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Statement of Limiting Factors

The progress of this project was hindered due to these factors:

1. The pump for the Hot Filament Chemical Vapour Deposition reactor was unusable
and required replacement. This delayed the progress of boron-doped diamond
deposition by a few weeks.

2. The electrode holder produced did not meet the requirements of the specifications
and had to be altered. This hindered the progress of analysis that required the three-
electrode set-up.

3. Several factors limited production of the Electron Beam Lithography (EBL)
substrates:

(i) Time constraints: due to limited hours available to staff to produce our
samples, the total fabrication time was increased.

(ii) Budget constraints: the EBL process is expensive and required a significant
portion of funds. This limited the number of conditions that could be
attempted at a time.

This meant that deposition of BDD on the final EBL-Si substrates could not be done

and so subsequent cyclic voltammetry and nickel deposition could not be performed.



Abstract

High surface area nanostructured boron-doped diamond (BDD) electrodes offer promising
potential for electrochemical analysis, sensing and deposition. This report focuses on
optimising the surface area of electron beam lithography silicon substrates (EBL-Si).
Scanning electron microscopy (SEM) analysis reveals insights into the impact of
parameters such as pitch (P) and column thickness (T) on electrode morphology and
surface area. At this stage, T = 200 nm and P = 600 nm are deemed to be suitable
values. However, EBL-Si substrates with a P = 1000 nm have also been fabricated.

Included in this report is a comparison between the performance of flat electrodes (f-BDD)
and high surface area nanostructured black diamond electrodes (bD-BDD). Hot filament
chemical vapour deposition (HFCVD) was used to produce all BDD electrodes. The
comparison between f-BDD and bD-BDD was achieved using Scanning Electron Microscopy
(SEM), Energy-dispersive X-ray Spectroscopy (EDX), laser Raman and Cyclic Voltammetry.

Cyclic Voltammetry experiments demonstrated the importance of surface termination
and electrode surface area on the double-layer capacitance of the BDD electrodes. A
1.85x increase in capacitance is seen for an O-terminated f-BDD electrode compared
to an H-terminated electrode. A 21.93x increase in double-layer capacitance is
observed for a bD-BDD electrode compared to an f-BDD electrode.

The electrochemical deposition of a Ni-Cu alloy onto the electrode surface was
followed by the dissolution of the nobler component (Cu) from the alloy. A Ni(ll) and
Cu(ll) agqueous solution was used at room temperature for this process. Successful
hydrogen evolution has also been shown.
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Chapter 1 - Introduction

1.1. Properties of Diamond

Diamond is a structure with a tetrahedral coordination and two interpenetrating face-
centred cubic (fcc) lattices that are occupied entirely by sp? hybridised carbon atoms. This
lattice produces a repeating structure where each carbon atom has four carbon-carbon
single bonds.! Since diamond is a tetrahedral structure, it will have a bond angle of 109°, as
shown in Figure 1.1.

Figure 1.1. The tetrahedral coordination of diamond and the fcc lattices of sp3 hybridised
carbon.

Naturally formed diamonds occur with a mix of 98.9% 2C and 1.1% 3C as this represents the
natural abundance of these two isomers in nature. Group IV elements (Carbon, Silicon,
Germanium and Tin) can crystallise in the diamond structure by forming the necessary
directional covalent bonds. Of this group, carbon is known to form the strongest bonds in
the sp* diamond structure.? Diamond has several other valuable properties such as: (i)
exceptional hardness, (ii) high melting point and (iii) high thermal conductivity. A more
detailed list of the properties of diamonds can be found in Table 1.1.

Table 1.1. Some of the properties and associated values of diamond.

Property Value
Band Gap? 5.45 eV
Compressive Strength* 110 GPa
Density* 3.52 gcm?
Electron Mobility3 2200 cm2V-is?
Heat Capacity* 6.2 JmolK+
Hole Mobility? 1600 cm?V-1st
Hardness® 10,000 Kg mm?




Optical Index of Refraction® 2.41
Resistivity® 1x10:=Q cm
Tensile Strength? 1.2 GPa
Thermal Conductivity? 20 W cmt K+
Thermal Expansion Coefficient? 1.1x108 K+
Young’'s Modulus* 1250 GPa

It is because of these properties that the growth of synthetic diamonds has become an area
of interest as they have various commercial uses such as (i) Electronic Devices, (ii) Optical
Windows,’ (iii) Abrasives® and (iv) Heat Sinks.®

1.2. Band Gap Theory

1.2.1. Band Gap (Intrinsic Semiconductors)

The band gap (Eg) describes the energy spacing between the valence band edge (the highest
region in the valence band) and the conduction band edge (the lowest region of the
conduction band). At temperatures above OK electrons will be raised from the valence band
(VB) to the conduction band (CB) across the band gap, in a process called thermal excitation.
The resulting electrons in the CB and holes in the VB will produce the material’s electrical
conductivity. Whereas, for intrinsic semiconductors at 0 K, there are no vacant states in the
VB and all states in the CB are vacant. This means that intrinsic semiconductors are not
electrically conductive at 0 K, as shown in Figure 1.2.1°

Energy Band Gap IEg

Filled Valence Band

Figure 1.2. Diagram of the valence band, conduction band and band gap of an intrinsic
semiconductor.

When an electron moves into the CB it breaks a covalent bond in the crystal lattice and
creates a positively charged “hole”. At higher temperatures, more covalent bonds are
broken and more electrons enter the CB. Since holes are also charge carriers, electron
movements can be represented by the change in position of holes and the resulting current,
as shown in Figure 1.3.11



(a) (b) ()
Figure 1.3. (a) the movement of electrons by breaking a covalent bond, (b) formation of a

hole at the site of the broken covalent bond, (c) the recombination of the hole and the
electron to reform the covalent bond.

1.2.2. Band Gap (Insulators)

The width of the band gap will affect the conductivity of the material, as a larger amount of
energy is required to move an electron into the CB from the VB when the band gap is bigger.
If the energy required to move an electron into the CB is too great the material can be
classified as an insulator. Electrons may only cross the band gap, of an insulator, at very high
temperatures or when a large electric field is applied.

1.2.3. Direct and Indirect Band Gap Semiconductors

When the CB edge is directly above the VB edge the semiconductor is described as a direct
band gap semiconductor. In this case, the wave vectors of the valence and conduction band
edges are the same. Whereas, in an indirect band gap material, the band edges have
different wave vector values. This indicates that the direction and magnitude of the
particle’s momentums are not the same. Both situations are shown in Figure 1.4. A photon
with an energy equal to the E, (energy of the band gap) will produce an electron-hole pair
easily since not much change in momentum is required. However, indirect band gaps
require a lattice vibration (phonon) to achieve the change in momentum required to
produce an electron-hole pair. This process is also true for the recombination of the
electron-hole pair and so the process is faster for direct band gap semiconductors as they do
not require a phonon. To conserve energy, recombination must result in the emission of
photons with an energy corresponding to E,. The differentiation between direct and indirect
band gaps is important for determining the material’s photoconductivity.1%13

Direct Band Gap Indirect Band Gap

\ / I N /

A

Ak=0 Ak#0

Figure 1.4. Schematic of direct and indirect optical transitions.
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1.2.4. Wide Band Gap Semiconductors

A wide band gap (WBG) semiconductor is a material with a band gap larger than 2 eV
making diamond (band gap = 5.45 eV) a good example of an indirect WBG material.1* WBG
semiconductors can tolerate a higher voltage and switching frequency and therefore can act
as more efficient power supplies. This is because WBG semiconductors can apply the same
voltage while being thinner, reducing the conductive and switching losses.'® The benefits of
these materials can be summarised as (i) a high operating frequency, (ii) a high output
power and (iii) a high applied voltage.!®

1.3. Electrochemical Cells

1.3.1. History of Electrochemical Cells

Volta (1800) developed the voltaic pile, the first documented electrochemical cell providing
on-demand electricity. This “columnar machine” requires alternating zinc or silver metal
plates separated by brine-soaked cardboard for it to work.!’

This work was further developed by Davy, in 1806, who suggested that the decomposition
of a compound would be affected by the electrical properties of the cell. This electrical
current would be able to overcome the chemical affinity that kept the compound together
and so he was able to separate the elements. This work established many of the principles
of electrolysis.*®

Faraday (1834) expanded on these principles and introduced laws for electrolysis. According
to Faraday's First Law, the amount of substance deposited at the electrode-electrolyte
interface is determined by the quantity of electricity passing through the electrolyte.
Faraday's Second Law states that the masses of different compounds released or deposited
at this interface are proportional to their respective chemical weights.!®

1.3.2. Different Types of Electrochemical Cells

An electrochemical cell can be called either a galvanic or electrolytic cell when a faradaic
current flows. If a reaction happens spontaneously, at electrodes which are joined together
externally, it is a galvanic cell. Whereas, for an electrolytic cell, an external voltage must be
applied for an electrode reaction to occur. If the reaction at only one of the electrodes is of
interest, then it is not always necessary to make the distinction between galvanic and
electrolytic.2°

1.4. BDD & Electrochemical Theory

The electrochemistry of boron-doped diamond has been found to neither align with metal
or semiconductor electrochemical theory directly. To better understand the potential uses
of BDD it is necessary to further characterise the nature of the system.

11



1.4.1. Metal Electrode Electrochemistry
Electrons move between an electrode and a reactant causing a charge shift between the
electrode and the solution, creating a potential difference:?!

Fe3t(aq) + e~ (m) = Fe?* (aq) (1.1.)
This can be expressed more generally as:
0X (aq) + e (STD) = RED (aq) (1.2.)

Metallic electrodes contain Fermi particles (electrons), that are described as being
degenerate in a free electron gas (metal). They are said to follow the Fermi function and are
characterised by the Fermi energy (E:) which is set by electrons that can do work. It is for
this reason that we can present the E: value in terms of electron concentration (n.) and our
lowest allowed electron energy band. The Fermi level, for electrons in a metal, is shown
below:??

(371211@)%712

2me

(1.3.)

EF: 80

For the distribution of electrons, above 0K, the Fermi-Dirac distribution function must be
employed. This function indicates the probability, f(E), of an electron having the energy (E)
at a given temperature (T). At T = 0, the probability that a particle will have an energy less
than E~= 1 is found by:

f(E) = - (1.4

(E_EF/kT) +1

This suggests that available energy states below E:will be filled by a fermion (e.g. an
electron), at T= 0. Only at higher values of T, when particles have more energy, may
electrons occupy higher levels than E;.13

1.4.2. Electrode-Electrolyte Interface

The Gouy-Chapman theory can be used as a useful model for indicating the importance of
the electrode-electrolyte interface in electrochemical solutions.?® This model is an
improvement over the Poisson-Boltzmann equation, an extension of Helmholtz's electric
double layer (EDL) model from 1853. However, the Gouy-Chapman model, seen in Figure
1.5. (b), is considered simplistic as ions are treated as points in a dielectric continuum and
the electrode as a perfect conductor. The ion distribution near the interface is determined
by electrostatic and statistical mechanics. Limitations of the Gouy-Chapman theory become
apparent at higher electrolyte concentrations and high potentials.?

Stern (1924)%> modified Gouy (1910)?¢ and Chapman’s (1913)?” work by introducing to the
model a monolayer of specifically adsorbed ions with a set radius, as seen in Figure 1.5. (c)
There is a significant decrease in electrostatic potential across the Stern layer and the plane
separating the Stern and diffuse layers can be described as the slip (shear) plane.?*
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Figure 1.5. Electric Double Layer (EDL) represented by the (a) Helmholtz model, (b) Gouy-
Chapman model and (c) Stern model. IHP is the Inner Helmholtz Plane & OHP is the Outer
Helmholtz Plane.

