles-

graphs (a) and (c)) and their corresponding Fourier transform which are in this

regard their power spectra (graphs (b) and (d) respectively). However, more

often than not the range of the FFT (Fast Fourier Transform) does not contain

a complete set of whole number of periods. This means that the discontinuity

in the end-points of the signal (waveform) produces a power spectrum that con-

tains high frequency components not necessarily present in the actual input. To

avoid this, a correction window is normally used to attenuate the discontinuity

and therefore improve on the accuracy. Due the end-point error which is also re-

ferred to as leakage, the peak position may not occur exactly at the anticipated

frequency, and therefore a phase mismatch would occur unless corrections are

made to the signal. The signal, or the time series function is often multiplied
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by a window weighting function, before the FFT process is performed. Most

window weighting functions attenuate the discontinuity by tapering the signal

to zero at both ends of the window, but care needs to be taken so that useful

data at the ends of the window is not destroyed by the tapering [202]

With proper corrections, the power spectra make it possible to extract the

Fourier components and their amplitudes, thereby establishing whether the sur-

face roughnesses or smoothness improved following both the mechanical and

manual polishing. This would manifest itself through the disappearance of cer-

tain Fourier components. If new roughnesses are created, these would appear

as new Fourier components in the power spectra, and vice versa if they were

removed.

For a region of the surface containing N pixels on the AFM images, the root

mean square (RMS) roughness were computed from the relation 5.3.1,

RMS =

√√√√
N∑

n=1

[(zn − z)2
1

N − 1
] (5.3.1)

where N is the number of pixels, z is the average height of the surface profile,

and zn is the surface height at point n.

In each of the 2D images, a bar is shown on the right hand side, which

indicates the degree of surface roughness (from peak to valley), with the dark

parts representing the deep features while the brighter ones correspond to the

raised ones. For example, while the scan areas shown in figures 5.7 and 5.8

were almost the same, the bar on their right hand side shows that the height

between the highest and lowest parts of the surface reduced after the manual

polishing from 15 to 8nm. In each of the line profiles, the widths and depths

of the grooves are shown. These are given in nm and sometimes in µm. For

comparison purposes and also in order to appreciate their magnitudes with

respect to the expected atomic size roughness, the diameter of one atom is

≈0.25nm [1].
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In figures 5.5, 5.6, 5.9, 5.10, 5.13 and 5.14 as well as others shown in Ap-

pendix C, the top panels show the line profiles (graphs (a)) and their power

spectra (graphs (b)) that were obtained perpendicular to the polishing grooves,

while the lower two show the corresponding line profiles (graphs (c)) and their

power spectra (graphs (d)) that were obtained inside the grooves.
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Figure 5.3: Three and two dimensional atomic force microscopy images of a
(100) surface polished mechanically (sample kc8), measuring 7×7 µm. Note the
dark line used as a guide for the eye to show where data inside the polishing
grooves were obtained.

Figure 5.4: Three and two dimensional atomic force microscopy images of a
(100) surface polished manually (sample kc8), measuring 2×2 µm.
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Figure 5.7: Three and two dimensional atomic force microscopy images of a
(110) surface polished mechanically (sample kk7), measuring 3.7×6.7 µm.

Figure 5.8: Three and two dimensional atomic force microscopy images of a
(110) surface polished manually (sample kk7), measuring 4×6.5 µm.
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Figure 5.11: Three and two dimensional atomic force microscopy images of a
(111) surface polished mechanically (sample kc11).

Figure 5.12: Three and two dimensional atomic force microscopy images of a
(111) surface polished manually (sample kc11).
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5.3.2 Ratios of real areas to the projected ones, and the

root mean square roughnesses.

Each of the AFM images was represented by 2D and 3D images, with the 3D

images acting more as a guide for eye regarding the general surface roughness

or smoothness. However, in order to gauge how the surface roughness changes

following the polishing, judging the differences on the AFM images by the naked

eye would not be of much help. Instead, the ratio of the real area to the projected

one was always obtained as another important measure of the overall surface

roughness or smoothness. If the ratio was much greater than unity, it meant

that the surface was a bit rugged, and if it was close to one, then the real and

projected areas were almost the same, indicating that the surfaces were more

smooth and flat. The results obtained from this were plotted as shown in figures

5.15 and 5.17, which gave the relationship between the ratios of the real area to

the projected one (scan region), as the scan size was varied. Ideally this should

be a non-linear relationship, because there wasn’t a one to one correspondence

(or proportionality) between the real area and the corresponding projected one,

due to the presence of surface asperities. A larger scan region would invariably

yield a larger ratio of the real to the projected area, owing to the presence of

more surface features, while a smaller area would have a smaller ratio, due to

the accompanying decrement of some of the surface features. Nonetheless, this

may change if the selected small areas contain more features. As seen from

the diagrams, this would approach very close to unity in certain cases as the

area was decreased. Since the largest scan size of the AFM images that could

be generated by the equipment used in this study was a 7×7µm, images were

taken at different parts of the samples, so as to obtain a true representation of

the entire surface.

By integrating over the real scanned area together with its features, the root
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mean square roughnesses were also obtained as shown in figures 5.16 and 5.18.

Results obtained from a mechanically polished single crystal (100) synthetic

diamond were also included, in order to illustrate the comparisons between the

quality of its polishing and those of the mechanically and manually polished

single crystal natural diamond surfaces.
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5.4 Discussions

The surface roughness was determined in various ways as explained before. Out

of these, the line profiles gave the first hints between the surface roughnesses due

to the two polishing techniques, where a general variation between the widths

and depths of the polishing grooves of the mechanically polished diamond sur-

faces and those that were given an extra 30 or more minutes of manual polishing

were observed. The mechanically polished (100) surfaces were found to exhibit

particularly wider grooves than the manually polished ones, and on average

the grooves were deeper than those of the manually polished surfaces. On the

other hand, the polishing grooves of the mechanically polished (110) surfaces

were a bit narrower than those of the manually polished surfaces, and they were

also deeper on average than those of manually polished surfaces. The mechan-

ically polished (111) diamond surfaces were found to have wider and shallower

grooves than those of the manually polished surfaces. This meant that, the

(111) surfaces had grooves that became marginally deeper and smoother after

the manual polish. Details of each of the three low index surfaces are given

below.

5.4.1 The (100) surface

This is a surface that exhibits a cuboid arrangement of its surface carbon atoms

as shown in figure 3.10. A close comparison of its mechanically and manually

polished surfaces indicated that the latter appeared generally smoother. From

the 2D images (figures 5.3 and 5.4 and others shown in Appendix C), the bar

on the right hand side of each image showed that while the general distance

between the highest and lowest points (peak to valley) on the surfaces decreased

following manual polishing, others showed an increase depending on the size of

the images and the asperities present. This indicated that the manual polishing



186

was actually changing the surfaces by removing and in other cases creating

some tiny grooves (∼0.08µm), through the erosion of loosely bound particles.

This was accompanied by the removal of particles or debris that were attached

at locations which made it easy for them to detach, such as sharp points left

behind by the mechanical polishing. The grooves also appeared to become

slightly narrower after the manual polishing as seen from figure 5.4 as well as

in other AFM images shown in the Appendix (C). Table 5.1 summarizes the

range of the widths and depths of the polishing grooves after both mechanical

and manual polishing of all the three low index diamond surfaces, while Table

5.2 shows details of the smaller roughnesses. The values shown in the Tables are

mainly for the ranges where most of the surface roughnesses were concentrated,

but large ones which were also extremely few were observed. These were up to

2.85µm for the mechanically polished surfaces, and up to 1µm for the manually

polished ones, and they were observed on all the three low index diamond

surfaces. Clearly these large roughnesses were caused by the mechanical and

not the manual polishing. The manual polishing only altered them somewhat,

resulting in smoother and flat surfaces as discussed in various sections of this

work. We need to add here that, we were mostly interested in the smaller

roughnesses caused by the manual polishing, and that is why the vertical scale

of the power spectra is capped at around 2nm2 for most of the cases considered

here, in order to amply and be able pick these small roughnesses clearly.

