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Abstract 
 

This thesis presents a full characterisation of chemical vapour deposition 
(CVD) diamond films that have been doped with either B and Li or Mg and N. 
The main aims were to investigate if Li enhanced the thermionic emission of 
B-doped diamond, if the incorporation of Mg into N-doped diamond led to a 
shallow electron-donor diamond film and if this would strongly emit 
electrons when heated for use in thermionic applications. 
 B and N were incorporated into diamond films during the growth 
process using precursor gasses of diborane diluted in hydrogen (5% B2H6 in 
H2) and ammonia (NH3), respectively. Li and Mg were incorporated into 
diamond films using an in-diffusion process in which a suspension of a solid 
Li-containing or Mg-containing compound (Li3N and Mg3N2, respectively) was 
deposited on the surface of a diamond film and then heated in a H2 
atmosphere within a hot-filament CVD reactor. Both solutions were 
chloroform based and required stabilisation using a polymer to ensure that 
the suspension remained well dispersed and to slow oxidation. Secondary ion 
mass spectrometry was used to detect high concentrations of all dopants; 
the maximum concentrations calculated were 9.0 × 1021 B atoms cm-3, 2.5 × 
1020 Li atoms cm-3, 3.0 × 1020 N atoms cm-3 and 2.5 × 1020 Mg atoms cm-3. In-
diffusion of dopants led to an increase in resistivity of the original B-doped 
and N-doped diamond films.  
 Experiments were undertaken to measure the thermionic emission 
from series of B-Li co-doped MCD films and Mg-N co-doped MCD films. All 
surfaces were H-terminated, this induced a negative electron affinity 
surface allowing electrons to emit from the surface more easily. The 
experiments were conducted using a new thermionic emission converter 
simulator (TECsim) system, which used a CO2 laser to heat the sample. 
Initially, Li hugely enhanced the thermionic emission of B-doped diamond, 
with a calculated maximum current density of 20.05 mA cm-2 at 880ºC, 
although emission reduced after each heating cycle. This may be due to Li 
forming clusters or the Li atoms diffusing into the grain boundaries, both 
would render the Li atoms electronically inactive and unable to enhance 
thermionic emission. Optimisation of microcrystalline N-doped diamond films 
grown upon Mo led to a large improvement in the current density measured, 
with a consistent maximum of 22.30 mA cm-2 (at 855ºC). After Mg3N2 was 
diffused into the N-doped diamond the emission reduced to 19.65 mA cm-2 at 
885ºC, which reduced upon each subsequent cycle perhaps indicating Mg is 
also mobile within polycrystalline diamond at high temperatures.  
 The effects of Mg on N-doped diamond were partially explained by ab-
initio modelling of Mg and Mg-N clusters within diamond. This showed that 
substitutional Mg acts as an electron-acceptor, as do MgN and MgN2 clusters 
(when both substitutional). Whereas MgN3 and MgN4 substitutional clusters 
act as shallow electron-donors, and substitutional N is a deep electron 
donor. So the electron-acceptors would compensate the electron donors 
within the diamond. Potentially a diamond film could be created in the lab 
that contained a high density of MgN3 and MgN4 clusters if a film with a large 
quantity of N3V and N4V centres was made and then Mg was in-diffused. 
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1 Introduction 
 

1.1 Diamond properties and uses 
 
Diamond is an astonishing material with many superlative properties (Table 
1.1). On a structural level it is a metastable allotrope of carbon at room 
temperature. Graphite is actually more thermodynamically stable relative 
to diamond at room temperature and pressure, but there is a large kinetic 
energy barrier between the two states [1]. The difference between diamond 
and graphitic carbon is the type of bonding between C atoms. Within 
graphite the C atoms are sp2-hybridised, leading to covalent bonds forming 
between a C atom and three other C atoms and weak van der Waals forces 
form between the planar graphene layers. In diamond the C atoms are all 
sp3-hybridised, forming tetrahedral structures where each C atom is 
covalently bonded to four other C atoms, making it a much stronger 
structure (Figure 1.1). 
 

 
Figure 1.1 (a) The tetrahedral structure of diamond and (b) natural diamond cut for 
jewellery. 

 
 This structure lends itself to some intriguing properties. Firstly, the 
small size of the C atom means the covalent bonds between each atom are 
short and so the material has a very low compressibility. This is what makes 
diamond one of the hardest materials known, and it is against which all 
other material hardness is compared. Diamond also has an extremely high 
thermal conductivity (due to efficient transport of phonons through the 
lattice) and low thermal expansion [2-4]. These properties alone make 
diamond the material of choice to use in mechanical applications i.e. the 
drilling, cutting and abrasives industries. Indeed, the ability to artificially 
grow diamond has led to the common use of polycrystalline diamond 
coatings on drill bits to enable more efficient drilling and faster dissipation 
of excess heat [5]. 
 Diamond has a high optical transparency, which permits the 
transmission of light from UV to IR wavelengths making it the perfect 
material for optical windows, especially those in extreme environments. It 
is inert to most chemical reagents and environments, qualifying it for use in 

(a) (b) 
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in various biological roles such as drug delivery agents, biosensors and as a 
growth substrate for live cells.  
 The property of most interest in this thesis is the wide band-gap of 
diamond. Diamond has a large, indirect band gap of 5.47 eV at 300 K [6], 
which leads to the possibility of doping elements into the diamond lattice to 
change its electronic properties and form a semiconducting diamond for use 
in electronics. There has already been considerable research into simple 
doping systems, which has solved the first problem of finding a suitable p-
type dopant to make semiconducting diamond. Indeed, doping diamond with 
boron can be controlled in such a way to create differing levels of p-type 
conductivity ranging from that of a semiconductor to metal and even a 
superconductor depending on the level of doping and temperature at which 
the material is measured [7-12]. Yet a suitable n-type dopant for diamond 
has remained elusive, with the best options so far being nitrogen [13-18] 
and phosphorus [19-31]. N acts as a deep donor and so N-doped diamond 
only becomes n-type at certain doping levels and at high temperatures. P 
acts as a shallow donor, but the success of this is limited due to low carrier 
mobility and the fact that P is only easily incorporated into <111>-facetted 
diamond [32]. 
 All of these properties make diamond a fascinating material with 
almost endless possibilities for use in technology, if only the theoretical 
properties could be achieved in practice. The properties of undoped, single 
crystal diamond are listed in Table 1.1 for clarity. 
 
Table 1.1 Properties of diamond 

Property  

Hardness 90 GPa 

Density 3.515 g cm-3 

Thermal conductivity 2×103 W m-1K-1 

Thermal expansion coefficient / 25ºC 1.1 × 10-6 

Refractive index 2.42 

Band gap 5.45 eV 

Breakdown voltage 100 × 105 V cm-1 

 

1.2 Synthetic diamond 
 
Since the 1950s synthetic diamond has been created using, at first only high-
pressure high-temperature (HPHT), and later chemical vapour deposition 
(CVD) methods. This meant that diamond could be researched as a material 
and implemented in various technologies despite the high cost of natural 
diamond. The two main techniques of HPHT and CVD are discussed below. 
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Figure 1.2 Commercially available synthetic diamond can be bought as (a) detonation 
diamond and as thin films similar to those sold by Element Six (b) HPHT (c) single crystal 
CVD (d) polycrystalline diamond. 

 

1.2.1 High-pressure high temperature (HPHT) 
 
The most widespread method used to synthesise diamond is called the high-
pressure high-temperature (HPHT) technique and was developed by General 
Electric in the 1950s to convert graphite into diamond [33]. This is the 
method used in the multimillion-pound industry to create so-called 
“industrial” diamond mainly for cutting and drilling purposes. The technique 
is based upon the way natural diamonds are formed deep in the Earth’s 
crust, and so exposes C to high pressure (~ 50,000 atm) and high 
temperatures (~ 2500 K). The diamond growth can be helped with the use of 
a metal catalyst such as Fe, Co and Ti, which dissolve some C leading to the 
precipitation of diamond crystals. This only occurs when the combined 
temperature and pressure cross the Berman-Simon line on the carbon phase 
diagram [34,35]. Diamond is formed, rather than any other carbon 
allotrope, because diamond is the densest form of C under the conditions 
used in this technique. The process also leads to the incorporation of many 
impurities, such as N and so the single crystal diamonds (sized from 
micrometres to millimetres) tend to have a yellowish appearance, as can be 
seen in Figure 1.2 (b). 
 
 

1.2.2 Chemical vapour deposition (CVD) 
 
Chemical vapour deposition (CVD) is a popular method to manufacture 
diamond for research, electronic applications and diamond coatings. 
Eversole et al. first used CVD as a technique to deposit diamond in 1958 [36] 
and the resulting film contained both diamond and graphitic material. It 
took more than a decade for CVD to have further success in growing 
diamond; Angus et al. improved the growth rate and quality of CVD diamond 
after discovering that atomic hydrogen was key to a preference of diamond 
over graphitic carbon deposition [37]. These experiments proposed that 
graphite was etched at rates 10-100 times faster than diamond when atomic 
hydrogen was present in CVD conditions [38]. This meant that with enough H 
atoms present, most of the graphite deposited could be removed from the 
growth surface whilst any C atoms that had the diamond structure would 
remained, allowing diamond to grow layer by layer. 

(a) (b) (c) (d) 
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Atomic H and carbon-containing growth species (such as the methyl 
radical, �CH3) are formed by the activation of the gas mixture using either 
thermal energy (as utilised in a hot-filament reactor) or plasma discharge 
(as used in microwave CVD, arc jet reactors and others). The gas mixture 
generally consists of 1-5% CH4 in H2, so the hydrogen dissociates into two 
hydrogen atoms (H�) and the methane decomposes into C-containing 
radicals. Apart from etching, atomic H reacts with the C-containing 
precursor gas to produce methyl radicals. These methyl radicals are thought 
to be the most important radical species for growth under CVD conditions 
[39,40]. The final role that atomic H plays is to terminate the diamond 
surface during growth, this maintains the tetrahedral structure and prevents 
graphitisation of the surface. Essentially, the CVD method kinetically traps 
metastable diamond using gas-phase kinetics. 
 Compared to HPHT, CVD has numerous advantages. HPHT single 
crystals are limited in size to ~ 2 mm and can incorporate various 
impurities. In contrast CVD can be used to deposit much larger areas of 
diamond, which can be carefully controlled to affect the resulting diamond 
morphology. CVD can be used to make both single crystal and polycrystalline 
diamond (PCD) and the facets of PCD can be varied in size from 
microcrystalline (> 1 µm), to nanocrystalline (tens of nm) and 
ultrananocrystalline (< 10 nm). Also diamond can be deposited on a wide 
range of substrates using CVD, as discussed in Section 1.7.1. The substrate 
can be chosen to be most suitable for the intended purpose of the diamond 
film. 
 

1.2.2.1 Hot- Filament CVD (HFCVD) 
 
HFCVD is a well-established CVD technique whereby the growth gases (a C-
containing gas such as methane, CH4, and H2) are activated by a heated 
metal filament. This filament - usually tantalum, rhenium or tungsten [41-
43] – is positioned above the substrate (the height of which is dependent 
upon the individual system but is usually 3-10 mm) and resistively heated to 
around 2500ºC. Once optimum conditions have been established in the 
system so that the pressure is ~ 20 Torr and the substrate is heated to 
between 700ºC and 900ºC, diamond can be deposited.  
 The main disadvantages of HFCVD are that the filaments can 
sometimes lead to contamination of the sample if they become too hot and 
metal atoms start evaporating from the surface of the filament, onto the 
sample [43]. Also at such high temperatures the metals can become 
sensitive to various gas-species introduced into the reactor, especially those 
that contain oxygen. The oxygen can react with the metal, forming brittle 
oxides that cause filament breakages, much reducing the filament lifetime.  
Thus, additions of oxygen or O-containing molecules (such as ethanol, 
acetone, CO2 etc.) to the gas mixture are not usually possible in a HF 
reactor, and this can severely limit the options for varying the gas 
chemistry.  Nevertheless, compared to plasma reactors, HFCVD is a cheap, 
robust, and reliable method of making high quality diamond films.   

HFCVD is the CVD method of choice to grow diamond throughout this 
report and was chosen as it can deposit diamond films over a large area. 
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This meant that multiple 1 cm2 samples can be grown at the same time, 
under almost identical deposition conditions which enables an easier 
comparison of resulting diamond thin films. Also, the vacuum equipment 
and apparatus are fairly simple, allowing adaptations to be readily made for 
specific experiments. Details of the HFCVD reactors used in the experiments 
described within this thesis are in Chapter 2. 
 

 
 

Figure 1.3 (a) HFCVD reactor used for the experiments discussed in this thesis and (b) a 
close-up of the stage set-up. 

 

1.2.2.2 MWCVD 
 
Microwave CVD (MWCVD) is more complex in comparison to HFCVD and as 
such it has a higher production cost. Despite this, it is the most commonly 
used diamond growth technique within industry. Without a filament that can 
react and break when certain gases are introduced, a MWCVD reactor can be 
used with a much greater range of gases, and the samples produced are free 
of filament metal contamination. Diamond film morphology can be tuned by 
biasing the substrate; this is only possible due to the high power density 
creating ions within the discharge. MWCVD is still limited in substrate area 
to a few square cm, but it has the advantage of much higher diamond 
growth rates of up to hundreds of µm per hour. 
 Within the reactor microwaves are coupled into the chamber through 
a quartz window to create a discharge. The energy transfers to the gas 
generating a plasma ball in the chamber directly above the substrate. The 
plasma ball has a large temperature gradient, with the hottest point in the 
centre being between 2000ºC and 2500ºC. This leads to many collisions and 
dissociations that effectively activate the gas mixture and create the same 
atomic H and methyl species as before, ready for diamond deposition.  
 The first MWCVD reactors were created by Kamo et al. [44] in 1983 
shortly after their group created the first HF reactor. Many MW reactors are 
based upon their design to and it is referred to as the NIRIM type MW 
reactor (Figure 1.4 (a)). The plasma is created inside a discharge tube by 
centering the electric field maximum there. The other popular style of MW 
reactor is that made by Seki Technotron (formally ASTEX) [45] in which the 

(a) (b) 
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plasma is generated in a different manner. It works by converting a TE10 
microwave mode to the TM01 mode using a waveguide. This is then coupled 
into a water-cooled metal cavity through a quartz window. This style of MW 
reactor is used in the University of Bristol Diamond lab, and was used to H-
terminate diamond samples in the experiments described within this thesis. 
A schematic of both the NIRIM-type and SEKI-type MWCVD reactors is shown 
in Figure 1.4 (a) and (b), respectively. 
 