1.4.3. P-Type Semiconductor Electrochemistry

Figure 1.6. shows that in an extrinsic semiconductor, the concentration of electrons and
holes will not be equal. This change is caused by the addition of a small quantity of dopant
atoms to the material that causes the material to favour one type of charge carrier over the
other. For example, acceptor dopant atoms will increase the density of holes (a p-type
semiconductor). This will lower the Fermi energy level (E¢), which relies on the distribution
function, below the intrinsic level.!! The hole is described as neutral when it is empty and
negative when occupied by an electron. The p-type semiconductor is represented in Figure
1.6.

Electrons

Energy

OO OO OOO OOOOOOOOOOOOOOOO OOOO Q®\

Holes

Partially Filled Valence Band

Figure 1.6. Valence band, conduction band and band gap of a p-type semiconductor.

This can also be described through calculation. The ionised acceptor concentration (N,) is
important as not all dopants are ionised at specific impurity energy levels or lattice
temperatures. This value is necessary as the function of the semiconductor is limited by the
ability of the system to transport charge and produce an electrical current. An expression
for the concentration of ionised acceptors is shown below.
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Ny =—4_— (15)

Epo—EF
1+ gpe kT

In a p-type material, the acceptor concentration is greater than the donor concentration (Na
> Np). This leads to a situation where p >> n, where p is the majority charge carrier (positive
hole) in the valence band. The inverse will be true for an n-type material where the majority
charge carriers (n) are electrons, as is also the case in metals. This means that for a p-type
semiconductor p >> n; > > n where n; is the intrinsic charge carrier concentration. An
approximation can be made at higher temperatures because most donors and acceptors are
ionised.?®

n+ Ny=p+ Np (1.6.)

1.4.4. BDD Electrode Electrochemistry

1.4.4.1. Electrode Surface Termination Tunability

BDD electrodes are often either oxygen (O)-terminated, or hydrogen (H)-terminated. O-
terminated electrodes are hydrophilic compared to the hydrophobic H-terminated BDD
surface initially produced. The surface will initially be H-terminated due to the conditions of
the HFCVD process, where hydrogen gas remains in the chamber for a further two minutes
after the other gasses have been removed. This is to remove products of graphitisation from
the surface. The surface termination can be changed to allow for reactions that might
otherwise be unfavourable, such as the reduction of N, to ammonia.?®

The surface termination will influence the work function and band bending and this can be
measured by Ultraviolet Photoelectron Spectroscopy, to determine a change of 2 eV and
0.36 eV.3% The induced band bending, by O-termination, will deplete the concentration of
holes and lead to a depletion layer for the BDD electrode.3!

1.4.4.2. Charge Transfer Mechanism

BDD demonstrates a surface-state mediated mechanism for charge transfer that allows for
oxidative and reductive faradaic currents. This involves surface states, of the electrode,
acting as charge carrier sinks. The oxidative process requires electron transfer between the
redox system and the surface state, followed by hole transfer from the bulk to the electrode
surface state.??

1.4.4.3. Variations to Doping Level

Low-BDD electrodes are generally unsuitable for electrolysis, due to a low double-layer
capacitance that is linked to a low density of states at the Fermi level. Altering the gas
mixture significantly affects the double-layer capacitance, with 0.1% boron doping resulting
in 2.5 uF cm™, 1% (8 uF cm™2), and 5% (214 uF cm™2) capacitance respectively in 0.5 M
H,S0,.33 For this reason, the boron doping concentration of the samples produced in this
project is high.
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At low doping concentrations, classical band conduction will control the overall carrier
transport model for the material.?* In this instance, boron atoms substitute carbon atoms to
produce an acceptor level, 0.37 eV higher than the VB edge.?®

The p-type semiconductor behaviour can be attributed to the introduction of more impurity
energy levels (acceptor levels). At OK, the Fermi level initially sits within these energy levels
due to the delocalization of wave functions through quantum overlapping. However, as
shown in Figure 1.7. (c), Coulombic repulsion can lead to the splitting of the initially half-
filled 'impurity band' into an empty and full band which makes diffusive transport possible.3®
These bands may overlap when the doping level of the semiconductor is sufficiently
increased.

Doping beyond the critical concentration shifts the ionisation energy causing the states
associated with the acceptor levels to become extended. The result is the merging of the
impurity band with the VB to induce metallic conduction, Figure 1.7. (e):!°3

(@) (b) (c) (d) (e)

Conduction
Band
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Valence
Band

DOS
Figure 1.7. Changes to Density of States (DOS) and Band Structure as p-type doping
progressively increases. Filled states are represented in yellow.

1.4.4.4. Inactive Dopants

It is important to note that not all boron dopants that are introduced into the diamond
lattice are active as acceptors. It is suggested that ~10% of all boron dopants will be
electrically inactive.3” This effect can arise due to the boron acting as a deep acceptor or
because passivating atoms have been introduced, such as hydrogen.3® These deep energy
levels, that can form in the band gap, will negatively affect the material’s transport
properties.3?

At higher doping levels, the number of deep traps, otherwise known as recombination
centres, increases. These deep traps are deep levels within the band gap which require
greater energy to excite the charge carrier. Deep traps tend to be undesirable as they
counteract the free charge carriers present due to doping. It is believed that these deep
traps in highly BDD are partly caused by boron pairs at nearest-neighbour sites.*°
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1.5. BDD & Electrochemical Applications

1.5.1. Electroanalysis

1.5.1.1. Detection of DTG

The field of electroanalysis using boron-doped diamond electrodes is now well established.
For example, HIV integrase inhibitor dolutegravir (DTG) can be sensitively detected at BDD
electrodes using cyclic voltammetry (CV) to detect 100 ug mL-:DTG within the potential
window from 0.0V to +1.30 V. For this experiment, the peak current was plotted against the
DTG concentration across the range of 1.0 to 50.0 ug mL1(2.38 x 10-5-1.19 x 10-*M). It is
stated that this method is not able to detect DTG at as low concentrations as
chromatographic techniques (in the range of a ng mL?) coupled with tandem mass
spectrometry. However, BDD electrodes are presented as the cheaper, quicker and simpler
method.*!

1.5.1.2. Detection of NADH & Ethanol

A vital aspect of BDD electrodes is their suppression of the fouling process, which is
necessary for the detection of the oxidation of NADH to NAD*. Also, a wide potential
window, low capacitance and high signal-to-background ratio result in an improved signal
that is required to detect molecules at low concentrations.

Fouling results in a decrease in current after the first cycle of a cyclic voltammetry scan.
Therefore, limiting the impact of fouling is important in ensuring an electrode can detect
small changes in current. BDD shows improved resistance to fouling in comparison to glassy
carbon, graphene-modified glassy carbon and boron-doped graphene-modified glassy
carbon electrodes.*?

NADH can also be used as an ethanol biosensor, where an alcohol dehydrogenase-
impregnated membrane is assembled with the BDD electrode. The ethanol concentration is
determined using the oxidation current from NADH.*3

1.5.1.3. Detection of Carbamate Pesticides

BDD electrodes have proved themselves to be an asset in the detection of potentially
hazardous products that could pose a threat, not only to nature but humans as well. BDD
electrodes are an eco-friendly alternative to mercury-based sensors as they don’t require
hazardous materials that could potentially leak. Once again, the wide potential window of
BDD electrodes, compared to alternatives, is valuable. This property prevents them from
performing undesirable side reactions, at the electrode, that produce unwanted gaseous
products.**

1.5.1.4. Detection of Heavy Metals in Water

BDD electrodes can be used to control lead-based pollutants in drinking water and are a
valuable alternative to the current electrodes which are described as being expensive,
having a low life expectancy and being unstable.* The good sensitivity of BDD is thought to
be due to the low background current of the electrode.*®
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1.5.2. Electrosynthesis

The application of BDD to reduce nitrate to ammonia, which forms the second half of the
synthesis of ammonia can be performed using BDD electrodes. The first step is to oxidize
nitrogen to nitrous oxide and then dissolve in water to produce the nitrate that is then
electrochemically reduced by the BDD electrode.*’

1.5.3. Optically Transparent Electrodes (OTEs)

OTEs are of particular use as a Spectro electrochemical method for analysis, frequently
being applied to the observation of electrode reaction mechanisms. The characterisation of
conducting / semiconducting materials surfaces and electronic states is an important
feature of OTE analysis.*® Low-defect diamond structures have a wide optical window (225
nm (band gap edge) - deep IR region) and there are no electronic states between the
valence and conductive bands. However, in BDD OTEs, the boron acceptor band and multi-
phonon bands are formed in a way that reduces optical transparency.*

BDD film growth for OTEs was improved on substrates such as quartz and undoped silicon,
which were chosen for their high optical transparency. Electrical conductivity of the BDD
OTE is due to charge carriers produced by substitutionally doping the diamond with boron
impurities. However, these same impurities will lower the optical transparency of the
material.>® Film thickness must also be controlled as thick films can directly contribute to an
increase in ohmic resistivity and the subsequent disruption of electron transfer.> BDDs
refractive index is somewhat high and so light (of wavelengths above 300 nm) is reflected.
This effect is exacerbated by surface roughness.>?

1.5.4. Supercapacitors

Supercapacitors are materials which can improve a unit’s power output and they have
improved life cycles when compared to batteries. They are of interest in the renewables
market partly for their use in electric vehicles (EVs). The role of the supercapacitor in this
scenario is to assist in the output of peak power for acceleration. This is made more efficient
as the supercapacitor can be recharged through regenerative braking. This ability is
benefited by BDD, which has good recyclability due to its anti-fouling properties.>3

BDD has been promoted as a possible future double-layer supercapacitor device, due to its
wide potential window. This is a useful value because the square of the potential window is
known to be proportional to both the power (P) and the energy (E), of the electrode:**

E= %CVZ (1.7.)

VZ
P= 1= (1.8.)

Improving the effective surface area of the BDD electrode can result in better outcomes for

capacitance. However, very dense nanowire structures sometimes provide a similar faradaic
current to that of a flat-BDD sample. An explanation for this is that the nanowires do not act
like a nanostructured array but more like a homogeneous flat surface. This is because the

17



faradaic current is most affected by the diffusion length, L,. Any structure which is on a far
smaller scale than this will produce results similar to that of the flat-BDD sample.>®

BDD can also be a very attractive support material for the electrodeposition of alternative
materials. For example, MnO, can be deposited onto a BDD support structure and
subsequently be used as a supercapacitor. In this case, the great strength and hardness of
BDD are what make it a valuable support structure.>® Further discussion on the use of BDD
in electrodeposition can be found in Section 1.5.5.

The Chemical Vapour Deposition (CVD) process for the formation of a heavily doped BDD
film is the preferred process as CVD films can accommodate higher concentrations of boron
than High-Pressure High-Temperature diamonds. The transition from insulating to metallic
properties, as carrier concentration is increased, is a necessary process in producing a
supercapacitor.®’ This transition has already been covered in more detail in Section 1.4.4.3.

1.5.5. Electrodeposition for Hydrogen Evolution

1.5.5.1. Hydrogen Evolution

The electrolytic splitting of water to produce hydrogen is seen as a viable alternative to the
conventional industrial process, which requires methane steam reforming. This goal is
hindered by the high energy and material cost of the process. These costs can be reduced by
lowering the electrode overpotential and using less costly electrodes. The cost of the
electrode can also be decreased by ensuring a high ratio between the effective area and the
geometric area, as an improved surface area will produce a more efficient electrode.>®

The hydrogen evolution reaction (HER) and the oxygen evolution reaction (OER) are the two
necessary half-reactions for splitting water. The chemical process and rate-determining step
will be determined by the properties of the solution, as is seen in Figures 1.8. & 1.9.>°

1.5.5.1.1. Acidic Electrolytes
The Volmer step will require hydrogen adsorption and the second step will be either
electrochemical (Heyrovsky) or chemical hydrogen desorption (Tafel):

H* + e~ - Huqs Volmer) (1.10.1.)
H* + e™ + Huqs » H, (Heyrovsky) (1.10.2.)