Table 5.1: Surface roughness due to the polishing grooves on the three low index
diamond surfaces after mechanical and manual polishing.

face groove widths groove widths groove depths groove depths
after mech. after manual after mech. after manual
polish polish polish polish

(100) 0.1 to 1.7µm 0.05 to 0.4µm 0.1 to 4.8nm 0.2 to 4.5nm
(110) 0.05 to 0.7µm 0.05 to 1.2µm 0.13 to 7.2nm 0.13 to 5nm
(111) 0.05 to 0.7µm 0.05 to 0.5µm 0.1 to 1.1nm 0.05 to 1nm

The narrowing of the grooves in the case of the (100) surfaces following the
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Table 5.2: Smaller surface roughnesses on the three low index faces after me-
chanical and manual polish.
face Small roughness Small roughness Small roughness Small roughness

widths after heights after widths after heights after
mech. polish mech. polish manual polish manual polish

(100) 0.03µm 0.2 to 0.4nm 0.014µm 0.05 to 0.2nm
(110) 0.05µm 0.1 to 0.2nm 0.015µm 0.1 to 0.2nm
(111) 0.05µm 0.1 to 0.2nm 0.03µm 0.05 to 0.2nm

manual polishing was accompanied by the disappearance of some smaller rough-

ness, as seen from the line profiles and the corresponding power spectra shown

in figures 5.5 and 5.6, as well as figures C.3 and C.4 (both shown in Appendix

C). After the manual polish, some extra smaller and new roughnesses were

also observed inside the polishing grooves, which were thought to exist as small

indentations caused by the particles as they tumbled through the groove during

the polishing process. These are detailed in Table 5.2 for all the three low index

surfaces. As such, it is important to appreciate the fact that the high degree of

surface smoothness quoted here and in literature does not necessarily imply that

the grooves were completely devoid of any features. A majority of the features

were 0.2nm in height, which suggested that they were of atomic scale. Some

line profiles obtained inside the polishing grooves of the (100) surfaces further

showed that they became more curved after the manual polishing, indicating

some degree of material removal, and hence smoothing. This was in good agree-

ment with Couto et al.’s [82, 63] observations, while others appeared to be flat

bottomed as alluded to by Hird et al. [54], although not all of them were. How-

ever, while this could have been a real effect, it may also have been an artifact

caused by the not-so-sharp pyramidal tip as seen in figure 5.1, especially if it

was not able to resolve sharp rectangular or v-shaped depressions appropriately.

Some AFM images also showed smaller grooves created inside the larger ones.

Earlier investigations by Grillo et al. [80] indicated that the (100) surfaces pol-

ished in the direction of difficult abrasion (the <110>) showed a rough array
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of grooves, while those polished in the easy direction (the <100>) exhibited

smooth grooves that were often free from indications of fracture. Their findings

agree quite well with our observations for (100) surfaces polished manually in

the easy direction, where the grooves were found to become generally smooth,

with the resultant roughnesses being of the order of those shown in Table 5.1.

Ideally, the line profiles would have had a limitation in providing the required

information regarding the surface roughnesses by themselves. These were thus

complemented by the power spectra, which further showed that some extra

smaller roughnesses which were not easy to observe from the line profiles were

introduced after the manual polish. Nonetheless, these had low intensities and

were often difficult to observe from the manually polished AFM images. In spite

of this, it was still observed in most cases that roughnesses below 0.1µm were

often eliminated by the manual polishing. This corresponded to the diamond

pastes’s particle sizes used in the manual polishing.

Some larger roughnesses of about 0.33µm were occasionally observed inside

the grooves of the mechanically polished surfaces, but these too were reduced by

the manual polish as seen from the corresponding power spectra. As the smaller

roughnesses were removed, the intensity of the remaining longer wavelength

roughnesses appeared to increase as seen from the corresponding line profiles

and power spectra, which in turn made the root mean square roughness to

appear as though it was increasing, while in reality the surfaces were actually

getting smoother.

5.4.2 The (111) surface

Not such strikingly noticeable changes were observed in viewing the AFM im-

ages of the mechanically and manually polished (111) surfaces, possibly because

the (111) diamond surface was generally hard to polish in all directions. These

only became apparent after plotting the power spectra and to some extent the
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line profiles. It will nonetheless be recalled that the process by which material

removal occurs in the (111) surface is different from those of the other two low

index diamond surfaces. However, many instances showed some improvement

of the surface quality after the manual polish. The polishing grooves did not

appear as smooth as those observed in the (100) surface, probably due to the

process by which material removal occurs on this surface as opposed to that

of the (100) and (110) surfaces. We can therefore postulate that the manual

polishing occurred through the erosion of tiny groups of atoms as suggested

previously by Couto et al. [82, 63], which in turn resulted in the removal of the

surface asperities, and therefore reorganizing the surface carbon atoms. This

improvement of the surface quality was also in agreement with the earlier find-

ings of Derry et al. [117], who reported an improvement of the LEED patterns

from their (111) surfaces with the lowering of the electron beam energy, after

manual polishing. They concluded this to imply a general improvement of the

surface smoothness, which is now confirmed by our AFM work reported in this

study.

The line profiles obtained inside the polishing grooves of the (111) surface

showed smaller features or roughnesses whose height was between 0.1 and 0.2nm,

which were clearly of atomic size as shown in Table 5.2. The widths of the pol-

ishing grooves of the manually polished (111) surfaces were comparable to those

observed in the manually polished (100) surface, but were narrower than those

of the mechanically polished (100) surfaces as summarized in Table 5.1. The

values shown in the table are the ranges where most of the surface roughnesses

were concentrated. A majority of these had their roughness heights in the lower

end of the range, around 0.1 and 0.4nm. However, although the range of the

depths of the polishing grooves for the mechanically and manually polished

(111) surfaces were almost similar, the manual polishing resulted in slightly

deeper grooves on average.
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From the line profiles, there was no evidence of flat-bottomed grooves on

this surface in most cases (figures 5.13 and 5.14 and others shown in Appendix

C) as reported earlier by Couto et al. [82, 63, 56] and Hird et al. [54] in the case

of (100) and (110) surfaces, and also the grooves were less curved than those

observed in the (100) surface as seen from figure 5.14 and C.12 (shown in Ap-

pendix C).This may have been due to the fact that there was minimal polishing

(material removal) taking place on this surface as opposed to either the (100) or

the (110) surfaces, and also because the polishing process proceeded differently.

These observations were well corroborated by the corresponding power spectra,

which showed the disappearance of the high frequency components after the

manual polishing.

The power spectra obtained inside the polishing grooves showed that the

grooves were devoid of many small bumps (asperities) though not completely,

and thus the surfaces were smoother. However, some higher frequency rough-

nesses were typically observed for the larger scan sizes, and these decreased with

scan sizes as shown in the additional images shown in Appendix C. All the

power spectra, showed that the intensity of the Fourier components decreased

with increasing frequency, meaning that the high frequency (small roughnesses)

were becoming less with the manual polishing. Smaller roughnesses of up to

0.05µm were occasionally observed in the mechanically polished surfaces, which

decreased to below 0.03µm after the manual polishing (see Table 5.2), and their

intensities were always equally small. All the (111) surfaces had comparatively

similar amounts of roughnesses in the neighbourhood of 0.1µm after both me-

chanical and manual polishing. However, slightly more intense (low frequency)

Fourier components were observed after the manual polishing, suggesting that

although the general surface smoothness improved through the elimination of

the tiny roughnesses, the larger wavelength roughnesses became more well de-

fined and therefore intense. It was evident from the line profiles and the power
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spectra that the process of material removal from the (111) surface was one of

fracture of small groups of atoms, leading to the erosion and reorganization of

the surface carbon atoms, as alluded to earlier by other workers, resulting in

the smoothing and flattening of the (111) surfaces after manual polishing.

5.4.3 The (110) surface

AFM images obtained from the (110) surface showed deeper, much closer and

even more prominent grooves than those of the other two surfaces. This was

probably an indication that both mechanical and manual polishing were more

effective on this surface. The corresponding line profiles and power spectra

shown in figures 5.9 and 5.10 as well as figures C.7 and C.8 (all shown in

Appendix C) indicated quite clearly the disappearance of some high frequency

components after the manual polish, which was accompanied by a decrease in

the intensity of the other components. The line profiles obtained from within the

grooves showed very tiny roughness heights of the order of 0.1-0.2nm for both the

mechanically and manually polished surfaces (see Table 5.2), which were clearly

of atomic size. The line profiles obtained from the manually polished surfaces

appeared more curved than the corresponding ones obtained after mechanical

polishing, except in a few isolated cases mostly on the smaller scan regions.

The corresponding power spectra not only confirmed these observations, but

also showed that more lower frequency (longer wavelength) components were

predominantly found on the manually polished surfaces than on the mechan-

ically polished ones, following the disappearance of the high frequency com-

ponents. Fourier components obtained from within the polishing grooves of

both the mechanically and manually polished surfaces, indicated the existence

of some bumpy regions as the grit particles tumbled along, while eroding the

loosely bound asperities such as those at the raised sharp points, as well as

loosely positioned particles or debris left behind by the mechanical polishing.
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Through this process, some of polishing grooves became generally wider and

fairly smooth after the manual polishing stage as confirmed by the line profiles

and the power spectra shown in figures C.7 and C.8 both of which are shown in

Appendix C. The mechanically polished surfaces had slightly narrower polish-

ing grooves than the manually polished ones, but these were deeper than those

of the manually polished surfaces. Some new grooves were found to develop on

the edges/slopes of the wider ones, making them even wider. There was some

remote evidence of the grooves becoming flat-bottomed on this surface after the

mechanical polishing, but upon the manual polishing, some extra smaller pol-

ishing lines were introduced at the bottoms and even sides of the grooves. This

could explain why in some instances the overall root mean square roughness

appeared to increase after the manual polishing on this surface.