 
Figure 1.4 Schematic diagrams of (a) NIRIM and (b) SEKI type MW reactors 

 

1.3 Doping 
 
Undoped diamond has a wide indirect band gap of 5.45 eV [6] making it a 
good insulator. Different elements can be introduced into the diamond 
lattice and this alters the band structure of diamond, which changes the 
electrical properties of diamond by reducing the band gap. This can lead to 
the creation of semiconducting diamond that is either p-type or n-type in 
nature. Figure 1.5 shows the band structure of intrinsic diamond compared 
to p-type and n-type semiconducting diamond. 
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Figure 1.5 Band structure of (a) intrinsic diamond, (b) p-type diamond and (c) n-type 
diamond 

Incorporation of atoms that occupy substitutional positions and have fewer 
valence electrons than carbon form acceptor levels just above the valence 
band (VB) of diamond. This provides extra holes as electrons move from the 
VB and into the acceptor levels, whilst also reducing the band gap. If 
substitutional atoms with more valence electrons than carbon are 
incorporated into diamond, the “extra” electrons could potentially occupy 
delocalised states just below the conduction band minimum (CBM). This 
occurs if the delocalised states are close enough to the CBM, and so with a 
little energy electrons move from the shallow donor states and into the 
conduction band. Both p-type and n-type semiconducting diamond is 
discussed below. 
 

1.3.1 p-type doping of diamond 
 
There are a variety of dopants that can act as acceptors within diamond but 
by far the most successful and most common is boron, in fact synthetic 
boron-doped diamond is even commercially available. The resistivity of B-
doped diamond (BDD) can easily be controlled as the greater the B atom 
concentration in the sample, the lower the resistivity. The B atom 
incorporation is proportional to the concentration of B-containing precursor 
gas used in the growth mixture [7], so the resulting BDD can easily be 
controlled. 
 Boron is an excellent acceptor within the diamond lattice and when 
in a substitutional position, the activation energy is only 0.37 eV above the 
VB [46,47]. This means BDD acts as a p-type semiconductor with low 
resistance at room temperature when sufficiently doped. When the B atom 
concentration is above ~ 1021 cm-3 the diamond can even display metallic 
electrical resistivity [7,9,10] and becomes superconducting at very low 
temperatures at < 10 K [11,12]. If the B incorporation is particularly high 
the B atoms can cause considerable stress and distortion within the diamond 
lattice due to the mismatch in size between B and C atoms. 
 Boron can be incorporated in numerous ways and historically the first 
successful method was reported in 1991 by Buckley-Golder et al. using ion-
implantation to dope HPHT SCD [48]. This resulted in diamond that showed 
p-type conductivity and a much reduced electrical resistance. Analysis 
showed that this was partly due to the implanted B atoms, but also due to 
an increase in sp2-hybridised C content a result of the damage caused by the 
implantation technique. Some of this damage could be removed by post-
annealing (giving low resistivity of below 10-2 Ω cm, B atom concentration 
of 2 × 1020 cm-3) [20], but more gentle methods of B atom incorporation 
were later investigated. For example forced diffusion, whereby boron 
powder was sandwiched between two SCD type II films and electrical bias 
applied [49]. Interestingly, there was a much higher B atom incorporation 
when a positive bias was used compared to negative bias (~1018 cm-3 B 
atoms positive bias, ~106 cm-3 negative bias). It was concluded that this 
showed B diffused as negative ions within diamond. The more routine 
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technique now used is to introduce a boron-containing precursor gas into 
the growth mixture during CVD [7,9,12]. This easily incorporates B into the 
diamond as it is grown and most commonly diborane (B2H6) or 
trimethylborane (B(CH3)3) is used. It should be noted that all boron 
precursor gases are highly toxic and flammable so extra safety precautions 
have to be taken. 
 

1.3.2 n-type doping of diamond 
 
Unlike the simplicity of creating p-type semiconducting diamond, the 
creation of n-type semiconducting diamond has been a much more difficult 
journey. Currently the only possible n-type diamond (phosphorus-doped 
diamond) has such low electron mobility that it is not suitable to fabricate 
p-n junctions for complex electronics from it, but simple diodes have been 
created [50-54]. 
 The main studies, both theoretical and experimental, have been on 
N, P, S, group one and group two metals. To date none of these have led to 
the creation of a highly conductive n-type diamond and the investigations 
into these dopants are discussed below. 
 

1.3.2.1 Nitrogen 
 
Nitrogen is a common impurity found within natural and synthetic diamonds 
usually in a substitutional site or even as an aggregate within HPHT type I 
diamond [55]. Aside from an impurity, N can be incorporated into synthetic 
diamond during CVD on the addition of N2 or NH3 into the growth gas 
mixture [13-18]. Diamond films can be grown to contain between 1017 to 
1019 N atoms cm-3 on average [13-18]. 

Unfortunately, despite the relative ease of doping with N, it is too deep 
a donor to be electrically active at room temperature. N-doped diamond 
requires an activation energy of 1.7 eV to excite an electron from the donor 
state into the conduction band minimum [56]. As such the resistivity of N-
doped diamond is > 200 MΩ at room temperature [57,58], and is only 
conductive at elevated temperatures [58]. 
 

1.3.2.2 Phosphorus 
 
Phosphorus has been the most successful n-type diamond dopant to date. 
Theoretically it was calculated to have a donor level 0.2 eV below the 
conduction band minimum [56,59]. Although experimentally this turned out 
to be approximately 0.6 eV [21,25,59], which means it is not highly active at 
room temperature.  

P can be incorporated into CVD diamond on the addition of phosphine 
(PH3) or tertiary-butylphosphine to the gas mixture during deposition [19,21-
30]. This has resulted in P atom concentrations of 1×1016 cm-3 to 
2.5×1019 cm-3. The higher the P atom incorporation, the greater the stress 
within the diamond lattice due to the larger atomic radius of P compared to 
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C. This means that the highest concentrations are more likely to be found in 
(111) planar diamond where the large P atoms have less of an effect on 
strain than when in other planes of diamond [32].  
 Despite the ability to incorporate P and an n-type doping efficiency 
of ~ 10% detected from P-ion implanted diamond [20], P-doped diamond is 
deemed unsuitable for electrical applications. This is due to the low carrier 
mobility, measured at between 25 to 600 cm2 V-1s-1 [19,23,25,27,28] and 
high electrical resistance of the material [57,58]. This could be due to 
defects within the diamond, but annealing cannot remove these and in fact 
makes resistance higher. Some simple diamond p-n junctions have been 
fabricated using P-doped diamond, but with limited success [50-54]. 
 

1.3.2.3 Sulfur 
 
It was thought that sulfur could potentially be a shallow donor due to its 
two valence electrons, and so various methods to incorporate S have been 
attempted. CS2 and H2S gases were the first potential S-containing precursor 
gases used to incorporate S into diamond during CVD diamond growth [60-
62], but it was found that these gases reduced the growth rate and the 
quality of the diamond as well as the doping efficiency being low [61]. This 
is due to solid S being deposited on chamber walls as HS gas species diffused 
to the cooler outer plasma and clustered [61].  
 Early experiments reported that S-doped diamond showed high 
conductivities [60] but this was dismissed after further analysis found that B 
had been inadvertently incorporated into the diamond [63]. It was shown 
that S incorporation was actually favoured by the presence of B containing 
compounds [64]. Later experiments show that B and S co-doped diamond 
films can show n-type or p-type conductivity dependent upon the B/S ratio 
present in the diamond film [63,65,66]. 
 

1.3.2.4 Alkali metals 
 
The alkali metals, particularly lithium and sodium, have been of interest as 
potential shallow donors in more recent years [47,56,68-71]. This is due to 
the single valence electron that has the potential to be donated into the 
diamond lattice. Kajihara et al. calculated that both lithium and sodium 
would act as shallow donors when in interstitial positions, with donor levels 
of 0.1 eV and 0.3 eV below the CBM, respectively [47,56,68-71].  
 Various experiments successfully incorporated Na into diamond films, 
either through forced diffusion or ion implantation [49,72-74]. When 
electrically tested these films had high resistance (~100 kΩ to 100 MΩ [72-
74]) and activation energies of 0.13 eV – 0.415 eV [74] that were measured 
showing conduction within the film was due to hopping between implant 
sites due to damage caused by ion implantation [72]. Further computational 
studies then concluded that, due to its large atomic radius, Na was 
incorporated substitutionally rather than interstitially as had previously 
been calculated [68-71]. When Na occupies a substitutional position in 
diamond it acts as a deep acceptor and this is a much more stable position. 
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 There was slightly more success with Li, and again many types of 
incorporation method were attempted [49]. This was supported by various 
computational calculations showing Li preferentially occupies interstitial 
positions, and by doing so, exhibits shallow donor capabilities [68-71]. 
During experiments, Li was incorporated into diamond using ion 
implantation and diffusion, forced diffusion under bias, and incorporation 
during growth. The latter was limited due to a lack of safe, gas-phase Li 
compounds. High concentrations were detected following implantation, 
giving a normal Gaussian distribution within the type IIa diamond, and a 
maximum concentration of 1×1019 cm-3 [72]. Forced diffusion using solid Li 
resulted in low levels of Li detected (1×108 cm-3) [49] but forced diffusion 
using Li2CO3 resulted in detected concentrations of 3×1019 cm-3 [75]. None of 
these samples exhibited high electrical conductivity, with such high 
resistance as to be deemed electrically inactive. This is also reported for 
diamond films that had Li incorporated into them during diamond CVD 
growth [76,77]. This was achieved either through the presence of a lithium 
containing powder in the CVD chamber (i.e. lithium-t-butoxide) or a lithium-
containing substance being dissolved into an easily vaporised liquid (i.e. 
butyl-lithium in hexane) [76]. Further investigations found that even at 
moderate temperatures, lithium could be mobile within the diamond lattice 
as all possible diffusion energies were calculated to be below 1.25 eV [70]. 
When mobile the Li could move and form clusters, or occupy positions 
within grain boundaries, both of which prevent its valence electron from 
being donated for electrical conduction. This leads to Li being either 
electrically inactive or showing p-type behaviour. 
 Despite this setback it was proposed that Li could still be a viable 
possibility as a shallow donor if it were to be doped alongside another 
element that could possibly lead to the Li becoming ‘pinned’ into an 
interstitial position. Namba et al. suggested Li was introduced in a 1:1 ratio 
with N into diamond for this reason [78]. Recent studies by Othman et al. 
have found that a ratio of 1:3 N to Li is more appropriate to free up valence 
electrons and the University of Bristol Diamond Group are currently 
attempting to produced diamond films containing these Li:N clusters [79]. 
Using NH3 as the N-containing gas during growth, and Li3N solid powder to 
incorporate Li through diffusion, has resulted in concentrations of 3×1020 N 
atoms cm-3 and 5×1019 Li atoms cm-3 being detected in the resulting 
microcrystalline diamond thin film [79]. However these films remain 
electrically inactive. 
 

1.3.2.5 Alkaline Earth metals 
 
The Group two metals are alternative donor dopants due to having two 
valence electrons. Surprisingly there have been very few investigations into 
them, both theoretical and experimental [80,81], despite their widespread 
use as dopants in GaAs and other semiconductors [82-84]. Mg also shares a 
diagonal relationship with Li on the Periodic Table, so theoretically could 
also be a good candidate as a shallow donor. Mg has a larger atomic radius 
compared to Li, so is likely to be more difficult to incorporate into diamond 
and cause greater distortion and strain on the diamond lattice compared to 
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Li. This could also be a positive as, once occupying a suitable position, Mg 
would not be nearly as mobile, and so might be a more stable dopant. 
Existing theoretical calculations by Yan et al. show that Be and Mg act as 
shallow donors when occupying interstitial sites in diamond [85], but that 
this behaviour may be compensated in a sample by substitutionally 
positioned Be and Mg which act as electron traps [85]. Further experiments 
using Mg as a dopant have yet to be carried out. This thesis and in particular 
Chapters 4 and 7, explore the possibility of Mg acting as a shallow donor 
when complexed with N. This is investigated both experimentally and 
theoretically. 
 

1.4 Potential Applications 
 
On a scientific level diamond is an incredible material with many theoretical 
uses, if this potential could be realized in the real world, then there are 
many more applications of diamond that could vastly improve existing 
technology. Currently, the most accessible properties of diamond - 
hardness, high density, chemical inertness and optical transparency - are 
being exploited for used to enhance existing technology. This includes 
mainly cutting tools on all scales (knives to huge drills), abrasives, coatings 
to protect objects from chemicals and heat as well as for optical windows. 
But the next level of diamond technology would be to use diamond within 
electronics. 
 Diamond already acts as an excellent heat sink, so if it could be 
doped to create both p- and n-type diamond then it would be a much better 
material than Si for electronics. This is because even smaller microchips 
could be built without the problem of overheating, as heat could be 
dissipated more efficiently by diamond. If a highly conductive n-type 
diamond was combined with a negative electron affinity surface, then it 
would theoretically be able to easily emit electrons into a vacuum upon 
heating. When a nearby counter electrode collects these electrons and the 
circuit is completed, this can be used to generate electricity. This is the 
basis of many proposed thermionic devices for renewable energy [86,87]. So 
far, there have been a few electronic devices created from doped diamond 
to create LEDs [50-54], both micro and nano-electromechanical systems [88-
90] and to generate microplasmas [91,92].  
 

1.5 Thermionic emission 
 
Thermionic emission can be simply described as the emission of electrons 
from the surface of a material upon heating. This type of electron emission 
has long intrigued researchers as a possible method to produce electrical 
energy with a device that has no moving parts [86,87]. A thermionic device 
could be made from a hot emitter (the cathode) separated from a cooler 
collector (the anode), both of which would be grounded to ensure a 
continuous flow of electrons (Figure 1.6). If the emitter is heated 
sufficiently, electrons can leave the surface and enter the space between 
electrodes. If an electron has low kinetic energy then it may not be able to 
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reach the collector and so hovers above the emitter surface. This region of 
low kinetic energy electrons is called the space charge and due to electron-
electron repulsion it inhibits other electrons from transferring to the 
collector. Within a device the two electrodes would be separated by such a 
small, fixed distance that the space-charge effect would not be a problem. 
But within research, the electrodes are further apart than they would be in 
a device and so a small bias is applied on the collector to overcome the 
space-charge effect [93-97]. The reason for this larger distance is mainly so 
that the electrodes can easily be changed (so different materials can be 
tested) and so that the distance separating the electrodes can be 
investigated. This bias is positive to attract the electron cloud back to the 
emitter surface. The collector material usually has a low work function in 
order to more efficiently accept electrons, but this also leads to the 
possibility that the collector could also start thermionically emitting, which 
is why it is prudent for the collector to be at a lower temperature. 
 