2H,4s = H, (Tafel) (1.10.3.)
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Figure 1.8. Diagram showing the Acidic HER mechanisms.>®
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1.5.5.1.2. Alkaline Electrolytes

Step 1 (Volmer) requires the reduction of a water molecule to an adsorbed hydrogen and
hydroxide molecules. Step 1 must be repeated so that two adsorbed hydrogen atoms can be
combined to produce H, (Tafel) or one adsorbed hydrogen can combine with a water molecule
to produce a hydrogen molecule and a hydroxide anion (Heyrovsky):®°

H,0+ e~ - Huys + OH™ (Volmer) (1.11.1.)
2H,4s = H, (Tafel) (1.11.2)

Hu,4s + H,O+ e~ » H, + OH™ (Heyrovsky) (1.11.3.)
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Figure 1.9. Diagram showing the Alkaline HER mechanisms.>®
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1.5.5.2. Nickel Electrodes for Hydrogen Evolution

Nickel is known to be a valuable resource as a HER electrode since it is cheaper than many
alternatives and is very chemically stable. Nickel also has a lower internal resistance than
many other electrodes. This is an important aspect as it allows for greater current densities
at reduced cell voltages. Reducing the required cell voltage will reduce the unit cost of the
electrical power, making alkaline hydrolysis a more solid investment.®!

The aspects of a useful electrode for hydrogen evolution can be summarised as the
following: (i) High stability, (ii) Low Tafel slope and (iii) Lower overpotential at higher current
densities. Another promising feature of Nickel is its valence range (-1 to +4) which allows for
a greater number of electronic transitions.®?

The current density can be optimised at a set overpotential by increasing the surface area of
the nickel electrode. This is because the electrolyte has greater coverage of the electrode
surface. However, using a very dense nanostructured substrate can be detrimental as
coating this with a thick nickel layer can cause agglomeration. This will cause the surface
area to be reduced harshly, which will impact current density negatively.®3

To further improve the capability of a nickel electrode for HER, an alloy may be formed with
another transition metal. For example, the presence of hetero atoms in a nickel layer may
increase or decrease the energy of adsorption/desorption at the nickel atom site. The ratio
of the two elements in the alloy is also an important factor for controlling the reduction in
overpotential.

1.5.5.3. Electrodeposition & Dealloying of Nickel-Copper Alloys

For cost-saving reasons, finding a universally active water-splitting catalyst is necessary. This
is to ensure that the material is compatible between the hydrogen evolution reaction (HER)
cathode and the oxygen evolution reaction (OER) anode.%

1.5.5.3.1. Boron-doped Diamond Support Layer

BDD is a useful substrate for electrodeposition as the background current provided by the
substrate is low in the useful potential range. The BDD electrode also has a large potential
window which will allow for the deposition process to proceed without the formation of
gaseous products from electrolysis. The anti-fouling nature of the BDD electrode is another
useful feature for electrodeposition.®®

1.5.5.3.2. Ni-Cu Alloy Deposition

Nickel can be electrodeposited onto the boron-doped diamond electrode surface. This
results in an increased surface area for the electrode due to the porous structure of the
alloy.®® Producing the nickel film first requires the deposition of a homogeneous and single-
phase binary alloy of Ni-Cu. By applying a more negative potential, the rate of deposition of
the nickel component of the Ni-Cu alloy can be increased. Whereas the rate of deposition of
copper will not be affected by a change in potential, as it is diffusion-limited.®’ This
culminates in an increased percentage of the as-deposited alloy being nickel, compared to
copper, at more negative potentials. The electrochemical reactions, at the negative
potential, for the deposition of the Ni-Cu alloy, are shown to be:
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Cu?* +2e” -»Cu (1.12)
Ni?*t +2e”~ - Ni (1.13)
1.5.5.3.3. Selective Dissolution & Passivation

In the potential region below 0.2V, dissolution of Ni into the solution will be the primary
reaction occurring at the electrode:

Ni - Ni**t +2e¢~ (1.14.)

However, as the potential becomes more positive, the Ni is passivated leading to the selective
dissolution of Cu and the formation of a Ni film. This is due to the formation of reactive atomic
Oxygen in the 0.2 - 0.3V range:

H,0 - [0] + 2H™" + 2e~ (1.15)

The atomic Oxygen, [0], can react with the Ni element of the Ni-Cu alloy to form a Nickel
Oxide, NiO, passive layer which selectively slows the dissolution of Ni.

Ni + [0] - NiOo (1.16.)
The passivation process, induced by the formation of the NiO layer, seen in Figure 1.9., is
what allows for the selective anodic dissolution of the more noble metal, Cu, at greater
potentials than 0.3V. At lower potentials, the Ni element is not protected by the NiO passive

layer and so is dissolved, producing a porous Cu film.%8

NiO Passivating Layer

Ni-Cu Alloy

BDD Support Layer

Silicon Substrate

Figure 1.9. A representation of the side profile after deposition of the Ni-Cu Alloy.

Usually, it is the less noble metal that is selectively dissolved, as it is more
thermodynamically active. This would result in a nanoporous network of copper. However,
the passivation process is capable of kinetically stabilising the more thermodynamically
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active element.®® These kinetic and thermodynamic properties can have an impact on
morphology as well as the elemental content of the network.”®

1.6. Project Aims & Objectives

This project aims to improve the electrochemical performance of boron-doped diamond
electrodes. This will be done by increasing the effective surface area of the electrodes by
altering the design patterns for black silicon and EBL-Si substrates and diamond growth
conditions. Boron-doped diamond nanostructures will be produced using the Hot Filament
Chemical Vapour Deposition (HFCVD) reactor and the electrodeposition/dealloying of a
nickel-copper alloy will then be performed, on these nanostructures.

These electrodes will be analysed, at different stages of the process, by Scanning Electron
Microscopy (SEM), Energy-dispersive X-ray Spectroscopy (EDX), Raman and Cyclic
Voltammetry (CV).

A detailed review of relevant concepts will be provided. This will cover Semiconductors,
Electrochemical Cells, Crystal Structure, Electroanalysis/synthesis/deposition, Gas phase
chemistry, Nanostructures, Nucleation Techniques, Seeding and Analytical Methods.
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Chapter 2 — Chemical Vapour Deposition (CVD) & Diamond

2.1. CVD as a Method for Diamond Growth

Chemical Vapour Deposition (CVD) is a valuable method used to deposit material upon a
substrate surface in a step-by-step process. Despite graphene being the more
thermodynamically stable form of carbon, diamond films can be deposited onto the
substrate under reduced pressure by CVD. This is achieved by thermally decomposing a
gaseous starting mixture that contains a carbon-based gas. This is often methane, however,
is not the only gas that can be used in the gas medium. The process can be summarised with
the following reaction:”!

CH, 2 C (Diamond) + 2H, (2.1.1)
CH, 2 C(Graphite) + 2H, (2.1.2.)

The growth of graphite over the diamond surface significantly hinders further preferential
diamond growth.”? This can be addressed by selectively etching the graphene by introducing
hydrogen into the gas phase to suppress graphitisation while affecting the diamond content
minimally.”® Diamond is only slightly less thermodynamically stable than crystalline graphite
(A 2.90 k) mol+).74

2.2. CVD Gas Phase Chemistry

2.2.1. CH./H; Gas-Phase Chemistry

Early studies of the gas-phase chemistry of the CVD process for diamond growth indicated
that atomic hydrogen and methyl radicals both play an important role in the proposed
mechanisms. It is suggested that carbon atoms are added to the surface by either inserting
themselves into dimer bonds or in the gaps between dimer bonds. These two sites must be
filled in a 1:1 ratio for a new monolayer to form completely. This new monolayer may then
dimerize with neighbouring carbons to form a 2x1 surface in an irreversible process.”’®
Diamond is metastable due to a high activation energy which prevents the transformation
from diamond to graphite. This suggests that if graphitisation can be suppressed, diamond
will form preferentially.”” Therefore, the preferential generation of atomic hydrogen is
crucial to diamond thin film growth rates.

Free carbon atoms, which might participate in the growth of the diamond layer, are
relatively sparse in the vapour. This suggests that it is likely that a methane radical reacts
with the surface and that the atomic hydrogen preferentially etches away any products of
graphitisation.”® A proposed mechanism for the insertion of carbon into the crystal structure
is shown in Figure 2.1. Under atmospheric conditions, a high hydrogen: methane ratio is
necessary for the competition between atomic hydrogen evolution and recombination.”

However, the concentration of hydrogen and methane will also influence the diamond
crystal size. By increasing the concentration of methane, the crystal size will decrease.® This
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results in the surface becoming smoother and changing from microcrystalline (MCD) to
nanocrystalline (NCD) as the number of grain boundaries increases. Grain boundaries are
prone to graphitisation, resulting in the NCD surfaces having more graphitic impurities than
MCD surfaces. If the methane ratio in the gas mixture is further increased, the film will
eventually graphitise. This is because, relative to the amount of methane, there is not
enough atomic hydrogen available to etch away all the graphitic sp2 carbon.®! Therefore, the
ratio of hydrogen to methane is a valuable indicator of the resulting morphology and can be
used to finely tune the surface structure.

H’/\, ‘CHs v H ‘CHs
H H g H CHs H CHs \(

/ AN . AN / AN /7 Y
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H H /
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Figure 2.1. Diagram of the reaction for the insertion of carbon at the diamond surface.

An a-parameter can be used to characterise the structure and morphology of the diamond
surface produced by HFCVD. The a-parameter is greatly influenced by the gas phase content
and is determined by assuming that the growth rates of both {100} & {111} facets are
constant. The growth rates of the two facets will be influenced by the gas phase content and
ratio. The a-parameter is determined using Equation (2.2.) &

a= ﬁ(%) (2.2)

2.2.2. CH,/H,/B:H; Gas-Phase Chemistry

In a B,Hs/H,/CH, gas mixture, various BHx (X = 0-->3) species are formed. The most
commonly formed species are B and BH..23 There are many pathways by which boron-
containing species can be introduced to the lattice structure. However, these pathways can
be separated into three distinct classes (i) Bond cleavage, (ii) Radical abstraction and (iii)
Insertion.8* When introducing CH,, for BDD growth, carbon and boron-containing molecules
will have competing reactions, but they may also work together.8> BH, interconversion is
shown to play an important role in this process and follows the scheme shown below:

H+BH, 2 H,+BH,_, x=3-1 (2.3.)

Boron-containing species can be inserted into a {100} surface diamond by breaking a C-C
bond to form a B-C bond. The indirect mechanism, of insertion, is not favourable due to high
energy ring-opening barriers. Whereas the direct pathway only requires the interaction
between an empty boron valence p-orbital and a carbon atom. Once the radical species is
formed, either by the direct or indirect route, H atom addition will allow for the termination
of the radical site.®3 This is shown in Figure 2.2.

24



H H

® i i
185 1*“"'” +220 /Ea=780 3 1215

H
H H  BH Ho B
) e & QP —
————————— L
-368.9 Ea=2325 808 +325

Figure 2.2. Diagram of potential pathways for the insertion of boron into the diamond

surface.

2.3. Diamond CVD Techniques

2.3.1. Plasma-Enhanced CVD (PECVD)

Plasma-enhanced Chemical Vapor Deposition (PECVD) involves directing plasma above a
substrate within the deposition chamber to induce a "glow discharge". This describes a
NIRIM-type reactor, shown in Figure 2.3., which employs a waveguide assembly that can

control the transmission of microwaves at a frequency of 2.45 GHz. Diamond can be
successfully deposited onto the substrate under specific conditions, including CH,

concentrations ranging from 1% to 3%, microwave power within the range of 300 to 700 W,

and temperatures spanning 800 to 1000°C.8687

CH4/H2

}

Microwave Generator | |

Plasma

/

:Substrate

B N

Waveguide

T Heater

Plunger

|

Vacuum
Pump

Figure 2.3. Diagram detailing a Microwave Plasma-Enhanced Reactor for Chemical Vapour

Deposition.
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In the PECVD process, the microwave energy is coupled into electrons, which then collide
with gas-phase particles. However, microwave plasma-enhanced CVD reactors are more
expensive compared to hot filament CVD reactors, which can limit their application.®

2.3.2. Hot Filament CVD (HFCVD)

When a hot filament is placed above the surface of a non-diamond substrate, a diamond film
can be deposited. The useful heating temperature ranges from 600 to 1000°C but it is
suggested that the actual substrate surface temperature might be higher due to filament
radiation.®? For this project, a tantalum wire filament is heated to 2000°C and the substrate
temperature will be 900°C.

