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Abstract

The ability to terminate the diamond surface with different atoms/molecules has allowed for an
emergence of new biological and technological applications. H-terminated diamond is the most
common form for synthetic chemical vapour deposition (CVD) diamond and exhibits surface
conductivity and a negative electron affinity (NEA). Through the use of either wet or dry chemical
methods the surface bonds can be changed from C-H to C-O, C-X (halogen) or C-N. These terminations
result in changes in the electron affinity, stability of nitrogen vacancies and hydrophobicity of the

diamond sample.

This project focused on the construction of a plasma reactor in order to perform fluorine and ammonia

termination of high pressure high temperature (HPHT) diamond samples, provided by Element Six.

Following the construction of the reactor, optical emission spectroscopy was used to identify the
species that were generated by the plasma. For the NHs reactor transitions relating to the NH species
and H atoms were found, whilst for the SF¢ reactor the predominant species were F and SFe.

Contact angle measurements were performed on the newly terminated diamond surfaces in order to
measure the degree of termination as a function of time. This allowed for the determination of an ideal
plasma exposure time, 20 s for F-termination and 120 s for NHs-termination.

X-ray photoelectron spectroscopy (XPS) was used to confirm the presence of amine species on the
diamond surface, through the N1s binding energy region between 396-403 eV. Two components were
found to make up this peak. They represented the imine (398 eV) and secondary amine (400 eV)
bonding environment. XPS also showed that after 30 s there was a plateau in the maximum percentage
of nitrogen on the surface, 40%. Moreover, the XPS data suggested that an increased exposure to the

ammonia plasma resulted in a preference for imines over secondary amine groups.

Scanning electron microscopy (SEM) was used to identify etching on the F-terminated diamond
surface. The images showed regions of varied etching. Backscattered SEM also suggested the presence
of another heavier element on the diamond surface that could potentially be fluorine. However further

XPS analysis is needed to confirm this.
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4. Introduction

4.1 History and Properties of Diamonds

Diamonds were first mined in India around the 4" century BC. They played an important role in society
and people believed wearing diamonds could bring about greater fortune and health. Alexander the
Great brought diamonds out of India and into the Mediterranean and then, through trade, diamonds
began to also appear throughout Western Europe and other parts of the world?.

However, the history of the modern diamond only began to take shape with the discovery of mines in
South Africa in the late 19" century. Following the discovery of diamond mines in Kimberly around
1868, South Africa has been the world’s largest producer of diamonds. Since then the annual production

of diamonds has increased one hundred fold?.

The name diamond originates from the Greek ‘adamas’, this roughly translates to unbreakable, which
is an apt description of its properties. Diamond is the hardest known material and can only be scratched
by other diamonds. It also demonstrates several other unique and desirable qualities which can be seen
in table 1.

Properties Value in Natural Value in Synthetic Use

Diamond Diamond
High thermal 25 W/cm K 24 W/cm K Integrated as a thermal
conductivity management material
Hardness 10,000 kg/mm? 10,000 kg/mm?  Coating for cutting

tools

Highest known 1.22 GPa 10.50 GPa Abrasive or erosion-
Young’s Modulus resistant
Low thermal 0.0000011 /K 0.000001 /K  Heat spreaders for
expansion high power devices
High transparency to Window and lends
infrared, visible and material
UV light

Table 1: The Properties and uses of Natural and Synthetic Diamond

These properties arise from the small atomic radius and tetrahedral bond structure of carbon. An atomic
radius of 0.77 A allows carbon to form closely spaced lattice structures. Each one of the sp® hybridized
carbons combines with four other similarly hybridized atoms to give the macromolecular covalent

structure®.
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This tightly packed structure and strong bonding, along with its low photon scattering, is also

responsible for diamond’s high thermal conductivity*.

4.2 Diamond Synthesis

Since natural diamonds are available as lumps or rock their incorporation into devices which requires
films/coatings has proven to be difficult. The synthetic diamond field was created in order to combat
this issue. One of the main issues of producing diamond is that the most stable carbon allotrope at
ambient room temperature and pressure is graphite. This is demonstrated by the phase diagram in figure
1.

Although the difference between the stable graphite and metastable diamond phase is only 0.02 eV per
atom there exists a high energy barrier of 0.4 eV per atom®. Therefore large amounts of heat and pressure
are required to convert the phases. This high energy barrier is also the reason that once diamond is
formed it is stable. These extreme conditions required to form diamond are the reason that the gem can
only be found in certain locations around the world, deep within the Earth’s crust in the lithospheric

mantle.

4.3 High Pressure High Temperature Synthesis

The first attempts at creating synthetic diamond were based around the idea of creating an environment
where diamond is the most stable phase. Since diamond is the densest form of carbon it will be stable

at high pressures, as shown by the phase diagram below.
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Figure 1: Phase Diagram of Carbon®

The first successful synthesis of diamond was based on this concept. It became known as the High
Pressure High Temperature (HPHT) technique. First developed by General Electric in the 1950s, it
involved heating graphite in solution to temperatures of around 2000 K at pressures of 10 GPa. The
graphite was heated with nickel, cobalt and iron as solvent-catalysts. Following the initial heating the
temperature was then lowered over time, thus reducing carbon solubility in the catalyst and resulting in
the precipitation of excess carbon as diamond’. This method replicates the natural growing conditions
where diamond forms at pressures of 5-6 GPa at temperatures between 1200-1500 K in non-metallic

systems®910,

The apparatus used in the growth process contains a reaction cell which includes: graphite, diamond
seed crystal and the solvent metal catalysts. As well as lowering the activation energy the metal catalysts
also allow the solvation of carbon atoms in the graphite. Moreover it results in a temperature gradient
being established between the diamond seed crystal and the graphite material. This in turn creates a
carbon solubility difference that results in the precipitation of diamond. By using a small temperature

gradient over extended growth times larger single crystal diamonds can be produced?*.

However, one of the main drawbacks is that this method produced diamonds in single crystal form,
which limits its applications. Producing diamonds by HPHT is more complicated than the alternative
chemical vapour deposition, however this issue is offset by the cheaper cost of production. This is the

reason that HPHT still serves as the primary industrial method for producing synthetic diamonds*2.
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HPHT diamond can come in a variety of different colours which is a result of impurities present during
the growth process. The most common colour is the yellow-orange HPHT diamond which is due to the
presence of isolated nitrogen atoms incorporated during the growth process. This results in n-type
doping in the diamond.

The other common impurity present in the growth chamber is boron. This results in blue HPHT
diamonds. Small amounts of boron causes the diamond to become a p-type semiconductor material,
while heavily boron doped diamond usually demonstrates metallic behaviour®®,

The pink coloured HPHT diamonds are a result of post growth treatment by irradiation and low
temperature annealing. This process creates nitrogen vacancies (NV) which are responsible for the
colour. Nitrogen vacancies are a point defect in the diamond lattice and will be discussed later in more
detail®.

4.4 Chemical Vapour Deposition

An alternative to HPHT synthesis began to emerge in the 1950s, known as Chemical Vapour
Deposition (CVD). This involves the addition of carbon atoms individually, from a hydrocarbon sub
unit, onto a substrate. Initially diamond films were grown homoepitaxially, on natural diamond crystals.
The growth was achieved by thermal decomposition of gases onto the substrate at temperatures of 1100
K. This produced poor quality films and also resulted in the co-deposition of graphite. The breakthrough
came when USSR scientists found that hydrogen could etch and remove graphite to leave diamond.

Unlike HPHT, CVD can grow nanocrystalline and polycrystalline diamonds?*®.

4.4.1 Nucleation and Seeding

Prior to the growth in the CVD reactor, nucleation must take place. This affects the film thickness,
morphology and surface roughness. There are two different approaches to the nucleation processes,
homogenous (gas phase) or heterogeneous (on the substrate). There have been only a few examples of
homogenous nucleation succeeding, which therefore makes heterogeneous nucleation the preferred

method.

Several different substrates can be used to grow diamond. Two of the most common substrates are
silicon and molybdenum. Silicon is usually chosen over molybdenum as the substrate, due to the fact
that it has a similar thermal expansion coefficient and lattice structure to diamond. This results in highly
orientated crystal films. Moreover, use of silicon is cheaper than the homoepitaxial diamond alternative.
Despite the similar thermal properties and lattice structure, nucleation on the silicon substrate still
requires activation. This is because the nucleation density of silicon is only 10* nuclei/cm? whereas, the

ideal nucleation density should be 102 nuclei / cm?. 16

13



Activation can be accomplished through scratching, substrate seeding or carburization of the substrate.
One of the most common techniques is seeding. This involves the seeding of the substrate surface with
submicron diamond powder. This in turn provides nucleation sites that allow the diamond film to grow.
Furthermore, during this process, the seeding also causes the surface to be scratched which further
enhances diamond growth rate.

Following seeding, CVD diamond growth can begin in the reaction chamber. There are three main steps
to this, activation of the gas mixture, gas-phase reactions and diffusion of gas species onto the substrate.

4.4.2 CVD Reaction Chamber

CVD reactors work by activation of gaseous reactants above a substrate. In this case the gases are CH,
and H,. There are three different methods of activating the gaseous mixture: thermal (hot filament),

electric discharge (microwave) or combustion flame (oxyacetylene torch).

All three methods have the same growth mechanism and share other similarities. For the purpose of
this project hot filament chemical vapour deposition will be discussed. It is important to state one of the
main disadvantages of hot filament is the fact that the filament will thermally degrade over time. This
corrosion can lead to contamination. Additionally, the presence of O in the chamber can result in

filament destruction.

In the reactor the filament is made from either tungsten, tantalum or rhenium and is heated to
temperatures of above 2400 K. A gas mixture of methane (CH4) and Hydrogen (H.), in the ratio 1:99
enters the chamber. If the concentration of methane is too high then it will result in the formation of
graphitic carbon, as can be seen in the figure below. The gases pass over the substrate resulting in their

activation.

Figure 2: Effect of filament temperature on the deposits prepared at 1100 K under 37 Torr CH4 (1%)-H2 (a)-(c)
and at 1150 K under 10 Torr CHzs (3%)-H: (c), (d). Filament temperatures are (a) 2100 K C, (b) 2300 K (d)
2400 K (d) 2100 K (), 2250 K (f) 2400 K. ¥/

14



Flow rate also plays an important role in diamond growth. High flow rates of 160 cm® min* can result
in the formation of large ball like particles, which are co deposited with graphitic carbon. This is because
higher flow rates result in faster carbon deposition which can exceed the rate of etching by H.'".

Diamond crystallization by CVD works best at reduced pressures®®. However if the pressure is too low
then it means that only trace diamond particles with poorly defined habits can be observed.” Therefore
very specific pressure, temperature and flow rate conditions are needed. These can be seen in the table

below.
Filament Temperature °C Flow Rate / sccm Pressure (Torr)
2500 H> (200) 8 x 103
CHa (2)

Table 2: Typical conditions for diamond growth

4.4.3 Gas Phase Reactions

The activation of the gases results in fragmentation of methane and hydrogen into reactive radical
species.

Ho = H+H (1.1)
CHy= CHz + H: (1.2)

The recombination of the H radicals (1.1) is slow, and this therefore allows them to diffuse to the outer
region of the reactor before recombining. This results in a concentration profile near the filament. This

process allows them to reach the substrate before recombination can occur.

The hydrogen radicals can also react with the methyl radicals to reform methane (1.2). This
recombination has a much faster rate than the formation of H, from H radicals. This therefore lowers
the diffusion distance of the hydrogen gas, however the distance is still sufficient to allow for adsorption

of hydrogen onto the substrate?®.

There are several other reactions that take place in the gas phase. One set of these reactions are known
as H shifting reactions (1.3). Here the hydrogens of the hydrocarbon react with hydrogen atoms to

produce H; gas and a variety of C; radicals.
CHy+H=CHy.1+H, y=4-1 (1.3)

In cooler regions near the edge of the reactor the carbon can regain the lost hydrogen.
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CHy1+H+M— CH,+ M (1.4)

As filament temperature is increased there is a conversion from C; species to C; species (1.5, 1.6). This
reaction is favoured where temperatures are between 1400 and 2200 K which can be found in the core
of the plasma.