 
Figure 1.6 Schematic diagram of how an emitting sample would be tested for 
thermionic emission. A bias is applied to help electrons emitted form the sample 
overcome the space charge effect and be collected by the positively charged collector. 

 
 There are many current thermionic devices based upon thermionic 
emission from metals, for example, in some electron microscopes electrons 
are generated by heating the metal filament until it emits electrons. 
Unfortunately metals tend to thermionically emit at very high 
temperatures, usually between 1000ºC to 2000ºC [98-101]. This means that 
thermionic devices are currently restricted to use in space until a stable 
material that can emit a high current density at lower temperatures can be 
found [102-104].  
 Early research into electron emission of diamond thin films showed 
that H-terminated diamond could emit electrons at temperatures below 
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1000ºC when a small bias was applied to the collector (this bias was small 
enough so the emission was not considered field emission) [105]. Since then 
various research groups have reported threshold temperatures between 
250ºC and 550ºC and low effective work functions have been calculated to 
be 0.9 eV to 4.43 eV [93-97]. All of these reports have shown how the 
current density observed is dependent upon many properties of the sample 
including; the substrate material, grain size of the diamond, dopants 
present, sample thickness and surface termination. 
 If a diamond sample is nanocrystalline (NCD) it emits a higher current 
than with larger grain size (microcrystalline diamond, MCD, or single crystal 
diamond, SCD) [93-97,106]. It is thought that because sp2-hybridised C 
increases the electrical conductivity of the film it also contributes to 
emission, while mid-band-gap states are induced by structural defects near 
the grain boundaries. Grain boundaries appear to be key to the increased 
emission as simply graphitizing the surface of a diamond film does not result 
in enhance thermionic emission [107,108]. NCD could have potential for use 
in devices, but as diamond crystal size decreases many of the extreme 
properties of diamond are diminished i.e. reduced hardness and thermal 
conductivity and so there is still interest in smaller diamond crystal sizes. 
 A huge array of diamond dopants has been investigated including N, 
P, B and S. The Nemanich group based at Arizona State University found 
that the best H-terminated N-doped NCD films generate current densities of 
up to ~5 mA cm-2 [93]. Other dopants such as phosphorus can also lead to 
thermionic emission from diamond but this was disappointingly low at first 
with a current density of ~70 µA cm-2, despite the lowest work function 
reported for P-doped diamond being 0.9 eV [109] for a P atom concentration 
of 5×1018 atoms cm-3. Although there have been recent improvements by 
Kamo et al. who have measured a current density of 8 mA cm-2 from a 
heavily P-doped NCD [110]. H-terminated B-doped diamond was recorded as 
having an extremely low emission of 0.65 nA cm-2 even at 1390 K [111].  
 The thermionic emission of doped diamond films is also dependent 
upon the termination used. Diamond can be terminated with a wide variety 
of atoms and molecules, and depending on how electronegative the 
termination is, it can induce a positive or negative electron affinity. A 
positive electron affinity surface would make it more difficult for an 
electron to leave the surface of the diamond upon heating, thus reducing 
possible thermionic emission. In contrast, a negative electron affinity 
reduces the energy needed for an electron to be emitted, and can enhance 
the thermionic emission of a sample, as discussed further in Section 1.6. 
 
 

1.6 Negative electron affinity (NEA) 
 
Electron affinity (χ) is defined as the difference between the energy of the 
vacuum level and the energy of the conduction band minimum. This is an 
important surface property to consider when looking at a material for 
electron emission. If the electron affinity is positive it acts as a barrier, 
preventing low energy electrons from being emitted into the vacuum. When 
this is the case the surface is referred to as having a positive electron 
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affinity (PEA). The opposite of this is when the conduction band lies above 
the vacuum level, making it easier for an electron to escape. When χ is 
below zero, the surface is said to have a negative electron affinity. Once an 
electron from a state within the conduction band is emitted from the 
surface and into vacuum, the energy gained by it corresponds to the 
difference in energy of the state it was emitted from and the energy of the 
vacuum level.  
 It was observed that using different surface terminations could 
modify the electron affinity of diamond. This is because the difference in 
electronegativity of the termination species and C (from diamond) causes 
redistribution of charge at the surface (the surface dipole). Himpsel et al. 
was first to show true NEA could be induced in diamond when the surface 
was terminated with hydrogen [112]. This electron affinity was 
experimentally measured to be approximately -1 eV, showing C has a partial 
negative charge and H has a more positive charge, as represented in Figure 
1.7 (b).  
 

 
 

Figure 1.7 (a) O-terminated diamond induces a positive charge on the surface C atoms 
leading to PEA, whilst (b) shows how the opposite occurs for H-terminated diamond and 
causes NEA. 

 
Until recently hydrogen was the only known true NEA termination, 

but other terminations were known to induce an effective NEA. This is 
where the termination (for example Cs [113,114]) causes depletion band 
bending at the diamond surface. This effectively pulls the CBM below the 
energy of the vacuum band and so the effective NEA (χeff) can be calculated 
by subtracting the pre-existing PEA of the material (χ) from the band 
bending (Φ!!) as shown in Equation 1.1.1. An example of this is diamond 
terminated by Cs-O (χ  of -0.85 eV [115,116]), which requires a short anneal 
of the sample so that some O and Cs ions desorb and the remaining ions 
redistribute to form both Cs and Cs-O terminations for the optimum low 
energy configuration that is both strong and chemically stable. 

 
𝜒!"" = 𝜒 −Φ!! 

Equation 1.1 

More recently O’Donnell et al. investigated metal-oxygen 
terminations and have shown Li-O and Mg-O diamond terminations both 
induce large, true NEA surfaces [117-120]. Li-O requires a monolayer of Li to 
be deposited upon an O-terminated diamond surface, followed by annealing 
in order for the Li-O to reconfigure to the desired structure. This induces a 
large NEA of -3.9 eV, with a higher binding energy than Cs-O terminations, 
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meaning it is stronger and more chemically stable than Cs-O. More surprising 
was the discovery that upon the deposition of a monolayer of Mg onto an O-
terminated diamond surface, the resulting NEA was even greater and no 
annealing was required [120]. 

Without these terminations the bare surface of diamond naturally has 
a PEA surface with χ ranging from 0.35 to 0.5 eV, dependent upon the 
surface orientation [121-123]. This PEA is enhanced further with oxygen 
termination leading to of χ 2.6 -3.6 eV, due to the large electronegativity of 
oxygen compared to carbon [116,122]. The dipole is visualised in Figure 1.7 
(a). 

Energy band diagrams that show positive electron affinity, true 
negative electron affinity and effective electron affinity of diamond are 
shown in Figure 1.8 (a), (b) and (c), respectively. ECBM is the energy level of 
the conduction band minimum, EVB is the valence band energy level, Evac 
denotes the vacuum level energy, Φ! is the Fermi energy, Φ!! corresponds 
to the band bending energy, χ is the EA and χeff denotes the effective NEA. 
 

 
 
Figure 1.8 Energy band diagrams showing (a) a PEA, (b) a true NEA and (c) an effective 
NEA. 

 

1.7 Substrate 
 

1.7.1 Materials 
 
A few important criteria need to be fulfilled by a material that is to be used 
as a substrate for diamond deposition. First, the diamond CVD process 
typically takes place at temperatures between 700 – 900ºC [4,124-126], and 
as such the substrate material needs to be able to withstand these 
temperatures. Various groups have developed low temperature growth of 
diamond, below 700ºC [127], but the diamond grown under these conditions 
is not of high quality and has a slower growth rate.  

The next requirement is that the substrate should have a fairly 
similar thermal expansion coefficient to that of diamond. If there is a large 
mismatch then this could lead to the diamond film cracking and even 
delaminating as the sample cools. 
 Finally there should be a good adhesion between the substrate and 
the diamond. This depends upon how the substrate material interacts with C 
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and usually this can be separated into high solubility, low solubility and 
medium solubility of C. If C is too soluble in the material - such as iron, 
titanium, and platinum – the substrate continues to absorb C [4]. This not 
only changes the properties of the substrate material but also prevents 
diamond from nucleating. The other extreme of the scale is a substrate that 
hardly interacts with C at all, which leads to little or no carbide layer 
forming and the diamond film will delaminate easily. Materials with low C 
solubility include copper, iridium and germanium [124,125]. Sometimes 
these types of substrate are chosen so that free-standing diamond films can 
be created. Ideal substrates have moderate C solubility so can form carbide 
layers during the first part of the diamond growth process, but then 
diamond can nucleate on this carbide layer and has good adhesion to the 
substrate. Recommended substrate materials include Si, Mo and W as they 
meet all standards required [4,109,126]. 
 

1.7.2 Treatments 
 
Substrates must be pre-treated to reduce nucleation time; this helps to 
form continuous diamond films during heteroepitaxial CVD. There are many 
different techniques that are often used, including but not limited to; 
manual abrasion, sonification, electrospray and self-assembly of a diamond 
polymer suspension. 
 

1.7.2.1 Manual Abrasion 
 
This technique consists of scratching diamond microparticles into the 
substrate; it is simple, cheap and effective. The abrasion of the diamond 
particles forms scratches on which CVD diamond can more easily grow. 
Compared to a flat surface, diamond can be grown much more quickly on a 
surface with defect sites [128]. This technique also seeds the substrate with 
any diamond particles that become embedded and remain in the substrate 
surface. Overall this seeding technique can drastically reduce the nucleation 
time and the work has been heavily reported and optimised by others.  
However it damages the surface so cannot be used on patterned or delicate 
substrates. 
 

1.7.2.2 Sonification 
 
Substrates can be submerged into diamond particle suspension and then 
agitated in an ultrasonic bath or with a sonicator. This suspension is most 
commonly water based (due to favourable intermolecular forces between 
nanodiamond and water [129,130]). Once the sample has been removed 
from the suspension there should almost be a complete layer of diamond 
seeds adsorbed on the substrate surface. These nanodiamond particles can 
stick to the substrate due to electrostatic and van der Waals forces. There 
are many reports on how solvent, diamond particle size and length of 
sonication time affect the density of the seeding layer [129]. This is a 
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suitable technique to use for samples that require more reproducible results 
or for very thin layer diamond growth. 
 

1.7.2.3 Electrospray seeding 
 
As suggested by the name, this technique involves electrostatic spraying of 
an ionised suspension containing diamond nanoparticles. The substrate 
remains grounded whilst a potential difference is applied to the diamond 
nanoparticle suspension. This causes the suspension to be attracted to the 
substrate. As the droplets travel to the substrate, the liquid evaporates and 
the diamond nanoparticles are deposited on the substrate surface. This 
provides almost a monolayer coating of nanodiamond seeds but care must 
be taken as the diamond is only weakly bound to the substrate surface so 
can easily be removed. 
 

1.7.2.4 Self-Assembly of diamond particles 
 
Self-assembly seeding is a fairly recent technique that is both non-
destructive (unlike manual abrasion) and reproducible. Self-assembly is 
often based upon using complementary co-polymers (one on the substrate, 
and the other on the nanodiamond) in order for favourable electrostatic 
interacts to bring them together. This pulls the nanodiamond to the 
substrate surface to create the seeding layer.  

For example, in this thesis the substrate is dipped in 
carboxyethylsilanetriol (CEST) sodium salt (Figure 1.9) solution.  

 

 
 

Figure 1.9 Structure of carboxyethylsilanetriol sodium salt 

 
The Si interacts with the oxide layer of the substrate, forming a thin 

layer of CEST as shown in Figure 1.10. The substrate can then be dried 
before being submerged in a nanodiamond solution. The nanodiamonds in a 
water-based solution are positively charged (as the water abstracts 
electrons from the diamond surface) and so they interact with the anionic 
carboxylate groups of the CEST, spontaneously self-assembling into a dense 
and uniform layer of nanodiamond [130].  
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Figure 1.10 Schematic diagram of CEST monolayer on the substrate surface. 

 

1.8 Computational studies of diamond 
 
Computational studies have progressed vastly since density functional 
theory (DFT) was first proposed [131,132] and as such are being used 
alongside practical experiments. For example to help direct laboratory work 
towards experiments that are more likely to be successful as well as to 
provide a deeper understanding into what may be happening at an atomic 
level. 
 DFT is an appropriate method to use for calculations regarding bulk 
properties of diamond, as it is particularly accurate in the solid state whilst 
also being fairly fast. This is because DFT uses approximations to simplify 
and solve the Schrödinger equation in less time, which makes it less 
computationally expensive. One small approximation is that DFT only 
models the valence electrons because pseudopotentials can be used to 
model core electrons. Core electrons are dealt with separately because they 
are mostly affected by the forces exerted by the nuclei, rather than by 
surrounding atoms. These pseudopotentials are based upon the Born-
Oppenheimer approximation, which provides the assumption that the nuclei 
and electrons can be treated separately.  
 DFT is also more appropriate for use in this case as it attempts to 
account for electron correlation, unlike Hartree-Fock (HF) theory, and this 
enables more accurate modelling of ground-state behaviour. HF theory is 
based upon the assumption that a many-electron wavefunction can be 
expressed as a determinant of single-electron wavefunctions, it is a mean 
field theory. This means that electron correlation is not treated and thus 
calculated energies are usually too high. 
 The disadvantage of DFT, though, is the underestimation of band gap. 
This should be kept in mind for calculations on band structure and density of 
states, as results will be qualitative not quantitative.  Also the accuracy of 
the calculations is entirely dependent upon the functional used and whether 
or not it is suitable for use in a particular situation. 
 Nowadays DFT is being used to calculate geometries, energies, 
density of states, vibrational properties, and spectroscopic features thanks 
to software packages (such as CASTEP [133]) made available to scientists 
who may not even consider themselves computational researchers. A step 
further with DFT has shown how structures can be predicted dependent 
upon external conditions (i.e. pressure) [134]. If used correctly this could be 
a great help to experimental scientists searching for new materials. 
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1.9 Outline and Aims 
 
The experiments presented within this thesis are entirely novel, with no 
previous experimental data to base the work upon. As such, the first focus 
of the experiment was to devise ways in which to create two different co-
doped diamond systems; B and Li, and N with Mg. The first co-doped 
diamond system, B and Li, had the potential of been a highly thermionically 
emitting diamond film due to enhancement by Li. The latter system, Mg and 
N, was examined due to the possibility of creating an n-type semiconducting 
diamond film through the creation of Mg and N clusters with shallow 
electron-donating properties. This could also result in a diamond film that 
emits a high current density upon heating. The Mg-N doped diamond is 
investigated both experimentally and theoretically. 
 Considerable trial and error was used in order to create the samples 
and in creating the thermionic emission converter simulator (TECsim) before 
the preliminary thermionic emission tests could be performed. This is an 
exciting start for research into these co-doped diamond systems and as a 
result of the experiments further work can be performed in order to get 
closer to creating an n-type semiconducting diamond for use in thermionic 
devices.  
 