McNeilly and Benzing proposed a reactor that resembles a Hot Filament CVD chamber
shown in Figure 2.4. It enables the growth of an epitaxial film on a substrate wafer by
heating a gas mixture in the reaction chamber. The directed heat confines growth to the
substrate, as demonstrated by the growth of epitaxial silicon in their patent.®® This work was
continued in 1977 with the use of tungsten filament lamps for the uniform heating of
primarily silicon substrates. The extent of application for the reactors had been widened to
include the epitaxial growth of oxide, nitride, metal and other epitaxial films on substrates
such as silicon wafers.!
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Figure 2.4. Diagram detailing a Hot Filament Reactor for Chemical Vapour Deposition.
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2.4. Nanostructured Boron-Doped Diamond

2.4.1. Introduction:

To produce an electrode, with the improved sensitivity and selectivity required for
electroanalysis/synthesis, a nanostructured surface can be employed. This nanostructured
surface must have an increased surface area in order to improve the capacitance of the
electrode nanostructured BDD structures can be produced according to various methods to
yield different structures. A simplistic way to categorise these products is Top-down vs
Bottom-up growth.

2.4.2. Bottom-up Approach:

2.4.2.1. Nano-cone Structures:

Nano-cone arrays can be produced using a bottom-up approach where Focused lon Beam
(FIB) milling is used to create a free-standing pattern. This is followed by HFCVD to grow
free-standing nanostructured diamond films. FIB is an important method as it produces a
hole geometry with a high aspect ratio which allows for greater control of diameter, depth
and pitch. FIB creates an inverted conical-shaped hole pattern from a silicon mould.*?

2.4.2.2. Umbrella Structures:

Umbrella structures are partly inspired by the bottom-up self-assembly structures produced
by nature. These natural structures can be used for photonic purposes and this is seen to be
the case with the synthetic materials too. This bottom-up approach has been successfully
used for polymer structures but faces difficulties with diamond.?® This issue is overcome by
introducing a template of silica spheres with a diameter range of 600 to 1000 nm.** The
growth of these silicon spheres was based on the method presented by.*

A major drawback of the production of nanostructured diamond arrays is that diamonds
grow at higher temperatures and high plasma densities than a standard polymer mask can
sustain. Instead, the bottom-up structure is formed by growing diamond through a silicon
template. This template will limit lateral growth while promoting vertical growth. Once the
diamond reaches above the surface of the template it can grow laterally giving rise to the
pyramidal shape on top of the final product, shown in Figure 2.5.

Lateral growth beneath the surface can be limited by reducing secondary nucleation to
accelerate growth only on the exposed diamond top surface. This is made possible by
ensuring that a high hydrogen-to-methane ratio is used during HFCVD diamond growth. The
research does not cover BDD growth and so it would be interesting to see how adding Boron
to the gas mixture would affect the lateral growth aspect and in turn the overall shape of
the umbrella structure.®

Due to BH, groups terminating on the surface of the diamond, the growth rate will likely be
further hindered. This is because termination can lower the rate of nucleation.’®
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Figure 2.5. Diagram indicating the progressive growth of diamond through a Ti mask on a
diamond substrate.

2.4.3. Top-down Approach:

2.4.3.1. Nano-whisker Structures:

Aligned nano-whiskers can possess very sharp tips which allow for defined and uniform
emission sites for implementation in field emitter materials.%’ Initial production utilised
sputter etching but this resulted in the random spacing of these structures.®

A colloidal technique, where diamond seeds (diameter = 300~nm) were co-suspended with
SiC particulates in an aqueous solution, may be applied to produce a pH-controlled method
for the coating of SiC-whiskers. HFCVD then provides us with a method to grow dense
diamond coatings on the whiskers.*®

2.4.3.2. Honeycomb Structures:

The fabrication of diamond membranes by plasma etching, using porous anodic aluminium
oxide (AAO) masks, allows for control of pore size and depth.1% A benefit of AAO masks is
that the mask does not require any adhesion to the substrate, this is known as non-contact
mode. The diamond replicas of the AAO masks may be useful as two-dimensional photonic
bandgap structures or the diamond membranes may be used as microporous filters.1%! The
fabrication process is detailed in Figure 2.6.
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Figure 2.6. Schematic diagram of the diamond honeycomb film production process.

2.4.3.3. Carbon Nanotubes (CNTs) & Teepee-like Structures

Carbon Nanotubes (CNTs) can be coated with diamond, but nucleation can be difficult to
initiate simultaneously across the entire length of the tube. A fundamental issue with
coating CNTs in diamond is that hydrocarbons are hydrophobic. Therefore, an aqueous
colloidal solution cannot be used for seeding. A major drawback to CNTs is the lack of
control in their initial fabrication, which makes well-defined periodic arrays hard to
fabricate.19?

Multiwalled carbon nanotubes (MWCNTSs) can be produced in dense arrays by using
electrospray deposition seeding. The electrospray deposition of diamond seeds causes
droplets of methanol to stick to the top surface of the CNTs. This causes several nearby
CNTs to collapse inwards on each other to form “teepee-like” structures, which can be seen
in Figure 2.7. It is suggested that inward collapse could be attributed to electrostatic
attractions. The purpose of this method is to produce a thin coating of diamond over the
CNTs without embedding the CNTs with diamond. Multi-walled CNTs can be more desirable
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than single-walled CNTs due to their greater resilience to etching caused by the CVD
process.1%3

The CNT-like structures can be improved with a Fe catalyst and further cooling to ambient
temperature under a pure hydrogen flow, without pumping the residual methane out. This
alters the pre-existing CNT growth process.'%4

Figure 2.7. SEM image of teepee-like nanostructured diamond. Image taken from Reference
103.

2.4.3.4. Nanotip Structures:

This approach, shown in Figure 2.8., relies upon a micellar approach where a diblock
copolymer (di-BCP) is dissolved in toluene. HAuCl, is then incorporated into the mixture.
The diamond substrate is dipped into the solution and pulled out at a specific velocity. This
velocity will dictate the order of the gold-salt-loaded micelle monolayer. These
macromolecules are self-ordered into arrays, determined by the removal velocity, that act
as a precursor to the mask for the final pattern. The polymer is then removed by an
isotropic oxygen plasma to leave evenly spaced gold nanoparticles. This spacing can be
controlled by the velocity at which the substrate is lifted from the solution. The Au mask is
then etched away using RIE to leave the nanotips.10>10¢

An alternative, to dip-coating the hydrophobic block co-polymer, is spin-coating the BCP
onto the surface of the substrate, with the BCP spreading due to centrifugal forces. The
Silicon nanotips produced may then be coated in BDD which may prove useful in the
production of sharper pointed BDD structures.?’
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This method is a combination of the top-down approach of etching with the bottom-up
approach of self-assembly. Self-assembly BCP chemistry is not limited to just nanotips as
periodic domains can also be produced with spherical, gyroid or cylinder shapes. Top-down
lithography of these BCPs is limited below the 22 nm half-pitch limit and is rather
expensive.10®
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Figure 2.8. Diagram showing the basic principles of using micellar masks to produce
diamond nanotips.

2.4.3.5. Black Silicon (bSi) Structures for Black Diamond (bD)

High surface area substrates, called black silicon (bSi), can be fabricated to improve the
sensitivity of the resulting electrode. For this project, these nanostructures were purchased
(TOM KAMP). The material is known as black silicon because the dense nanostructured
surface increases the absorption of light while decreasing reflectivity. These surfaces are
produced using a Reactive lon Etching (RIE) technique in cooperation with the deposition of
micro masks. The needle density can be changed by controlling the gas-phase composition,
temperature and substrate bias. These factors will alter the coverage of a surface passivation
layer, which acts like a mask. Further etching results in the formation of high aspect ratio
randomly placed nanostructured needles.1%®

bSi nanostructures can then be coated in diamond using the CVD technique to produce black
diamond (bD), as shown in Figures 2.9. & 2.10. It has been shown that the capacitance value
of bD electrodes can be around 280 uF cm2compared to an f-BDD electrode which has a
double-layer capacitance of roughly 5 uF cm2.110
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Figure 2.9. MM32 Side View After 40 Minutes BDD Deposition

HFCVD

Black Silicon (bSi) Black Diamond (bDi)

Figure 2.10. Diagram showing black silicon (bSi) needles coated by HFCVD and forming black diamond
(bD).

2.4.3.6. Electron Beam Lithography Columns

Electron beam lithography (EBL) is a “direct writing technique” where good pattern
definition of the silicon substrate can be produced. The desired pattern is applied to the
surface of the resist to produce either a negative or a positive resist pattern. However, EBL is
both expensive and time-consuming and so is often overlooked when considering the mass
production of samples.!!?

T P
«— < >

Figure 2.11. Diagram showing the spacing of columns in EBL. T = Thickness, P = Pitch.
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EBL requires that the resist material, that coats the substrate, can be chemically or physically
altered by the energetic absorption of electrons directed at the resist with an electron beam.
The change in structure of the exposed resist is what will define the mask that covers the
resist. For a positive resist, the region exposed to the focused electron beam is removed by a
solution during the development stage.!!? In this report, the resist pattern and uncovered
substrate beneath are then coated in a thin layer of metal by thermal evaporation. A process
called selective lift-off is then implemented, where the metal layer and resist are removed
but the metal covering the substrate remains.!!3 This process is shown in Figure 2.12. and
defines the mask for the Reactive lon Etching (RIE) process, shown in Figure 2.13.

(1.) Spin-coat Sample (2.) E-beam Exposure (3.) Chemically Altered Resist Removed (4.) Metal Deposition
(5.) Selective Removal of Metal & Resist (6.) Reactive lon Etching (RIE) (7.) Post-RIE Column (8.) Final EBL-Si Substrate

LT
___had (e B S

Figure 2.12. The process of electron-beam lithography is shown as well as reactive ion
etching. The final product is shown to have a definable T and P value.

RIE was chosen for our etching process as it can combine beneficial aspects of both physical
and chemical techniques. This makes RIE a highly anisotropic method with very little lateral
etching. In RIE, reactive species are adsorbed onto the surface of the material that is to be
etched. After reacting with the surface layer of the substrate, the product is desorbed from
the surface and pumped out of the reaction chamber. For this reason, the products of the
etching process must be in the gas phase, as shown in Figure 2.14.114

-\‘-> /-

Substrate Layer Being Etched

Substrate

Figure 2.13. Diagram showing the process of Reactive lon Etching.

33



2.5. Diamond Nucleation Techniques

2.5.1. Heterogeneous Nucleation — Surface Nucleation

2.5.1.1. Mechanical Abrasion-enhanced Nucleation

Initial studies of diamond grown on non-diamond substrates found that the nucleation
density was low but also varied depending on the conditions of the substrate. For example,
favourable growth is observed along scratches in the substrate surface.!!®> Scanning
Tunnelling Microscopy (STM) shows that lateral growth of nuclei keeps to the surface and
that precursors to possible intergrowth of nuclei are found on the surface.!'® Nucleation of
diamond can be inhibited by a surface oxide layer on the substrate.!’