CHx + CHy \_—\ C2Hx+y-1 + H (15)
CH3 + CH3 = CoHs + M (1.6)

In the core of the plasma approximately 97% of the hydrocarbon species are CoH,. The C; species can
then undergo a series of H-shifting reactions (1.7 to 1.11) to regenerate the CH; radical used in diamond

growth. These reactions are favoured in the outermost regions where Tgas < 1400 K.

CoHz +H+ M= CoHs + M (1.7)
CoHs +Ho = CoHy + H (1.8)
CoHs +H + M = CoHs + H (1.9)
CoHs + H = CHs + CHs (1.10)
CHs+ H, = CHs + H (1.11)

The rate of H-shifting reactions increases with an increase in [CH.]. It is also important to note that
higher pressure in the chamber results in a decrease in H radicals (1.12).

H+H+ M(H2) — H2 + M(Hy) (1.12)

4.4.4 Diamond Growth

Deposition onto the diamond surface involves a series of adsorption/desorption processes. The larger
the molecule the greater the entropic loss in regards to joining the carbon network. Therefore molecules
with more than one carbon are less likely to attach themselves to the film. This means that the C, radical
species are the most important in diamond growth. Papers have shown through isotopic labelling that

90% of the diamond originates from methyl radicals and the remainder from acetylene (H-C=C-H)%.

This agrees with thermodynamic data, since the attachment of the methyl radical has a AS value of —
100 J K1, Acetylene has a slight more negative value which means its attachment is less favourable.
This also means that even larger molecules which have a higher entropic loss or not likely to contribute

to diamond growth?:22.23.24,

The mechanism of how the diamond film grows can be seen in the diagram below. Initially the surface
of the CVD diamond is almost entirely covered in hydrogen atoms (dangling bonds). This limits the

number of sites that the CHs radical can adsorb onto the diamond surface. However, dangling bonds on
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the surface of the diamond are far more reactive and therefore susceptible to attack from radicals. In the

first step the hydrogen radical attacks the dangling bond, resulting in the formation of a carbon radical.

H H,
C—g/ \C—C > C—C\ c
\ _C/ .

This can then undergo one of two reactions. One possibility is that a hydrogen can simply react with
the carbon radical to give back the initial species. Or, a less likely outcome is that one of the CHsradicals
present in the chamber can react with the carbon radical to form a new C-C bond. The re-attachment of

hydrogen is favoured over the attachment of the methyl radical due to lower loss in entropy and greater

[H].

(" CH;

The attachment of the CHjs radical leads to crystal growth. This process can be repeated on another
carbon on the surface resulting in two hydrocarbons adjacent to one another.
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; (CH3
CH; H CH
/Y . /- C
C—=¢C c—c¢C > c—cC c—c¢C
c—=¢C \C—C/

The hydrogen radicals can now react with either of the hydrocarbons that have formed on the surface
in another H abstraction reaction.

CH3H,C CH,H,C
A

The final step in the growth process is the completion of the ring structure. Here the carbon radical

attacks the adjacent hydrocarbon, resulting in the formation of a new C-C bond and the release of a
hydrogen radical.

CH HaC, H H
/ ) 3/\ \\C C//
c C C C - / \

\_/ N/
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Growth of the diamond film is fastest in the direction perpendicular to the substrate. This forms a

continuous film with a column structure, in a process known as evolutionary selection principle?.

4.5 Doping

Doping is the introduction of impurities to an intrinsic semiconductor in order to changes its electronic
properties. As boron is of similar size to the carbon atoms its incorporation into the diamond lattice can
be done with a small activation energy. This means that diamond with a high concentration of boron
doped atoms can be achieved. As boron is to the left of carbon in the periodic table it results in p-type
dopant properties. The doping results in deficiencies in valence electrons known as ‘holes’. Therefore
holes, not electrons are the majority carrier in the semi-conductor. This creates an acceptor level 0.37eV

above the valence band maximum and thus makes diamond conducting®.

Conduction Band

Extra hole
energy levels

000000000000 00000000000

Fermilevel —» .------ 0. . . 0 T o L N Y Y P Y ...

Valence Band

P-Type Semiconductor

Figure 3: Diagram of the band gap in a p-type semiconductor

Boron doped diamond can be produced by incorporation of boron in the gaseous form (B2Hs) into the
CVD reaction chamber. This allows for the incorporation of boron into the diamond lattice. However
too high of a boron doped concentration can affect the lattice and result in distortion.

Incorporation of nitrogen into the diamond lattice results in n-type semiconductor doping. Since
nitrogen has one more valence electron than carbon it means that electrons are now the majority carrier.
Additionally there are now electrons below the conduction band minimum. However this type of doping
is harder to achieve in diamond as there is a high activation energy of 1.7 eV. Another downside to
nitrogen doping is the fact that it is not conducting at room temperature. This is because the donor level

is too deep into the band gap. Therefore thermal excitation is needed to generate electrical excitation.
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Figure 4: Diagram of the band gap in an n-type semiconductor

4.6 Diamond Surface

There are three different diamond faces that can be exposed, the (100), (110) and (111) faces. However,
the two main surfaces are (100) and (111). The (110) surface which is present in natural diamond is
rough under CVD and HPHT growth conditions?’.

Growth on these two surfaces depends on both temperature and gas composition. Growth of the (100)
surface is greatest in a methane concentrations of 0.6% while growth of the (111) surface is greater in
lower methane concentrations. As temperature increases the growth ratio of the (100) to the (111)
surface increases. Additionally, it has been shown that both the (100) and (111) surfaces are grown by

similar mechanisms, which result in only slight differences in the nanometre scale.
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Figure 5: A line graph that shows the different growth rates of the CVD diamond surface in different methane
concentrations®

These surfaces can undergo surface reconstruction. This is where the atoms at the surface of the crystal
rearrange to assume a different structure than the bulk of the crystal. Both the (100) and (111) surfaces

show different reconstructions and behaviour when exposed to atomic hydrogen.

Figure 6: A side view of the models of diamond. The surfaces from right to left are: (111)-1x 1, (111) -2 x 1,
(110)-1x 1, (100) 1 x 1 and (100) — 2 x 1%.

4.6.1 (111) Surface

The (111) face has a cubic close packing arrangement and is therefore referred to as cubic. It can be
cleaved by cutting one or three bonds per surface atom. The (111) face follows a stacking sequence of
ABCABC which means that every third layer is identical. This also results in a higher impurity

incorporation for the (111) plane.
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The (111) plane is of significant interest since it can provide a surface for atomically smooth growth in
CVD diamond. Here a hydrogen atom terminates each of the surface carbon atoms. Growth of the next
layer on the cubic face requires the incorporation of three carbon atoms.

The hydrogen terminated (111) face has a simple unreconstructed structure up to temperatures of 1100
K. The (111) surface shows a 1 x 1 low energy electron diffraction (LEED) pattern. At greater
temperatures the hydrogen present on the surface desorbs resulting ina 2 x 2 LEED. This is a result of
the superposition of the three 2 x 1 rotational domains. This process is reversible upon exposure to
hydrogen. The energy minimum on the surface is constructed from unbuckled n-bonded Pandey Chains.
This is the reason why the electronic band structure of the (111) surface demonstrates no band gap®°3!22,

Figure 7: Pandey 7 bonded chain model of the (111) diamond surface

4.6.2 (100) Surface

The (100) face has a hexagonal close packing and is referred to as hexagonal. The cleave plane cuts
two bonds per surface atom. For the (100) face the adjacent hydrogen bonds are closer in distance than
those in Ha. This causes the structure to alter itself sterically to satisfy the constraints. Therefore the
fully H-terminated crystal will reconstruct in a 2 x 1 structure where two adjacent surface atoms move
closer toward each other to form parallel rows of @ bonded dimers. The dimers on the surface are
symmetrically = bonded and unlike the Si (100) surface do not exhibit Jahn-Teller distortion. Deposition
of the hydrogen monolayer on the surface increases the bond length of the dimer. Growth on the

hexagonal face requires the incorporation of two carbon atoms®3,

At higher hydrogen coverage and higher chemical potential the (100) surface can reconstruct to a (3 x
1) phase. Unlike the (2 x 1) phase the (3 x 1) phase consists of alternating mono and di hydride units.
This surface has been observed in the Si (100) surface but has only been proven to be stable by
calculations. According to the calculation the bond lengths of the mono and di hydrides in the (3 x 1)

reconstruction were similar to the ones in the (2 x 1) surface®.
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4.6.3 Surface Roughness

In CVD diamond the competitive growth of the diamond crystal can results in increased film roughness.
This roughness can affect the surface termination resulting in lower coverage. There are several methods
to improve surface roughness. One of the most common methods is through resin bonded wheel
polishing. This technique can be used for both single crystal and polycrystalline diamond. This method
can however result in substrate damage. Another mechanical method is via the use of Chemical
Mechanical Polishing (CMP). CMP machines are used in conjugation with polyester polishing cloth
and alkaline colloidal silica polishing fluid to polish diamond film?.

One other common method is by implantation and lift off processes. This was reported by Thi et al.
Here a sacrificial defective layer is created on the diamond surface by ion implantation. C* or O* ions
are implanted on the surface in order to remove a thin layer of diamond film. Annealing then changes
the damaged layer into graphite. Following this selective etching and lift off is used to remove the
graphite layer. This results in a new smooth diamond surface®®.

HPHT diamond films tend to have smoother surface with less defects than their polycrystalline
counterparts. One way of improving the HPHT surface through scaife polishing. This allows for the
direction of the wear fracture plane to be confined. The diamond can be pressed onto a high speed
rotating scaife which has diamond particles already embedded into it and can achieve a high surface

finish of with Ra < 1 nm. This process also results in low damage to the surface.

Figure 8: Surface produced by scaife polishing. The imaging was done through the use of atomic force
microscopy. The grooves on the surface are < 5nm nm wide

The surface can be characterized by the use of several different techniques. Two of the most common
are Scanning Electron Microscopy (SEM) and Atomic Force Microscopy (AFM). SEM allows for the
determination of surface morphology and grain size, whilst AFM allows for the measure surface

roughness®,
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4.7 Surface Terminations

The dangling bonds on the diamond surface are hydrogen terminated following CVD synthesis.
However through the use of wet or dry chemical methods these bonds can be changed to different
elements. These new terminating species result in different surface properties (electron affinity,
hydrophobicity and conductivity).

4.8 Hydrogen Terminated Diamond

4.8.1 Surface Structure

For the (100) hydrogen terminated diamond surface the mono-hydrogenated (2 x 1) surface is
considered to be the most stable under normal conditions. This occurs when the monohydride structures

form single bonded dimers®’.

Figure 9: 2 x 1:H structure of the (100) diamond surface. Here the structure is composed of monohydride
dimers where each dangling bond is terminated by hydrogen®

However, it is important to note that the hydrogen surface termination does not result in additional
stabilization of the bulk diamond structure. The termination does however causes the © and ©* orbitals
of the dimer to be replaced with the bonding and anti-bonding C-H orbitals. This causes the surface
dimers to go from double to single bonded. This affects the surface states of the diamond and causes
them to be shifted further in energy towards the conduction band. From Density Functional Theory
(DFT) calculations we can see that the surface states are now 2 eV below the valence band maximum

(VBM), whereas before it was approximately 5 eV above it.

4.8.2 Methods for Hydrogen Terminating Diamond

Hydrogen terminated diamond can be produced through the use of annealing in a H, environment, or

through the generation of atomic hydrogen via plasma or hot filament reactors.

High temperature annealing at atmospheric pressure was first reported by Seshan et al*®. Here H; gas
is flown into the reactor at a temperature of 850 °C. The surface properties were found to be similar to

that of hydrogen plasma treated diamond films. The hydrogenation of the surface was a result of thermal
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dissociation of surface functional groups which form active surface sites. These sites allow for the

dissociation of the H, molecules resulting in C-H bonds forming on the diamond surface®.

Unlike the annealing method both the hot filament and plasma reactor result in the dissociation of H;
directly. The hydrogen species then go on to react with the surface of the diamond resulting in a
hydrogen terminated layer. However the plasma termination can result in the etching of the diamond
surface, whilst the hot filament reactor can cause surface contamination. This contamination is a result

of deposition of filament material onto the surface.