Chapter 2 all equipment used within this thesis is presented and the theory 
behind them discussed. 
 
Chapter 3 presents the characterization of diamond films doped with both 
boron and lithium. The analysis looks at the diamond morphology, 
conductivity and depth profiles of the diamond films to detect boron and 
lithium concentrations. 
 
Chapter 4 reports on how a stable magnesium-containing solution was 
prepared for the use of in-diffusing magnesium into diamond films. 
 
Chapter 5 presents the analysis of diamond doped with nitrogen and 
magnesium grown upon silicon substrates. The concentration of both 
elements was calculated throughout the film, and both the morphology and 
conductivity observed. 
 
Chapter 6 reports upon the preliminary experiments carried out to measure 
the thermionic emission of both boron and lithium co-doped diamond and 
nitrogen and magnesium co-doped diamond. 
 
Chapter 7 discusses the results of density functional theory based 
calculations used to model N, Mg and Mg-N clusters within the diamond bulk 
 
Chapter 8 summarises the results presented in this thesis and proposes new 
avenues of research to follow that complement and further the work 
discussed. 
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2 Experimental Chapter 
 

2.1 Hot-filament chemical vapour deposition 
 
Two very similar hot-filament chemical vapour deposition reactors were 
used to create the diamond samples discussed in this thesis. Both reactors 
comprised of a chamber, vacuum system and gas system (Figure 2.1). 
 

 
 

Figure 2.1 The HFCVD set up used to deposit diamond films and to diffuse diamond 
films with dopants. Labelled parts include: (a) the filament power supply, (b) pressure 
gauges and shut-off valve, (c) MFC controllers, (d) heater stage power supply, (e) thick 
pipe (and thin pipe behind) to rotary pump, (f) gas-inlet pipe, (g) front viewing port, 
and (h) vent valve 

 
The stage setup comprised of two main parts, the sample stage and 

the filament setup. The sample stage was made of a thin Mo plate and a 
stainless steel plate that sandwiched a resistive heating wire (made of 
Ni/Cr) between them. This heating wire was connected to a power supply 
which passes 4 A d.c. through the wire to heat the entire stage complex to a 
temperature of ~ 400°C (as measured by a thermocouple, without filaments 
contributing any heat).  The wire was electrically isolated from the 
surrounding metal parts by ceramic beads. The Mo plate heated uniformly 
and protected the heating elements below from the gaseous reactions and 
harsh conditions of diamond growth. The Si samples upon which diamond 
was to be grown were placed onto this plate. 

The filaments above were held in position by parallel filament 
holders and a spring-loaded mechanism. The filament wire attached to a 
spring was threaded through a stainless steel tube (so that the spring was 
encased and protected from the heat) on one side of the filament holders. 

(a) 

(b) 

(d) 

(h) 

(g) 

(c) 

(e) 

(f) 
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At the other end of the filament the wire was secured by a screw-clamp, 
under a little tension, parallel to the filament holder (Figure 2.2). The 
spring allowed the filament to remain straight and taut throughout 
deposition conditions despite expansion due to high temperatures. The 
filaments were heated to 2100 - 2300 K (as measured using a twp-colour 
pyrometer) using 25 A d.c. current from an external power supply (Digimess 
SM3040) and kept at a voltage of ~10 V.  Because the filaments were wired 
electrically in parallel, each filament passed 8.3 A of the current.  

 

 
 

Figure 2.2 Schematic diagram of the stage setup 

 
In both reactors used, three filaments were held 3 mm above the 

samples. In the reactor used to grow undoped and nitrogen-doped diamond 
and used to carry out the diffusion process (reactor A), the Mo plate was 
large enough for only two 1 cm2 samples to be grown simultaneously. In the 
diborane reactor (reactor B) three 1 cm2 samples could be placed side-by-
side with uniform deposition on each. The only other difference between 
the two reactors was the material used to make the filaments. Reactor A, 
had filaments made of rhenium wire (Goodfellow, 99.97% purity, 0.25 mm 
diameter, annealed temper). Rhenium does not react with carbon-
containing gases under the conditions used for diamond growth; as such it 
could be used for multiple growth cycles, and often lasted for several 
months before a set of filaments broke. This was ideal for multiple growth 
runs where run-to-run sample reproducibility is crucial for reliable trend 
data. However Re is extremely expensive (one set of Re filaments costs 
£50). 

Rhenium was found to react with boron becoming brittle after only 
one or two deposition runs.  Therefore, due to the high cost, tantalum wire 
(Advent Research Material Ltd, 99.9% purity, 0.25 mm diameter) was used 
within reactor B instead of Re. Ta is perhaps 100 times cheaper than Re, 
and goes through a carburisation process during diamond growth process, 
which causes tantalum carbide to form and the filament to become brittle. 
TaC is easily fractured during reactor cool down or during sample changing, 
and so the filaments needed to be replaced after each growth cycle. This 
was inconvenient, and meant greater care had to be taken so that each new 

To/from filament 
power supply 

Filament 

Substrate 

Resistive  
heater wire 

Ceramic beads 

Mo plate 
Stainless  
steel plate 

Encased spring-loaded 
mechanism 



 27 

filament set was positioned in the same place as the previous set for sample 
reproducibility.   

The entire stage set-up was connected to the two sets of electrical 
feed-throughs needed to provide power to the substrate heater and to the 
filaments through the removable top flange of the chamber, onto which it 
was mounted. 

The chamber was stainless steel and attached to a rotary pump 
(Leybold Trivac D8B) by a thick pipe, used to quickly remove large volumes 
of gas from the chamber and reach a base pressure of 45 mTorr, and a thin 
pipe allowed more delicate adjustment of the process pressure. The thick 
pipe could be fully closed and then the thin pipe was partially closed via a 
needle valve to enable manual control of gas pressure during deposition. 
The pressure within the chamber was measured during deposition using a 
capacitance manometer (Vacuum General, CMLB-21, 0-100 Torr) and the 
base pressure was monitored using a Pirani (Edwards, PG100-XM, 0-1 Torr). 
Gases entered the chamber through a side arm connected to the manifold 
from the various gas supplies, and an air inlet valve was used to vent the 
chamber. 

Exhaust gases (which are predominantly hydrogen) were drawn into the 
rotary pump and extracted via a large-diameter pipe where it was mixed 
with air and diluted to a thousandth of the concentration before being 
emitted from the building. The quartz window at the front of the chamber 
allowed the user to view the apparatus inside to ensure it appeared correct 
before, during and after use. 

All process gases were stored in gas cylinders with regulators in 
ventilated cabinets and connected to the relevant reactor using stainless 
steel gas lines. H2 gas (Air Liquide, CP grade, 99.995%), CH4 gas (BOC, 
Research grade, 99.99%) and B2H6 in H2 (BOC, 5% diborane in H2, Research 
grade) were used. The exception was NH3, which was supplied from a 
lecture bottle (Sigma-Aldrich, Anhydrous – lecture bottle, 99.99%).  Flow 
rates were controlled using individual mass flow controllers, MFC (Reactor 
A; all Tylan FC260 MFCs H2 200 sccm, CH4 10 sccm N2 calibration, NH3 10 
sccm N2 calibration. Reactor B; H2 200 sccm MKS, CH4 10 sccm MKS, B2H6 2 
sccm MKS). All MFCs, apart from those for CH4 and NH3 in reactor A (which 
were calibrated against N2 and as such required a gas correction factor) 
were calibrated for the gas flowed through them. Each MFC was 
automatically controlled and the flow rate monitored (in standard cubic cm 
per minute, sccm) using an MFC control box where the desired flow rate was 
input. 

 

2.1.1 Standard Diamond Growth Conditions 
 
Diamond could be grown within the HFCVD reactors using a majority 
hydrogen atmosphere, with a small proportion of CH4 gas and a dopant gas 
precursor if required. Diborane was used as the precursor gas to dope 
diamond with boron. Once admitted into the chamber, boron was very 
difficult to entirely remove from the reactor chamber and the associated 
equipment, so all samples doped with boron were grown in a separate 
dedicated HF CVD reactor (reactor B). Ammonia was used to dope diamond 
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samples with nitrogen in reactor A. All gases used and relevant information 
about their MFC offsets, gas correction factor, gas flow rates on the MFC 
controller and percentage of gas used relative to H2 are shown in Table 2.1. 
 Silicon wafers (100) were used as the main substrate in this study. For 
samples that were doped with nitrogen n-type Si was used (Si Mat, P-doped, 
100-3000 Ω cm-1, one-side polished) while for samples doped with boron p-
type Si was used (Si Mat, B-doped, 1-10 Ω cm-1, one–side polished). These 
were cut into substrate sizes of 1 cm2 using a laser cutting and machining 
system (Oxford lasers) and then cleaned with methanol before being 
manually abraded with 1-3 µm diamond powder (Diadust) to uniformly 
scratch the surface to provide nucleation sites on the substrate as well as to 
seed the surface with diamond particles. 
 When HPHT undoped diamond (SC Plate Type 1b 3.0 × 3.0 mm, 0.3 mm 
thick <100>) was used as a substrate, these were simply cleaned with aqua 
regia to remove any non-diamond material. 
 
 
Table 2.1 Standard gases used with MFC offset, gas correction factor, gas volume 
recorded on the MFC controller in sccm and% of each gas relative to the H2 atmosphere 
for HFCVD reactor A and B as well as H2 in the MWCVD reactor. (* relative to N2 gas) 

Gases MFC 
Offset 

Gas 
Correction 
Factor 

Gas flow rate 
on MFC 
controller 

Percentage 
relative to H2 
atmosphere 

H2 (reactor A) - 6.00 1.00 200 - 
CH4 (reactor A) - 0.31 0.72* 2 - 5 0.81 – 1.86 
NH3 (reactor A) - 0.14 0.74* 0.2 - 0.75 0.12 – 0.32 
H2 (reactor B) + 5.00 1.00 200 - 
CH4 (reactor B) + 0.07 1.00 2 - 8 0.99 – 4.07 
5% B2H6 in H2 (reactor 
B) 

+ 0.017 1.00 0.1 - 0.5 0.002 – 0.012 

H2 (MWCVD reactor)    0.00 1.00 300 - 
  
 
 Samples were also grown upon 500 µm thick Mo (Goodfellow, Mo foil, 
99.9% purity, annealed finish) to be analysed using the Thermionic Energy 
Converter (TEC) these were also cut into substrate sizes of 1 cm2 (using 
water-jet cutting) and cleaned with methanol. They were seeded using a 
self-assembly method [1]. This required the Mo to be cleaned using 
methanol, dried with an air gun and then cleaned with distilled water and 
dried with an air gun. The clean substrates were then dipped into a solution 
of 25% in water Carboxyethylsilanetriol Na salt in water for 15 minutes. The 
excess solution was then rinsed off with distilled water and again the 
surface was dried using an air gun. The substrate was then submerged into a 
solution of 18 nm nanodiamonds (Microdiamant, concentration of 25 cts/kg 
in water) for five minutes before being rinsed in distilled water and dried 
with an air gun. 
 After the substrate was prepared it was placed into the reactor 
chamber and the system was pumped down to base pressure (45 mTorr). 
The sample stage was then heated to ~400 °C for 15 minutes (reactor A) or 
30 minutes (reactor B) in order for any adsorbates (e.g. air, water vapour) 



 29 

to desorb from the stage and be removed from the chamber by the vacuum 
pump. For standard growth of MCD films, 0.81% and 0.99% CH4/H2 gases 
flowed into the chamber of reactor A and B, respectively. For the standard 
growth of NCD films 1.86% CH4/H2 gases were used in reactor A, and 4.07% 
used in the reactor B. 
 In both reactors the chamber was kept at a process pressure of 20 Torr 
and the filament power set to 25 A. The combination of the stage and 
filaments gave a substrate temperature of ~ 900°C (as measured using a 
two-colour Ametek SPOT R160 pyrometer) and resulted in a growth rate of ~ 
0.4 µm h-1 for MCD films in reactor B and ~ 0.5 µm h-1 for NCD films. The 
growth rate in reactor A tended to be higher, and was heavily influenced by 
the presence of NH3 with MCD growth rates of ~ 1.01 µm h-1 and ~ 0.54 µm 
h-1 with NH3:H2 ratios of 0.12% and 0.32%, respectively. NCD growth rates 
were similarly affected by the presence of NH3 with NH3:H2 ratios of 0.12% 
and 0.32% produced growth rates of ~ 1.64 µm h-1 and ~1.04 µm h-1, 
respectively. 
 

2.2 Microwave plasma enhanced hydrogen termination 
 
Diamond samples were hydrogen terminated using a microwave (MW) 
plasma-enhanced CVD reactor (Figure 2.3). The MW system was based on an 
ASTeX design, the chamber of which was purpose built by Element Six, Ltd. 
The gas mixture was activated in the chamber through absorption of 
microwave radiation at 2.45 GHz generated by a 1.5 kW ASTeX magnetron 
(HS-1000), which was connected to the chamber through a thermal load (CS-
1000) and a directional coupler (DCS-1000). The magnetron was protected 
from the reflection of excess power by a water-cooled thermal load; this 
reflected power could be measured using a radio frequency diode in the 
coupler. An antenna coupled MW radiation through 90° and was tuned to 
reduce the reflected power for particular gas mixtures. In this case a pure 
H2 atmosphere was used for hydrogen termination of diamond samples. 

The MW chamber had water-cooled aluminium walls and was divided 
by a vacuum-sealed fused-silica (Knight Optical UV Grade, 119.5 mm 
diameter × 7.4 mm thickness) window, the atmospheric pressure MW 
waveguide was above this window. Below this was the vacuum chamber with 
gas inlets [1]. Pressure was measured using a capacitance manometer (MKS 
Baratron, 1 – 100 Torr) or with a Pirani gauge (Ceravac) if below 1 Torr. 
Pressure was controlled with an automatic control unit (MKS 252A) and a 
butterfly valve (MKS 253A-1-40-1) altered how much gas was pumped out of 
the chamber by the rotary pump (Edwards E2M2), this used a throttling 
valve with a feedback mechanism. The fused-silica window was kept cool 
during CVD using a blower to pass air over the surface of it. 

During H-termination the sample was placed onto a Mo holder that 
sat on a 250 µm thick W wire ring to isolate it from the water-cooled Al 
baseplate. The temperature of the sample was monitored throughout the H-
termination process through use of a two-wavelength optical pyrometer 
(Raytek Thermalert SX) positioned above the fused-silica window and 
directed onto the sample. An emissivity coefficient of 0.25 was used to 
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check the diamond temperature during the pure hydrogen plasma 
treatment. 