The addition of water into the gas mixture can aid in methane decomposition as excited
electrons in the plasma can dissociate the hydrogen and water into H and OH radicals. These
radicals then decompose methane into CHs;, CH, and CH radicals. Graphite is removed from
the surface at a faster rate than diamond because it is far more reactive towards the H and
OH radicals than diamond is.!18

2.5.1.2. lon Implantation-enhanced Nucleation

Sition implantation increases the surface energy of the Si substrate due to atomic
displacement. This reduces the surface energy difference between the Si wafer and the
diamond film, enhancing nucleation. lon implantation preferentially produces diamond
precursors, such as silicon carbide, that can improve nucleation rates. lon implantation is
said to be preferable to scratching in that there is less effect on surface morphology.*®

Ar+ ion implantation was shown to produce small changes to the surface morphology.'?° lon
implantation improves nucleation by producing nanostructured surface defects which can
by themselves be of help in increasing nucleation rates.!?!

2.5.1.3. Low Gas Pressure Nucleation

At very low pressure (0.1 Torr = 13.33 Pa) the nucleation density is very high (10© — 10
nuclei cm=). This trend continues at moderately low pressures (1 Torr = 133.32 Pa) where
the growth rate may also be high. It is suggested that this is the case because, at decreased
pressures, the active species undergo fewer collisions. This means that the active species
will lose less energy during movement to the substrate.1?

2.5.1.4. Bias-enhanced Nucleation (BEN)

Negative biasing of a silicon substrate can improve nucleation density on a non-scratched
silicon surface by increasing the number of nucleation promoters like SiC.223 Continued BEN
can lead to secondary nucleation and/or twinning. Twinning and secondary nucleation can
eliminate diamond growth orientation with respect to the substrate due to the nanocrystal
diamonds growing on the surface. Therefore, prolonged BEN can have a negative impact on
the final product.1?*
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Figure 2.14. highlights that, when a bias is applied, a plasma ball forms above the surface, as
well as a secondary plasma “sheath” that lies 1Imm above the surface of the substrate. This
sheath aids in the attraction of diamond nuclei that have been scattered, which then
furthers growth of nanocrystalline diamond. This growth helps move the plasma “sheath”
across the surface, due to attraction of the bulk, advancing nucleation even further, this can
be seen in Figure 2.14.1%°

Nano crystalline
Diamond sic

Figure 2.14. Bias-enhanced Nucleation (BEN) and diamond deposition across a Si substrate.

A constant bias level of negative d.c. ~250V produces good nucleation values in PECVD.
Again, negative biasing may be preferable over scratching as it does not have as large effect
on surface structure. BEN is performed in the same chamber, under the same vacuum
conditions, as the CVD diamond growth process. This removes the need for cleaning of the
surface.12¢

2.5.2. Homogeneous Nucleation — Gas Phase Nucleation

Homogeneous nucleation or homoepitaxy of diamond is the growth of diamond films on
diamond substrates. Homogeneous nucleation is hindered by the graphitisation of the
surface. Growth on diamond seeds, which is done using methane pyrolysis, is very slow
(Inm/hr) and improved growth rates are only achievable on non-diamond substrates.
Growing on non-diamond substrates also aids in avoiding graphite deposition.1?”.73

2.6. Nanodiamond Seeding

2.6.1. Introduction

Seeding is an important step for the coating of substrates, such as Silicon. It cannot rightfully
be described as a nucleation technique, due to the growth of diamond beginning on pre-
deposited nanodiamond particles. High seed density, for a monolayer, is achieved when
seeds are packed together in a hexagonal manner. This model assumes that each seed is

35



perfectly spherical. Another important assumption, displayed in Figure 2.15., is that it is
128

presumed that all nanodiamond seeds are of the same diameter.

Figure 2.15. The diagram depicts a high seed density in a hexagonal formation.

2.6.2. Surface Charge

Detonation Nanodiamonds (DNDs) have been shown to have particularly notable colloidal
behaviour. Dispersion of DNDs into water using high-power ultrasound produces a
monodisperse solution. DND colloids result in a highly positive zeta-potential and an
improved colloidal stability, due to dispersion, over a broad pH range.'?° Greater control of
the surface charge of nanodiamonds allows for the manipulation of the zeta potential. This
is important for controlling film growth, due to the colloidal stability.3® An example is that
diamond films can be grown on WC-Co surfaces using nanodiamond solutions with a
colloidal aggregation that was controlled by the addition of NaOH or HCI. This addition alters
the desired pH and aggregation can be increased for positively charged nanodiamonds.*3!

2.6.3. Solvent Choice

The solvent choice for the suspension of nanodiamonds must also be considered greatly
when it comes to improving the state of the colloid and its aggregation. By controlling this
parameter, it possible to improve dense and consistent seeding for thin film growth. A
solvent with beneficial qualities will have: i) A low surface tension ii) near-zero dipole
moment iii) low density iv) low viscosity and v) high vapour pressure. The most valuable
properties in the pursuit of de-aggregation are the dipole moment and high vapour
pressure. When silicon is used as the substrate, n-hexane, n-pentane and methanol are
suitable choices for homogeneous seeding.!3?

2.6.4. Nanodiamond Seeding Techniques

2.6.4.1. Mechanical Abrasion Seeding

Diamond fragments that lie within the scratched grooving of the Si allow for the preferential
growth of diamond.'33 However, the increased nucleation rate, post-scratching, cannot only
be attributed to the diamond residue on the scratched surface. Most of this residue is
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incorporated into transitional layers that are not believed to be substantial enough to
explain the increased nucleation rate.’3*

Nanoscale scratches can be caused by ultrasonic abrasion to increase nucleation rates with
nanodiamond suspensions. This complicates the matter as it is harder to determine whether
scratching caused by the process is what's increasing the nucleation rate or if it is the
implantation of diamond nanoparticles.'*®

Mono-disperse slurries constituting larger diameter nanoparticles result in higher nucleation
rates because larger particles, that collide with the surface, fragment into small diamond
debris that is inserted into the surface. Large particles have greater momentum and so are
more capable of “hammering” the surface, compared to small particles.'3¢

2.6.4.2. Suspension Evaporation Seeding

Droplets of nanodiamond suspension are applied to a substrate and the solvent is
evaporated. DMSO is a useful solvent for detonation nanodiamonds (DNDs) as DMSO helps
prevent agglomeration of the colloidal suspension for up to a year. Seeding can be
performed uniformly when DMSO/Alcohol seed suspensions are dried upon a substrate.
This is an improvement over deionised water which is known to promote agglomeration
when dried.'3’

Spin-coating is an alternative method for uniform nanodiamond distribution across a flat
substrate surface. It is a sol-gel technique where the diamond colloid is applied to the
surface and spin-coated to produce the desired uniform film of diamond seeds.!*®

2.6.4.3. Electrostatic Self-Assembly Seeding

For electrostatic Self-Assembly seeding, the subsequent growth of diamond upon this
seeding by CVD initially follows the Volmer-Webb growth mechanism. This is indicative of a
circumstance where adsorbed atoms interact more intensely with each other than they do
with the substrate. Clusters begin to form which proceed to grow leading to a rough surface
forming.13° Van der Drift suggested a “survival of the fastest” growth mechanism which has
been shown to take over from the previous model once the clusters are large enough.
Crystals that grow the fastest perpendicular to the substrate will become dominant and
those that grow with a greater lateral component will not be preferred.4°

It is possible to alter the electrostatic attraction of the particles by solution pH and
functional groups. Nanodiamond colloids are believed to be stable at a pH above 4 when the
zeta-potential magnitude is greater than 30mV, below this potential DNDs will form
aggregates. Surface functionalisation can also be used to control ND seeding densities.
Colloidal properties of the DNDs are supressed by the reduction of oxygen containing
surface groups. An example of the impact of surface functionalisation on seeding density is
that silicon dioxide surfaces are repulsive to nanodiamonds.#
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Chapter 3 — Characterisation Techniques

3.1. Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) provides the user with an image of a sample with a
high level of spatial and visual resolution, primarily used to determine features on the
surface of a material. SEM is used to detect scattered electrons that are emitted by the
surface of a material. This is where primary electrons fired at a surface are absorbed by
surface atomic electrons which then release secondary electrons. The detection of these
secondary electrons will be used to form an image of the surface.'#?

3.2. Energy Dispersive X-ray Spectroscopy (EDX)

Energy-dispersive X-ray (EDX) analysis is a technique that can be used to determine the
elemental composition of nanostructures by SEM. In this technique, X-rays are generated
from the sample by the electron beam of the Scanning Electron Microscope (SEM) and then
analysed by the EDX spectrophotometer that is built into the SEM. The generated X-rays
that are produced by this process will have energies that correspond to specific elements in
the sample. It is also possible to determine the concentration of each element in the
sample.’® This can be represented in the format shown in Figure 3.2.144
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Figure 3.2. Example Energy Dispersive Spectrum (EDX Spectrum 10) of an f-BDD electrode
after nickel deposition.

3.3. Raman Spectroscopy

Raman Spectroscopy is a non-destructive spectroscopic technique. The Raman shift is the
energy gap between the incident photon and the departing photon. The Raman band is
produced by light scattered by a crystal lattice or molecule’s vibrational modes. Whereas
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infrared (IR) absorbance occurs when there is a direct equivalence between the energy of
the incident photon and the energy gap between two electronic energy levels.

Scattering will occur where there is no direct equivalence between the incident photon
energy and the energy gap between two electronic energy levels. For scattering to occur,
the electron cloud of a crystal lattice will be distorted and the polarisation will change, due
to the formation of a virtual state. This transient virtual state, which is produced by
scattering, decays and a photon departs. Scattering can be either elastic (Rayleigh) or non-
elastic (Stokes). Anti-Stokes scattering will occur when the energy of the outgoing photon is
higher than that of the incident photon.™ This difference can be seen in Figure 3.1.

Electronic State =1

Virtual State A A

Vibrational States

Electronic State = 0 A 4 \ 4

Stokes Scattering (inelastic) Rayleigh Scattering (elastic) Anti-Stokes Scattering (inelastic)
Figure 3.1. Energy Diagram Showing Rayleigh, Raman Stokes and anti-Stokes related
transitions.

3.4. Cyclic Voltammetry

3.4.1. Nernst Equation

This is an important analytical method that can determine redox potentials for
electrochemical processes. Fundamentally, an understanding of the Nernst Equation is
required. Here, the potential of an electrochemical cell (E) is related to the standard
potential of a species (E°). The relative activities of the oxidised (Ox) and reduced (Red)
analytes are necessary factors that must also be considered:

0X _ Fo RT ox
lnﬁ = E” +2.3026 — logq, ~ED (3.1)

RT
nr

E=E°+

When [Ox] is scanned negatively it is reduced to [Red] at the electrode. The “duck-like”
shape of the classical CV, shown in Figure 3.2., is the result of plotting the current at the
working potential against the applied voltage. Therefore, the depletion of (Ox) at the
electrode allows for the measurement of a current in the form of a cyclic voltammogram.

Scanning cathodically from point A to D (A-->D) results in the concentration of the oxidised
form being reduced to [RED]. Point C indicates when the peak cathodic current (i,.) is seen.
This current is affected by the diffusion of [OX] from the bulk solution. The current is
expected to decrease as the scan progresses (C-->D) due to diffusion from the bulk
decreasing as mass transport of (Ox) to the electrode is slowed.4®

39



E
Q Fct+e — Fc

L

Current (A)

|

Fc—Fc*+e- F!
L B B B L N

03 02 01 00 -01 -02 -03

Potential (V vs Fc*/Fc)

Figure 3.2. Cyclic Voltammogram of the reversible reduction for ImM Fc* solution to Fc,
Scan Rate (v) = 100mV/s. Figure taken from Reference 146.

3.4.2. Capacitance

The capacitance of the double layer (C4) can be determined by plotting the capacitive
current (i) versus the scan rate (v). The gradient of the plotted straight line will be the
double-layer capacitance as:

iC == Cdlv (3.3.)

Alternatively, the capacitance can be determined by averaging the current at V = 0 and using
the area of the electrodes exposed window:

Cdl = ia—v (3.4.)