It has also been found that exposure to hydrogen plasma can result in an increase in surface roughness.
This is because the plasma can etch the diamond surface, which initially results in extended defects,
such as dislocations, followed by anisotropic etching. This can be seen in the image below. AFM
measurements revealed that 3 minutes of plasma exposure, at conditions of H, at a flow rate of 80
sccm/min at 30 torr at 850 °C, resulted in a surface roughness enhancement of 27 nm.

Figure 10: Increased surface roughness of type Ib HPHT diamonds due to exposure to hydrogen plasma*.,

Hydrogen termination of boron-doped diamond can be achieved through the use of electrochemistry.
By applying negative voltage in acidic solutions a clean hydrogen-terminated surface can be produced.
This surface again exhibits similar properties to plasma treated H-terminated diamond. However the

main drawback is that the diamond must be conducting (i.e. boron doped) at room temperature 2.

4.8.3 Surface Conductivity

One of the features of hydrogen-terminated diamond is that it demonstrates surface conductivity when
exposed to air. It shows p-type semiconductor properties. This means that holes are the majority carriers.
However, in order for it to be effective as a semiconductor it needs layer of aqueous adsorbates in order

to promote electron diffusion from the surface in order to create holes in the bulk.

25



The origin of the p-type conductivity is a result of several factors. One of these factors is valence band
electron transfer into an adsorbate layer which results in surface band bending*®. Additionally H-
termination causes hydrogen induced surface acceptors as well as deep level passivation by hydrogen,
both of which result in p-type semiconductor properties*.

Furthermore, the C-H bonds break the symmetry of the diamond which causes sub-bands to form. This
lowers the band gap, as seen in figure 11, which makes diamond a semiconductor. However, there are
several issues that need to be addressed. For instance, CVD diamond is a polycrystalline material and
therefore contains grain boundaries, stacking faults and other defects, which reduce the lifetime of the
semiconductor. Moreover, achieving further p-type doping through the incorporation of boron atoms
has proven to be difficult. This is because the rigidity of the diamond lattice makes it difficult to
incorporate other atoms into the system?546,
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Figure 11: Band structure of diamond close to the surface. Here sub-bands are formed just below the
conduction band just above the valence band*®

Hydrogen terminated diamond has been used as a semiconductor in both active (high-power switches)
and passive devices (Schottky diodes). Diamond’s remarkable thermal properties make it suitable for

operation as a semiconductor material in high power, voltage, frequency or temperature environments*.

4.8.4 Negative Electron Affinity and Secondary Electron Yields

Another of hydrogen-terminated diamond’s main properties is its negative electron affinity (NEA). This

can be determined by
NEA = ¢ + (Ef— Evewm)- Egc (2)

The terms in equation (2) are: ¢ is work function, Es is the Fermi level, Esc is the band gap and Evew is the

valence band minimum.

For diamond, only the work function can be changed and the other three variables are all constants.
Work function is defined as the minimum amount of energy required to remove an electron from the
Fermi level to a point of infinite distance away from the surface. This change in work function is directly

responsible for its negative electron affinity*.
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Since carbon is more electronegative than hydrogen there is a resulting movement of charge towards
the carbon in the C-H bond. The electron density is then forced into the conduction band minimum
which is above the vacuum level. This feature makes H-terminated diamond an interesting material for

surface science.

If we change the terminating atom we can change the electron affinity. For example, termination with

more electronegative atoms will results in electron density being drawn away from the conduction band.

Currently there are several potential applications for NEA diamond. Due to its: high, stable electron
yield, wide band gap and thermal conductivity, diamond has several advantages over other NEA
materials. One current project is the development of diamond materials as electron emission sources for
thermionic energy generation. This is where solar energy is focused onto a diamond cold cathode,
resulting in emission of electrons via thermal excitation of electrons. The electrons will then be collected

at a nearby second electrode thus generating electricity*54°,

The presence and extent of hydrogen termination on the diamond results in a rise in secondary electron
yields. There are two main reasons for this. The first is the presence of a wide band gap which allows
for low energy electrons to have large escape depths. The second reason is the low NEA at the surface
which allow low energy secondary electrons that reach the surface to escape into vacuum®.

4.8.5 Hydrophobicity

Hydrogen-terminated diamond is also hydrophobic in nature. The hydrophobicity arises from the C-H
bonds on the surface which are poor H-donor and acceptors. Recently there has been an increase in
demand for highly hydrophobic (HHP) materials. These are materials which the contact angle with
water 0 exceed 120°. These materials have become increasingly more popular in bio-medicine,
energetics, electrochemistry and micro electrochemical systems®®. Research by Ostrovskaya et al, have
manged to create ultrananocrystalline diamond (UNCD) film with a contact angle of 106 £ 1 °. A
contact angle of 124 ° was achieved by nanoporous hydrogenated diamond. This material was obtained
by oxidation in air of nitrogen containing UNCD followed by treatment with a microwave hydrogen

plasma®2.

The contact angle measurement is based on Young’s equation.

cos(f) = Z=°Ls (3)

oL

The terms in equation (3) are: 0 relates to contact angle, s is surface energy of the solid, o.s is the interfacial

energy between liquid and solid, and o is the surface energy of water.
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4.9 Oxygen Termination

4.9.1 Surface Structure

For the (100) (1 x 1) surface there are two plausible functional groups: the ether and the carbonyl. For
the ether arrangement, the divalent oxygen atom bridges to two surface carbon atoms, while for the
carbonyl arrangement the oxygen is double-bonded to one surface carbon atom. The axis of the carbonyl
atom is normal to the surface. Hydroxyl groups can appear on the surface in the presence of atomic

hydrogen®,

Calculations on the (100) surface have shown the ether arrangement to be more stable than the ketone
by 0.60 eV per oxygen atom. This is due to the fact that the highest occupied molecular orbital (HOMO)

in the ether system is significantly lower than the ketone system.

For the (111) surface, partial uptake of oxygen occurs on the (2 x 1) surface at room temperature,
without lifting the reconstruction. However, in order to achieve full monolayer coverage, temperatures
need to be increased to 400 °C which then results in the (1 x 1) reconstruction of the surface. The same
three groups that appear on the (100) surface, ether, ketone and hydroxyl, also appear on the (111)

surface. Again hydroxyl groups only appear in the presence of atomic hydrogen®.

_Different oxygen-containing groups are produced by different oxidation techniques or exposures.
Moreover, the nature of the oxidation also depends upon the diamond surface. Polycrystalline,
nanocrystalline and single crystal diamond show slight differences following oxidation under the same

conditions. This means that HPHT and CVD diamond behave differently with some methods.

Experiments showed that (111) CVD diamond was slightly more receptive than (100) diamond to
oxygen plasma treatment. This was done by using XPS to quantify the amount of oxygen on both of the

two surfaces.

The coverage for the (111) surface was 0.55 ML, opposed to a maximum of around 0.7 ML. Therefore,
the surface was not fully terminated in diamond. For the (100) surface a coverage of 0.48 ML was
achieved. The most prominent group that appears on both surfaces following oxygen plasma
termination is the C-O-C ether®. This was determined by analysing the chemical shift of the core C1s

electrons through the use of XPS.

On the (100) surface as the coverage increases the percentage of carbon atoms in the second oxidation
level (ketone, C*'") increases, whilst the percentage of carbons in the carboxylic acid state (third

oxidation level, C*'"") decreases.
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On the (111) surface the opposite is observed. At long plasma exposures, the percentage of C*!' carbons
is almost equal to those in the C*!!'state. This can be explained by the fact that as you increase surface
oxidation the Pandey chain of the clean surface is broken. Therefore at low termination percentages,
the epoxy like C-O-C bonding will dominate. However at higher O coverage transitions to carbonyl and
carboxylic acid species will occur as there will be a removal of the (2 x 1) reconstruction®*. However
despite this increase in C*"' or C*""in the different surfaces the ether group still remains the most

prominent group.

4.9.2 Methods of Oxidizing Diamond

Oxygen termination can be achieved by four different techniques: electrochemical oxidation, thermal
oxidation, wet chemical oxidation and oxygen plasma termination. Different methods deposit different
groups on the diamond surface. It has been reported by Klauser er al, that plasma termination and wet
chemical oxidation with sulfo-chromic acid at 230-250°C are the most successful and reliable methods

of termination®®.

Other wet chemical methods include treatment with HNO3/H>SO. or H2SO4/H,0,. Wet chemical
treatment with nitric and sulfuric acid will generate a large amount of acidic groups on the surface. The
majority of these groups are carboxylic groups. However, tertiary and neopentyl alcohol groups as well
as carbonyl groups with neighbouring hydrogens can contribute to acidity®®.

Ozone can also be used as powerful oxidizing agent for diamond termination. UV irradiation in an
ozone environment resulted in an increased content of C=0 groups on the diamond surface. Ozone
oxidises the surface with two different reaction pathways. The first is partial dissociation of the ozone
molecule which results in an alkoxide structure that is then converted to an epoxide like structure (figure
12). The other more prominent method of oxidation is by complete dissociation of the ozone molecule.
This results in two of the oxygen atoms forming a ketone structure whilst the third oxygen forms the
alkoxide structure which again is rapidly converted into the epoxide structure (figure 13)°".
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Figure 12: Partial dissociation of the ozone molecule on the diamond surface®
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Figure 13: Complete dissociation of the 0zone molecule on the diamond surface®

Hydroxylation of the diamond surface can be achieved following oxygen termination. One method is
with the use of borane or lithium aluminium hydride. These are both reducing agents which will convert
the ketones present on the surface into hydroxyl groups. These hydroxyl groups can then be used to
attach ligands to the diamond surface directly®,

The presence of these hydroxyl groups can be confirmed through the use of silane reagents, since they
are unreactive towards ether or carbonyl groups. One such example of this is the reaction with 3-
aminopropyltriethoxysilane (APTES). The presence of silane groups was identified through XPS. This
showed that hydroxyl groups must have been present on the surface for the APTES to react®.

Thermal termination can also let you control the type of groups present on the diamond surface. At

higher temperatures the oxidation state of carbon increases. This can be seen in the figure below.

p °C - 380° " °C - 4R0° E o co,
<300°C i 300°C - 380°C /O\ E 380°C - 480°C o, i § >480°C o /
| Ether C e j——5 “c-0 i “c-0
A A p —L N T il
“\ ’I 1 i / i 0, H Lactone
(8! H -0y, -H;0 1 {0, H
Stable | ) C i ) o | <o o~
Hydrogenated | Carbonyl — LN N 7 H Il
Diamond Surface | | C-0-C i — C
i | —A——— e
i H Carboxylic Anhydride | Ketone

Figure 14: Oxidation reactions on a diamond surface at increasing temperatures. These reactions took place in
an atmosphere of 20% O2/Ar®,

Moreover by first terminating the diamond surface in chlorine, Ando et al®. , have shown that oxygen
termination can take place at lower temperatures through the use of water present in the air. Additionally
it allows for selectivity since at lower temperatures the hydroxyl group is preferred over the ketone.

This acts as another way of producing hydroxyl groups.
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Figure 15: Reaction a takes place in 10% Cl2/90% Arz atmosphere. Between 500 and 700 K. Reaction b took
place in air where water vapour reacted with the surface to produce the hydroxyl and ether groups. In reaction
¢ diamond was heated while exposed to air resulting in the formation of the ketone group instead of the
hydroxyl®.

4.9.3 Properties of O-Terminated Diamond

Oxygen termination results in a positive electron affinity (PEA) at the surface as well as a large
ionization potential. This is because the more electronegative oxygen induces a - charge on the surface
layer, which acts to keep electrons within the surface. Kelvin probe force microscopy measurements
(KFM) have shown that the Fermi level is about 0.7-2.0 eV above the VBM®2,

This results in PEAs of 2.6 eV for the ether configuration of the diamond surface. The meta-stable
ketone configuration was found to have an even higher PEA of 3.6 eV. Hydroxyl termination will result
in the surface having a NEA. This is due to the fact that the presence of the oxygen means that the CO
dipole is now more 6- than the carbon alone, which means the CO-H bond has a lower NEA than the
hydrogen terminated surface®.