The H2 gas used (99.995%, BOC K (175 bar)) was stored in a gas 
cylinder cabinet and delivered to the reactor through stainless steel 
pipework. The flow rate was controlled using an electronic control box 
(MKS247C) that can operate a gas manifold consisting of six different mass 
flow controllers. Only one was required for H-termination; this had a filter 
and bypass valve and was calibrated for N2. It could flow up to 1000 sccm 
and had a gas correction factor of 1.01 (H2 relative to N2). The gases were 
mixed (if multiple used) and entered the chamber just below the quartz 
window. 
 

 
 

Figure 2.3 The MWCVD setup used for hydrogen termination of diamond films. Labelled 
parts include:(a) MW magnetron, (b) MW waveguide, (c) optical pyrometer, (d) reactor 
chamber, (e) water cooling system, (f) process gas inlet, (g) gas exhaust, (h) water-
cooled base plate, (i) viewing window, (j) air cooling for fused-silica window 

 

2.2.1 Standard Hydrogen termination conditions 
 
The sample was placed in the chamber and the system was pumped down to 
the base pressure of 48 m Torr. The plasma was ignited using a hydrogen 
flow rate of 300 sccm, pressure of 60 Torr and 800 W microwave power for 
five minutes at ~ 700ºC, this was to remove any existing terminations left on 
the sample. The pressure was reduced to 30 Torr and power to 600 W to 
terminate the sample using atomic hydrogen in the plasma (< 500ºC). After 
five minutes the plasma was extinguished and the microwave power 
switched off, the hydrogen was left flowing for a further five minutes 
before the gas inlet was closed and the system was pumped back down to 
base pressure. 

(a) (b) (c) 

(d) 
(e) 

(f) 

(g) 

(h) 

(i) 

(j) 
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2.3 Scanning Electron Microscopy (SEM) 
 
One of the most useful tools used throughout this project was the SEM, 
which provided a method to observe the morphology of samples, as well as 
a method to determine the thickness of each sample when a cross-section 
was analysed. The thickness of each sample allowed a deposition rate to be 
determined, as well as an etch rate when using secondary ion mass 
spectrometry (SIMS).  

In scanning electron microscopy an electron beam is generated using 
a field emission electron gun and various electromagnetic lenses are used to 
control the beam diameter and focus, as well as ensuring only electrons 
with the correct directionality hit the sample surface. It is this primary 
electron beam that interacts with the atoms close to the surface of the 
sample, causing atoms in the sample and excited electrons (secondary 
electrons, SE) to be released from the surface and then detected. As the 
electron beam scans the sample and the scattered electrons are detected, 
the different amount of electrons detected at each point determines how 
‘light’ that point appears in the image, dependent on the local topography 
of the sample. [3]  

Each SEM image was obtained at the University of Bristol using either 
the JEOL JSM 6330F, which obtained high-resolution (<10 nm) images 
through the use of high vacuum, and a field emission electron gun (FEG) as 
the electron source, or using the Zeiss Sigma HD VPSE located in the 
Interface Analysis Centre (Figure 2.4). This had an even higher resolution of 
(<5 nm) through UHV conditions and use of a FEG as the electron source. 
The higher the vacuum conditions the clearer the path between the 
scattered electrons and the detector, meaning the electrons are more likely 
to be detected. The resolution is also affected by the spot size used; the 
smaller the spot size the smaller the area of interaction and the higher 
spatial resolution. Also, the higher the accelerating voltage used, the 
deeper the primary electron beam can penetrate the sample and the higher 
the probability of interactions but also the larger the volume of interaction 
leading to lower spatial resolution overall. The user can choose the spot size 
and the accelerating voltage dependent on the sample being looked at. All 
SEM images in this thesis were produced using a 10 kV accelerating voltage, 
and a collector bias of 300 V. 

SEM was successfully used to provide an insight into how different gas 
mixtures for diamond growth, and different diffusion procedures affect the 
morphology of the resulting sample. 
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Figure 2.4 Photograph of Zeiss Sigma SEM (a) exterior and (b) the interior 

 

2.4 Energy dispersive X-ray spectroscopy (EDX or EDS) 
 
EDX is an analysis technique that enables the user to qualitatively (and in 
some conditions, quantitatively) detect the elements present on the surface 
of a sample. It can be performed within an SEM (as discussed in Section 2.3) 
as the electron beam interacts with the inner electron shell of an atom, 
causing an electron to be ejected and the atom to be left in an excited 
state. An electron from the outer shell of the atom will then drop down to 
fill the space and excess energy is released through a characteristic x-ray 
(or through the ejection of another outer-shell electron, an Auger electron). 

The characteristic x-ray can be detected by a solid-state detector, 
which is usually made from lithium-doped single crystal Si. The x-ray is 
absorbed into the Si crystal, causing ionisations that form electron-hole 
pairs. When a high voltage bias is applied, the holes and electrons can be 
separated and move to different electrodes and are detected as current 
signal. This is converted to voltage signals and processed to get intensity 
versus x-ray energy (Figure 2.5). 

EDX was carried out using a Zeiss Sigma HD VPSE field emission SEM 
with an attached EDAX Octane-Plus silicon drift EDX detector with 
accompanying TEAM analytical software located in the Interface Analysis 
Centre. This was mostly used to make x-ray spectra from single points and 
to map the distribution and intensity of chosen elements over a large 
scanned area. Unfortunately, because of the material of the detector, low 
mass elements like H, He and Li could not be detected in this system. 

When creating EDX maps a high accelerating voltage of 30 kV was 
used with a wide aperture (120 µm) in order to increase the yield of x-rays 
detected. 
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Figure 2.5 Representation of the principle of detection in EDX. 

 

2.5 Raman spectroscopy 
 
A Renishaw Ramascope System 200 spectrometer with a He:Cd laser at an 
excitation wavelength of 325 nm. This was connected to Leica DMLM 
microscope (Figure 2.6).  
 

 
 

Figure 2.6 Raman system in the School of Chemistry, University of Bristol. 

 
Monochromatic light was used to excite molecules within a diamond 

sample. When focused using an optical molecule the scattered light is 
collected. This scattered light is mostly from molecules in the ground 
vibrational and electronic states being excited by the high-energy 

V

Electron 
Hole 

Incident X-Ray 

Bias Voltage 

Electrical Contacts 

Electron-hole  
pair 

Lithium doped 
Silicon crystal Amplifier and  

signal processor 



 34 

monochromatic light and then relaxing back to the ground state. As there is 
no change in energy, this means that the light has the same frequency as 
the incident photons (Rayleigh scattering) [4]. 

A very small percentage (0.001%) of the scattered light relaxes back 
to a higher energy state. This means that the photons now have lower 
energy and so have a lower frequency and longer wavelength than those 
from Rayleigh scattering. These low frequency photons are called Stokes 
Raman scattering (Figure 2.7) [5]. 

If the molecule is already in an excited state, which is less likely at 
room temperature, then the molecule can be further excited by the light 
source and then relax back to the ground state. The emitted photon now 
has a higher energy and thus a shorter wavelength than Rayleigh scattering – 
anti-Stokes Raman scattering. 

The Raman spectra produced is plotted as the Raman shift, which is 
determined using Equation 2.1 and reported in wavenumbers (cm-1), versus 
intensity. 
 

𝜐 =  
1

𝜆!"!"#$%&
−  

1
𝜆!"#$$%&%'

 

Equation 2.1 

 
Once the scattered light has been collected it is passed through a 

notch filter, in order to remove Rayleigh scattering, focussed onto a 
diffraction grating that disperses the scattered light, and directed onto a 
CCD detector that records the intensity of each Raman shift to produce a 
spectrum. 
 

 
 
Figure 2.7 Energy diagram of Rayleigh and Raman scattering 
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a strong peak at 1332 cm-1 [6]. This wavelength also gives a peak for sp2 
hybridised C (graphitic, non- diamond C) at 1580 cm-1, and so the quality of 
diamond can be estimated by comparing the ratio of diamond peak intensity 
to graphitic peak intensity. Other laser wavelengths are more sensitive to 
the sp2 hybridised C, and less sensitive to sp3 hybridised C as its 
transparency increases to more than 65% at wavelength of 400 nm -100 µm. 
 

2.6 Magnetic sector-secondary ion mass spectrometry (MS-SIMS) 
 
SIMS is a technique in which a primary ion beam (in this experiment Ga+) is 
used to ionise atoms in the top few layers of the material of interest. The 
primary ion beam hits the sample, transferring energy and causing some 
sample atoms to recoil and either interact with other sample atoms, or to 
eject from the sample as sputtered atoms and ions (these can be atomic or 
molecular ionic fragments). The mechanism of this sputtering is very poorly 
understood and no quantitative model exists to predict this. The ionised 
atoms and molecules are then separated by their mass-to-charge ratio (m/z) 
[7] using an electric or magnetic field and detected using a mass 
spectrometer [8]. The amount of ions detected of a certain m/z can be 
converted from qualitative to quantitative data in certain circumstances.  

In order to obtain quantitative data a standard sample with a very 
similar composition to the material of interest must be used. This is because 
the yield of ions from an area can be affected by the presence of other 
reactive species such as oxygen in positive SIMS, which can enhance the 
yield of other species, or alkali metals in negative SIMS [9,10,11,12]. The 
sensitivity of the instrument towards particular ions is also dependent upon 
the target element’s electron affinity (if looking at negative ions) and 
ionisation potential (when looking at positive ions). This means that the ion 
yield can vary by orders of magnitudes between elements. 

Within this thesis dynamic SIMS mode is mainly used. This is when a 
high-current beam is used to continuously sputter material from the sample, 
causing the ‘surface’ to be constantly changing. As the ions are detected 
the abundance of a species can be measured as a function of sputter time 
[9]. This creates a depth profile and can have excellent depth resolution of 
a few nm [13]. Multiple species can be monitored simultaneously using fast 
peak ‘hopping’. Either positive or negative ions can be detected, but not 
both simultaneously. 

The pit created by the ion beam during depth profiling may not have 
vertical sidewalls; as such ions from the sidewalls may contribute to the ion 
counts making the depth profile inaccurate. To counter this, electronic 
gating can be used; this cuts off the secondary-ion-counting electronics 
once the ion beam is outside of a given area [9]. This results in a large area 
exposed to the ion beam, but with a much smaller area in the centre of the 
rastered area from which the spectrum has been collected (~30% of the full 
raster area). 

If an etch rate for a bulk material is known (e.g. by prior calibration) 
then a plot of abundance of selected species versus depth below the surface 
can be made. An etch rate can be calculated either through the use of AFM 
or SEM (as used here) to calculate the thickness of the sputtered area, or 



 36 

using a program that models the interaction of ions (from the primary ion 
beam) and atoms (of the sample) such as SRIM (the Stopping and Range of 
Ions in Matter) [14]. The former is more accurate because the process of 
using a primary ion beam to ionise the sample leads to implantation of 
primary ions (which may cause matrix mixing [11]) and so changes the 
composition of the material being sputtered. The longer the analysis time 
the more inaccurate the estimated etch rate due to ion mixing, 
implantation and knock-on-effects [15]. 

To decide on the specific m/z of the species to be looked at within 
the depth profile, a mass spectrum can be taken before the depth profile. 
This is where the acceptance mass/charge ratio of the mass spectrometer is 
increased and the secondary ions are collected at each m/z point to get a 
mass spectrum. For this work a maximum range of 0 to 45 Daltons was used; 
this range was low enough for peak widening not to be a problem so 
resolution of all peaks was good, and all variable slits were open to the 
maximum ensuring the maximum signal could be detected. Once a mass 
spectrum was obtained the m/z of interest can be assigned if the user has a 
good knowledge of the sample and its chemistry. 

The set-up used within this thesis was an in-house built MS-SIMS [16] 
and is described in detail here (Figure 2.8). The FEI Ga+ ion gun was used at 
25 keV and the beam current was held at 3 nA for all work in this thesis, 
although it could be changed using a variable electronic aperture. This was 
fitted to a Vacuum Generators model 7035 which had a forward-geometry 
double-focusing magnetic-sector mass analyser. A channeltron detector was 
used to detect the secondary ions. All of this surrounded the main analysis 
chamber, which also had an Everhart-Thornley electron detector to obtain 
secondary electron images of the sample. The samples mounted onto brass 
stubs were biased at ~±4 kV which acts to extract the secondary ions from 
the surface of the sample to the mass spectrometer entrance. Secondary 
ions were further collected and focused towards the mass spectrometer 
entrance using a collection of lenses; this greatly enhanced the sensitivity of 
the instrument but decreased the mass resolution.  

Within the mass spectrometer the electrostatic analyser prevented 
ions with less than ± 4 keV of energy (polarity dependent upon the mode of 
SIMS being used) from passing through to the magnetic sector. Variable slits 
could be used before and/or after the electrostatic analyser to filter the 
signal. Once in the magnetic sector the ions were deflected by a magnetic 
field inside a flight tube that was controlled by the current applied to the 
electromagnet. This magnet consisted of four coils arranged as two pairs, 
and the field was measured by a Hall probe that was placed between the 
jaws of the magnet. The current applied to the magnet determines what 
particular m/z ion was then allowed through the flight tube and out through 
an exit slit and detected. This was recorded in pulse counting mode and 
transferred to the connected software. The software controlled acquisitions 
of spectra, images and depth profiles as well as beam scanning and was 
written in-house (ta [16] System Ltd.) 

Within this thesis the calibration samples used were single crystal 
diamonds (SCD) that had been implanted with a known quantity of dopant 
(B, Mg, Li and N) by the University of Surrey. Dr Peter Heard undertook 
quantitative analysis using SIMS, the details of which are discussed in 
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Appendices A to D. Previous work on N and Li doping meant that these 
dopants had been previously quantified in a calibration sample [17]. 

Nitrogen was detected as CN-, with a mass/charge ratio of 26 but 
previous work has shown that diamond also gives a small signal for C2H2

- that 
also has a m/z of 26. The contribution of C2H2

- was calculated to be 1.1 x 
1019 cm-3 and has been removed from all graphs presented, giving the N 
atom concentration with an uncertainty of ~5% [17]. Lithium and boron 
could both be detected as the simplest positive ions, Li+ and B+, 
respectively, with Li+ having a minimum detection limit of 2.03 × 1017 cm-3 
and B+ with a detection limit of 2.20 × 1018 cm-3. Magnesium detection was a 
problem as Mg+ has the same mass/charge ratio as C2

+, which is detected in 
undoped diamond films. To determine how much C2

+ signal contributes to 
the mass/charge ratio of 24 an undoped diamond film was prepared. From 
this, C2

+ was found to contribute ~0.07 to the mass 24+:C+ ratio [17]. This 
amount was deducted from all samples with Mg present. The detection limit 
of Mg was calculated to be 1.66 × 1019 cm-3. Previous work has also shown 
that this particular system planarises the initial surface morphology, and 
thus sample roughness does not pose a problem when measuring the depths 
of layer boundaries [17].  