VAGeometric

Ca is the double-layer capacitance, i., is the average current from forward and reverse
sweeps at OV, v is the scan rate and Aceomeic IS the area of the exposed window for the
electrode.*®
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3.4.3. Surface Area Calculations

We assume that for f-BDD Acsecive iS positively correlated to Aceomeric and Axcwa. By making this
assumption, the C, of f-BDD can be determined using the area of the electrode’s exposed
window, as the scan rate and average current are already known. We can then determine
the C, of the bD & EBL-BDD samples using their Aseomeric Values as well. Finally, to find the
relative increase in surface area between f-BDD and either bD or EBL-BDD we take Cusieon) /
Cairson)- This can be used to find the electrodes Agve as the increase in capacitance is
proportional to the increase in Acsecive.*°

Acecnve IS the useful surface area of the electrode, calculated from the capacitance. Aywais the
pre-determined design area of the electrode, for EBL-BDD we sum the surface area of the
flat electrode and all the column’s curved areas together. Aceomeric iS the area of the exposed
window of the electrode holder. This can be seen in Equation 5.1.

A high Acrecine / Aacua ratio will indicate that a greater proportion of the surface area is being
used for electrochemical purposes. A small value would indicate that much of the surface is
not available for reactions to proceed, indicating that there is an underlying issue present
within the process.
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Chapter 4 — Experimental

4.1. BDD Sample Preparation

4.1.1. Wafer Cutting:

f-BDD and EBL-BDD substrates were produced by first cutting 10 x 10mm samples of highly
conductive Si wafers with a laser cutter. The laser cutter etched the desired pattern and the
individual wafers were then forced apart by hand.

Prefabricated sheets of bSi wafers were provided by Lam Technology. These were then cut
down to a scale of 10 x 10mm with a laser cutter.

4.1.2. EBL Etching of Si Wafer:

EBL was performed on the wafers to produce a microstructured conductive silicon structure
for EBL-BDD products. This process ensured that a set design was etched onto the surface of
the Si wafers. This meant controlling the column thickness (T) and the pitch (P). This meant
that the minimum pitch would be P, = 3 x T to allow for uniform BDD coverage later. After
deliberating on the optimum T & P values for greater surface area, two options seemed
most viable:

1. T=200nm P =600 nm
2. T=200nm P =1000 nm

4.1.3. Nanodiamond Seeding:

For f-BDD, a small sample of nanodiamond was applied to the surface of a 10 x 10mm
conductive Si wafer. Two wafers were then rubbed together until their surfaces became dull
and a microstructured surface had been produced.

bSi-BDD samples required a different method for seeding, to prevent damage to the
nanostructure. Therefore, a diamond seed solution was produced where 10 drops of
nanodiamond solution were pipetted into a vial. This was then diluted by filling the vial to
90% with methanol. Sonication of the suspension was then performed for 3Hrs.

A third of the solution was then added to a petri dish and the bSi sample was dipped into
this solution for 1Hr. This sample was then air-dried for 30 minutes. The process was
repeated twice to ensure total uniform coverage.

4.1.4. HFCVD:

Two Si wafers were placed in the HFCVD reactor with a gas mixture containing: H,
(200sccm), CH, (2sccm) & B,Hq(0.67sccm). Three tantalum filaments (99.9% ADVENT
Research Materials Ltd) were placed 3 mm above the surface of the substrate. The process
was performed for 30 minutes to coat the substrate in a polycrystalline BDD film. Once the
film had been formed, CH, & B,H; were removed from the system and H, was allowed to
remain for a further two minutes. This resulted in an H-terminated surface. The deposition
process was performed at 25 Torr and 2000°C in all cases with an applied current of 25A.
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4.2. Electrode Preparation

4.2.1. f-BDD Electrode Preparation

f-BDD was analysed using a holder specially designed for this purpose. The sample holder
consisted of a front face, back-plate and a conductive arm. The front face had a circular hole
cut into the centre which allowed for contact between solution and BDD sample. The f-BDD
samples were held in place by a copper back-plate. The connection between the copper
back-plate and the back of the BDD sample was held in place using gallium-indium eutectic.
The back-plate and front face were screwed together with minimal force, to prevent sample
cracking under pressure. The conductive arm was then screwed into place and the join
between the arm and main body of the sample holder was covered using PTFE tape, to
prevent solution leaking in. The sample holder design was provided by A. Black and is shown
in Figure 4.1.

=
-~

Figure 4.1. The eIectrode holder for f-BDD and EBL-BDD samples. The sample being held
here is an f-BDD sample.

4.2.2. bSi Electrode Preparation

Due to the bSi substrate not being conductive, an alternative approach was employed that
better suited the arrangement of the electrode. For bSi, the wire connected to the sample
must be joined on the conductive bD side of the sample. Teflon tape was used to cover the
surface of the sample, ensuring a 7.00mm?2 window was left uncovered. A corner of the
surface was left uncovered to allow for a connection to be made with the potentiostat.
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Silver paint was used as the conductive adhesive that made the connection possible. Sample
preparation was completed with the aid of A. Black.

4.3. Electrochemical Analysis

4.3.1. Cyclic Voltammetry for H-terminated Samples

f-BDD and bD-BDD electrodes were both analysed electrochemically by cyclic voltammetry
using two different solutions: (i) KNOs; 100mM in 100ml of DI water and (ii) Ru(NHs)s (1mM)
and KCl (100mM) in 100ml of DI water. 100ml of solution (i) or (ii) was transferred to a
three-electrode electrochemical cell and degassed with Argon for 15 minutes. The working
electrode (diamond sample), reference electrode (Ag/AgCl) and counter electrode (KCl)
were all put in their respective positions. The working electrode was moved up and down to
remove bubbles from the sample holder used to analyse f-BDD. It is important to ensure the
sample holder is air-tight to prevent solution interference. Measurements were then taken
using a HAutolab Type Il potentiostat at room temperature (RT).

4.3.2. Ozone Treatment for O-Terminated CV Analysis

After Cyclic Voltammetry was performed on the H-terminated samples, the samples were O-
terminated by ozone treatment. This was performed using the Jetlight UVO Cleaner for 25
mins. CV analysis was done on the O-terminated f-BDD samples in the same manner as for
H-terminated f-BDD samples.

4.4. Electrodeposition & Dealloying

4.4.1. Electrodeposition

f-BDD and bD-BDD electrodes were individually coated with nickel using an
electrodeposition process with a solution containing NiSO, (0.2M), CuSO, (0.01M) and HsBO;
(0.5M) that was made up to 100ml. The solution was degassed for 15 minutes with Argon in
a three-electrode electrochemical cell. The working electrode (diamond sample), reference
electrode (Ag/AgCl) and counter electrode (KCl) were all put in their respective positions.
bD-BDD had an exposed window area of 7.00mm? and f-BDD had an exposed window area
of 50.27mm? since the diameter of the electrode holder is 8 mm. Deposition of the Ni-Cu
alloy was performed in a manner that limited the total cathodic charge (deposition charge)
to 1 Ccm2where time could be varied to achieve this. The Ni-Cu alloy was deposited with a
ratio of 1:1, which was made possible by performing co-deposition at a constant potential of
—0.85V. See Figure 4.2. for more details on the set-up.
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NiSO4 (0.2M), CuSO4 (0.01M) &
H3BO3 (0.5M)

Figure 4.2. Three-electrode set-up for cyclic voltammetry and nickel/copper alloy deposition
and dealloying.

4.4.2. Dealloying

Dealloying was performed in the same solution as electrodeposition with the same
pAutolab Type Il potentiostat used for CV work done previously at RT. This was done
immediately after the deposition process. The selective dissolution of Cu was performed at -
0.5V

4.5. Scanning Electron Microscopy (SEM)

All BDD sample (f-, bD- & EBL-Si) images were obtained using the JEOL JSM 5600LV system.
Side-profile images were taken when samples were cut to a smaller scale and secured to the
sample-holder plate.
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Chapter 5 Results & Discussion

5.1. Scanning Electron Microscopy (SEM)
5.1.1. EBL-Si Substrate Fabrication
5.1.1.1. Post-deposition Pattern Definition

It is believed that to adequately coat the Si columns with BDD while also ensuring good
pattern definition, the Pitch must be 3x the T value. Figure 5.1. (a) shows an example of
when the pitch is not large enough to accommodate the BDD coating process. In this
example, the definition of the pattern has been negatively affected, with the columns
beginning to form a continuous layer, due to the over-growth of diamond. This is expected
to reduce the effective surface area of the electrode, as the solution cannot penetrate the
spacing between the columns and utilise the base area of the columns. Over-growth can be
mitigated by (i) adequately spacing the columns, by increasing the pitch value, (ii)
decreasing the thickness (T) of the columns or (iii) depositing a thinner layer of BDD onto
the Si substrates by reducing deposition time.

The second approach is observed in Figure 5.1. (b) where T is reduced and HFCVD
conditions are maintained the same.

When T is reduced from 220 to 160 the separation of the columns improves. However, a
drawback of this approach is that the survivability of the individual columns is reduced. This
is evident in the presence of chipped and missing columns. Due to the reduced survivability
of columns where T < 200nm, it is suggested that T= 200 is currently the smallest diameter
for successful electrode fabrication. Therefore, P = 600 is recommended as the smallest
pitch value.

The final approach is viable but may result in individual columns not being fully coated,
especially columns within the central bulk of the electrode. This was observed for dense bD-
BDD samples which had short HFCVD deposition times, as seen in Figure 5.2. In this
instance, not only did the bases not coat fully but the tops grew wider, creating a “baseball
bat” like shape. This is likely because the deposited material had better access to the top
surface of the needles than the bases. However, this effect is not noted in dense EBL-BDD
samples.

Figure 5.1. (a) Si-03 R1C4 T220 P383 SEM & (b) Si-03 R1C1 T160 P383 SEM.
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Figure 5.2. bD(MM33)-BDD Side Profile indicating poor consistency of coverage for the

needle bases and widened tops after 30 minutes of BDD deposition.

5.1.1.2. EBL-Si Substrate Pattern Accuracy

Through SEM it has been shown that the EBL-Si substrate columns do not possess the exact
desired T and P values that have been selected. This is indicated in Table 5.1. which shows

that the etching process has left the columns with a greater thickness than desired.
However, the accuracy of the patterning process for producing the required Pitch is high.

The impact of this deviation from the desired pattern becomes clearer for smaller T values.
This indicates that a limit may be being approached that could be difficult to overcome. For

this reason, a T value of 200 was chosen as the minimum appropriate T value at this time.
Further experiments to improve pattern accuracy ought to be performed.

Table 5.1. Various applied Si patterns with their required column pattern and the actual

column pattern, determined through SEM.

100 169 1.69 600 600 1.00
150 207 1.38 600 600 1.00
200 242 1.21 600 620 1.03
200 233 1.17 900 900 1.00
200 220 1.10 1000 1038 1.04
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5.1.2. Post-nickel Deposition & Dealloying Pattern Definition

5.1.2.1. -BDD Electrode

The f-BDD sample clearly shows that deposition of nickel has occurred. In Figure 5.3.
(a) the divide between the exposed and non-exposed regions of the electrode is visible.
However, SEM alone cannot tell us definitively what the composition of the deposited
layer is as the Ni-Cu alloy may not have been fully dealloyed.

Most of the exposed region of the electrode appears to have resulted in small boulder
deposits that cover the underlying BDD support layer almost entirely, as seen to the left
of Figure 5.3. (b). In this region, the structures are mostly of the same scale, however,
there are larger structures within the region. These may be formed entirely post-nickel
deposition, or they may be large BDD structures, formed during the HFCVD deposition
process that have been thinly coated in nickel. Figure 5.3. (b) also shows regions which
have not entirely been coated with nickel. This may suggest that (i) the surface
morphology of the BDD electrode is not entirely homogeneous leading to discrepancies
in the deposited film or (ii) the Ni-Cu alloy deposition phase was not complete.