Following oxygen termination, the full recovery of the H-terminated surface is still not possible by
heating in a H, atmosphere at low temperatures, as some oxygen species remain present on the surface.
This is due to the fact that the oxygen present is converted into stable hydroxyl groups by the addition
of atomic H at low temperature, high vacuum conditions. The hydroxyl species has no efficient escape
route from the diamond surface at these conditions. However, by raising the temperature to 700 K full

recovery becomes possible>.

Oxygen termination has a significant effect on several properties including chemical reactivity and
conductivity. Carboxylic acid groups on the diamond surface can be functionalized and thus used in
chemical reactions. One such example of this is the reaction of oxygen-terminated diamond with 2,4-
Dinitrophenylhydrazine (DNPH) which prevents the Fe?*** redox reaction. DNPH covalently binds to

the carbonyl group this increases the AE, value which indicates a decrease in [Fe]?*** redox reactions®®.
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Oxygen termination also causes a depletion layer for holes. This is because of dense donor type surface
states that that exist 1.7 eV above the valence band. These surface states are responsible for band
bending which is also responsible for high surface resistivity and thus electrical insulation.
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Figure 16: Energy band diagrams of full hydrogenated, partially hydrogenated and oxygenated diamond. Here
we can see how oxygen termination causes surface band bending®.

Oxygen termination also causes the diamond surface to become hydrophilic. This is because the
direction and magnitude of the dipole is different to that of hydrogen. The oxygen-terminated diamond
was found to have a contact angle of 47.2 °®. The hydrophilic surface aids cell adhesion which in
combination with diamonds bio compatibility has opened up research avenues in bio-electronics and

tissue engineering®.

4.10 Fluorine Terminated Diamond

4.10.1 F-Terminated Surface

The (111) and (100) diamond surface show different properties when it comes to fluorine termination.
75% F coverage was achieved on the (111) surface while only 50% was achieved on the (100) surface.
This is due to greater steric hindrance of the C-F bond on the (100) surface. The addition of two fluorine
atoms per surface carbon atom results in an F-F separation that is less than that in molecular fluorine.
Work by Pederson and Pickett showed that the (100) surface therefore undergoes some reconstruction
to accommodate the fluorine atoms. This leads to a disordered surface with regions of (1 x 1) and (2 x

1) reconstruction, as well as areas of non-fluorinated carbon with dangling bonds®’.

Additionally uptake of the F atoms varies depending upon the surface. On the (100) surface, uptake of
the F atoms follows 2" order kinetics. This implies that neighbouring reactive sites are affected by the
uptake of fluorine on the surface. On the (111) surface uptake is 1 order and depends on fractional
fluorine coverage. There are two different views on the surface structure of the fluorine absorption on

the (111) surface. Freedman et al. have reported that F atoms break the z-bonded Pandey chains to form
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regions of bulk 1 x 1 reconstruction. Upon annealing and desorption of the fluorine terminated species,

the diamond surface reverts back to a 2 x 1 reconstruction®®.

An alternative view was proposed by Yamanda et al. who, based on LEED patterns, believe that the
fluorine atoms interact with the Pandey Chains without breaking them. However, since fluorine atoms
in organic systems will attack carbon-carbon bonded = orbitals in order to form bonds with the carbon
atom, this theory is less likely. Furthermore, they speculate that the F atoms can penetrate into cavities
between the top two rows of the diamond surface. However, this too, has proven to be unlikely as it
would require large amounts of energy to distort the lattice in order to allow for the F atoms to penetrate.

Desorption of the F atoms occurs at a range of temperatures between 500 and 1200 K. This was
measured by looking at the change in the F1s peak in the XPS spectra. For both the (100) and the (111)
state the coverage decreases steadily as temperatures rise until all the fluorine is removed at
approximately 1100-1200 K. This implies that there are a range of binding sites on the surface with a
corresponding range of energies.

The (100) surface also exhibits two separate desorption regimes, whilst the (111) surface only exhibits
one. Like hydrogen, the fluorine atoms will break surface dimers and thus desorb without etching

diamond®®.

4.10.2 Methods for Fluorinating the Diamond Surface

The diamond surface is unreactive to molecular fluorine (F;). Therefore, reaction conditions that
generate atomic fluorine are needed. F, can only be used to terminate diamond in extreme and corrosive
conditions. One such example is the use of F, gas at 470 °C®. Milder conditions can be used to achieve
fluorine termination with the use of photochemical reactions. Nakamura et al. fluorinated H-terminated
diamond surfaces with the use of perfluoroazooctane. Perfluoroazooctane dissociates to give two
perfluorooctyl radicals, which then abstract an H from the surface. Another perfluorooctyl radical can

then react with the surface carbon radical to yield fluorine-terminated diamond®.

One of the most common and successful methods for fluorine termination is through the use of a plasma
reactor. A variety of gases can be used to form the plasma, however they must all result in the formation
of fluorine species which will then result in the termination of the surface. Some of the most common

gases include: SFs, XeF; and CF4.

4.10.3 Properties and Uses of Fluorine-Terminated Diamond

The C-F bond is the strongest single bond in organic chemistry, and in the case of diamond, stable up
to temperatures of 1000 K. This makes the incorporation of it into organic molecules very useful.

Fluorine-terminated surfaces are hydrophobic, despite the C-F bond being polar. Thus these bonds
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exhibit ‘polar hydrophobicity’. This is due to the fact that the C-F bond is considered to be a weak
hydrogen-bond acceptor, even with regards to the C-H bond. The fully fluorinated surface has a
maximum adsorption energy of 0.09 eV, whereas the fully hydrogenated surface has one of 0.07 eV.
However, a jointly fluorinated and hydrogenated surface results in both the HOH-HC and HOH-FC
bond lengths decreasing. Therefore, this means that a decrease in F or H content causes the other

hydrogen acceptor and donor abilities to increase’® ™,

Moreover, recent research has shown that fluorine and oxygen terminated surfaces result in higher and
more stable negatively charged nitrogen vacancies (NV°). A negatively charged nitrogen vacancy is a
point defect that occurs in diamond. Since both fluorine and oxygen terminated diamond have a PEA
this results in a high density of NV-. Electron spins at these centres can be manipulated to give
photoluminescence. Therefore, coupling external spins to the NV~ increases photoluminescence.
Neutral charge state defects can also exist (NV°), however these do not exhibit the same optical and

spin properties.

Due to the more electronegative fluorine atom, the electron affinity of the F-terminated surface is 0.43
eV higher than that of the oxygen-terminated surface. This makes it a better candidate than other

terminated diamond surfaces for biotagging, magnetometry and quantum information processing’72,
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Figure 17: Nitrogen vacancy centre in the diamond lattice™.
Fluorine-terminated diamond also shows a lot of potential as an electrode in aqueous solution. It
displays the widest range of potentials (5 V) of any of the terminated diamond surfaces. One group has
managed to use a boron-doped fluorine-terminated diamond as a pH insensitive Solution-Gate-Field-

Effect Transistor. They achieved a sensing sensitivity of 27 mV/pH in a pH range of 2-107.
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4.11 Nitrogen/Ammonia termination

4.11.1 Nitrogen-terminated diamond surface

Nitrogen termination results in the formation of a stable surface. There are essentially no sub-bands
present in the surface states. Moreover, like oxygen and fluorine terminated diamond it has a positive
electron affinity. Calculations have found the value for the PEA to be 3.32 eV. These features result in
near-surface nitrogen vacancy centres which, as stated previously, can be used in magnetic and quantum

sensing’®.

Nitrogen substitutes the carbon atom in the top layer of the 2 x 1 reconstructed (100) surface. This
means that the surface does not undergo reconstruction from H to N-termination. However, the
substitution of nitrogen causes the 2 x 1 reconstruction to stiffen in the (100) surface, whilst for the
(111) surface the distortion and stiffening of the surface is less pronounced and exhibits an enthalpy of

formation 0.3 eV/atom lower than that of the (100) surface.

Ammonia plasma treatments affect the surface slightly differently than nitrogen termination. Research
has shown that the (100) and (111) surface of diamond both respond differently to the termination
reaction. The (111) surface is terminated with the NH2 group whereas the (100) surface will change to

imine groups. These imine groups may then go on to form secondary amines, C-N-C.

The ammonia-terminated diamond surface should be kept under inert conditions. This is because the
surface can react with water in the air, which then replaces the -NH. groups with —OH groups. This
was shown by the use of XPS and contact angle measurements. One of the suggested mechanisms for
this process is by the protonation of the ammonia groups resulting in ammonium ions (R-NHs*). The

ammonium is a good leaving group and undergoes a Sy1 reaction with hydroxyl groups.

4.11.2 Methods for achieving nitrogen/ammonia terminated diamond

Since the C-N bond is very stable, the introduction of the nitrogen atom can be done quite easily. One
of the most interesting nitrogen containing compounds however is ammonia, as it can then go on to
form amide bonds. Incorporation of these groups has normally been done by dry methods. The first
reported case was in 1996 when chlorinated diamond was reacted with ammonia gas. Since then there
have been many other dry methods which include the chemical treatment of the chlorinated surface,
UV irradiation in ammonia gas and use of radiofrequency plasmas of He and NHs; mixtures. However

in some cases this has resulted in an increase in sp? carbon on the surface.

Moreover, there have also been some functionalizations performed in wet chemical conditions. A NH3
solution containing persulfate as an oxidizer was able to successfully produce an NHs-terminated

diamond surface. Another wet chemical method is the use of cysteamine. Cysteamine was added to
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acid-chloride-terminated nanodiamond in toluene. The solution was kept at pH 10 and stirred at 80 °C
for 12 h™".

Nitrogen termination on its own can be accomplished through the use of a N2 plasma. The plasma results
in dissociation of the nitrogen molecule into separate atoms which can then go on to react with the
diamond surface. Extreme plasma conditions are needed due to the strength of the N triple bond. A 36
W, 40 kHz radio frequency (RF) generator with a N gas flow rate of 11 sccm was used to successfully

carry out a nitrogen termination’®.

4.11.3 Applications of Ammonia Terminated Diamond

Ammonia termination allows for subsequent chemical tethering via amide linkages. One such example
of this is the attachment of horseradish peroxidase enzyme onto the surface. This was done by reacting
the carboxylic acid group on the enzyme with the ammonia group present on the diamond surface. The
reaction was carried out by placing the aminated diamond surface in a solution of the enzyme with a
phosphate buffered saline (pH 7.4) for 24 h.

EDC/NHS

Figure 18: Attachment of Horseradish Enzyme onto diamond surface™

An amine’s high nucleophilic nature also makes it ideal for coupling reactions. These reactions can
take place in aqueous media and result in the direct attachment of biologically important molecules,

like proteins, to semiconducting CVD diamond.

Yang et al., have conducted coupling reactions by reacting one of the amine groups with 10 amino-dec-
l-ene molecules protected by a trifluoroacetic acid group (TFAAD). 4 uL of TFAAD was
homogeneously distributed on the diamond surface and then nitrogen purged in UV light

illumination®®8,
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Figure 19: lllustration of TFAAD attached to diamond using a ball and stick model. Chain length was
determined by Gaussian98 using B3LYP calculations®,

4.12 Plasma Termination

As plasmas can be used to perform all the prior discussed termination reactions, it is important to
discuss how plasmas are generated. Plasmas can be formed artificially, however in order to form the
plasma strict parameters and characteristics must be met regarding ion species purity, uniformity and
service lifetime. There are several different discharge methods for plasma formation such as microwave,

arc or glow.

The amount of voltage needed to form a self-sustaining electric arc plasma is given by Paschen’s Law

(4). The voltage must exceed the breakdown voltage (Vs).

Bpd

Vg = 4)

B In(apd)=Infin(1+-1)]

Here A and B are both constants that are experimentally determined. They can be assumed to be constant
for a restricted E/p range. However this range depends on the gas composition. Here, p, acts as pressure
and, d, refers to the distance between the two electrodes. Once there is a sufficiently large electric field

present then ionization of the molecules occurs.

It is important to note that Vg increases with distance between the two electrons. This can be seen in

the equation below.

4
Pod = TB ®)

Po

37



Breakdown voltage is dependent on the product of gas concentration, po, and the distance of the two
electrodes, d. Eo/po corresponds to the process associated with the movement of electrons in the glow
discharge. Here E relates to the electric field strength and po the pressure at 0C.