 

 
 
Figure 2.8 Labelled photograph of MS-SIMS 
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2.7  Electrical Resistance measurements 
 
Two types of measurement methods were used to calculate the electrical 
resistance of sample. PCD samples grown on Si were measured using a two-
point probe method, and samples grown upon SCD were measured using the 
van der Pauw method. 
 

2.7.1 Two-point probe method 
 
The electrical resistance of PCD samples was measured using a two-point 
probe method. Two 1×1 mm2 silver contacts, positioned 7 mm apart, were 
evaporated onto the surface of the samples using physical vapour 
deposition, PVD, (Edwards evaporator). The sample was then ozone treated 
to form an oxygen-terminated surface [18]. This made the surface non-
conductive [19] and ensured the bulk electrical resistance was measured 
between the two contacts rather than via a surface conduction process. A 
multimeter was then used to measure the resistance between these two 
points. 
 

2.7.2 Van der Pauw methods 
 
SCD samples were measured using a van der Pauw technique, whereby four 
0.2 × 0.2 mm2 silver contacts were deposited using PVD through a silicon 
mask. The contacts were placed 0.5 mm apart diagonally. The sample was 
then ozone treated to create an electronically insulated O-terminated 
surface, as before. The sample was mounted in the sample stage of the Hall 
test system (Figure 2.9) and the copper pins were then placed onto the 
silver contacts on the sample.  

 
 

Figure 2.9 Left: the Kiethley DC current source and nanovoltmeter. Right: labelled 
photograph of the stage used to hold samples 
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The resistance R12,34, was then calculated by measuring the voltage 
(V34) across two contacts when a known current (I12) was applied across the 
remaining two contacts [20]. The configuration can be seen in Figure 2.10 
and the equation to calculate the resistance is shown below (Equation 2.2): 

 

   𝑅!",!" =  𝑉!" 𝐼!" 
Equation 2.2 

 
 

 
Figure 2.10 Example of the configuration used to measure resistance Rab,cd using the 
van der Pauw method 

 
The current was applied using a d.c. current source (Kiethley 6221), 

and was increased in small increments. The voltage was measured using a 
nanovoltmeter (Kiethley 2182A). There were eight separate configurations 
whereby a resistance was calculated. 

The eight resistances calculated (R21,34, R12,43, R32,41, R23,14, R43,12, 
R34,21, R14,23 and R41,32) were then used to calculate RA and RB (Equation 2.4 
and Equation 2.5 [20]). There were only eight configurations to measure in 
order to calculate the resistance because van der Pauw proved that R21,34 = 
R12,43, and so forth. As such the reciprocity theorem requires that Equation 
2.3 holds true. 

 
𝑅!",!" +  𝑅!",!" = 𝑅!",!" + 𝑅!",!"   and    𝑅!",!" +  𝑅!",!" = 𝑅!",!" + 𝑅!",!" 

Equation 2.3 

 
RA and RB were then used in the van der Pauw equation (Equation 2.6 

[20]) to calculate sheet resistance, Rs. If RA and RB are similar then an 
approximation can be used to calculate Rs (Equation 2.7 20]). If RA and RB 
are very different then the van der Pauw equation can be solved 
numerically. 
 

𝑅! = (𝑅!",!" +  𝑅!",!" + 𝑅!",!" +  𝑅!",!")/4 
Equation 2.4 
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𝑅! = (𝑅!",!" +  𝑅!",!" + 𝑅!",!" +  𝑅!",!")/4 
Equation 2.5 

exp −𝜋𝑅!
𝑅! +  exp −𝜋𝑅!

𝑅! = 1 
Equation 2.6 

𝑅! ≈  
𝜋
ln 2  

𝑅! + 𝑅!
2  

Equation 2.7 

 
 

2.8 Software 
 
 The Cambridge Serial Total Energy Package 7 (CASTEP 7) software [21] 
was used to calculate the formation energies of various diamond and doped-
diamond structures, as well as density-of-states of the diamond and doped 
diamond through the use of initial calculations to obtain ground-state 
energy of electrons.  
 CASTEP is a density functional theory (DFT) based software package 
that explains the interaction between electrons and the nucleus using the 
Born-Oppenheimer approximation while core electrons are modeled using 
pseudopotentials. The software, developed by a collaboration of researchers 
in Cambridge, Durham, York and St. Andrews, is widely used, as well as 
other DFT codes, to predict how dopants affect the properties of diamond 
[22,23]. 
 CASTEP has some limitations due to the fact it uses approximations to 
reduce computational time and this affects how well the software solves the 
Schrödinger equation and hence the accuracy of the results. Even if the 
calculations were improved upon, which would require a significant 
increasing in computational expense, there would be very little gain in 
accuracy as the calculations would still rely on approximations. 
Nevertheless, the results obtained are still useful when used alongside 
laboratory experiments as they can be used to explain possible outcomes of 
experiments, provide plausible dopant configurations and pick out patterns 
of suitable dopants in diamond. 

Due to limits on computational expense, all work on CASTEP was 
performed with a 64-atom unit cell. 
 
 

2.9 Thermionic emission  
 
Thermionic emission measurements were taken using a new, specially built 
set up named the Thermionic Energy Converter Simulator (TECsim) as shown 
in Figure 2.11. The TECsim was designed to measure both the thermionic 
current emission from the sample and the temperature of the sample 
simultaneously. The sample was positioned into a specially designed quartz 
sample holder (Figure 2.12 (f)), and held in place using screw-tightened Mo 
clips. The metal clips also held down a thin copper wire that provided an 
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electrical connection to the sample, and the quartz holder isolated the 
sample electrically (from any surrounding currents that could affect the 
current measurements) and thermally by preventing the heated sample from 
heating up the rest of the chamber (quartz has a low thermal conductivity 
of 1.3 W mK-1 [24]). Also in contact with the sample was a type-K 
thermocouple (Chromel-Alumel alloys, shown on Figure 2.12 (c)), which was 
pressed against the sample to ensure a good contact to measure the sample 
temperature. The temperature was also measured using a two-colour 
pyrometer (SpotMeter R160, Land Ltd. shown in Figure 2.11) to ensure an 
accurate measurement was taken. A copper wire was wound around the 
collector in order to apply the bias (Figure 2.12 (b)), 
 
 

 
 

Figure 2.11 Labelled photograph showing the entire TECsim apparatus. 

 
 The thermionic emission was measured using a Stainless steel 
collector (AISI 316L, labelled part (a) in both Figure 2.12 and Figure 2.13) 
and the distance between emitter and collector could be adjusted to within 
1 µm using a vacuum compatible motorised servo actuator (Z825BV, 
Thorlabs Ltd). This servo actuator was controlled from a PC with software 
provided by the manufacturer (APT server, Thorlabs Ltd). The collector, as 
shown in Figure 2.12 (d) and Figure 2.13 (b), was cylindrical with a diameter 
of 4 mm, giving an area of 12.57 mm2. It is presumed that this is collector 
area is equal to the emission area, as the border effects of a field assisted 
thermionic emission process are assumed to be very small. To isolate and 
protect the motorised servo actuator from the collector (which could reach 
high temperatures during thermionic emission tests) a MACOR (borosilicate 
ceramic) cylinder was machined. 

Once the sample was positioned in the sample holder, the stainless 
steel vacuum chamber could be brought down to a base pressure of 1×10-7 
Torr using a rotary pump (Scrollvac SC30D) and a turbomolecular pump 
(Edwards EXT 75DX CF63). The pressure was monitored using a Pirani gauge 
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(Edwards AIM-S-NW25). Electrical connections to the sample, collector and 
thermocouple were made using electrical feedthroughs and the bias of 25 V 
(to overcome space charge effects) was applied to the collector using a 
voltage power supply (Mastech HY3003D).  
 The sample was then heated by focusing a CO2 40 W laser (Firestar 
V40, SYNRAD Inc.) onto the bottom of the sample (opposite side of the 
emitting surface). The laser had a Gaussian profile, was linearly polarised 
and had a spot size of ~ 5 mm diameter on a sample. To strike the bottom 
of a sample, the pathway of the laser (shown in Figure 2.13) was guided 
through a ZnSe window and upwards using gold-plated copper mirrors which 
result in a loss of ~25% power with respect to the original laser output 
power. 
 
 

 

Figure 2.12 Detailed view of the sample holder. (a) motorised servo actuator to adjust 
collector height, (b) connection to apply bias to collector, (c) thermocouple pressed 
onto sample, (d) Mo mirror-polished collector, (e) sample held down by metal clips and 
(f) quartz used to electrically and thermally isolate the sample holder from the 
chamber. 
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Figure 2.13 Schematic diagram showing the basic set-up inside the TECsim chamber. (a) 
motorised servo actuator, (b) collector, (c) sample position, (d) specially designed 
sample holder and (e) gold-coated copper mirror to direct the laser pathway towards 
the sample as shown by the dashed orange line. 

 
 During testing the thermionic current was measured using a current 
meter (Kiethley 2750 Multimeter/switch system) with a range of ±1 × 10-7 A.  
Thus any emission over this value was deemed to be thermionic emission 
and above the noise level. This current, the temperature and the pressure 
of the chamber, were all simultaneously recorded using program logs 
created with LabView (LabView, National Instruments Ltd.). This software 
was also used to control the laser output that was increased to reach a 
required temperature using a proportional-integral-derivative (PID) closed 
feedback loop.  
 LabView could also be programed to carry out heating ramps, which 
was used to make a compromise between recording the highest emission 
current and obtaining as many data points as possible at each temperature. 
Below 500ºC the diamond samples maintained the full H-termination, which 
provided a NEA surface so the thermally excited electrons could be emitted 
more easily. Here the data could be recorded slowly to allow for two 
oscillations of laser power. However, above 500ºC the H-terminated surface 
becomes unstable, with the rate of hydrogen desorption increasing rapidly 
with temperature until all hydrogen is desorbed between 750ºC and 800ºC. 
So once the sample reached 500ºC the laser power, and thus the 
temperature of the sample, was rapidly ramped to try to combat the effect 
that hydrogen desorption has upon thermionic emission of the sample. The 
heating ramp was programmed to increase swiftly until reaching 750ºC, 
where it should remain steady, to observe the effect hydrogen desorption 
had upon the thermionic emission recorded.  
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3 Incorporation of B and Li into CVD diamond thin 
films 

 

3.1 Introduction 
 
The incorporation of Li into diamond films is desirable due to the possibility 
of creating a thermionically emitting, low resistivity material that is 
semiconducting at room temperature. The main problem so far has been 
creating a stable Li-doped diamond because Li incorporated into diamond 
tends to migrate and is thought to aggregate into clusters at higher 
temperatures [1, 2]. This reduces the shallow donor properties induced by Li 
[1,2]. Also Li can occupy both substitutional and interstitial positions within 
the diamond lattice, as calculated in theoretical studies [2]. This could 
result in the electron trapping nature of substitutional Li offsetting the 
desired donor nature of interstitial Li, resulting in no semiconducting 
properties overall. 

Recent progress in stabilising the Li has been made by co-doping 
diamond with N; this is believed to ‘pin’ the Li and so reduce its mobility in 
the diamond lattice [3]. Unfortunately, the resulting diamond film has far 
too high a resistivity to be useful as an n-type semiconductor in electronics, 
nevertheless there was a considerable enhancement in the thermionic 
emission from these films [4,5]. 

To explore how Li can enhance thermionic emission from diamond, a 
series of experiments were designed to investigate the interaction of Li with 
boron-doped diamond (BDD), a p-type semiconductor. The large range of 
conductivity the boron doping can achieve – from highly insulating to near 
metallic and even superconducting – has made BDD an interesting material 
from which to fabricate simple p-type devices, such as sensors. 
Unfortunately, the thermionic emission from microcrystalline BDD is 
reported to be very low, approximately 0.65 nA at 1120°C [6]. Any 
improvement upon this would be significant and, if the Li remained stable, 
could lead to further uses for BDD. 

This chapter focuses upon the preparation and characterisation of 
boron and lithium co-doped diamond; the idea being that heavily B-doped 
diamond is highly conducting, the high concentration of B atoms may help 
to prevent Li aggregation and how Li affects the resistivity of diamond thin 
films. 
 

 

3.2 Experimental 
 

A study into the BDD substrate was carried out in the Bristol Diamond 
Laboratory to ensure the quality of the starting material, before proceeding 
to analyse the effect of Li in-diffusion. Crystal quality, morphology, B 
concentration, Li concentration and resistivity were all analysed. The 
diamond was grown onto 1 cm2 p-type single-crystal Si wafers (100) which 
were pre-treated with a manual abrasion technique using 1-3 µm diamond 
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particles, or onto 1 cm2, 250 µm thick Mo which was pre-treated with a self-
assembly technique, or high-quality HPHT single-crystal diamond (2.5 × 2.5 
mm2) type 1b (100) (purchased from Element Six, Ltd.). The Li diffusion 
procedure was previously optimised, with the suspension being made up of 
Li3N powder and 1% w/v polyoxyethylene oleyl ether in chloroform [3]. 

MCD and NCD diamond films were grown using HFCVD with the 
standard growth conditions described in Section 2.1.1 using reactor B. The 
morphology and quality of the films were investigated using FEG SEM in the 
Interface Analysis Centre and Raman spectrometry in the Diamond 
Laboratory, respectively. MS-SIMS in the IAC was used to determine the 
concentration of B and Li present in the prepared films. Two-point probe 
and van der Pauw measurements were taken in the Diamond Laboratory. 
 

3.2.1 Boron doped diamond thin films 
 
The concentration of boron incorporated into the diamond films was varied 
using different flow rates of the boron containing precursor gas, diborane. 
Diborane gas, from a 5% B2H6 in H2 gas mixture, was flowed through a 
calibrated mass flow controller into the manifold to mix with methane and 
hydrogen gases. Only then was this process gas mixture introduced to the 
CVD chamber. The diborane gas was varied between 0.002% - 0.012% with 
respect to the H2 flow rate. 

The morphology of the diamond films created could be controlled by 
changing the flow rate of methane into the HFCVD reactor, resulting in 
either MCD or NCD thin films. Methane was mixed with other process gases 
(hydrogen and diborane) in a ratio of 0.99% with respect to the H2 flow rate 
to grow MCD thin films, and 4.07% to grow NCD thin films as described in 
Section 2.1.1.  
 