The groove widths and depths are summarized in Table 5.1 where the dis-

tinction between the roughnesses of the mechanically and manually polished

surfaces is quite evident. The creation of newer and smaller roughnesses on the

edges of some of the wider grooves were confirmed by the corresponding power

spectra. In this case, it was established that some high frequency (short wave-

length) roughnesses between 0.1 and 0.2µm as seen in figures 5.9 (b) and 5.10

(b) were eliminated (or at least diminished) after the manual polishing, lead-

ing to the widening of the existing grooves. This resulted in the low frequency

components becoming more clearly defined and therefore dominant (see figures

5.7 and 5.8 together with their line profiles and power spectra).

On the other hand, figures C.7 and C.8 (both shown in Appendix C) in-

dicated the disappearance of some high frequency components below 0.1µm

after manual polishing, which was accompanied by the creation of a few but

marginally intense and well defined new high frequency components whose

widths lay between 42 and 62.5nm. These were lacking in the mechanically
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polished surfaces, and their creation was accompanied by the low frequency com-

ponents (bigger roughnesses) becoming more pronounced, intense and clearly

defined. One notices almost instantly that the sizes of the grooves were not

of the order of the polishing grit particles, suggesting that the polishing was

caused by either smaller particles, or by a collection of these as the debris

got eroded. Both the line profiles and power spectra showed that, although

the groove widths ranged between 0.05 and 1.2µm, on average most of the

roughnesses were concentrated between 0.05 and 0.5µm for both the manually

and mechanically polished surfaces, with the lower frequency components again

showing a marginal increase in their intensities after the manual polishing. As

opposed to the grooves associated with the (111) surfaces which were generally

fairly flat (i.e. not curved), those from the manually polished (110) surface

were mostly curved, which again was an indication of the effectiveness of the

manual polishing on the (110) surfaces. The improvement of the quality of

the (110) surfaces after the manual polishing arises from the overall changes

within the groove widths since this surface had the deepest ones even after the

mechanical polish. The bond distortion theory which involves the conversion

to non-diamond carbon material seems unlikely here because the forces due to

manual (hand) polishing may not have been sufficient to initiate the process.

Instead, any surface changes were believed to be due to the rubbing and scratch-

ing of the surfaces gently, thereby resulting in the removal of a few atoms or

groups of atoms, which led to the observed changes in the surface topography.

Smaller roughnesses of the order of ∼0.015µm were observed on the manu-

ally polished (110) surfaces, but these were often thought to be too small for

the technique’s resolution, especially with the tip not being of atomic size, as

expected.

The intensities of the smaller roughnesses (i.e. high frequency components)

were always quite small on all the three low index surfaces, to the extent that
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they could easily have been thought of being errors in the measurements. These

were however real, and in approximate agreement with those observed by Couto

et al. [82, 63], ranging between 20 and 100nm.

5.4.4 Annealed surfaces

Following the manual polishing, the surfaces were annealed under vacuum (<

10−6Torr) up to 250◦C and again up to 750◦C for about 10 minutes each, and

then cooled down under similar vacuum conditions to room temperature. AFM

images were then obtained from each of the annealed surfaces, where it was

found that the overall surface roughness changed quite somewhat from what it

was before the annealing, especially at 750◦C. AFM images obtained after the

annealing process are shown in figures 5.19 and 5.20 for the (100) surface, 5.23

and 5.24 for the (111) surface, as well as 5.27 and 5.28 for the (110) surface, while

additional images are shown in Appendix C. Each set of AFM images is followed

by their corresponding line profiles and power spectra, for ease of comparison

between their smoothness. In figures 5.21, 5.22, 5.25, 5.26, 5.29 and 5.30, the top

panels represent the line profiles and power spectra obtained perpendicular to

the polishing grooves respectively, while the lower panels show the line profiles

and power spectra that were obtained along the polishing grooves.
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Figure 5.19: Three and two dimensional atomic force microscopy images of a
(100) surface annealed to 250◦C after manual polishing (sample kc8).

Figure 5.20: Three and two dimensional atomic force microscopy images of a
(100) surface annealed to 750◦C after manual polishing (sample kc8). The bar
on the RHS shows a marginal decrease of 2nm in the peak-to-valley distance
after the 750◦C anneal compared to the 250◦C anneal shown in figure 5.19.
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Figure 5.23: Three and two dimensional atomic force microscopy images of a
(111) surface annealed to 250◦C after manual polishing (sample kc11).

Figure 5.24: Three and two dimensional atomic force microscopy images of a
(111) surface annealed to 750◦C after manual polishing (sample kc11).
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Figure 5.27: Three and two dimensional atomic force microscopy images of a
(110) surface annealed to 250◦C after manual polishing (sample kk7).

Figure 5.28: Three and two dimensional atomic force microscopy images of a
(110) surface annealed to 750◦C after manual polishing (sample kk7).

Annealing the surfaces under vacuum up to 250◦C did not result in much

changes within the surface roughness of all the three low index faces, but this

became more pronounced when the temperature was raised to 750◦C as seen

from the respective AFM images. Such results were interpreted to mean that

annealing up to 250◦C possibly only got rid of the physisorbed and loosely bound

species that were not expected to change the surface topography significantly,

whereas annealing to 750◦C resulted in the dissociation of the adsorbed species,

which in the process left the surfaces rougher and etched out as observed by

Bobrov et al. [143, 125]. However, although the vacuum conditions above the

annealed diamond surfaces was not so high, it was expected that the desorption
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rate would be low since Derry et al. [94] observed previously that oxygen on

diamond surfaces desorbs slowly in ultra high vacuum conditions, and rapidly

on warming.

The surfaces were only annealed up to 750◦C, since this temperature was not

expected to induce any graphitization on them, because in addition to damaging

the surface, if this happened, the hard Si3N4 AFM tip would have left other

unwanted scratch marks on the soft graphitic layer as it scanned along the

surface. Although long known, Derry et al. [94] noted that graphitization of

diamond occurs in oxygen atmospheres at temperatures higher than 800K, but

in our case the surfaces were annealed under vacuum (≈10−6Torr) up to 250 and

750◦C, and for these reasons, no graphitization was expected. This temperature

was nonetheless sufficient to lead to the desorption of the adsorbed oxygen and

possible hydroxyl groups, thus resulting in an etched surface. Baumann et al.

[203] found that the annealing of diamond (100) surfaces to 500◦C did not affect

significantly the Auger electron spectroscopy peak, and a LEED measurement

showed a bulk terminated (1×1) pattern. For this reason, our annealing to

250◦C was not expected to have much effect on the adsorbed oxygen, but this

heating was still vital in establishing and confirming what happens under these

relatively low temperature conditions. According to Baumann et al. [203]

annealing the (100) surface to 1150◦C results in the disappearance of the oxygen

feature, and a (2×1) reconstructed clean surface is observed. For both the (110)

and (111) diamond surfaces, they observed that the adsorbates were completely

desorbed at 1150◦C.

AFM images obtained from the (100) surfaces together with their corre-

sponding line profiles and power spectra showed a remarkable difference be-

tween annealing to 250 and 750◦C. The polishing grooves apparently became

more pronounced following the 750◦C anneal than they were at 250◦C according

to figures C.13, C.14 and C.15 (shown in Appendix C). The widths and depths
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of the polishing lines following annealing up to the two temperatures are shown

in Table 5.3. For the (100) surface, the groove depths were apparently slightly

Table 5.3: Surface roughness due to polishing grooves on the three low index
faces polished manually and then annealed to 250◦ and 750◦C.

face 250◦C 250◦C 750◦ 750◦C
Groove width Groove depth Groove width Groove depth

(100) 0.1 to 1.5µm 0.1 to 2.5nm 0.08 to 1.0µm 0.2 to 2.5nm
(110) 0.08 to 1.2µm 0.25 to 2.5nm 0.08 to 0.6µm 0.2 to 1.2nm
(111) 0.06 to 0.4µm 0.1 to 0.4nm 0.1 to 0.35µm 0.2 to 1.4nm

shallower after the 750◦C anneal, but wider than they were after the manual

polishing and no annealing as shown in Table 5.1. On average the grooves on

the (100) surfaces became narrower after the 750◦C vacuum anneal than they

were at 250◦C. Incidentally the widths of the polishing grooves for the 250◦C

compared well with those of the mechanically polished surfaces but were wider

than those of the manually polished surfaces. Their depths also compared quite

well with those of the mechanically and manually polished surfaces, except for

a few cases where large depths of 4.8 and 4.5nm were observed for the unan-

nealed but mechanically and manually polished surfaces respectively. Following

the 750◦C vacuum anneal, the low frequency (long wavelength) components

became slightly more and also well defined, meaning that the high frequency

(short wavelength or small roughnesses) were removed. The corresponding line

profiles obtained inside the polishing grooves of the annealed surfaces (upto

250 and 750◦C) showed atomic-scale roughnesses whose heights were between

0.1nm and 0.25nm. These compared quite well with those observed previously

for the unannealed surfaces, meaning that not much change occurred here, or in

this range. It could also mean that since these roughnesses were at the highest

resolution of the technique, they could not get any lower than this. Some of

the (100) surfaces had some small depressions on the larger polishing grooves

which occurred as new grooves or steps on the edges/slopes (see for example
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figure C.15 shown in Appendix C), suggesting evidence of grit particles rubbing

and eroding material from them.