Figure 5.3. f-BDD 6hrs O-terminated after Ni-Cu alloy deposition and dealloying where
(a) indicates the boundary between the exposed and non-exposed areas of the f-BDD
electrode & (b) shows different regions that are exhibited by the exposed area.

5.1.2.2. bD-BDD Electrodes

Comparison between bD(MM22)-BDD and after the nanoporous nickel deposition
process (bD(MM22)-Ni) by SEM indicates that nickel has been successfully deposited
onto the BDD-coated support nanostructures.

Figure 5.4. (a) shows that the bD(MM22)-BDD nanostructures have clumped together
but that the BDD deposition process has successfully coated these needles/clusters
individually. While Figure 5.4. (b) shows that the bD(MM22)-Ni structure has a new
layer coated above. This is believed to be the hanoporous nickel layer. However, SEM is
not sufficient to determine whether the nickel has deposited on each needle down to
the bases. The newly formed layer on the top may be the only deposited nickel on the
structure.
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Figure 5.4. (b) shows that strands have formed between each needle in regions that
have not entirely been coated with nickel. Deposition of nickel does not resultin
individual needle coating. A greater spacing between needles ought to be provided to
allow for the solution to form better contact with the nanostructured surface. Thisis a
benefit of EBL-BDD electrodes over bD-BDD electrodes, as the uniformly spaced arrays
of EBL-BDD can be controlled to ensure that regions which are too dense to do not
arise. This is not the case for bD-BDD as the nanostructured bSi fabrication process
results in randomly placed needles.

To continue with bSi substrates, it may be necessary to alter the initial etching process
to ensure better needle separation. This could be done by altering the gas-phase
composition, temperature or substrate bias, as mentioned in Section 2.4.3.5.

Fig

5.2. Energy-dispersive X-ray Spectroscopy (EDX)

5.2.1. EDX for f-BDD

5.2.1.1. Lack of Nickel Deposition

Figure 5.6. (a) & (b) shows that the dark circular regions of Figure 5.5. are indicative of
regions where nickel deposition has not been successful. Instead, an increased
concentration of carbon, boron and oxygen is seen in Figure 5.6. (e) & (f). The increase in
oxygen may be due to increased O-termination. However, since the oxygen content
correlates to the regions where the boron has a greater presence, we can suggest that the
boron is present due to the drying of H;BO; present in the solution.
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Figure 5.5. f-BDD-Ni reference image for EDX spectroscopy, showing that the dark

regions have reduced nickel deposition.
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Figure 5.6. f-BDD-Ni composition (a) Nickel, (b) Copper, (¢) Iron, (d) Chromium, (e)
Carbon & (f) Oxygen.
5.2.1.2. Surface Contamination
The presence of iron and chromium is due to contamination. The shape of the markings

suggests that contamination has occurred due to scratching, potentially caused by tweezers
used to transport the electrode. This can be seen in Figure 5.6 (c) & (d).

5.2.1.3. Bulk Nickel-deposited Region

The darker region, highlighted by EDX Spectrum 8 in Figure 5.7., indicates a region where
nickel deposition has been more successful. In addition, the ratio of nickel to copper is high,
as shown in Table 5.2, indicating that dealloying has occurred to a large degree. This is
slightly reduced in the lighter region encompassing EDX Spectrum 10. However, the
remaining copper may be due to the drying of the solution on the surface rather than
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alloyed metal. More rigorous cleaning of the electrode after deposition and dealloying
should be performed to ensure that this is not the case.

Within the bulk of the electrode, there are regions where adequate deposition has not
occurred. EDX Spectrum 9 of Figure 5.7. highlights a region where this is the case. Here, the
presence of nickel is reduced greatly while copper remains roughly the same. This will
reduce the overall effectiveness of the electrode and these regions must be diminished in
further electrode fabrication. By stirring the solution, while performing deposition and
dealloying, the contact can be improved and subsequently a more uniform layer of
deposited material is expected.

Table 5.2. Composition of EDX Spectrums 8, 9 & 10. These spectrums highlight different
regions within the bulk of the f-BDD electrode.

EDX Spectrum % Nickel % Copper %Nickel / %Copper
EDX Spectrum 8 23.7 1.6 14.81

EDX Spectrum 9 4.9 1.5 3.27

EDX Spectrum 10 19.7 2.2 8.95

: s N '.. A
Figure 5.7. f-BDD-Ni Bulk nickel Deposition Region highlighting the three regions indicated
by Spectrum’s 8, 9 & 10.
5.2.2. EDX for bD-BDD

5.2.2.1. bD(MM22)-Ni Bulk Deposition

Nickel deposition is much lower in bD(MMZ22)-Ni than in the f-BDD-Ni sample. The nickel
concentrates in the darker regions of Figure 5.8. which appear to be more overgrown. The
presence of nickel also coincides with the presence of oxygen which may be due to O-
termination or solution that has dried on the surface. The latter is made more convincing
since sulphur and nickel are present in the same proportions. The concentration of copper is
negligible.
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Figure 5.8. bD(MM22)-Ni Bulk Deposition Region showing that darker regions have greater
nickel deposition than the lighter regions.
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Figure 5.9. bD(MM22)-Ni Bulk Deposition Region (a) Nickel, (b) Oxygen, (c) Sulphur & (d)
Silicon.

5.2.2.2. bD(MM22)-Ni Close-up

Figure 5.11. (d) shows that it is the gaps between the needles, shown in Figure 5.10., that
are exposed silicon. This suggests that the bases of the needles were not coated with BDD
during the HFCVD process, leaving the silicon exposed. Whereas the tops of the needles are
coated in carbon suggesting BDD deposition has occurred. It is only in the region where the
definition of the gaps between the needles is lost that limited nickel deposition is present.
This suggests that the initial HFCVD BDD deposition process was not entirely complete,
resulting in an incomplete electrode surface. This will result in a reduced capacitance as well
as a poorer quality deposited nickel layer. It is expected that, for EBL-BDD samples, BDD
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deposition will be more uniform and so will subsequent nickel deposition. However, this
would be dependent on the T and P values of the initial silicon substrate.

Figure 5.10. bD(MM22)-Ni Close-up showing the overgrowth of diamond in the darker
region and the lack of BDD deposition in the lighter region.
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Figure 5.11. EDX Maps for bD(MM22)-Ni (a) Nickel, (b) Oxygen, (c) Sulphur, (d) Silicon, (e)
Carbon & (f) Layered Image.

To gain a greater understanding of the HFCVD and nickel deposition processes, the sample
should be cleaved in half so that a side view of the needles can be observed. This will help
determine how deep the deposition process goes within the bulk of the electrode area.

5.3. Raman Spectroscopy

Nanostructured Nickel-coated BDD electrodes exhibit features which indicate high levels of
boron doping when excited with the Renishaw RM 2000 laser Raman spectrometer, with a
514 nm excitation source, as shown in Figure 5.12. This is made evident by the negative shift
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in characteristic wavenumber for BDD samples associated with higher doping levels. Such as
the characteristic boron-related bands at ~500cmand ~1220cm. As well as the right-hand
side of the NCD “shoulder” at ~1289cm-,150

1500

1000

M

T T T
0 1000 2000 3000

Intensity (a.u.)

Wavenumber (cm™)

Figure 5.12. Raman spectra for bD(MM22)-Ni using green (514 nm) excitation.

bD(MM22)-Ni is shown to exhibit a highly disordered structure and the presence of a broad
signal at ~1150cmtis likely caused by the existence of polymeric sp? hybridised structures at
the grain boundaries. The peak appears in the lower wavenumber side of the NCD
“shoulder”.

Sp? hybridised structures being present indicates that the surface is NCD. This is because
increased graphitisation is observed at grain boundaries and NCD surfaces have more grain
boundaries than MCD surfaces, as covered in Section 2.1.1. The NCD sp? peak has not been
shifted by the increased doping of boron.

The G peak, which is caused by graphitic impurities in MM22, is broad and weak but has not
separated into two peaks, which is an observation noted in the literature, for highly-BDD
NCD. This appears at ~1550cm* which suggests that the G peak is also not negatively shifted
by increased boron-doping. The D peak (disordered graphite) appears to have shifted with
the diamond peak. However, this is difficult to interpret due to the formation of the NCD
“shoulder” between 1050 — 1440cm, which masks the individual peaks. The strong and
well-defined peak at 1094cm is also believed to be related to NCD.

The strong Si peak at 523cm* appears to have not been shifted and neither has the
associated second order ~900 — 1000cm- broad peak.'*! Due to the 523cm- peak being
strong, relative to the NCD peaks, it can be suggested that the surface has not been
sufficiently coated during the HFCVD process. This observation fits well with the data
obtained by EDX and SEM.

The peak at 1332cm, which corresponds to the diamond (sp?) peak, appears to be rather
subdued. This may be indicative of a combination of (i) increased graphitisation of the
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surface during the metal deposition/dealloying process and (ii) asymmetry due to the Fano
effect. However, this cannot be proven without further comparison between Raman
spectroscopy from before and after nickel deposition. Increased graphitisation has been
shown to occur after Nickel is sputtered onto BDD electrodes.>? Nickel itself is not Raman
active so its presence should be determined through changes to the intensity of D, G and
diamond peaks.

5.4. Cyclic Voltammetry

5.4.1. Effect of H- & O- Termination

HFCVD diamond growth is known to provide us with an H-terminated surface which will be
hydrophobic, as covered in Section 1.4.4.1. This results in a contact between the solution
and the electrode surface that is weak. Ozone treatment will change the surface of the
electrode to O-terminated and hydrophilic. The hydrophilic surface will have an improved
contact with the solution resulting in a higher Cyvalue. This is shown to be the case and is
represented by Figure 5.13. & 5.14. which shows that the C, of OT f-BDD is 1.85x greater
than that of HT f-BDD.

Due to factors which limited the progress of this project, bD electrodes had to be used
instead of the final EBL-BDD electrodes, as the fabrication of the EBL-BDD electrodes could
not be completed. bD nanostructured electrodes were already O-terminated so a
comparison between H- & O-terminated nanostructured electrodes could not be
performed.

f-BDD HT
0.00015 - f-BDD OT

0.00010 ~

0.00005 -

0.00000 -

Current (A)

-0.00005

-0.00010 +

12 -10 -0.8 06 -04 02 00 02 04 06 08 10 1.2

Potential Applied (V)

Figure 5.13. H- & O-terminated (HT & OT) capacitance CVs (v = 500mV/s) for a f-BDD sample
in 100mM KNO:..
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Figure 5.14. H- & O-terminated (HT & OT) calculated (v =500mV/s) capacitance values
for f-BDD in 100mM KNOs.

5.4.2. Double Layer Capacitance of f-BDD & bD-BDD

Figures 5.15. & 5.16. indicate that the Cq of the bD(MM23)-BDD OT sample is 21.93x greater
than that of the f-BDD OT sample. This suggests that, for O-terminated samples, the
effective surface area of nanostructured bD-BDD electrodes is far greater than that of f-
BDD. This is evident as the electrode capacitance is proportional to the effective surface
area.' It would be useful to compare these results to H-terminated f-BDD and bD-BDD
electrodes as it is likely the hydrophobicity would prevent the effective use of the individual
needle’s curved surface.

f-BDD
0.00008 MM23

0.00006 -
0.00004 —
0.00002 —
0.00000 —

—0.00002

Current (A)

—0.00004 +
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Potential Applied (V)
Figure 5.15. f-BDD and bD(MM23)-BDD capacitance CVs (v = 1000 mV/s) in 100mM KNO;.
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5.4.3. Effective Surface Area of Electrodes
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Figure 5.16. f-BDD and bD(MM23)-BDD calculated (v = 1000mV/s) capacitance values in
100mM KNO:s.