Some gases to not ionize well in plasmas and therefore mixtures can lead to better plasma density. For
example a mixture of 50:50 O./Ar increases the plasma density. This is because Ar can help dissociate

the Oowhich result in an increased O-atom density despite dilution of the feed gas®.

4.13 Alternative Functionalization Methods

4.13.1 Surface Functionalization

There have also been recent developments in the field of surface functionalization. This is defined as
the introduction of functional groups in order to aid electro catalysis or chemical reactivity®. This can

be done on CVD diamond and doesn’t require specific termination reactions.

One such example is done via the introduction of a thiol group (SH) onto the diamond surface. This
enhances the electrocatalytic properties of diamond. Moreover, the thiol can be expected to improve the
electron transfer kinetics of the diamond surface. The thiols were attached to the molecule by first
photochemically inserting an alkene bond into the C-H of the diamond. This was explained by Hamers
et al.% | who showed that UV light generates a photoelectron from the diamond valence band. This is
then promoted to the n* LUMO of the terminal alkene. The alkene can now insert into the hydrogen-

terminated surface of the diamond, thus producing a carbon-carbon bond.

The other end of the alkene chain is a protected amine group. The protection group, tert-
Butyloxycarbonyl (BOC), was then removed, this was followed by amine alkylation®. The thiol was
then added by radical addition of thiol acetic acid. This process is demonstrated in the figure shown

below.
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Figure 20: Thiol functionalization steps®.

Another example is by the electrochemical reduction of aryldiazonium salts. The dinitrogen group
attached to the benzene ring acts as a very good leaving group, which alongside its electron-withdrawing
nature make it easy to reduce. The mechanism of the reduction and attachment of the salt can be shown
below.

R=NO,, COOH, CN, O, etc.

Figure 21: Reduction of aryldiazonium salt and attachment of benzene ring onto the diamond surface.

In the diagram above, the reduction of aryl diazonium salt to the radical was reported to have occurred
on boron-doped diamond at -0.17 V. The R group present on the aryl ring can vary in nature and this
can lead to different properties of the functionalized surface. For example, a nitro group can be reduced
to an amine which can then be used to link biomolecules of interest. One downside of this method is
the difficulty of forming a monolayer on the surface, since the phenyl radical species can also react with
the already grafted phenyl rings.
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4.13.2 Photolithography

Photolithography has allowed for the micropatterning of the diamond surface. This has resulted in
multi-terminated layers with both hydrophobic and hydrophilic regions. These different regions show

identical surface roughness and consist of fluorine, hydrogen and oxygen terminated areas.

Fluorine-terminated diamond is used as the starting point in producing diamond with both hydrophobic

and hydrophilic areas. The diamond is covered in an image reversal photoresist with a thickness of
roughly 1 um. The surface is then exposed to a pure oxygen plasma®. Regions with the photoresist
protect the fluorine termination whilst the other regions become oxygen terminated. Acetone is then
used to remove the photoresist. This technique allows for the realization of multi-terminated surfaces
in any desired size or geometry. Hydrogen-terminated regions were a result of the initial sample not
being fully fluorine terminated prior to application of the photoresist.
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Figure 22: SEM image of fluorine-terminated diamond with varying diameter in a surrounding oxygen
terminated surface. The difference in surface conductivity allows for the visible difference. *2

The fluorine and oxygen on the surface was confirmed through the use of X-ray Photoelectron
Spectroscopy (XPS) and Energy Dispersive X-ray spectroscopy (EDX). Lateral force microscopy
showed that friction in the hydrophilic region (oxygen terminated) was lower than in the hydrophobic
region (fluorine terminated), despite the roughness being the same.

This material has several potential applications ranging from MEMS coatings, microfluidic biosensors
and even solar energy harvesting®’. Additionally, having regions of different hydrophobicity with
similar roughness will provide good receptivity for microbiological studies. Moreover, using similar

techniques different multi-terminated regions can be realized.
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5. Material Preparation and Experimental Techniques

5.1 Project Aim

The aim of the project is to modify an oxygen plasma reactor already present in the Bristol University
Diamond Lab so that it can create F and NHs terminated diamond surfaces. Following the construction,
HPHT diamond samples would undergo fluorine, ammonia and oxygen terminations. The resulting
surfaces would then be characterized through the use of contact angle measurements, XPS and SEM in
order to determine if the terminations had been successful.

5.2 Sample Preparation

5.2.1 HPHT Diamonds

For this experiment square HPHT diamonds supplied from Element Six’s 4 point catalogue were used
to perform the termination reactions. As supplied, the diamonds were polished on one side with the use
of a scaife. The polished side has a surface roughness of < 30 nm and a (100) face. The edges of the
diamond were laser cut and also have (100) edges. The length of the pieces were 2.6 mm with a

thickness of 0.5 mm.

The diamonds are type Ib which means that they contain single substitutional nitrogen. The nitrogen-

doped concentration of the diamond samples are < 200 ppm, with a boron doped concentration of < 0.1

ppm.

These types of diamonds were selected due to their smooth surface which would be more susceptible
to plasma terminations. Additionally, all of the pieces are essentially identical which would improve

the accuracy and reproducibility of the results.

5.2.2 Acid Clean

All of the HPHT samples were refluxed in H,SO4 (30 M, 100 ml) at a temperature of 280 °C for 6 h.
They were then left to cool to room temperature. Following this, they were decanted and washed with
deionized water. This was done until the samples were neutral in pH. The samples were then left to dry
overnight. The purpose of the acid clean was to remove trace element impurities from the diamond

surface.

Acid cleans using sulfuric acid have been found to oxygen terminate the surface. The exact nature of
these groups vary depending on the conditions, however carboxylic acids, ketones and ethers are the

most prominent groups on the surface.
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5.2.3 Boron Doping

Boron doping of the diamond samples were performed so that they would be conducting. A conducting
diamond surface was needed for NanoESCA analysis. A thin B-doped layer was deposited onto the
HPHT substrates using the HFCVD reactor present in the University of Bristol Diamond Lab. A
schematic diagram of the machine can be seen below.
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Figure 23: Schematic diagram of the HF reaction chamber used to Boron dope the diamond samples.

The reactor consists of: a reaction chamber, gas feed and a process gas removal. The reaction chamber
was made of stainless steel. Samples were placed on a Mo holder that was resistively heated from below
using a DC bench power supply (HQ-Power, PS3010). The diamond samples were also heated using
the filaments which were made from tantalum. The filament wire had a diameter of 0.25 mm and was

located approximately 3 mm above the diamond sample. Current was supplied to the 3 filaments using

a digimess SM3040.

Pressure in the chamber was measured by two separate gauges: a capacitance manometer (Vacuum
General, CMLB-21) and a Pirani (Edwards, PG100-XM). Gases were brought into the system using

stainless steel piping and removed using a rotary pump (Leybold Trivac D8B).

A boron-doped hydrogen-terminated layer of diamond was deposited on the polished side of the
diamond surface. A gas composition of H, (200 sccm), 5% B,Hs in H2 (0.1 sccm) and CH4 (2 sccm)
flowed through the reaction chamber at a constant pressure of 20 Torr, controlled by independent mass
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flow controllers. The filaments were heated by passing a current of 25 A through them. This caused
their temperature to increase to 2000 °C whilst the temperature of the diamond sample was
approximately 850 °C. The reactor ran for 1 h which resulted in a boron-doped film thickness of 1-2

um,

For CVD diamond, this can increase the quality of the crystals at the interface as it can remove graphitic
material and reduce grain boundary size. However for HPHT diamond this can affect surface roughness
which means that the surfaces may now longer not be identical. This can affect future results like contact

angle measurements.

5.2.4 Hydrogen Termination

Prior to exposure to the SFs or NH3 plasma, the samples were hydrogen terminated. This was done
using a microwave CVD reactor, and was performed in order to ensure that all the samples had identical
starting terminations. The MW reactor can be seen in the image below. Gases were brought into the
reaction chamber through the use of stainless steel pipes. The reaction chamber itself was also made
from stainless steel and is water cooled. On top of the chamber was the magnetron (1.5 kW, 2.45 Ghz,
Seki-ASTeX microwave generator). In the chamber the heated gas was excited to form a plasma ball
through microwaves that create a resonant electromagnetic field pattern. The diamond samples were
approximately 1 mm below the generated plasma ball.
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Figure 24: Schematic diagram of the microwave CVD reactor®

A base pressure of 1.5 x 10 torr was established in the reactor prior to the introduction of hydrogen
at a pressure of 110 torr. A plasma was generated for 2 mins at 110 torr of pressure and substrate
temperature of 800°C using a power of 1250 W. Following this, the pressure of hydrogen was reduced
to 45 torr and the temperature to 500°C with a power of 760 W. The conditions were kept constant for
2 mins before reducing the power to 0 W at a pressure of 45 torr. Following this the samples were

allowed to cool down to room temperature prior to removal.
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Hydrogen terminations were performed as a way of removing any impurities present on the surface of
the diamond. Furthermore, it acts as a way of removing the oxygen termination from the acid clean. By
fully hydrogen terminating the surface each sample that would go into the plasma reactor would in
theory be identical (2 x 1 H-terminated), allowing for more accurate results. Additionally, hydrogen is
less stable than both the nitrogen and fluorine terminated surface. Therefore, by having a hydrogen

terminated surface subsequent terminations would become easier to perform.

5.3 The DC Plasma Termination Reactor

5.3.1 Construction of a Plasma Termination Reactor

The original reactor was a sputter coater (Edwards, S150A) that was modified into an O; plasma
reactor. Sputter coating occurs when there is erosion of a target material by bombardment of heavy
particles, in the presence of gaseous glow discharge between an anode and cathode. By feeding oxygen
into the reaction chamber the sputter coater was modified to allow for the generation of an oxygen

plasma and thus O-termination of the diamond surface.

The reactor consists of 5 main parts:

1. Gas feed

2. Process gas removal
3. Cabinet assembly

4. Vacuum chamber

5. Sputter head.

The gas feed and process gas removal were both parts of the modification made to the original sputter
coater. The gas feed was made up of stainless steel pipes that bring oxygen and argon into the reactor.
The flow rate was controlled by two N2 mass flow controllers (MFCs). The process gas removal was

done by a rotary pump (Leybold Trivac D10E).

The cabinet assembly was used to support the vacuum chamber. It also contained the power supply, a
semi-rectified AC source which was capable of achieving a voltage of 2.1 kV. In the cabinet there were
separate gauges for reading pressure. A Pirani Edwards APG100 was used to measure pressure up to

0.1 mTorr and a capacitance manometer (Baratron) used to measure pressures of 0.1 Torr and higher.

The vacuum chamber consisted of a stainless steel anode and cathode. It also contained a borosilicate
plasma shield, which prevents the spread of the plasma. Furthermore, the presence of a more conducting

copper plate (and the earthed pedestal supporting it) meant that the circuit is only complete when gas
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flows through the chamber. Moreover, neodymium magnets increase plasma stability through the
magneto caloric effect. The sputter head sat on top of the vacuum chamber however this does not have
any role in surface termination. A rubber O ring is used to help achieve an airtight seal in the reaction
chamber. The schematic diagram below is of the reactor prior to any modification.

00

Oxygen gas

Argon gas

Figure 25: Schematic diagram of the O-termination plasma reactor. The labelled components are as follows: 1-
vacuum chamber; 2 — cathode; 3 - plasma shield; 4- diamond sample; 5 — anode; 6 — conducting copper plate; 7
— grounded pedestal; 8 — line to gas inlet; 9 — power source; 10 — vent to air; 11 — gas inlet; 12 — MFC for both
Ar and O; 13 — valves for the Ar and O lines; 14 — gas cylinders; 15 — needle value; 16 — shut off valve; 17 —
Leybold Trivac rotary pump®

During the construction of the reactor, the gas feed was modified to allow for SFs and NHs to flow into
the reaction chamber. SF¢ gas was used for fluorine termination whilst NH3 gas was chosen for ammonia
termination. One extra stainless steel pipe was added to the manifold which would bring either NH; or
SF¢ into the system. Only one pipe was added since there would not be a need to use both of the gases
at the same time. The pipe was also designed so that the mass flow controllers could be easily removed
from the line, this makes the switching of the two gases less troublesome. A new readout box was added

for the NH3 and SFs mass flow controllers.