The power spectra on the other hand showed similar results to the AFM

images themselves and the line profiles, where the low frequency components

below 0.5µm become more intense and broader after annealing to 750◦C than

they were at 250◦C. However, figure C.17 (shown in Appendix C) which was ob-

tained from a (100) surface that was annealed to 750◦C showed some extra high

frequency components compared to those observed in figure C.16 (also shown

in Appendix C and annealed to 250◦C), although their intensities were greatly

reduced. In addition, the power spectra obtained inside the corresponding pol-

ishing grooves showed that some of the high and even low frequency components

were removed after annealing to 750◦C corroborating the broadening of some

peaks (roughnesses) noted in the power spectrum obtained perpendicular to

them. Figure C.16 (obtained from figure C.13) which represented results from

a (100) surface annealed to 250◦C showed extremely few components inside the

grooves, suggesting a smoothing of the grooves. In general, the line profiles and

power obtained inside the polishing grooves as shown in figures C.16, C.17 and

C.18 (all shown Appendix C) revealed that the (100) surfaces did not develop

any more high frequency roughness after annealing to 750◦C, than at 250◦C

anneal, except the narrowing of the grooves as summarized in Table 5.3.

Annealing the (111) surfaces to both 250 and 750◦C, did not reveal much

difference between the two temperature regimes as is evident from a casual

look at the AFM images themselves as shown in figures 5.23, 5.24, C.19 and

C.20, except that the roughness bars next to the respective 2D images shows

a difference of about 3nm from peak-to-valley after the 750◦C anneal. What

was undoubtedly clear though was that annealing seemed to have had a small

effect on the (111) surfaces as opposed to the other two low index faces, with

the surface appearing fairly smoother. This could have been an indication that
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the surface atoms as well as the adsorbates on them were strongly bonded

on this surface and hence desorption would be hard, implying that etching

through annealing would also be correspondingly minimal. The widths and

depths of the grooves on this surface [(111)] after annealing to 250 and 750◦C

are summarized in Table 5.3. These were in principle the same when quoted to

one significant figure, while the depths varied quite significantly between the two

temperature regimes. In the case of the 750◦C anneal, most of the roughness

widths lay around 0.2µm, although the entire range spanned between 0.06 and

0.4µm. As such, the widths of the polishing lines from the 250◦C anneal were

comparatively similar to those at 750◦C but were generally shallower than those

of the 750◦C anneal and those of the mechanically polished surfaces. Their

widths also compared with those of the manually polished surfaces but they

were a bit shallower than those of the manually polished surfaces.

Figure 5.26 showed that the smaller roughnesses which were observed at

250◦C disappeared after annealing to 750◦C, and only components above∼0.3µm

were more visible. The intensities of the components observed at 250◦C anneal

were also very small. A similar observation was also made in figures C.21 and

C.22 which are shown in Appendix C, where some of the faint (low intensity)

high frequency components which were observed in the case of the 250◦C an-

neal disappeared after annealing to 750◦C. This was accompanied by the low

frequency components above 0.272µm becoming somewhat more intense and

well defined, which possibly suggested the broadening of the same.

The line profiles obtained inside the polishing grooves showed roughness

heights in the range of 0.1 and 0.2nm for the surfaces annealed to 250◦C, and

predominantly 0.25nm for those annealed to 750◦C, although the groove bot-

toms appeared rather rugged, and fairly flat (i.e less curved), with some smaller

roughnesses being eliminated at 750◦C. This was in agreement with the corre-

sponding power spectra, where it was established that newer roughnesses were
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introduced below 0.16µm after annealing the (111) surface to 750◦C as seen

in figure 5.26, while those that were observed around 0.1µm as seen in figure

5.25 for the 250◦C anneal diminished. The same behaviour was observed in fig-

ures C.21 and C.22 shown in Appendix C, where new components around 0.54

and 0.27µm became slightly more prominent than they were after 250◦C an-

neal. The number of components inside the polishing grooves were also few and

less intense. High frequency components were seldom found, either at 250◦C

or 750◦C on the (111) surfaces. Figure 5.26 on the other hand, which repre-

sents a (111) surface that was annealed to 750◦C indicated the appearance of

smaller roughnesses at 0.33 and 0.16µm which were apparently lacking in the

corresponding surface annealed to 250◦C (figure 5.25). In addition, the power

spectra that were obtained inside the polishing grooves showed that although

quite small, the roughnesses that were observed at around 0.01nm−1 (0.1µm)

for the surface annealed to 250◦ C disappeared after annealing to 750◦C. In

general, the (111) surfaces appeared to become only somewhat rougher when

annealed to 750◦C than they were at 250◦C anneal, and in the process, the low

frequency components became well defined. These may have the consequence

of increasing the root mean square roughnesses.

The annealing process seemed to have had a more pronounced effect on

the (110) surface after the 750◦C anneal than it was for the 250◦C anneal,

possibly because it had the deepest grooves even before the annealing process

commenced. The polishing grooves became more prominent after annealing to

750◦C than they were at 250◦C and the line profiles also showed varying degrees

of widths and depths for the polishing grooves as shown in Table 5.3. From the

AFM images themselves, the widths of the grooves appeared more regular after

annealing to 750◦C than they were at 250◦C as seen in figures 5.27 and 5.28 as

well as in figures C.37 and C.35 (both shown in Appendix C) respectively, and

others shown in Appendix C too. The 250◦C anneal resulted in slightly wider
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polishing grooves than the mechanically polished and unannealed ones, but

almost similar to those that were polished manually. This was not unexpected

because the 250◦C anneal did not change the surface roughness much than it was

after the manual polishing. The polishing grooves from the 250◦C anneal were

also shallower than those of the mechanically and manually polished surfaces

on average (see Table 5.1) but they were slightly wider than those of the 750◦C

anneal, and on average the depths of the polishing grooves were comparatively

deeper for the 250 than 750◦C anneal. The corresponding line profiles obtained

inside the polishing grooves showed roughness heights of between 0.2 and 0.4nm

for the surfaces annealed to 750◦C and therefore being a bit rugged and rougher,

compared to roughnesses that were predominantly 0.2nm for the (110) surfaces

that were annealed up to only 250◦C. This behaviour was nonetheless not unique

to the (110) surfaces but was also witnessed across all the three low index faces.

In some cases, a few smaller roughnesses were observed inside the wider grooves

or on their edges, while in other cases, grooves whose widths were of the order

of the polishing diamond pastes’s particle sizes used in the manual polishing

(0.1 and 0.25µm) were also observed.

The power spectra obtained perpendicular to the polishing grooves showed

low frequency components at ∼1.0µm (figure 5.29) for surfaces annealed to

250◦C thereby showing good agreement with the line profiles. Those obtained

from surfaces annealed to 750◦C showed components at around 0.33µm (figure

5.30), which also had an extremely low intensity compared to the ones seen

in the surfaces annealed to 250◦C. Clearly the high temperature anneal had a

remarkable effect within the (110) surface as opposed to the other two low index

faces. Power spectra obtained inside the polishing grooves as seen from figures

5.29 and 5.30 showed a similar trend, where low frequency components were

observed above 1(µm)−1 for surfaces annealed to 250◦C, while these diminished

quite significantly for surfaces annealed to 750◦C. This was quite intriguing, and
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an indication of some of the grooves actually getting etched out and becoming

smoother at high temperatures, with a regular array of roughnesses (polishing

grooves) following the removal of some of the components. Nonetheless, not all

(110) surfaces showed this improvement in quality with the high temperature

vacuum anneal.

Lack of major surface etching and roughening in all the three low index

diamond surfaces following the 750◦C anneal was a possible indication that

some of the adsorbed species were not completely desorbed at this temperature,

which was consistent with earlier explanations.

5.4.5 Root mean square roughnesses of the polished sur-

faces and ratios of the real area to the scan size;

for unannealed and annealed surfaces.

Just like the line profiles and the power spectra and even the AFM images

themselves, the ratios of the real areas to the projected ones, as well as the

root mean square roughnesses were an important measure of the surface qual-

ity, regarding the overall roughness and smoothness. As mentioned before, by

comparing the real surface areas to the scan regions as shown in figures 5.15 and

5.17 (for surfaces that were not annealed), it was possible to establish whether

new roughnesses were created or not after the manual polishing. This comple-

mented the results already obtained in the line profiles and power spectra. Any

new roughnesses were expected to manifest themselves through the increment

of the real area, and therefore the ratio of the true area to the projected one

too. Nonetheless, the polished surfaces are already known to be quite smooth,

and therefore the changes anticipated from the manual polishing were likely to

be extremely small. This would effectively make the ratios of the areas to be

quite close to 1.0, but obviously greater than or equal to this value due to the
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presence of the surface features, such as the rugged polishing grooves among

others. In spite of this though, some differences between the mechanically and

manually polished surfaces were still observed.