3.2.2 Addition of Li3N 

3.2.2.1 Preparation of solution 
 
Li was incorporated using Li3N (dark red powder, CERAC, 99.5% purity, <250 
µm) as the source. This Li source was chosen after an extensive 
investigation into Li doping of diamond by Othman [5], since it melts at ~ 
850ºC [7] and can be made into a stable solution [5]. The Li3N suspension 
was created [3,5] by sonicating 85 mg of Li3N, in 5 ml of 1% w/v solution of 
polyoxyethylene oleyl ether (polyoxy) (white, wax-like solid, Sigma Aldrich, 
melting range 40-45ºC) in chloroform.  
 

3.2.2.2 Diffusion process 
 
The Li3N solution was drop-cast onto a BDD film in 50 µl aliquots to total 
either 100 µl or 200 µl. The sample was then heated to ~850°C in the HF 
reactor in a pure H2 atmosphere, using the heating stage and the filaments 
which were kept at 2100 K (as measured using an optical pyrometer).  
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 Once the Li3N had melted and diffused into the diamond film for one 
hour, methane was introduced into the chamber at the correct flow ratio to 
begin diamond growth.  This deposited a thin layer of undoped diamond on 
top of the existing film to encapsulate the Li inside the diamond film. As 
well as this, the capping layer helped with SIMS analysis by providing a thin 
sacrificial layer that the ion beam can destroy before the sample becomes 
planarised [3], and this part of the sample is not of interest. 
 
 

3.2.3 Determination of boron and lithium content 
 
The concentration of both boron and lithium was obtained by use of SIMS 
(discussed in Section 2.6), in the Interface Analysis Centre, University of 
Bristol [8]. The boron signal was detected as B+ ion and the lithium as Li+; as 
such both could be monitored using positive mode SIMS only. Single-crystal 
CVD diamond sample that had previously been implanted with 1 × 1015 cm-2 

of B at 50 keV and with 8 × 1014 cm-2 of Li at 100 keV was analysed using 
SIMS and used to calibrated the SIMS intensities allowing quantitative 
measurement of concentrations. Concentrations of B and Li atoms could be 
calculated using the counts per second (cps) of B+ ions relative to C+ ions 
and cps of Li+ ions relative to C+ ions, respectively. All calibration reports 
used in SIMS analysis here can be seen in Appendix A and B.  

To determine the B atom concentration and Li atom concentration 
present, the following calibration factors were calculated. 
 

B atom concentration / cm!  =
𝐵! cps
𝐶! cps  × (1.8 ×10!!) 

Equation 3.1 

 

Li atom concentration / cm!  =
𝐿𝑖! cps
𝐶! cps  × (1.8 ×10!") 

Equation 3.2 

 
The limit of detection was determined to be 2.20 × 1018 cm-3 for boron and 
2.03 × 1017 cm-3 for lithium. 
 

3.2.4 Two- Point Probe Measurements 
 
The two-point probe method was used to measure electrical resistance of 
all BDD thin films. Two 1×1 mm2 square silver contacts were evaporated 7 
mm apart onto the surface of the samples using physical vapour deposition 
(PVD). The sample was then ozone treated with a UVO cleaner 42A-220 for 
30 minutes to form an oxygen-terminated surface, as previously shown by 
Tomas Martin [9]. This O-termination is non-conductive [19] and ensures 
that the bulk electrical resistance is measured between the two contacts. 
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3.2.5 Van der Pauw Measurements 
 
Four 0.2 × 0.2 mm2 silver contacts were evaporated onto the surface of the 
samples using PVD, and then a non-conductive surface termination was 
created using an ozone treatment. The sample was mounted onto the 
sample stage of the Hall effect testing station and copper pins were 
connected to each silver contact. 
 Resistance, R12,34, was calculated by measuring the voltage (V34) 
across two contacts, whilst a known current (I12) was applied across the 
other two contacts. The resistance was calculated using the equation 
below: 

    𝑅!",!" =  𝑉!" 𝐼!" 
Equation 3.3 

After all eight resistances had been calculated from eight different 
configurations the values RA and RB were determined using Equation 3.4 
[10,11] and Equation 3.5, and then used to find the sheet resistance, RS, 
using the van der Pauw equation (Equation 3.6). 

If RA and RB were of similar magnitude then an approximation was 
used to calculate Rs (Equation 3.7 [20]). But if RA and RB were very different 
then the van der Pauw equation was solved numerically. 

 
 

𝑅! = (𝑅!",!" +  𝑅!",!" + 𝑅!",!" +  𝑅!",!")/4 
Equation 3.4 

𝑅! = (𝑅!",!" +  𝑅!",!" + 𝑅!",!" +  𝑅!",!")/4 
Equation 3.5 

exp −𝜋𝑅!
𝑅! +  exp −𝜋𝑅!

𝑅! = 1 
Equation 3.6 

𝑅! ≈  
𝜋
𝑙𝑛2  

𝑅! + 𝑅!
2  

Equation 3.7 

 

3.3 Results and discussion 
 

3.3.1 Boron-doped diamond 
 
BDD was prepared using HFCVD. Each film appeared to be darker grey in 
colour when compared with undoped MCD and NCD films and observed with 
the eye only. This section discusses the different growth conditions used to 
prepare films with different levels of boron incorporation and different 
morphologies. 

Diborane, B2H6, was chosen as the precursor gas to introduce boron 
into the growing diamond films. This was because diborane contains only B 
and H atoms, so the B incorporates into the diamond film and H is used in 
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the mechanism of diamond growth as discussed earlier. This also meant no 
extra reactive elements, such as oxygen, were introduced which could lead 
to breakage of the tantalum filaments. Diborane has previously been used to 
successfully incorporate B into diamond films many times before [13,14,15]. 
Diborane was also chosen over other boron containing gases due to the ease 
of availability and price.  
 Due to the nature of diborane, the HFCVD reactor used always 
creates diamond films containing some B whether the MFC for the diborane 
was open or closed. This is because the residual B that adsorbs to the 
chamber walls and the stage (forming boron oxides when the chamber is 
opened and exposed to air) can desorb during growth. As this residual 
amount of diborane could not be controlled, flow rates of between 0.1 and 
0.5 sccm of the diluted diborane were flowed into the chamber during 
growth.  

The morphologies of the films grown with varying diborane flow rates 
are shown in Figure 3.1 and Figure 3.2. Standard MCD or NCD growth 
conditions were used, depending on the morphology required. It appears 
that within this range the diborane flow rate does not affect the growth 
rate of the diamond thin film or the crystal size and shape. This agrees with 
previous experiments that state there is no change in morphology until the 
B/C ratio is above 4000 ppm [16].  
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Figure 3.1 SEM micrographs of microcrystalline diamond thin films doped with 
increasing diborane-to-hydrogen ratio in the process gas mixture (a) 0.002%, (b) 
0.0047%, (c) 0.0073%, (d) 0.0098%, (e) 0.012%, with 1% CH4. 

 

 
 
Figure 3.2 SEM micrographs of nanocrystalline diamond thin films doped with increasing 
diborane-to-hydrogen ratio in the process gas mixture (a) 0.002% and (b) 0.012% 
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2 µm 2 µm 

2 µm 
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e) 
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b) 
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Diamond film quality could be monitored using Raman spectroscopy.  
Using a He-Cd 325 nm wavelength excitation the typical narrow, high-
intensity diamond peak was observed at 1332 cm-1. At low boron 
concentrations this appeared to be symmetric and Lorentzian [17,7,8] in 
appearance (Figure 3.3 (a) (i)), but as the boron concentration increased 
the diamond phonon became asymmetric (Figure 3.3 (a) (ii)), with the 
higher frequency edge showing anti-resonance and the lower frequency 
edge being enhanced. This is a typical Fano line shape [17-22], which occurs 
due to the diamond phonon undergoing a quantum mechanical interference 
with the continuum of electronic states induced by the presence of the 
dopant, in this case boron [14,15,17,8,21,22].  

A broad peak centred at ~1580 cm-1 was found in all polycrystalline 
diamond samples, indicating the presence of sp2-hybridised, non-diamond C. 
As would be expected, this peak was much more intense when compared to 
the diamond peak at 1332 cm-1 in nanocrystalline BDD [7,9] due to the much 
smaller crystal size, leading to a larger proportion of grain boundaries that 
contain the graphitic and amorphous C (Figure 3.3 (b)).  

In the microcrystalline heavily BDD thin film (Figure 3.3 (a) (ii)) and 
in all of the nanocrystalline BDD samples (Figure 3.3 (b) (i) and (ii)) a broad 
peak at 1225 cm-1 was also observed. This peak has been reported in both 
single crystal and polycrystalline CVD BDD [14,8,21,22,24,25,26]. This could 
be attributed to a shift in the peak found at 1147 cm-1 which had been 
identified as coming from disordered sp3 bonding within CVD diamond 
[22,27] where the more diamond phonons become Raman active upon 
relaxation of selection rules due to the high concentration of B present in 
the diamond film [14,17,21,22]. 
  

 
Figure 3.3 (a) Raman spectra from MCD diamond grown with (i) 0.002% B2H6 in H2 and 
(ii) 0.012% B2H6 in H2. (b) Raman spectra from NCD diamond grown with (i) 0.002% B2H6 
in H2 and (ii) 0.012% B2H6 in H2 

 
 
 
 
 
 
 

a) b) 
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3.3.1.1 Determination of boron concentration 
 
The boron concentration of each diamond film was determined using SIMS in 
depth-profiling mode. Figure 3.4 shows SIMS depth profiles of 
microcrystalline BDD films that have been grown with increasing flow rates 
of diborane, all of which successfully incorporated B into the diamond thin 
films.  

The concentration of boron in each sample is fairly constant, and 
slight variations can be explained by the way in which the diborane was 
introduced to the chamber. The diborane was not directly flowed into the 
chamber due to safety measures that were in place such that the diborane 
was diluted in hydrogen before being flowed into the main gas line, which 
was then isolated from the gas canister. Only then was the valve to the MFC 
opened to allow the diluted diborane into the chamber. This meant that the 
quantity of diborane in the isolated gas line could have become depleted 
and might have needed topping up part way through the deposition leading 
to a slight fluctuation in boron incorporation (as seen in Figure 3.4 (c)).  

For the microcrystalline BDD sample grown with the lowest ratio of 
B2H6 to H2, 0.002%, an average boron atom concentration was measured to 
be 4.87 × 1020 cm-3 (Figure 3.4 (a)). As the diborane-to-hydrogen ratio was 
increased to 0.0047%, 0.0073%, 0.0098% and 0.012% the concentration of B 
atoms detected by SIMS increased to an average of 5.98 × 1020 cm-3 (Figure 
3.4 (b)), 1.00 × 1021 cm-3 (Figure 3.4 (c)), 1.64 × 1021 cm-3 (Figure 3.4 (d)) 
and 2.18 × 1021 cm-3 (Figure 3.4 (e)), respectively. Figure 3.5 shows that the 
proportion of diborane-to-hydrogen in the process gas mixture was directly 
proportional to the concentration of boron atoms detected in the resulting 
boron doped diamond thin films. 
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Figure 3.4 SIMS depth profiles determining the boron concentration of MCD samples 
grown with increasing ratios of B2H6 to H2 (a) 0.002%, (b) 0.0047%, (c) 0.0073%, (d) 
0.0098%, (e) 0.012% 

 
 

Figure 3.5 The ratio of B2H6 to H2 present in the process gas mixture is directly 
proportional to the concentration of B atoms detected in the resulting BDD thin films as 
measured using SIMS 

a) b) 

c) d) 

e) 
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Nanocrystalline diamond also incorporated more boron when a higher 

ratio of diborane-to-hydrogen was used in the process gas mixture. For 
example, the film in Figure 3.6(a) was grown with 0.002% B2H6-to-H2 
resulting in an average B atom concentration of 2.05 × 1020 cm-3 whilst a 
sample grown with five times as much diborane (Figure 3.6 (b)) resulted in a 
constant B concentration of 1.58 × 1021 cm-3. 
 
 

 
Figure 3.6 SIMS depth profiles of nanocrystalline BDD, (a) has been grown with a ratio of 
0.002% B2H6-to-H2 resulting in a steady B concentration of 2.05 × 1020 cm-3, (b) has 
been grown with a ratio of 0.012% B2H6 to H2 and shows an average concentration of 
1.58 × 1021 cm-3 

 

3.3.1.2 Electrical Resistance measurements 
 
The two-point probe method was used to measure the resistance of BDD 
thin films with either a nanocrystalline or microcrystalline morphology and 
either a high (0.5 sccm of 5% B2H6) or low (0.1 sccm of 5% B2H6) flow rate of 
diborane used during diamond deposition. Table 3.1 shows the average 
resistance measured for each combination of diborane flow rate used and 
grain type of the PCD film. 
 
 
Table 3.1 Details of resistance change dependent upon grain size and diborane flow 
rate used during growth. 

Sample Flow rate of 
5% B2H6 in H2 
used / sccm 

Grain type 
 

Resistance 
/ Ω 

A 0.1 MCD 51.2 
B 0.5 MCD 23.8 
C 0.1 NCD 813.5 
D 0.5 NCD 83.8 
 
 
As can be seen in Section 3.3.1.1, similar boron atom concentrations were 
measured in samples grown with the same diborane flow rate, no matter if 
the film was MCD or NCD. Despite this, the electrical resistance measured in 
the NCD film was much higher than in the MCD, as can be seen when 

a) b) 
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comparing A and C, or B and D (Table 3.1). This suggests that a larger 
percentage of the boron atoms incorporated into the NCD films are 
occupying of positions that do not let them contribute to the electrical 
conductivity of the film. These inactive B atoms are likely to be within the 
grain boundaries of the film as the NCD films have a much higher grain 
boundary:grain bulk ratio.  

The boron atoms in the MCD films have a much higher doping 
efficiency and are more likely to be occupying sites within the diamond 
grains. When in these positions the B atoms can act as electron acceptors 
and conduct in various ways depending on the concentration of B atoms. If 
the B concentration is below 1017 cm-3 then conduction occurs through 
ionised substitutional B creating holes in the valence band [7]. If the 
concentration is above this then conduction occurs through hopping of holes 
between ionised B sites [7,8,9,10], while if the conductivity reaches 
metallic-like levels then an impurity band has formed [7,8]. 
 Increasing the CH4 flow rate from 0.99% to 4.07% CH4:H2 ratio changes 
the morphology of the resulting diamond thin film from MCD to NCD and as 
would be expected the resistance drastically increases with the smaller 
diamond facets and greater proportion of grain boundaries. Having more 
grain boundaries causes greater scattering of electrons and can provide 
more sites that are electronically inactive when occupied by B atoms. 
 