Furthermore the gas lines leading into the reaction chamber had to be changed to metal as the ammonia
was corrosive to the previous plastic line. Furthermore, since ammonia is toxic, a regulator with its own
shut-off valve was added. This meant small regulated amounts of ammonia could be released into the

reactor at a time. So if there was a leak present in the piping only a small amount would escape.
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Figure 26: Image of the completed plasma reactor with the labelled changes

5.3.2 Gases Chosen for Termination

SFe gas was chosen for the fluorine termination since it gives a high atomic density of fluorine atoms.
The density of fluorine atoms was found to be higher than other gases reported for fluorine termination,
such as XeF, and CF..

SFg has a large cross-section for dissociative attachment processes. This process results in SFs” and F
species forming. The SFs can then undergo several other dissociative attachment processes in order to
produce additional F species. However, the successive dissociations have a lower rate since the cross-
section decreases. This can be seen in the table below. These F species can undergo termination
reactions on the diamond surface®.
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Expected threshold Measured" threshold

Reaction energy (eV) energy (eV)
SF,+e—8F;+F+e 9.6
SFs+e—8F;+2F+e 121
SF;+e—8F,+F,+e 11.3
SF;+e—8F;+3F+e 16.0 16.0°
SFy+e—SF;+F+F,+e 15.2
SFy+e—8F,+4F+e 18.6 19.5°
SFy+e—8F,+2F+F,+e 17.8
SFs+e—8F,+2F,+e 17.0
SF;+e—8F+5F+e 22.7 220°
SFy+e—8F+3F+F,+e 21.9
SFs+e—SF+F+2F,+e 211

Table 3: Expected or measured threshold energies for electron impact dissociation of SFs into neutral species®.

CF4 produces a slightly lower number of F species however it was not chosen due to the fact that it
results in the formation of carbon radicals that may react with the diamond surface resulting in sp?

carbon being deposited.

Although nitrogen termination can be achieved through the use of N, gas, ammonia termination has
only been reported with the use of NHs gas. This made it a clear choice for the reactor. An
alternative method would have been using N2 gas to achieve a nitrogen terminated layer and then using
the hydrogen plasma reactor to change this into ammonia terminated diamond. However, there is a

chance that the hydrogen plasma could remove some of the nitrogen-terminated surface.

5.3.3 Standard Operation of the Plasma Reactor

The HPHT diamond was placed in the middle of the anode before sealing the lid. The air inlet was
closed and the rotary pump turned on to form an airtight seal. After a base pressure of 7 x 10 was

established the desired gas was flowed into the system.

The different gases all required different conditions to strike a plasma. Pressure was controlled by the
use of the needle valve on the rotary pump. The voltage was changed by a dial on the power supply.
For all gases, the flow rate was kept constant at 10 sccm. The ideal plasma conditions for the gases are

shown in the table below.

Gas 02 NHs SFs
Pressure (Torr) 0.1-15 1.3-1.6 0.1-0.3
Voltage (kV) 4-9 7-9 7-9

Table 4: Conditions for generating the Oz, NHz and SFs plasmas
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These values were determined by altering the pressure and voltage until a continuous glow-discharge

plasma was observed. Outside of these conditions the plasma would become less intense and flicker.

Prior research on oxygen terminated diamond surfaces using the reactor showed that etching occurred

on the diamond surface after 10 s. SFs has been shown to have similar etching rates as oxygen and
therefore initial sample measurements were be based around this time. Ammonia was found to have a
significantly lower etching rate and therefore the samples could be placed in the reactor for longer
periods of time.

5.4 Emission Spectroscopy

Emission spectroscopy acts as one of the main plasma diagnostic methods. It allows for determination
of the plasma composition without having an influence on the studied object. This method can allow
for the determination of electron densities, temperatures and plasma composition. Optical emission
spectroscopy (OES) was chosen for this experiment and it uses the visible part of the electromagnetic

spectrum.

In the reactor the gas is ionized by the influence of a strong electric field. This results in the excitation
of atoms or ions to higher energy levels. When the atoms or ions undergo a transition from that higher
state back to a lower energy state, the excess energy is emitted as a photon. The energy of the released
photon is the energy difference between the two states and is therefore characteristic of a specific
molecule/atom. A spectrometer detects these photons which can then be used to diagnose the species in

the reactor.

The emission spectra were recorded using an Ocean Optics USB2000+UV-VIS spectrometer. The
spectrometer was capable of measuring wavelengths between 200 - 850 nm. The detector itself was a
Sony ILX511B (2048-element linear silicon CCD array). It had a 25 pm slit with an optical resolution
of 1.5 nm FWHM. The spectrometer also exhibits a signal-to-noise ratio of 250:1. A fibre optic cable

was used to get light from the plasma reactor into the spectrometer.

5.5 Analysis of Functionalized Diamond Surfaces

5.5.1 Wettability

One of the simplest and quickest ways to differentiate between different diamond surfaces is through
wettability, which is an indication of the thermodynamic properties of a surface. The different functional
groups/atoms present on the diamond surface result in varying degrees of hydrophobicity. The resulting

change in the shape of the liquid on the surface and is determined by the Young-Laplace equation (6)%.
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1

Ap = y(Ril+R—2)=2yH (6)

This demonstrates the difference in capillary pressure, p, over a meniscus between two fluids.
Additionally y acts as the surface tension, H is the mean curvature, and R; and R are the radii of

curvature of the interface in orthogonal directions®.

Figure 27: Schematic diagram that demonstrates Young’s Equation®
The sessile drop method can be used to quantify the change in the shape of the liquid by measuring the
contact angle. This involves placing a drop of liquid onto the horizontal surface and measuring the
angle, 6, between the surface and droplet.

cos(0) = % (7)

Here vsv, ys and y v are the interfacial tensions between gas-solid, liquid-solid and gas-liquid,

respectively. Thermodynamic equilibrium conditions are assumed.

Salvadori et al have shown that fluorine-terminated diamond is the most hydrophobic surface with a
contact angle of 107°. This was followed by hydrogen-terminated diamond and then oxygen-terminated
diamond with contact angles of 70° and 47, respectively. These angles vary for the degree of
termination, however they can act as good indicators to see if a termination reaction has in fact taken

place®. Additionally, this method can result in highly reproducible results with an error of + 1.29%6%%,

Contact angle measurements are also sensitive to impurities and hysteresis. Additionally, water’s
hydrogen bonding nature can affect the reproducibility of contact angle measurements, since H>O can

stay chemisorbed to microcracks present in the surface.

The presence of varying groups on the oxygen-terminated diamond surface can affect the contact angle
measurements. Ethers, carbonyls, lactones, carboxylic acids and hydroxyl groups all have varying

degrees of hydrogen bonding and therefore will result in different contact angles.
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5.5.2 Contact Angle Measurements

Measurements were taken using a Kriiss Droplet Shape Analyzer (DSA). Deionized water droplets
were used in the surface analysis measurements. The drops were placed in the middle of the diamond
sample using a SciChem variable micropipette 0.5-10 pL. In order to measure the contact angle the
sessile drop method was used.

The software used to determine contact angle, Advance, was provided by Kriss. The fitting method
used to determine the contact angle was the Young-Laplace method. This method is based on an ideal

sessile drop, where the curvature is affected only by the equilibrium between surface tension and weight.

As stated above, the Young-Laplace equation gives a relationship between radii of curvature, surface

tension and pressure for a curved liquid surface
1 1
Ap =y (R—1 + R—z) (6)

For a symmetrical drop which is used in the experiment, the Young-Laplace fit gives the best
correspondence between theoretical and real drop shape. The program gave both the right-hand and
left-hand contact angles. An average of both angles was taken and then an average of three runs was

used to generate the contact angle value®. An example of a generated image can be seen below.

Measurement: Step: 2
nh2 terminated 1 Temperature sensor 2: 25.0 °C

Figure 28: Image of the contact angle measurement generated by the Kriss Drop Shape Analyser with the use
of the Advance program.

Prior to contact angle measurement, each sample was cleaned with ethanol and then dried by heating

on a hot plate at 80°C for 15 minutes. The first contact angle was measured 3 s after the drop was placed,
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with the next 2 contact angle measurements taken each after 1 s. This was done using the 20 FPS video

feed on the machine.

5.5.3 X-Ray Photoelectron Spectroscopy

X-Ray Photoelectron Spectroscopy (XPS) is an ultra-high vacuum (UHV) process that can be
performed by the NanoESCA facility present at Bristol University. The machine uses Al K, X-rays with
an energy of 1486.7 eV.

XPS is an application of the photoelectric effect, which is the emission of electrons or other free carriers
when X-rays shine on a material. This therefore, requires a fixed monochromatic X-ray photon source.
If the source is non monochromatic it will result in the peak broadening, appearance of satellite peaks

and a higher background signal.

The technique can provide a quantitative characterization of the terminated diamond surface. The
resulting spectrum is made up of emitted photoelectrons that vary depending upon their energy.
Monoenergetic X-rays strike the surface, which results in the ionization of the surface atoms and the

subsequent release of an electron in the process.
A+hv— A*+e (8)

lonising radiation can penetrate several microns. However, only electrons from the top few nanometres

can escape the surface and are the ones that contribute to the XPS spectra.

The binding energy (BE) of the electron is characteristic of the atom since it arises from the core of the
atom. Therefore, by measuring the kinetic energy (KE) energy of the emitted electron and using the

equation below it is possible to determine the surface composition.
Ex—ray — KE = BE (9)

XPS can also give information regarding the stoichiometric ratio among different elements. After
discarding the background, one can calculate atomic concentrations from the peak intensities. This can

be seen in figure 29 (B).
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Figure 29: (A) XPS spectra of clean (C) and oxidized (OX) diamond. The peak at roughly 550 eV in the
oxidized graph indicates the increase in oxygen on the diamond surface. (B) represents the oxygen
concentration on the two samples which was calculated from XPS®¥’. On the x axis AR, C and OX represent: as
received, cleaned and oxidized respectively. The subsequent numbers referrer to different annealing
temperatures.

As stated previously XPS is an UHV technique and these conditions result in the electrons mean free
path length being several kilometres. This means that the electrons can easily travel from the sample
through to the analyser and finally the detector. Moreover these ultra-low pressure conditions result in
less contamination, as less molecules reach the sample surface over a given period of time. The UHV
conditions are established by a series of pumps. Displacement pumps (rotary) bring the pressure down
to 102 mbar. Following this momentum transfer pumps (turbomolecular) are used to reach high vacuum
conditions. Finally entrapment pumps (titanium sublimation and ion pumps) bring the pressure down

to the UHV region of 10-° mbar.

Electrons were detected by an electron analyser. This separated electrons based on their KE. One of
the most common types of analysers is the hemispherical analyser. Electrons travel between two

concentric hemispheres. A potential is applied to the hemispheres which causes electrons to follow
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circular paths. The radii of the paths depend on the KE of the electron entering the analyser. The
potential of the hemispheres can be varied during analysis. This results in the spectra are seen in figure
28 (a). A schematic diagram of a typical hemispherical analyser can be seen below.

v
A\ E<Eo E>Eo

Lens system

Interaction region

Figure 30: Schematic diagram of a hemispherical analyser®

5.5.4 Scanning Electron Microscope

This technique is used to produce a high-resolution, 2- dimensional image of the surface. Electrons are
rastered across the surface under high vacuum. Scanning electron microscope (SEM) can produce two
different types of images. The first is through the reflection of low energy secondary electrons off the
surface by inelastic scattering events. These electrons are reflected from the surface and accelerated
towards a detector. This provides a better understanding of the morphology of the surface. The electrons
are emitted very close to the specimen surface, which causes the high resolution. Images higher on the
surface appear lighter than those further down. For SEM the secondary electron image is generally the
most useful type for topographic analysis.