At a glance, the mechanically polished (111) surfaces were seen to be a

bit rougher than their corresponding manually polished surfaces, based on the

ratios of the areas. The evidence of surface improvement with manual polishing

was not outrightly clear for the manually polished (100) surfaces as shown in

figures 5.15 and 5.17.



212

0
10

00
20

00
30

00
40

00
50

00
60

00
70

00
80

00

1.
00

00

1.
00

05

1.
00

10

1.
00

15

1.
00

20

1.
00

25

 

 

Ratio of real area to Scan size

S
ca

n 
si

ze
 (n

m
)

  S
am

pl
e 

kc
8-

(1
00

)
  S

am
pl

e 
kc

11
-(

11
1)

 S
am

pl
e 

kk
7-

(1
10

)

10
00

20
00

30
00

40
00

50
00

60
00

70
00

1.
00

00

1.
00

04

1.
00

08

1.
00

12

1.
00

16

1.
00

20

 

 

Ratio of real area to the scan size

S
ca

n 
si

ze
 (n

m
)

 S
am

pl
e 

kc
8 

- 2
50

o C
 S

am
pl

e 
kc

8 
- 7

50
o C

 S
am

pl
e 

kc
11

 - 
25

0o C
 S

am
pl

e 
kc

11
 - 

75
0o C

 S
am

pl
e 

kk
7 

- 2
50

o C
 S

am
pl

e 
kk

7 
- 7

50
o C

10
00

20
00

30
00

40
00

50
00

60
00

70
00

0.
0

0.
5

1.
0

1.
5

2.
0

2.
5

3.
0

3.
5

4.
0

 

 

Root mean square roughness (Arb. Units)

S
ca

n 
si

ze
 (n

m
)

 S
am

pl
e 

kc
8 

(1
00

)-
 2

50
o C

 S
am

pl
e 

kc
8 

(1
00

)-
 7

50
o C

 S
am

pl
e 

kc
11

 (1
11

)-
 2

50
o C

 S
am

pl
e 

kc
11

 (1
11

)-
 7

50
o C

 S
am

pl
e 

kk
7 

(1
10

)-
 2

50
o C

 S
am

pl
e 

kk
7 

(1
10

)-
 7

50
o C

(a
)

(c
)

(d
)

0
10

00
20

00
30

00
40

00
50

00
60

00
70

00
80

00

0.
5

1.
0

1.
5

2.
0

2.
5

3.
0

3.
5

4.
0

 

 

Root mean square roughness (Arb. Units)

S
ca

n 
si

ze
 (

nm
)

 S
am

pl
e 

kc
8-

(1
00

)
 S

am
pl

e 
kc

11
-(

11
1)

 S
am

pl
e 

kk
7-

(1
10

)

(b
)

F
ig

u
re

5.
31

:
R

at
io

s
of

th
e

re
al

ar
ea

to
th

e
sc

an
si

ze
as

w
el

l
as

th
e

co
rr

es
p
on

d
in

g
R

M
S

ro
u
gh

n
es

s
fo

r
d
ia

m
on

d
su

rf
ac

es
an

n
ea

le
d

u
p

to
25

0
an

d
75

0◦
C

(p
an

el
s

(c
)

an
d

(d
))

an
d

th
os

e
of

su
rf

ac
es

p
ol

is
h
ed

m
an

u
al

ly
fo

r
ab

ou
t

an
h
ou

r
(p

an
el

s
(a

)
an

d
(b

))
.



213

However, in some cases (for example figure 5.18), there was some evidence

of modest improvement in the surface quality through decreased RMS rough-

nesses, especially when one considers the intermediate and larger scan sizes. At

the same time, the manually polished (110) surfaces were clearly better than

the mechanically polished ones, meaning that the manually polished surfaces

were generally more flat than the corresponding mechanically polished ones.

However, on comparing these with a mechanically polished (100) synthetic di-

amond surface, it was found that the synthetic diamond was rougher than all

the polished natural diamond samples, whether mechanically or manually pol-

ished (see figures 5.15 & 5.16). It was only the mechanically polished (110)

surface that appeared slightly worse than these, especially at larger scan re-

gions. This result of the quality of the synthetic diamond’s surface being worse

was however not wholly unexpected because the natural diamond surfaces had

undergone several cycles of mechanical and manual repolishing when they were

used for other studies previously, unlike the synthetic diamond. This suggests

that repeated polishing and repolishing using finer grades of diamond grit par-

ticles would eventually result in much smoother and better quality diamond

surfaces. In fact figure 5.31 (a) which was obtained from surfaces that were

polished manually for about an hour confirmed this, except in only a few cases

involving the (100) surfaces. In this case, the maximum ratio of the areas was

1.0032 when data for the synthetic (100) diamond sample was included, decreas-

ing to below 1.0022 for the manually polished single crystal natural diamonds.

Most of the surfaces showed some slight improvement in their overall surface

smoothness with the extra manual polishing. These findings were consistent

with most of the corresponding root mean square roughnesses shown in figure

5.31 (b), where it was again found that the RMS roughnesses reduced slightly

with the extra manual polishing.
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Regarding the RMS roughnesses of the respective faces, the manually pol-

ished (100) surfaces were only better than the mechanically polished synthetic

(100) diamond surfaces, but worse than those of the mechanically polished (111)

surfaces. This was followed by the mechanically and manually polished (110)

surfaces, together with the manually polished (111) surfaces. These had the

ratios of their areas being approximately equal to 1.0 which was confirmed by

the corresponding RMS roughnesses. It is worth emphasizing though that the

changes observed in the ratios of the areas and hence the corresponding rough-

ness had to be complemented by the observations made within the line profiles,

as well as the power spectra, in order for them to be considered conclusive. This

was particularly important because it may happen that after the manual polish-

ing, the surfaces became more curved after removing or introducing the smaller

roughnesses as seen from the curvature of the line profiles, thereby increasing

the true surface area, but certainly not necessarily making the surfaces rougher.

As such, both the ratios of the true and projected areas, the line profiles, and

the power spectra had to show some common agreement for the findings to be

convincing.

While they may not have been entirely a true measure of the quality of the

surface smoothness on their own, the root mean square roughnesses were still

vital parameters for gauging the flatness of surfaces polished in the two differ-

ent ways. These confirmed that the mechanically polished synthetic diamond

was much rougher than all the others as seen from figure 5.16 (a), followed by

the mechanically polished (110) and (111) surfaces, then the manually polished

(100) surfaces. It should be noted that the sort of roughnesses that are consid-

ered at these resolutions are very small indeed, being at least three orders of

magnitude smaller than the x and y-axis scales of the 3D AFM images. Apart

from the ambiguities noted in some of the manually polished (100) surfaces,

a general improvement of the surface roughness was observed for most of the
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manually polished surfaces.

The changes observed in the RMS roughnesses implied that either newer

small roughnesses were introduced by the manual polishing or that the surfaces

became smoother with the low frequency (or long wavelength) components dom-

inating, which led to the general increase in the values of the RMS roughnesses.

It is however important to emphasize that, although the same polishing direc-

tion used in the mechanical polish was maintained for the manual polish, there

were instances where attendant difficulties made it unlikely to always maintain

this direction during the entire manual polishing period, and in the process,

possibly introducing newer roughnesses that were not parallel to the polishing

direction. However, lines crossing the polishing grooves were not observed here

nor in the optical micrographs, except in some occasional small-angle branching

of the grooves, but this was not to rule out the possibility of introducing such

crossing polishing lines entirely, if at all the direction of polishing changes.

A plot of the root mean square roughness with the scan size for smaller scan

regions as shown in figures 5.16 (c) and (d) showed large differences between

the mechanically and manually polished (100) surfaces, especially at the larger

scan sizes due to the presence of many surface features.