It is assumed that, for f-BDD, the geometric and effective surface area of the electrode are
equal. Therefore, the relative effective surface area of the bD-electrode can be assumed to
be a product of the ratio between f-BDD and the bD-BDD capacitance. This is detailed in

Table 5.3.

While the relative effective surface area of the bD-BDD electrode is greater than that of the
f-BDD electrode, it is not as great a difference as would be expected, considering the
increased surface area of the bSi substrate. This suggests that the surface is not being used
very efficiently, which may be due to incomplete BDD deposition, over-growth or high
needle density preventing the solution from accessing further down the needles.

Table 5.3. Relative and Actual effective surface area values calculated from capacitance
values for O-terminated BDD electrodes in 100mM KNO; solutions.

Electrode (OT) |Capacitance (uF cm2) (Geometric Area [Relative Effective [Effective Surface
(KNO3) (cm?) Surface Area Area (cm?)
f-BDD 4.45 0.5 1 0.5
bD(MM23)-BDD [97.58 0.6 21.93 13.16

Due to time constraints, the relative effective surface area of the EBL-BDD electrodes could
not be determined. However, it is believed that EBL-BDD electrodes will provide an
improvement to the efficient use of the substrate surface area. This is because of the wider

spacing between columns and the uniformity of the array.

The actual surface area (Aactual) of the EBL-BDD electrode can be calculated by taking the
area of the flat surface (d?) and adding the curved surface of each column. The total number
of columns (n) can be determined based on the T, P and base area of the substrate. An
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important assumption in this calculation is that the deposition of BDD is both uniform and
complete. Therefore, the EBL-BDD Axctual can be represented by Equation 5.1.

Aactual = H(Z‘ITI'h) + d? (51)

The efficiency of the use of the Actual Surface Area can be determined for EBL-BDD and will
help determine what percentage of the available surface is in contact with the solution. This

can be determined by Equation 5.2.

Useful Area% - 100 (AEffective/AActua]) (5.2.)

5.4.4. Effect of Scan Rate on Current
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Figure 5.17. bD(MM23)-BDD capacitance CVs at four different scan rates. V = 50, 200, 500 &
1000 mV/s in 100mM KNOs..

A trend can be seen in Figure 5.17. that indicates that increasing scan rate increases the
peak current observed. This is to be expected as the rate of diffusion is being increased
faster than the rate of reaction at the interface. However, this appears to have broken
down at a very high scan rate (1000 mV/s). This could either indicate that the results must
be repeated or that the rate of diffusion and/or reaction are significantly impacted by the
alteration to the scan rate. Further investigation in the 500 — 1000 mV/s range is suggested.
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5.4.5. Ni-Cu Solution Cyclic Voltammetry
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Figure 5.18. Cyclic

Voltammogram for a f-BDD electrode in a solution containing 0.5M
Hs;BO,, 0.2M NiSO, and 0.01M CuSO..
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Figure 5.19. Cyclic Voltammogram for MM23 bD-BDD electrode in a solution containing

0.5M HsBO;, 0.2M NiSO, and 0.01M CuSO..
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5.4.5.1. Anodic Potentials

The initial anodic peak a,, in Figure 5.18., can be attributed to the anodic stripping of
deposited copper metal to Cu(ll) from the Ni-Cu film on the electrode. However, this has
been overlayed by a more positive peak (a,) due to the retardation of the copper stripping
process. This is caused by the passivation of nickel. The process of passivation is known to
be caused by the formation of a thin layer of NiO.%® Therefore, we can infer the presence of
a thin nickel oxide layer above the Ni-Cu alloy.

The CV for the bD-BDD nanostructured electrode, shown in Figure 5.19., indicates a greater
ability to oxidise and strip the copper from the alloy. However, only one peak (a;) is now
seen in the CV. This may indicate that a change in mechanism has occurred or that the
reaction leading to either peak a; or a, has been favoured and fully covered the other peak.
For this reason, further analysis of the surface is necessary to determine whether the thin
NiO layer has been formed.

5.4.5.2. Cathodic Potentials

The cathodic peak (c,) indicates that Cu(ll) is reduced directly to copper metal. This process
is consistent with more recent studies.®® The reduction of Cu(ll) to copper metal is seen for
both f-BDD and bD-BDD electrodes indicating a consistent mechanism. Therefore, we can
suggest that nickel deposition is possible.

In the CV for the bD-BDD sample, Figure 5.19., a new small peak has been observed (u.)
which does not appear in the f-BDD sample. However, it is suggested that at around -0.1V a
small peak can be observed which may correspond to passivation.®’

5.4.5.3. H, Evolution

Region H,indicates where H, evolution has occurred, this region ought to be as negative as
possible. For our f-BDD sample, Figure 5.18., the H, region is not particularly negative which
indicates that f-BDD is not particularly good at H, evolution.®® The nanostructured bD-BDD
electrode, Figure 5.19., shows improved hydrogen evolution in the useful cathodic range.
This is indicated by the more negative current achieved in this range.
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5.4.5.4. Dealloying
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Figure 5.20. Current-time curve for the selective dissolution of copper from the Ni-Cu alloy
on f-BDD electrodeposited at —0.85V with 0.5C charge.
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Figure 5.21. Current-time curve for the selective dissolution of copper from the Ni-Cu alloy
on MM23 bD-BDD electrodeposited at —0.85V with 0.5C charge.

T
600

61



Figures 5.20. & 5.21. indicate that the dissolution current remains high and constant for f-
BDD before dropping rapidly, once 0.1 C of charge has passed. This suggests that the rates
for the creation and removal of active dissolution sites remain equal for a short period in
our flat sample.%®

The dissolution current is expected to decrease rapidly once the porous nickel film is
formed, as all the copper atoms have been removed. This is the case for the f-BDD sample,
however, the process is much slower for the nanostructured electrode. Rather than staying
constant and then rapidly dropping once the copper is removed, the dissolution current
drops slowly and then collapsesonce 0.4C of charge has passed. This may suggest that the
rates for the creation and removal of dissolution sites do not remain equal while the copper
is removed from the nanostructured surface.

Chapter 6 Conclusions

The main aim of the project was to deposit conducting boron-doped diamond onto
nanostructures, for use as high-surface-area electrochemical electrodes. Due to various
limiting factors, the fabrication of the EBL-Si substrates was delayed considerably and boron-
doped diamond deposition could not be performed. However, prototype substrates were
characterised by SEM. f-BDD and bD-BDD samples were characterised by SEM, EDX, laser
Raman and Cyclic Voltammetry. These electrodes were also used for the electrodeposition of
nickel, as an example of the performance of a high-surface-area electrode.

EBL-Si substrates were successfully fabricated in the Physics clean-room facility and then
observed using SEM. It has been determined that to ensure high pattern definition, post-
HFCVD of BDD, each column should be separated by a Pitch value three times greater than
the cross-sectional diameter of the column.

Failure to ensure adequate spacing between columns resulted in the over-growth of BDD
and the loss of pattern definition. It is believed that, by reducing the effective surface area of
the electrode, the double-layer capacitance of the electrode will be reduced. However, since
the final EBL-Si substrates that were necessary for further analysis were not available for this
project, these calculations could not be made at this time.

Additionally, SEM analysis indicated that the pattern accuracy of the EBL process was good
but that the individual column diameter (T) often deviated from the desired size. This was
especially true when T < 200 nm.

Cyclic Voltammetry experiments indicated that, for f-BDD electrodes, the alteration of the
surface termination affects the performance of the electrode. For example, the O-
termination of the f-BDD electrode increased double-layer capacitance by 1.85 times,
compared to the H-terminated sample.

Cyclic Voltammetry also highlighted the improved double-layer capacitance of
nanostructured bD-BDD electrodes over f-BDD electrodes. This can be attributed to the
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21.93x increase in relative effective surface area of the bD-BDD electrode, compared to f-
BDD.

Furthermore, Cyclic Voltammetry analysis of the NiSO4, CuSO4 and H3BOs solution suggested
that the behaviour of flat and nanostructured (bD) electrodes may be slightly different
during electrodeposition and dealloying. However, the nobler element, copper, is still
believed to be stripped, due to the formation of a passivating layer. Improved H; evolution is
also observed for the nanostructured electrode.

Raman analysis of bD(MM22)-Ni indicated that regions of highly-boron-doped diamond
were present in the electrode. However, the presence of strong Si peaks indicates that the
deposition of a continuous layer of BDD has not occurred and that some of the silicon
substrate is still exposed. Also, sp? hybridisation-related peaks are seen which indicates that
the surface is NCD, as increased graphitisation is observed at grain boundaries.

EDX analysis revealed that the deposition of the nickel layer was not continuous and that the
HFCVD process was not complete, for the bD nanostructures. This latter point was evidenced
by the lack of carbon between individual needles. This shows that deposition was not
complete at the bases of the needles. The f-BDD sample showed improved deposition and
dealloying, compared to the bD nanostructured sample. However, the f-BDD sample
exhibited some regions which were more copper-rich than others. It was also seen that
there were solution drying marks and contamination of the surface, in some instances.

Chapter 7 Future Work

There are many ways in which this topic may be expanded through future work. This could
include:

1. Deposition of BDD onto the fabricated EBL-Si substrates produced at the end of this
project. SEM, EDX, Raman and CV can then be used to analyse these new electrodes.

2. Nickel deposition on various nanostructured BDD electrodes. These could include (i)
bD, (ii) EBL columns, (iii) honeycomb, (iv) CNTs & (v) CNT Teepees. These
nanostructures were covered in greater detail in Section 2.4. The performance of
these electrodes for hydrogen evolution can then be tested.

3. The fabrication of nanostructured aliquots. This would be useful as it would allow for
SEM, EDX and Raman analysis to be performed (i) before the deposition of the Ni-Cu
alloy, (ii) after the deposition of the Ni-Cu alloy and (iii) after Ni-Cu dealloying.
Aliquots would make it possible to observe each step of the process under the same
starting conditions.

4. A comparison between MCD and NCD nanostructured BDD electrodes. This could
include a comparison between capacitance or perhaps nickel deposition uniformity.
The increased graphitisation of the NCD surface may affect nickel deposition.

5. Attempt to produce EBL-Si wafers with smaller T values, to allow for thicker diamond
layers to be grown, which may improve survivability.

6. Vary boron-doping of diamond layer for different nanostructures. CV analysis and
nickel deposition could then be attempted.

7. Producing EBL-BDD electrodes with different T and P values. The Useful Area value
could then be calculated to determine what conditions lead to the most efficient use
of the provided electrode surface area.
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EDX Spectrum 1. Energy Dispersive Spectrum of bD(MM17)-BDD electrode after nickel
deposition in a lighter over-grown region.
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EDX Spectrum 2. Energy Dispersive Spectrum of bD(MM17)-BDD electrode after nickel
deposition in a dark region with minimal deposition.
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EDX Spectrum 6 Energy Dispersive Spectrum of bD(MM22)-BDD electrode after nickel
deposition in the lighter region.

. Spectrum 7
At%
75.9
15.1
3.7
27
26

S— S .
IIII]IlIIIIlII]IlII IIII|lIII|IIIl]lllllllll]llll]

& O O Key

EDX Spectrum 7 Energy Dispersive Spectrum of bD(MM22)-BDD electrode after nickel
deposition in a darker over-grown region.
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EDX Spectrum 8. Energy Dispersive Spectrum of an f-BDD electrode after nickel deposition
in a darker more nickel-rich region.

» Spectrum 9

At%
C 108.2
Ni 49
(0] 48
Cu 1k
0.1
0.1
-19.6

N

}
T

[lllI|Ill|[|ll||l|l|||lll[|llllll|I[IIIIIIIII|IIII[

= O C Key

EDX Spectrum 9. Energy Dispersive Spectrum of an f-BDD electrode after nickel
deposition in a darker low nickel region.
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EDX Spectrum 10. Energy Dispersive Spectrum of an f-BDD electrode after nickel
deposition in a lighter less nickel-rich region.
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