The second method is through backscattering which is when electrons from the beam re-emerge from
the sample surface. These electrons contain less energy than those in secondary electron SEM.
Backscattered images have lower resolution. This is because depth of backscattering electrons can be
greater which hinders topographical resolution. However, backscattered electrons are more sensitive to
atomic mass as heavier atoms will scatter more electrons back to the surface. This means these heavier

elements will appear brighter on the generated image. This can be illustrated in figure 31.
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Figure 31: More electrons are reflected off the heavier Cu atom in backscattered SEM.

The resolution and depth of the image produced depends upon the acceleration of these electrons. This

can be shown in the following equations.
Yomv?=eV=KE (10)

Here kinetic energy is given in terms of: mass (m), velocity (v), electron charge (e) and voltage (V).
Electron velocity can also be given in classical terms using momentum (p) and mass as seen in the

equation below.
v=L (11)

The de Broglie relationship relates a moving particles wavelength with its momentum as shown below.
p=1 (12)

Using this, a new equation for wavelength can be given. Due to wave-particle duality the wavelength

relates to the resolution of the image.

A= (13)

The resolution can be limited by the electron probe diameter. The narrow electron beam in SEM results

in a large depth of field which yields a characteristic 3D appearance®.

SEM images were obtained using the Jeol IT300 SEM operating at 15 kV. It can provide magnification
between x5 to x300,000. Electrons are generated through the use of a pre-centred tungsten hairpin
filament. The secondary electron (SE) resolution mode was between 3.0 nm (30 kV) to 15.0 nm (1.0
kV). The backscattered electron resolution mode was 4.0 nm (30 kV). An image of the machine can be

seen in figure 32.
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Figure 32: Photograph of the JEOL IT 300 SEM.
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6. Results and Discussions

6.1 Optical Emission Spectroscopy

OES was used to diagnose the species that were generated by the plasma reactor. The species present
in tables below were detected by the spectrometer.

Molecule Transition Literature Experimental  Intensity (a.u)
Wavelength Wavelength

(nm) (nm)
SF« Band 289 292.16 15000
F 3p%F9,, — + 352 730.9 732.11 32000
Ds2
F 3p?Py),—3s%Pan 703.7 705.12 26000

Table 5: The experimental and literature values of the species observed by OES in the SFe plasma

Molecule Transition Literature Experimental  Intensity (a.u)
Wavelength Wavelength

(nm) (nm)

NH AI-X3% 337 331.44 20000

H Ho 656.28 655.31 40000

Table 6: The experimental and literature value of the species observed by OES in the NH3 plasma

The ammonia plasma generated two distinguishable species, the NH radical present at 331.44 nm and
the H, peak present at 655.31 nm. The plasma decomposition should have resulted in two additional
primary products (NH; and H) that did not appear. However, these peaks tend to have far lower

intensities and are hard to distinguish in the spectra due to the background interference.

Moreover secondary reactions should result in the formation of N2, N2H., and N2H species. Species
that contain two nitrogen atoms are found to increase with power (400 W) and substrate heating

temperature (900 K). This reaction was done at similar power but much lower temperatures. Therefore
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the fact that we could not identify any species containing multiple nitrogen atoms can be attributed to
this.

The identification of the NH species in the plasma is important since it will result in the desired
ammonia termination. Furthermore, since NH and not NH. was detected it means that we will be more
likely to see imines and secondary amines present on the surface as these are the two species the NH
molecule can form?®,

Since different atoms/molecules emit light differently intensity cannot be considered to be a measure
of concentration. Therefore it is hard to tell how much of each species we are generating. Therefore in
the case of the ammonia plasma we could be generating more H than NH which means hydrogen

termination could occur in the reactor.

For the SF¢ spectra two separate fluorine transitions were observed as well as an SFx band. A typical
SFespectra shows several peaks between 680 - 810 nm, which relate to F transitions. Two of these peaks

were identified as the 3p?F7,, — + 3s? Dsp transition at 732 nm and the 3p?P;),—3s?Py transition at

705 nm. The SF, band transition was identified at 292 nm. The appearance of the SFx band is important
since it means that the formation of the fluorine atoms is occurring through dissociative attachment
which generates SFx and F species. However as the concentration of the F atoms is not known it is hard
to determine the extent of the dissociative attachment process and thus the number of F atoms generated

per SFs molecule.

We must consider the fact that these results may not be entirely accurate due to the fact that the light
emitted by the plasma could not be isolated due to the borosilicate shield around the reaction chamber.
Therefore, there was a large amount of background noise present between 400 - 600 nm which made

other signals difficult to identify.

6.2 Contact Angle Measurements

6.2.1 Ammonia Termination

Initially, contact angle measurements were used as an indication as to whether the surface had
undergone a termination reaction. Deionized water droplets of size 0.35 uL were used to perform the
measurements. For all the ammonia-terminated samples the pressure and voltage in the reactor was kept
constantat 1.6 Torr and 8 kV, respectively. The amount of time the ammonia was exposed to the plasma

was varied from 0 to 150 s, in 30 s intervals. The results can be seen in the graph below.
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Figure 33: The change in contact angle with an increased exposure to the ammonia plasma

A decrease in contact angle indicates a decrease in hydrophobicity. This acts as a good indication that
some degree of ammonia termination has occurred on the surface as NHs-termination will result in a

more hydrophilic surface.

After 120 s the contact angle stopped decreasing. This was assumed to be the point where maximum
coverage possible by the plasma reactor was achieved. Additionally, unlike oxygen termination, after
the minimum there was no increase in contact angle due to etching of the diamond surface. This is

expected as an ammonia plasma does not have as high an etching rate as an oxygen plasma.

6.2.2 Fluorine Termination

For SF, pressure (0.1 torr) and voltage (8 kV) were kept constant for all the samples. The amount of
time the diamond samples were exposed to the plasma was varied from 0 to 30 s, in 10 s intervals. The
time intervals for the SFe treated samples were lower due to the plasma having a high etching rate. The

droplet used was deionized water with a volume of 0.35 ul. The results can be seen in the graph below.
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Figure 34: The change in contact angle with an increased exposure to the SFs plasma

Since the F-terminated diamond surface is more hydrophobic than the starting H-terminated diamond
surface, the plasma exposure time was increased until a maximum was found. This maximum in the
curve occurred at about 20 s. After this point, the contact angle began to decrease. This could be a result
of damage to the diamond surface. One possible example could be etching which has been found to
affect surface roughness and thus contact angle. Therefore, 20 s was assumed to give the best possible

F-termination without compromising the surface.

It is however important to note that in the case of oxygen termination, etching was found to increase
the contact angle. If etching did in fact occur on the diamond then the contact angle should have
continued to rise. The sudden decrease in contact angle could therefore be the result of something else.
Therefore, SEM analysis was performed in order to see how the surface changed and will be discussed

later on as a way to try and rationalize this observation.

Further research can be performed to find a more precise termination time. Measurements with 1 s
intervals should be taken between the 10 and 20 s region in order to see if a higher contact angle can be
achieved. However, due to a limited number of samples this was not done and 20 s was assumed to give
the best possible termination.
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6.2.3 Comparison of contact angles

The graph below shows the contact angle of the samples at what is assumed to be at the highest
coverage of their respective termination. Oxygen terminations were performed in order to make sure
the reactor could still successfully carry out this procedure. The sample was exposed to the O, plasma
for 7 sata voltage of 8 kV and a pressure of 0.1 torr. These conditions were reported to give a monolayer
of coverage®.
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Figure 35: The contact angle of the hydrogen, oxygen, ammonia and fluorine-terminated diamond surfaces

The literature showed that the contact angle for fluorine-terminated diamond should be 107°%. This
value we achieved was 104° £0.7°. For oxygen-terminated diamond the literature value was found to
be 47.2°%5, whereas the experimental value was found to be 49 + 0.9°. This difference in contact angle
could be attributed to the fact that we may have not been able to achieve an ideal coverage of a
monolayer with the reactor. Alternatively, as the literature samples were performed on CVD diamond
their samples may have a different roughness which would result in different values of contact angle,
even if both of the surfaces are fully terminated. However, it is important to note that the difference
between both values and their literature is relatively low. Thus, the samples can be thought to have close
to an ideally terminated surface.

The value for the ammonia contact angle should be closer to that of oxygen one due to the similar
electronegativity. The literature states a value of 51.3° for NHs-terminated diamond. This difference

60



could be due to the fact that only some of the surface was terminated in ammonia groups whilst the rest
of the diamond surface remained hydrogen terminated. This would explain why the value is so high
(57° £ 0.9) and closer to the value for hydrogen (64°).

6.3 XPS

XPS was performed in order to find out the quantity and nature of the elements present on the diamond
surface. Unfortunately, due to the lack of availability of the NanoESCA and the time constraints of the

project, XPS analysis was only performed on the NHs-terminated surfaces.

6.3.1 Ammonia Termination

The survey scan (figure 36) of the 2 min NHs-terminated sample showed a large number of impurities
present on the surface. Additionally, it also indicated the presence of both nitrogen and oxygen groups.
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Figure 36: Survey scan of the initial 2 min NH3 terminated sample.

The presence of the large oxygen peak can be attributed to the fact that the hydrogen termination is
unstable and will oxidize in ambient conditions over time. Since the H-termination was performed about

2 months prior to the exposure to the ammonia plasma, the H-terminated surface slowly oxidized over
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time. The surface was also found to contain 10.55% oxygen. Previous studies showed that one
monolayer roughly relates to about 6%. This suggests there are almost two monolayers of oxygen
present on the surface.

Despite the large amount of oxygen present there is also 5.5% nitrogen on the surface. This should
roughly translate to a monolayer of coverage. This is a good indicator that the ammonia plasma can
deposit nitrogen on the surface. Moreover, the fact that the nitrogen termination was still present means
that it is relatively stable. Hydrogen doesn’t show up on the XPS scan, as it has no core electrons, this
means that it is difficult to differentiate between nitrogen and ammonia termination. However, we can

look at the N1s binding environment to see what type of nitrogen groups are present.
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Figure 37: N1s binding environemtn in the initial 2 min NHs-terminated sample.

The figure above is of the N1s binding environment. There are two separate components that make up
the peak, one at 398.8 eV (imine) and another at 400.7 eV (secondary amine). This means that on the
diamond surface both of these functional groups are present. Both these peaks suggest that the surface

is in fact NHs-terminated opposed to just nitrogen.

This agrees with the literature that states for a (100) diamond surface both imine and secondary amine
groups should be present. Moreover, the OES indicated the formation of NH molecules in the plasma.
This species would result in both secondary amine and imine formation which is consistent with the
XPS data.
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The C1s environment (figure 38) can be used to see if the nitrogen and oxygen monolayers are stacked
on top of one another or if the surface is multi-terminated. The scan contains components for both
nitrogen (C=N 285.9 eV) and oxygen (C-O 285.8 eV) which means that the oxygen and nitrogen
monolayers are not stacked on top of one another, but instead the surface is multi-terminated with

regions of oxygen and nitrogen with several monolayers of atoms in these regions®%-’8,
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Figure 38: C1s binding environemtn in the initial 2 min NHs-terminated sample

The other impurities: sodium, calcium, potassium and chlorine could all be present from the contact
angle measurements. This means that the ethanol and water clean may not be sufficient in removing all
surface impurities. The fact that there was a 2:1 ratio of oxygen to nitrogen on the surface means that
surface cannot be considered to be ammonia terminated. Additionally, this could be the reason the
contact angle values did not match the literature as a multi-terminated surface could affect the shape of

the water droplet.

We can also look at the O1s binding environment (figure 39) to see the groups present. The O1s binding
region is more complicated than that of the N1s region. It is comprised of two separate peaks and 3
components. The two components in the first peak relate to the ether (530.6 eV) and ketone (533 eV)
binding environment. The second peak (536 eV) could be related to the interaction of the oxygen with
nitrogen, as this has been found to occur at 536.2 eV for N-O on Al. However a peak for the N-O
interaction doesn’t show up in the nitrogen region of the survey scan. This indicates the peak could be

the result of another interaction, such as oxygen with one of the impurities.