In addition, although some scatter was observed in the RMS roughness of

the manually and mechanically polished surfaces in almost all cases, both the

manually polished (111) and (110) surfaces appeared much better than those

polished mechanically. Average RMS values of below ∼3nm were observed for

the manually polished (100) surfaces, while these were on average below 2.0nm

for the (111) and (110) surfaces. One notices from the onset that the roughnesses

were extremely small, and even a tiny change in the surface topography could

have had a significant effect on the overall RMS value. On the other hand, the

ratio of the true area to the scan size also confirmed the observations made

earlier in the RMS values, where it was established that the manually polished
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surfaces were generally better (see figure 5.17) except the (100) surface where

the evidence was rather ambiguous. Furthermore, a plot of the root mean

square roughness of each individual face with the scan size as shown in figure

5.18 revealed that the manually polished (111) surfaces were clearly better than

the mechanically polished ones. This was a clear indication that the manual

polishing was indeed changing the surface topography in a way that made them

smoother as confirmed earlier by the line profiles and the power spectra and even

the ratios of the areas (see figure 5.17). Again, for larger scan regions, features

that were not necessarily part of the surfaces such as dust particles attached

to the surface or contributions from the AFM tip may have had an affect on

the root mean square roughness. Besides, from a fundamental point of view of

the way in which the RMS roughnesses were obtained, one clearly notices that

a few big wave-like (sinusoidal) features or roughnesses may actually have the

same RMS value as that of many small ones. This is why we allude to the fact

that the RMS values could not be used as a measure of the surface roughness

on their own, and can only be considered credible if they showed agreement

with the line profiles as well as the power spectra, and if possible the AFM

images themselves and the ratios of the areas. Looking at both the ratios of

the true area to the projected one as shown in figure 5.17, both the manually

polished (111) and (110) surfaces appeared quite smooth with average values of

∼1.0001 and 1.0005 respectively, compared to the expected value of 1.000. This

was further confirmed by the RMS roughnesses shown in figure 5.18, where the

corresponding RMS values for the two surfaces decreased on average to about

0.8 and 1.6nm respectively, while their maximum RMS roughnesses were 2.7nm

and 3.1nm respectively.

Judging from the ratios of the areas and the RMS values, it was very likely

that greater regions of the surfaces were dominated by the low frequency (i.e.

long wavelength) components after the manual polishing, while only a few other
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regions had the high frequency components (smaller roughnesses). Such an

observation was made previously in some of the optical micrographs, where

certain regions were found to consist of thick dark and bright bands while others

had closely packed dark and bright thin bands, which represented the deep

(grooves) and raised regions of the surfaces respectively. The corresponding

power spectra however seemed to rule out the existence of many high frequency

components on the surfaces after manual polishing, instead favouring the low

frequency undulating roughnesses and hence confirming the smoothing of the

surfaces. In particular, the power spectra together with the AFM images (of

equal scan sizes such as figures 5.7, 5.8, 5.9 and 5.10) and the corresponding line

profiles showed that the surfaces became generally smoother with the manual

polishing, and the reason for the high values of the RMS values were due to

a combination of the resultant large smooth grooves and the raised features

that were left behind by the manual polishing. This observation was further

confirmed by the plot of the ratio of the true area to the projected scan size.

In spite of this though, the smaller scan regions appeared generally better than

the larger ones because of the obvious lack of many surface features.

Again, it is important to emphasize here that a change in the RMS value did

not necessarily indicate a worsening of the surface quality but rather, suggests

that the original wave form (surface topography) has changed, implying that

the average roughness i.e. RMS roughness changes too, in a way that actually

leads to the reduction of the overall surface roughness as confirmed by the line

profiles and the accompanying power spectra. Such finding tied in well with the

earlier results of Derry et al. [117], emanating from their LEED measurements

for diamond surfaces that were polished in a similar way to those described in

this study, as mentioned before.

Surfaces polished for more than 30 minutes ( 1hour) showed a slight im-

provement in their overall roughnesses as seen from figure 5.31 (a) and (b).
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Absolute average root mean square roughness values of below 2nm were typ-

ically observed over those that were polished for only 30 minutes which were

below 2.6nm for all the three low index surfaces. This was especially so for scan

sizes below 5×5µm, increasing somewhat to below 3.8nm for the larger sizes.

The RMS roughnesses for surfaces annealed to both 250◦C and 750◦C ranged

between 0.25 and 3.5nm, as seen in figure 5.31 (d), which were only marginally

lower than those of surfaces polished for longer periods. In addition, figures 5.31

(a) and (c) which shows the ratios of the areas for the unannealed and annealed

surfaces, revealed that the absolute values of the ratios were much smaller after

annealing, being below ∼1.0025 before the annealing, and below 1.0020 after

the 250 and 750◦C anneals. This could imply smoothing of some of the surfaces

after the annealing. It was further found that with the exception of the (100)

surfaces, the RMS roughnesses of some of the (110) and (111) surfaces increased

somewhat after the 750◦C than they were at 250◦C, as seen in figure 5.31.

This could again imply that the surface features such as the polishing grooves

became more prominent with the higher temperature annealing as seen from

some of the AFM images, therefore making the RMS values to increase modestly.

Nonetheless, while not in all cases, annealing to 750◦C appears to have reduced

the overall RMS surface roughnesses comparatively in some instances, especially

the (100) and (111) surfaces when compared to the unannealed surfaces, whereas

in other cases it showed some slight increase due to the possible unequal etching

effects.

5.5 Conclusions

A significant amount of surface improvement in terms of roughness was observed

after the 30 minutes manual polishing on the (111) diamond surfaces, together

with the (110) surfaces when compared to those surfaces that were polished
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mechanically only. This also applied to the (100) surfaces, but to a lesser

extent. Surfaces polished manually for more than 30 minutes showed a marginal

improvement in their overall roughness except some cases involving the (100)

surface.

Following both the mechanical and manual polishing, the groove widths

and heights (which essentially determined the surface roughnesses) were found

to vary as summarized in Tables 5.1 and 5.2. Incidentally, most of these grooves

appeared wider than those observed by Couto et al. [82] on their polished (100)

and (111) surfaces, where they established these to be between 20 and 100nm.

It was only at the lowest end of our surfaces’s grooves widths that showed some

agreement with their values of 100nm. These differences could possibly be

accounted for on the basis of the differences in their surface finishing techniques

as opposed to ours.

After the manual polishing, the surface topography was found to change from

that observed in the mechanically polished surfaces. In particular, the grooves

became narrow and shallower in some cases while in others they became wider,

implying some sort of changes occurring on the respective surfaces albeit on

a small scale in some cases. This provided the first evidence of the fact that

there was a significant amount of material removal, and especially so regarding

some of the smaller roughnesses that were residing inside the wider grooves,

following the manual polishing. This resulted in making the surfaces relatively

smoother as observed from the corresponding line profiles and even the AFM

images themselves. Some grooves even indicated a remote evidence of being

flat bottomed, thereby agreeing with the earlier observations of Hird et al. [54],

although these were very few. Polishing grooves on the (111) surfaces were

found to become narrower but not shallower after manual polishing. In some

other very exceptional cases, smaller roughnesses of around 20nm and even

down to 14nm were observed, but with very small intensities according to the
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power spectra and the line profiles. Most of the surfaces were found to be

very much better in terms of their smoothness (roughness heights) than those

of the mechanically polished HPHT (100) diamonds observed by Kumagai et

al. [204] whose roughnesses were between 3.40, 2.63 and 1.19nm and peak-to-

valley distances of 20nm. These values were even worse than those of some of

our mechanically polished surfaces, as observed before.

While the line profiles across the grooves gave an idea of their widths and

heights/depths, those along the grooves were used to give an idea regarding their

smoothness. Most of the grooves became smoother and more curved after the

manual polishing than they were after the mechanical polishing. This indicated

that erosion of some particles within the grooves took place, with the average

roughnesses inside the grooves ranging between 0.2 and 0.1nm which was clearly

of atomic scale. Only the mechanically polished (100) diamond surfaces had

some occasional larger roughness heights of about 0.5nm, which decreased to

between ∼0.1 and 0.2nm following the manual polishing, just like in most of

the other cases.

Overall, it was established that although an observable change occurred

within all the three low index diamond surfaces, the narrowest and shallowest

grooves after the manual polish were found in the (111) surfaces, and the deepest

in the (110) surface. This surface also had some of the widest polishing grooves,

probably due to the widening caused by the ones formed on their edges/slopes

after the manual polishing. The (100) surface also had a few wider grooves after

the manual polishing which were clearly caused by the preceding mechanical

polishing, but most of its grooves had widths that were comparable to those of

the manually polished (111) surfaces, as seen in Table 5.1.

The changes observed in the polishing grooves following the manual polishing

were therefore sufficient to conclude that the manual polishing method was a

reliable and effective surface finishing technique, thereby giving rise to diamond
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surfaces that are smoother, flat and hence of superior quality.

Previous studies conducted by Haisma et al. [67] using Atomic Force Mi-

croscopy, revealed some differences between their mechanically and tribochem-

ically polished surfaces, where they observed that although the mechanically

polished surfaces had a high geometric precision and were optically smooth,

they were subjected to both surface and subsurface damage. On the contrary,

their tribochemically polished surfaces had smooth surfaces and damage-free

subsurfaces, but their surface geometric precision was often poor at the submi-

cron level. They did not however mention whether the tribochemically polished

surfaces were initially polished mechanically or not, since mechanical polishing

is known to cause some minor subsurface damage [67, 68]. On the other hand,

Thornton and Wilks [60] suggested that a good way of obtaining smoother

surfaces was the use of chemical action to attack the peaks of the asperities.

Clearly, the efforts of these workers as well as those of others mentioned pre-

viously in the introductory section of this chapter suggests an almost desperate

need of creating well characterized and smooth diamond surfaces for various

applications. However, although many techniques have so far been proposed,

mechanical polishing still remains the most widely used and well understood

method for preparing good quality diamond surfaces for various applications.

This therefore means that a technique that puts more emphasis on improving

the mechanically polished surfaces would be a most viable alternative to others

already proposed in literature. For this reason, the manual polishing which was

used as a surface finishing technique in this work appears to be quite attractive

in this regard.

While investigating defects in the surface region of polished diamond sur-

faces, Baumann et al. [101] observed that these may result from the polishing

procedure itself or they could be intrinsic to the natural diamond crystals. This

aspect was however not pursued by the AFM investigations of this study, but
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the question of subsurface damage still remains one that continues to attract

some controversy since Rutherford Backscattering Spectrometry (RBS), has

been used previously to show that a large number of atoms is displaced in the

subsurface layer during polishing [67], while Derry et al. [68] on the other hand,

and still using RBS found that very little subsurface damage occurred, with

only one or two atom layers being disordered. Clearly further investigations are

needed to verify and if possible reconcile the two observations.

The RMS roughnesses and the ratios of the real to the projected areas for

some of the (100) surfaces indicated as though the surfaces or some sections of

them were experiencing some slight deterioration in quality after the manual

polish. A visual inspection/analysis of the AFM images themselves showed

that the polishing grooves for these surfaces were only getting more curved

after the manual polishing, accompanied by widening of the same (grooves).

This had the consequence of increasing the two parameters, and not necessarily

resulting in extra roughening of the surfaces. Nonetheless, perhaps some of

the difficulties associated with maintaining a constant direction of polish could

have been partly responsible for the observed changes in the RMS values and

ratios of the areas. In certain directions, it was occasionally felt as though the

diamond was actually “digging”into the polishing metal block, accompanied by

difficulties in the sliding process. When the diamond was tilted to the correct

polishing direction, the sliding (polishing) proceeded well without the feeling of

the diamond “digging”and getting stuck into the polishing metal block. Most

of the surfaces showed parallel polishing grooves that were oriented towards the

polishing direction, with some being narrower and others deeper.

The changes observed in the ratios of the real area to the projected one

revealed how the surface topography changed with the polishing, but these

could still not be used on their own. They instead needed to be considered

collectively with other complementary findings such as the root mean square
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roughness and the accompanying line profiles. It will be recalled that the real

area is an integration of all features on the surface, some of which may not

actually be part of the surface as alluded to previously. As such, the results

of the ratios of the areas were quite interesting, because when polished on

the soft planes, it was expected that the surface quality would improve, owing

to the higher material removal rates than in the case of the (111) surface.

However, the high material erosion rate due to the manual polishing on the

(100) and (110) surfaces appears to have resulted in either new roughnesses

being introduced following the manual polish, or alternatively the overall surface

roughness improved, with the higher frequency (short wavelength) components

or small roughnesses diminishing, both in number and intensity. Analysis of the

Fourier transforms of the surfaces revealed the latter to be the case, although

some few new high frequency roughnesses were seen in certain cases, with very

small intensities.

This was further confirmed by the line profiles that were obtained perpen-

dicular to the polishing grooves, with roughnesses of the order of ∼ 0.05nm

being observed on the mechanically polished surfaces. For the (110) surfaces,

these were of the order of ∼0.015µm, while for the (111) surfaces they were

∼0.04µm. These decreased to ∼0.03µm for the (111) surfaces following the

manual polishing on the (111) surface. Similarly smaller roughnesses were ob-

served in the (100) surfaces ranging between ∼0.03µm and ∼0.014µm for the

mechanically and manually polished surfaces respectively. These were nonethe-

less few and their intensities were also very small, and one may at first have

been tempted to conclude these to be instrumental, especially if they only ap-

peared in the mechanically polished surfaces. However, their occurrence in the

manually polished surfaces and even being much narrower, confirmed that the

smaller roughnesses may not have been caused by instrumental errors, but were

indeed a real effect.
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The inability of maintaining a precisely constant direction of polish through-

out the entire manual polishing period was again cited here as one of the factors

contributing to the deterioration of the surface quality for some cases. This,

together with a significant amount of material removal in the soft directions

for the surfaces ((100) and (111)) may have led to the introduction of extra

polishing lines crossing the actual polishing lines, thereby leading to the ob-

served changes in the overall surface quality. The crossing lines were however

not seen in this work, but it is quite likely that if the direction of polish was

kept constant, the quality of the surface finish would be greatly improved.

From the 2D images of the (100) and (110) surfaces, it was observed that

the manually polished surfaces had darker grooves than their corresponding

mechanically polished ones (e.g. in figures C.1 and C.2 shown in Appendix

C) implying that their grooves became deeper following the manual polishing.

These observations were further confirmed by the curvature seen in the line

profiles that were obtained inside the polishing grooves after the manual polish,

and the grooves appeared to also be getting smoother than they were after the

mechanical polish. The deepening of the grooves was again confirmed by the

bars shown on the RHS of each of the 2D images (figures C.1 and C.2 shown

in Appendix C). This meant that the manual polishing not only resulted in

the erosion of loosely bound atoms (species) but also sharp points in the form

of surface asperities that were oriented in positions that made it preferentially

suitable for them to be easily eroded. This process can be thought of being quite

close to the preferential easy polishing orientation of the grit particles embedded

in the polishing wheel as alluded to by Hird et al. [54]. The deepening of the

grooves especially on the (100) surface was responsible for increasing the real

area of the surface, and hence the overall ratio of the true to the projected one

and also the root mean square roughnesses.

Since it has already been established that the wear of diamond in the soft



225

direction is not produced by abrasion, the grooves thus formed suggested that

small fragments of loosely bound atoms were swept away during the manual

polishing.

Upon annealing to 250◦C, it was found that there was a minimal change

within the surface quality compared to those of the unannealed surfaces. An-

nealing to 250◦C is therefore thought to have resulted in the removal of probably

the physisorbed and any loosely bound species. This explains why few notice-

able changes were observed when annealing was done up to this temperature.

However, after annealing to 750◦C, significant changes were noted on all the

three low index surfaces, where the grooves became quite prominent. In spite

of this though, the (111) surfaces showed smaller changes from the annealing

process, followed by the (100) surfaces and the largest changes were observed

in the (110) surfaces. The changes observed in the surface quality after an-

nealing were a clear testimony of surface etching through the desorption of the

adsorbed species. Derry et al. [7] observed previously some damage associated

with polished diamond surfaces, which they noted to improve by annealing.

This again confirms that annealing does indeed change the polished diamond

surfaces. Some surfaces also appeared to be getting smoother with the elevated

temperatures, especially the (110) and (111) surfaces.

Overall, manual polishing resulted in a fair amount of improvement in the

general surface quality (smoothness), except in some few isolated cases involving

the (100) surfaces where the evidence wasn’t too clear. This apparent change in

roughness was attributed to some roughnesses being eliminated and new ones

being created, according to the line profiles, the power spectra, the ratio of

the real area to the projected one, and the RMS roughnesses. This tended

to present the surfaces as though they were getting rougher while others were

getting smoother, but in reality they were all actually improving as observed

previously by Derry et al. [117] in their LEED studies of diamond surfaces
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that were polished manually as those described in this work. Based on these

findings, we conclude that the low-speed low-load manual polishing resulted

in better (111) and (110) surfaces than those observed after the mechanical

polishing. This is believed to be driven by the erosion of loosely bound atoms

or groups of atoms or smaller surface asperities, leading to the reorganization

of the surface carbon atoms. However, since the technique was quite labour

intensive, we propose that it could be improved and be made more accessible,

attractive and controllable by designing a polishing machine which mimics the

actual manual polishing parameters. These include low linear polish speeds of

between 0.2 and 1.0ms−1 and normal hand polish pressures. This would thus

eliminate some of the difficulties associated with the manual polishing, such as

problems in maintaining a constant direction of polish, as well as a constant

load. This is envisaged to endear the process to many diamond polishers, which

would ultimately guarantee smoother surfaces for the ever increasing demand

for such surfaces in various applications. Due to the low loads, the manual

polishing was further expected to be more advantageous by not causing or

aggravating any surface or subsurface damage. Indeed there is no doubt that

low speed sliding (0.1mms−1) does cause some polishing as observed previously

by Couto et al. [56], and also by Casey and Wilks [78].