63


https://aip.scitation.org/doi/pdf/10.1063/1.4930945

100 |

90_|

80|

CPS

60_|
50|

40|

WVMWWW g d \/VA
30]] w

I
536 532 5
Binding Energy (eV)

Figure 39: O1s binding environment in the initial 2 min NHs-terminated sample
In order to see if the areas and the several monolayers in the first scan could be reproduced, a sample
that was previously oxygen terminated underwent a nitrogen termination. The survey scan is shown in

figure 40.
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Figure 40: Survey scan of a sample that was oxygen terminated and then exposed to an ammonia plasma for 2
mins
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In this sample the ratio of oxygen to nitrogen peaks is 2:1 which is the same as that found in the first
sample. This suggests that the ammonia plasma is less efficient in terminating the sample than the
oxygen one. Furthermore, since the ratio is the same it may mean that percentages in the first sample
may have been inflated, due to the other impurities. Since the impurities are most likely oxidized it
could have resulted in an increase in oxygen concentration. This means that there were not several
monolayers of NH3 and O. Furthermore, the sum of the nitrogen and oxygen coverage equals 5.55%. If

we include the Fe impurity the total increases to 5.86% which is a monolayer on the surface.

In order to achieve a cleaner surface and remove any impurities, the samples underwent another H-
termination. Immediately after the H-termination the samples were terminated again for 1 and 2 mins

in the ammonia resulting in the survey scans below.
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Figure 41 (a): Survery scan of the 1 min NHs-terminated sample. Figure 41 (b): Survey scan of the 2 min NH-
terminated sample.

The 1 min sample showed a greater percentage of NHs-termination in comparison to the 2 min sample.
This is surprising as increased plasma exposure should not cause a decrease in termination. The values
for the area have an error associated with how well they are fitted which could be the reason for a

difference. However the nitrogen peak is visibly smaller in the 2 minute survey scan.

In order to see if the result was a possible anomaly, two more samples were terminated in the ammonia

reactor for 30 s and 3 mins, respectively. The resulting survey scans can be seen in figures 42 (a) and

(b).
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Figure 42(a): Survey scan of the 30 s NHs-terminated diamond sample. Figure 42(b): Survey scan of the 3 min
NHs-terminated diamond sample.

Unfortunately, these samples could not be analysed immediately in the XPS and were left under
ambient conditions for 3 weeks. This resulted in oxygen peaks present in both of the survey scans, due
to the oxidation of the hydrogen-terminated regions. Alternatively, some of the oxygen could be present
from OH molecules in the atmosphere replacing the NH molecules in an Sn1 reaction.

In both the 30 s and 3 min samples the ammonia terminations were relatively similar (2.5%, 0.4 ML)
and greater than those present in the 1 min and 2 minute samples. This could be due to the fact that the
ammonia gas line may not have been flushed out properly for the 1 and 2 min samples. Additionally,
prior to the preparation of the 30 s and 3 min samples a leak test was performed and a small leak was
found in the gas inlet line. Both these factors could have resulted in a lower percentage of NHs-

termination for the 1 and 2 min samples.

The survey scans suggest that that the maximum amount of NHs-termination may have been possible
after 30 s not after 120 s, which the contact angle measurement indicated, since the two samples have a
similar percentage of NHs-termination. The reason for the plateau could be due to the steric hindrance
of the hydrogen atoms already present on the (100) surface and the incoming NH species. Moreover,
the NH species are larger in size and therefore a full monolayer coverage may not be achievable. This

means the remaining 60% of the surface is a mixture of oxygen and hydrogen-terminated diamond.
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Figure 43: N1s binding environment in the 30 s (a) and 3 min (b) NHs-terminated samples.

If we compare the N1s binding environment of the 30 s and 3 min samples we see that there is an
increase in the imine environment (398.8 eV). This implies that an increased plasma exposure results
in a preferential deposition of the imine species. This has not been reported in the literature, however,
in the case of oxygen termination, increased plasma exposure on the (100) surface was found to
preferentially deposit ketone groups (C=0). Therefore a similar process may occur for NHs-termination
where there is a preference for imine groups (C=N-H) with increased plasma exposure. This increase
in imine groups could result in a reconstruction of the diamond surface which may, in turn, allow for

the slightly higher coverage seen in the 3 min sample, 2.65%, compared to 2.31% in the 30 s sample.
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Figure 44: O1s binding environment in the 30 s and 3 min NHs-terminated sample.
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The O1s binding environment in the 30 s and 3 min samples (Figure 44 (a and b) also show a difference
in the component peaks. In the 30 s sample the ketone (533 eV) environment is the dominant one,
whereas for the 3 min sample the ketone peak is still larger, however the ether (530 eV) component
contributes more to the peak shape. This could be a result of the increase in imines present on the surface
which forced the oxygen terminated regions to rearrange from ketones to ethers. Moreover, in these
scans there is no second peak like the one found in the first sample (figure 39), which confirms that it

was a result of the oxygen atoms interacting with one of the impurities.
6.4 SEM

Backscattered and secondary electron SEM analysis was performed on the 30 s F-terminated sample.
This was done in order to see if etching was the reason the contact angle began to decrease after 20 s of
termination time. Unfortunately, we were not able to obtain images of a smooth HPHT sample prior to
plasma exposure to compare these images with.

SED 2.0kvV  WD8.7mm High-P.C.36.0 HighVac. x45
University of Bristol

Figure 45: A SEM image of the entire HPHT diamond surface taken with x45 magnification.
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Figure 46: A SEM image of the diamond surface taken with a x1000 magnification.

Figures 45 and 46 are both SEM images of the diamond surface. Both these images indicate that the
SF¢ plasma treatment damaged the sample. In the first image (figure 45) this can be seen by the scratches
present on the surface. The lines vary in depth which means that the surface was not etched uniformly.

It is also important to note that there doesn’t seem to be a pattern in the etching of the surface.

Fig. 46 is at a higher magnification. Single-crystal HPHT diamond should have a uniform smooth
surface. However, in this image one can clearly see that the morphology is varied across the surface.
Again, this shows that the plasma did not etch the surface uniformly since there are darker areas with
increased depth. This will increase the surface roughness which should have resulted in an increase in
the contact angle of the diamond surface, not a decrease, which is what the results showed. However,
the presence of holes in the diamond surface means that the water droplet may enter these areas causing
the contact angle to appear more spread out over the surface. However, the holes would have to have a

large area for the effect to be significant. This can be shown in figure 47 below.
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Figure 47: Image of how holes present on the surface can affect the shape of the water droplet.

In order to see if these etched regions were still carbon, secondary electron and backscattered images
were taken of the same region with a higher magnification of x1500. Figure 48 (a and b).

WD9.0mm  High-P.C360 Highvac.  x1,500 — 10UM Omm  High-P.C36.0 HighVac
f Bristol Chemical Imaging Facility

Figure 48 (a and b): Secondary electron and backscattered images of the same diamond surface at a
magnification of x1500.
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The darker areas in the previous secondary electron SEM image do not appear on the same
backscattered image. This means that they are the same element as the rest of the material (carbon). The
lighter regions appear in the same area for both SEM images. This could be areas of fluorine termination
since they are heavier than the carbon atom and will scatter more light back, appearing brighter on the

surface.

However, since fluorine is not significantly heavier than carbon the difference in brightness should not
be as pronounced as it is on the image. Moreover, the size of the spots are fairly large which means that
it is unlikely to be individual F atoms but possible regions of F-termination. The other more likely
scenario is that it could be impurities adsorbed onto the diamond surface.

The final images were taken with a magnification of x7000. This was done to see if fluorine termination
could be seen on the diamond surface. Secondary electron and backscattered SEM images were taken

at this magnification.

WD9.0mm High-P.C.36.0
ol

Figure 49 (a and b): Secondary electron and backscattered SEM images of the same diamond surface at a
magnification of x7000.

These images indicate the possibility fluorine termination on the diamond surface as well as etching.
On the secondary electron image we can see darker patchy areas that do not show up on the
backscattered image, again suggesting the possibility of etching by the plasma. Moreover, the
backscattered image also shows the presence of another element on the surface, as indicated by the
white spots. This could potentially be fluorine atoms on the diamond surface, as the spots are far smaller

and less bright than those seen in the x1500 images.
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It can also be noted that the darker patches in the secondary electron image still show white spots on
the backscattered SEM. This implies that even etched regions in the diamond could exhibit fluorine
termination. These etched regions could have different surface structures, (111) for example. However,
without XPS data it is not possible to say whether these spots are indeed fluorine atoms.
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7. Conclusions

There were two different parts to this project: the construction of the reactor to aminate and fluorinate

the diamond surface, and the analysis of the resulting surfaces.

Optical emission spectroscopy was the first analytical technique used to diagnose the plasmas
generated by the reactor. For the NH3 plasma, species relating to NH and H were found. The NH species
was presumed to be the terminating molecule, whilst for the SFs plasma, peaks relating to F and SF
were identified.

Initially, contact angle measurements were used to determine the ideal reaction times the samples
should be run at in the reactor. For the SF¢ plasma, 20 s resulted in the most hydrophobic surface and
was believed to give ideal coverage. Moreover, the decrease in contact angle suggested that damage
may have occurred on the diamond surface after 20 s. For the NHs plasma, ideal surface coverage
occurred after 120 s. There was no change in contact angle after this point and therefore it was believed
that the ammonia plasma did not damage the surface.

XPS analysis showed the ammonia could be successfully deposited onto the diamond surface. It also
showed that the H-termination used in the sample preparation was unstable and thus oxidized over time.
This meant that the contact angle measurement may have been inaccurate as the surfaces were, in fact,
a mixture of oxygen and nitrogen termination. The samples underwent the preparation process again
and it was found that after 30 s there was a plateau in the amount of ammonia that could terminate the
surface. This could be due to the steric constraints of the (100) surface. Additionally XPS data suggested
that an increased exposure to the ammonia plasma results in a preference of imine groups on the

diamond surface.

SEM analysis confirmed the suspicion that fluorine termination could etch the HPHT diamond surface.
The etching was found to be varied across the diamond surface. Additionally, backscattered SEM
showed the presence of another heavier atom on the carbon surface which was believed to be fluorine.
However, without XPS analysis is impossible to confirm the atom’s identity. SEM images also showed

that etched areas still contained regions of possible fluorine termination.

Without XPS analysis of the SFs treated species, it is not possible to say definitively whether fluorine
termination has taken place. However, given the contact angle measurements and SEM imaging it is
likely that a successful termination was carried out. However, with the NHs-terminated samples we can
definitively say that the reactor terminated the samples, however it did not result in a full monolayer of

NHs-termination.
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8. Further Work

As stated previously, XPS data would be needed to confirm the presence of F-termination on the
diamond surface. Moreover, this would show us what percentage of a monolayer we could achieve with
the reactor. The NanoESCA facility also allows for ultraviolet photoelectron spectroscopy (UPS) to be
carried out. This will show how the electron affinity varies across the NH3 and F terminated diamond

surfaces.

Other groups have reported fluorine termination with other gases, such as CF4 and XeF,. The SF¢ gas
can be easily exchanged in the reactor allowing for comparisons between all three gases. These other
gases may have lower etching rates and allow for an increased exposure time, which in turn could allow
for greater F-termination. Furthermore, other gases such as argon could be fed into the reactor at the

same time to see if this has an effect on surface terminations and etching.

Additionally, the stability of both surfaces could be examined. This could be done by performing the
initial termination reactions and then monitoring the change in monolayer coverage over time, to see if

either the fluorine or ammonia surface is susceptible to oxidation.

Since the ammonia terminated samples contained both hydrogen and/or oxygen terminated regions,
different preparation methods could be performed to see if a higher percentage of ammonia could be
achieved. Other groups have found success by first terminating the diamond with chlorine and then
ammonia. As the N-H molecule and Cl atom are similar in size it may result in easier substitutions on

the surface.

In order to further confirm the presence of ammonia on the diamond surface, functionalization reactions
could be performed, such as the attachment of biological molecules through amide linkages. Following
this, the stability and functionality of the biological molecules on the diamond surface could be
compared to their freely bound counterparts. This would give an indication on the biomedical uses of

NHs-termianted diamond.

Further research could look into the preference of imine groups on the diamond surface with an
increased plasma exposure time. More samples should be run with varying plasma exposure time in
order to get a better idea of the change in imine groups over time. Computational modelling could also
be performed to see if the increased presence of imine groups allows for greater termination through

surface rearrangements.
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