Hird et al. [79] have nonetheless investigated the wear mechanism for dia-

mond polishing where they reported lack of any significant wear at low velocities

and pressures. However, our manual polishing technique is only recommended

as a surface finishing technique for those surfaces that have already been pol-

ished mechanically and not as a complete polishing technique on its own. This

is the reason why we suggest that if the wear rate is to be based on the mass lost

from the surface per unit distance slid in time as was the case with Hird et al’s

[79] work, it would definitely appear as though the manual polishing was not

achieving any polishing, since no significant amounts of material that can be
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detected and measured is removed. It is actually due to the very same reasons

of insignificant amounts of material removal from the manual polishing that we

had to employ other sensitive techniques such as deconvolving the roughnesses

from the AFM images into their power spectra. This enabled us to establish

any form of changes occurring on the surfaces, that could otherwise not easily

be discernible from the images themselves, or even the line profiles.

The question of polishing at low loads in air using oil was initially inves-

tigated by Casey and Wilks [78] where they noted that at first it may seem

as though measurements of friction (polishing) at low loads in air would give

little information on the nature of diamond surface, as it is protected by the

contaminant film, and therefore has no direct interaction with the other sliding

surface. Nonetheless, they pointed out that it was already known that even

under low loads in air, the friction for sliding (100) and (110) planes showed the

characteristic symmetry of the underlying diamond surface according to Seal

[205, 206], meaning that some form of polishing did take place even at the low

loads in air. This means that our low-speed, low-load manual polishing has

already been vindicated and proven to be an ideal surface finishing technique

by the earlier works of Casey and Wilks [78], and the later work of Couto et al.

[56].

Our findings of the broadening of the polishing grooves after manual pol-

ishing in some certain cases concur with those of Hird et al. [79], where they

reported that low velocity polishing resulted in smooth grooves that were wider

and more clearly defined than those produced at normal polishing speeds, al-

though their polishing speeds were still much higher than ours. They further

noted that the grooves observed after relatively high polishing velocities were

both narrower and shallower than those produced at lower velocities. This is

nonetheless a rather general statement since our findings show some dependence

of the sizes of the grooves (widths and depths) to the respective orientations,
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which is quite understandable due to the different polishing mechanisms taking

place on each of the three low index diamond surfaces. Our manual polish-

ing in particular resulted in grooves of varied widths and depths between the

mechanically and manually polished surfaces as summarized in Tables 5.1 and

5.2, depending on the orientation being investigated. An important observa-

tion made from the AFM images as well as the optical micrographs was that

the polished diamond surfaces were made up of a series of polishing grooves of

different sizes, with some smaller ones of nanometer scale being observed inside

the larger ones. This array of grooves was found on all the regions of the entire

surfaces, since images were taken at different places.

Results of this study further revealed that the manual polishing was more

effective on both the (111) and (110) surfaces and probably least on the (100)

surface. By controlling the direction of polish as well as the applied load over the

period of the 30 or more minutes of manual polishing, this study suggested that

the manual polishing process would ultimately yield much better surfaces with

superior smoothness than those polished mechanically only, as well as many

others reported in literature. This again confirms rather convincingly that the

gentle manual polishing presented and discussed in this work was indeed an

effective surface finishing technique for those diamond surfaces prepared through

mechanical polishing.
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Appendix B

This section gives the appendices for the XPS work.

B.1 Correction for XPS oxygen monolayer cov-

erage.

B.1.1 Contribution from oxygen on the molybdenum (Mo)

sample holder, for spectra obtained using the VG

Scientific spectrometer.

=
Area of Mo on XPS spectrum

Total Mo area on holder
× Amount of Oxygen on holder

=
Molybdenum area observed on diamond spectrum

4009.3
× 833

= 0.207756578×Molybdenum area(counts) observed on diamond (XPS)spectrum.
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B.1.2 Oxygen atoms coverage σ, per cm2 on polished

diamond surfaces.

NB: Subscript C represents a carbon atom, while O stands for an oxygen atom

and RSF, the Relative Atomic Sensitivity Factors.

σ =

AO

RSFO

AC

RSFC

N cos φµCρCλ

µOMC

(B.1.1)

where N=6.023×1023 RSFO=0.733(For quantum 2000)

µC=1 RSFO=0.711(For VG Scientific)

µO=2.92 RSFC=0.314(For Quantum 2000)

ρC=3.52g/cm3 RSFC=0.296(For VG Scientific)

MC=12.01g φ=45◦(Quantum 2000)

λ=10×10−8cm φ=25◦(VG Scientific)

AO = Area under the O peak AC = Area under the C peak

∴ σV GScientific =
AO

AC

× 2.281011577× 1015 (B.1.2)

and

∴ σQuantum2000 =
AO

AC

× 1.831219243× 1015 (B.1.3)

Number of carbon atoms per cm2 on diamond surfaces for:-

(100)=1.57×1015

(110)=2.22×1015

(111)=1.82×1015

B.1.3 Oxygen monolayer coverage

=
Calculated No. of oxygen atoms per cm2, σ

No. of carbon atoms per cm2 on the respective diamond surface
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Appendix C

This section presents additional AFM images obtained in this study. These

are presented together with their corresponding line profiles and Fourier trans-

forms, for those cases where this applies. They are also presented according to

the respective orientations, starting with the (100) surface, then the (110) and

finally the (111) surface. Images are shown for surfaces that were not annealed

as well as those that were annealed to 250◦ and 750◦C.

In figures C.3, C.4, C.7, C.8, C.11, C.12, C.16, C.17, C.18, C.21 and C.22 the

top panel represents the line profiles and power spectra obtained perpendicular

to the polishing grooves, while the lower panels represent the line profiles and

the power spectra obtained from inside the polishing grooves.
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Figure C.1: Three and two dimensional atomic force microscopy images of a
(100) surface polished mechanically (sample kc8), measuring 7×7µm.

Figure C.2: Three and two dimensional atomic force microscopy images of a
(100) surface polished manually (sample kc8), measuring 3×3µm.
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Figure C.5: Three and two dimensional atomic force microscopy images of a
(110) surface polished mechanically (sample kk7), measuring 7×3.5µm.

Figure C.6: Three and two dimensional atomic force microscopy images mea-
suring 1×1µm, for a (110) surface polished manually (sample kk7).
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Figure C.9: Three and two dimensional atomic force microscopy images of a
(111) surface polished mechanically (sample kc11).

Figure C.10: Three and two dimensional atomic force microscopy images of a
(111) surface polished manually (sample kc11).
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Figure C.13: Three and two dimensional atomic force microscopy images of a
(100) surface annealed up to 250◦C after manual polishing (sample kc8).

Figure C.14: Three and two dimensional atomic force microscopy images of a
(100) surface annealed up to 750◦C after manual polishing (sample kc8).

Figure C.15: Three and two dimensional atomic force microscopy images of a
(100) surface annealed up to 750◦C after manual polishing (sample kc8).
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Figure C.19: Three and two dimensional atomic force microscopy images of a
(111) surface annealed to 250◦C after manual polishing (sample kc11).

Figure C.20: Three and two dimensional atomic force microscopy images of a
(111) surface annealed to 750◦C after manual polishing (sample kc11).
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Figure C.23: Three and two dimensional atomic force microscopy images of a
(100) surface polished manually (sample kc8), measuring 3×3µm.

Figure C.24: Three and two dimensional atomic force microscopy images of
another (100) surface polished manually (sample kc8), measuring 3×3µm.

Figure C.25: Three and two dimensional atomic force microscopy images of a
(100) surface polished mechanically for sample kc8, measuring 2×2µm.
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Figure C.26: Three and two dimensional atomic force microscopy images of a
(100) surface polished manually (sample kc8), measuring 2×2µm.

Figure C.27: Three and two dimensional atomic force microscopy images of a
(100) surface polished manually (sample kc8), measuring 1×1µm.

Figure C.28: Three and two dimensional atomic force microscopy images of a
(100) surface polished manually (sample kc8), measuring 400×420 nanometers.
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Figure C.29: Three and two dimensional atomic force microscopy images of a
(110) surface polished mechanically (sample kk7), measuring 7×7µm.

Figure C.30: Three and two dimensional atomic force microscopy images of a
(110) surface polished mechanically (sample kk7), measuring 3×3µm.

Figure C.31: Three and two dimensional atomic force microscopy images of a
(110) surface polished manually (sample kk7), measuring 2×2µm.
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Figure C.32: Three dimensional atomic force microscopy images of (110) sur-
faces polished mechanically (sample kk7). The images show different but small
sizes of scan areas, all expressed in nanometers in order to amplify the polishing
grooves.

Figure C.33: Three and two dimensional atomic force microscopy images of a
(110) surface polished manually (sample kk7), measuring 1×1µm.

Figure C.34: Three and two dimensional atomic force microscopy images of a
(110) surface annealed to 750◦C after manual polishing (sample kk7).
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Figure C.35: Three and two dimensional atomic force microscopy images of a
(110) surface annealed to 250◦C after manual polishing (sample kk7).

Figure C.36: Three and two dimensional atomic force microscopy images of a
(110) surface annealed to 750◦C after manual polishing (sample kk7).

Figure C.37: Three and two dimensional atomic force microscopy images of a
(110) surface annealed to 750◦C after manual polishing (sample kk7).
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