3.3.2 B and Li co-doped diamond 
 

3.3.2.1 Film quality and morphology 
 
Raman spectroscopy was performed using He-Cd 325 nm wavelength 
excitation.  The spectra recorded show the expected features [17,7,9] for 
SCD, MCD and NCD (Figure 3.7). The peak at 1332 cm-1 is due to the sp3-
hybridised C in diamond, while the broad peak around 1580 cm-1 (G-band) 
arises due to the graphitic, sp2-hybridised C found within the grain 
boundaries of polycrystalline diamond. The intensity ratio of the diamond 
peak to that of the G-band provides a rough estimate of the quality of 
diamond thin film. 

 
 

Figure 3.7 Laser Raman spectra from low BDD films. (a) SCD, (b) MCD and (c) NCD. 
Spectra (b) and (c) have been offset vertically for clarity  
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After Li3N was diffused into the BDD film, it appears that there was a 
small improvement in the quality of the diamond as the peak at 1580 cm-1 
decreased in intensity compared to the diamond peak at 1332 cm-1 (figure 
8). The heavily BDD samples were most affected by the Li diffusion process, 
this could be due to the etching effect that the Li3N has upon the grain 
boundaries as discussed by Othman et al. [3,5]. In the more heavily BDD thin 
films, there was more boron present (especially in the grain boundaries) 
that interfered with the resonance of the Raman signal received. This gave 
rise to Fano modification of the diamond peak, and the appearance of the 
peak at 1225 cm-1 as discussed in Section 3.3.1. When more boron is present 
in the original film it appears that Li has a greater etching effect upon the 
excess boron within the grain boundaries as shown in the Raman spectra of 
Figure 3.8 (a) and (b).  

The greatest improvement in the ratio of diamond sp3-hybridised C to 
graphitic sp2-hybridised C is seen in the heavily BDD nanocrystalline sample 
(Figure 3.8 (b)) and this could be due to the greater proportion of grain 
boundaries; more graphitic C was etched away and more B was removed 
when compared to the heavily BDD MCD film in Figure 3.8 (a). 

Due to the scattering caused by heavy boron doping no obvious new 
peaks corresponding to B or Li were found. These Raman spectra compare 
well to those reported by other groups on heavily BDD [17,7,21], suggesting 
even more strongly that no peaks can be associated with the presence of Li 
either within the diamond grain or the grain boundaries. 

 
 

 
Figure 3.8 Laser Raman spectra (a) (i) a heavily B-doped MCD film and (ii) from the 
same sample after 150 µl Li3N had been in-diffused. (b) (i) a heavily B-doped NCD film 
and (ii) from the same sample after 200 µl Li3N had been in-diffused. 

 
The Raman spectra also reflected the morphology of the BDD films 

changing from MCD (Figure 3.8 (a)) to NCD (Figure 3.8 (b)) as more CH4 was 
used in the growth gas mixture. The diamond peak:G-band intensity ratio 
decreased, consistent with the increase in the proportion of grain 
boundaries as crystallite size decreased, as well as other effects discussed 
in more detail in Section 3.3.1. Figure 3.9(a) shows that the MCD films have 
many twinned facets; a feature which has been noted by other studies into 
heavy BDD films [30] while Figure 3.9 (c) shows the NCD film. Figure 3.9 (b) 
and (d) show how the diffusion process, in general, caused little observable 
damage to either the MCD or NCD films. Figure 3.10 shows an SEM cross-

a) b) 
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section of a diamond thin film, used to check the thickness of each sample 
and thus to calculate etch rates for SIMS depth profiles. 

With larger volumes of the Li3N suspension used, further etching of 
the crystalline facets occurred leading to more easily observable 
morphology changes. Most commonly these changes were seen as a slight 
etching of the edges or vertices of facets, but with the highest Li3N 
quantities more severe etching resulted in pronounced morphology changes 
to the diamond facets. 
 

 
 
Figure 3.9 SEM micrographs showing the typical facetted structure of B-doped MCD (a) 
before and (b) after in-diffusion of Li3N. The typical cauliflower morphology of B-doped 
NCD (c) before and (d) after Li3N diffusion. In both film types there is very little 
noticeable change in morphology due to the in-diffusion process. 

 

 
 

Figure 3.10 SEM micrograph of a cross-section of a diamond film used to determine the 
thickness of each film, enabling an etch rate to be calculated for SIMS depth profiles. 

2 µm 2 µm 

2 µm 2 µm 

a) b) 

c) d) 

1 µm 
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3.3.2.2 Determination of boron and lithium concentration 
 
Li and B were detected in the diamond films using SIMS and were converted 
to absolute concentrations using calibration samples as described in Section 
3.2.3 and Appendix A and B. 
 

 
 
Figure 3.11 SIMS depth profiles of B-Li co-doped MCD thin films grown on Si substrates 
(only the top 1250 nm is shown) with a thin undoped diamond capping layer grown on 
top of the diffusion surface. (a) 100 µl of Li3N and (b) 200 µl of Li3N solution were 
diffused into lightly BDD films. The SIMS depth profiles of (c) and (d) are from heavily 
BDD films which have had 100 and 200 µl of Li3N solution diffused into them, 
respectively. Shown on the plot are the calibrated concentrations of Li and B (left-hand 
axis) and C intensity (right-hand axis), as a function of depth beneath the diamond 
surface. 

 
The boron atom concentration was directly linked to the flow rate of 

diborane used during growth, and the measured values were readily 
repeatable, as discussed in Section 3.3.1.1. The SIMS data indicate that 
samples grown with the higher flow rate of 0.5 sccm of 5% B2H6 /H2 have a 
boron concentration of 2.9 × 1021 cm-3 on average, with all samples in the 
range of 1 × 1021 to 9 × 1021 cm-3. Specific examples can be seen in Figure 
3.11 (c) and (d) which show heavily B-doped MCD films with average B atom 
concentrations of 1.9 × 1021 cm-3 and 8.1 × 1021 cm-3. Heavily B-doped NCD 
films in Figure 3.12 (c) and (d) were measured as having boron atom 
concentrations of 1.57 × 1021 cm-3 and 1.02 × 1021 cm-3, respectively, which 
were all within the B atom concentration range calculated. 

 

a) 

c) 

b) 

d) 
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Figure 3.12 SIMS depth profiles of B-Li co-doped NCD thin films grown on Si substrates 
(top 1250 nm only) with a thin undoped diamond capping layer grown on top of the 
diffusion surface. (a) 100 µl of Li3N and (b) 200 µl of Li3N solution were diffused into 
lightly BDD films. The SIMS depth profiles of (c) and (d) are from heavily BDD films 
which have had 100 and 200 µl of Li3N solution diffused into them, respectively. Shown 
on the plot are the calibrated concentrations of Li and B (left-hand axis) and C intensity 
(right-hand axis), as a function of depth beneath the diamond surface. 

 
The lightly BDD films, grown with 0.1 sccm 5% B2H6 in H2, produced a 

much lower average boron concentration of 5.9 × 1020 cm-3 with all samples 
in the range of 2 × 1020 cm-3 to 9 × 1020 cm-3. This was true for both MCD and 
NCD BDD films, as can be seen in the SIMS depth profiles of Figure 3.11 and 
Figure 3.12, where (a) and (b) show the plots for lightly B-doped films in 
both figures. The lightly B-doped MCD films in Figure 3.11 had B contents of 
8.30 × 1020 cm-3 (a) and 8.14 × 1020 cm-3 (b). The lightly B-doped NCD films 
were also in the range and the examples in Figure 3.12 (a) and (b) were 
measured as having B atom concentrations of 2.05 × 1020 cm-3 and 2.02 × 
1020 cm-3, respectively. 

The quantification of Li within the diamond films was a little more 
complex because, unlike the B concentration, the Li concentration 
fluctuated greatly within the film. The depth profile of the Li distribution 
seems to be indicative of the technique used to introduce the Li. There are 
two characteristic parts to the depth profile. Within the first 500-700 nm of 
the sample the Li concentration peaks. This peak is assumed to be close to 
the surface of the original BDD film, showing that the Li was most abundant 

a) 

c) 

b) 

d) 
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where the Li3N was originally drop-cast onto the surface of the sample. The 
Li concentration decreased as the Li diffused down into the BDD film as well 
as into the overlying undoped diamond capping layer. As would be 
expected, this concentration peak was greatly influenced by the volume of 
Li3N diffused into the sample, but the maximum concentration and the 
shape of the depth profile were not affected by the concentration of boron 
present within the film. This can be seen in MCD films (Figure 3.11 (a) and 
(c)), where the B concentrations for lightly BDD (8.3 × 1020 cm-3, sample A, 
Table 3.2) and heavily BDD (1.93 × 1021 cm-3, sample C, Table 3.2) films both 
infused with 100 µl of Li3N resulted in fairly similar maximum Li 
concentrations of 4.22 × 1019 cm-3 and 2.75 × 1019 cm-3, respectively. After 
this the Li concentration decreased to a constant value of 1.33 × 1018 cm-3 
and 1.55 × 1018 cm-3, respectively. 

Li concentrations detected in NCD films are also unaffected by the B 
concentration as shown in Figure 3.12 (b) and (d), which show the SIMS 
depth profiles of NCD with heavy and light boron doping, respectively. Both 
samples had been diffused with 200 µl of Li3N resulting in a maximum Li 
concentration of ~8.7 × 1019 cm-3 (samples F and H in Table 3.2). After the Li 
concentration peaks, the concentration levels out to ~5.66 × 1018 cm-3 and 
8.57 × 1018 cm-3, respectively.  In all cases, concentration levels were 
always above the detection limit thus indicating that Li was present 
throughout the entirety of both the NCD films.  

This observation can be explained if it is assumed that Li is likely to 
be much more mobile in grain boundaries, so during the diffusion process a 
certain amount of Li could diffuse quickly throughout the entire sample 
through the grain boundaries. This formed the “base” concentration of Li 
that is measured in the lower half of the sample. These Li atoms were not 
likely to be electronically active. At the top of the film, where the 
concentration of Li is much higher, it was more likely that Li is present 
within both the grain boundaries and the diamond lattice. The diffusion of 
Li through diamond grains was thought to be much slower than through the 
grain boundaries, and as such would give the characteristic asymmetric peak 
as detected using SIMS; these Li atoms could be either electronically active 
or inactive. 
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Table 3.2 B and Li concentrations detected in samples shown in Figure 3.11 and Figure 
3.12. Samples A-D correspond to the same letters in Figure 3.11 whilst samples E-H 
correspond to a), b), c) and d), respectively in Figure 3.12 

Sample Grain 
Type 

Volume 
of Li3N 
diffused / 
µl 

Average B 
concentration 
/ (1020 cm-3) 

Li 
concentration 
detected at 
maximum / 
(1019 cm-3) 

Average [Li] 
detected after 
maximum / 
(1018 cm-3) 

A MCD 100 8.3 4.2 1.33  
B MCD 200 8.1 11.3  5.22  
C MCD 100 19.3  2.8  1.55  
D MCD 200 42.4  3.3 9.97  
E NCD 100 2.1 2.9 5.70  
F NCD 200 2.0 8.8 5.66  
G NCD 100 15.1 2.0 12.20 
H NCD 200 10.2  8.7 8.57  
 
 

Due to the nature of the diffusion process the volume of Li3N diffused 
cannot be accurately related to the concentration of Li detected. This is 
because the Li3N powder was not perfectly suspended within the chloroform 
when it was drop cast onto the diamond film surface, and the Li3N powder 
tended to move around the surface of the sample as the chloroform 
evaporated, leading to a non-uniform distribution of the Li3N powder across 
the surface of the sample. This lead to a wide range of maximum Li 
concentrations detected as well as a wide range of Li concentrations 
detected deeper in the film. These ranges measured can be seen in Table 
3.3, where there was a large amount of overlap between using 100 µl or 200 
µl of Li3N solution for any B concentration or grain type.  

In general, the higher the volume of Li3N diffused, the higher the 
concentration of Li detected within the sample. This applies for both the 
maximum and the Li detected throughout the rest of the sample. This is 
represented using the average concentration measurements shown in Table 
3.4. 
 
Table 3.3 The range of Li concentrations for the maximum and the average throughout 
the rest of the diamond film, for various boron and lithium co-doped diamond film 
samples. 

Grain Type Volume of 
Li3N 
diffused / 
µl 

Range of maximum Li 
concentrations detected 
/ 1019 cm-3 

Range of Li 
concentrations detected 
after maximum / 1019 cm-

3 
MCD 100 2.72 – 4.96 0.08 – 0.17 
NCD 100 1.39 – 3.03 0.57 – 1.83 
MCD 200 1.71 – 25.3 0.29 – 1.52 
NCD 200 3.00 – 17.5 0.49 – 0.89 
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Table 3.4 Average Li concentrations calculated for the maximum and the average 
throughout the rest of the diamond film. 

Grain Type Volume of 
Li3N 
diffused / 
µl 

Average Li concentration 
detected at maximum / 
1019 cm-3 

Average Li concentration 
detected after maximum 
/ 1019 cm-3 

MCD 100 3.56 0.12 
NCD 100 2.34 1.03 
MCD 200 11.6 0.94 
NCD 200 8.26 0.66 
 

Sample A and B in Table 3.2 are a good representation of how using 
more Li3N solution resulted in a higher maximum Li concentration (depth 
profiles shown in Figure 3.11 (a) and (b)). Both samples have ~(~8.2 × 1020 B 
atoms cm-3, but the diffusion of 100 µl of Li3N resulted in a maximum Li 
concentration of 3.56 × 1019 cm-3 whilst diffusing 200 µl of Li3N resulted in a 
maximum Li concentration more than three times higher (1.16 × 1020 cm-3). 
Similar trends can be seen for both MCD and NCD, seen in Table 3.2, but this 
trend is not always followed, as can be seen with samples C and D where 
doubling the volume of Li3N solution resulted in only a 19% increase in the 
maximum Li concentration detected. 

That data suggests that the maximum in Li concentration is mainly 
dependent on the volume of Li3N, rather than the morphology of the 
underlying diamond, because the Li maximum is comparable for both NCD 
and MCD samples when the same volume of Li3N solution was used. On the 
other hand, results are not always consistent or directly proportional to the 
volume of Li3N solution used so there must be other factors in play. These 
are likely to be related to how the Li3N was applied to the surface of the 
diamond sample, resulting in an uneven distribution of solid, as well as the 
limited area in which SIMS can perform depth profiles. To gain the best 
signal-to-noise ratio, the areas examined were fairly central to the sample.  
Examining areas at the edge of the sample that may have been exposed to 
different amounts of Li3N could have yielded very different results. Also, if 
it were possible to examine a much smaller area then the concentration of 
Li and B present in the grain boundaries could be compared to the 
concentration detected within the diamond grain, which would be very 
informative. After the Li concentration peaked, the concentration dropped 
to a steady level of ~1.18 × 1018 cm-3 on average when 100 µl of Li3N was 
diffused into MCD, and to 9.39 × 1018 cm-3 when 200 µl of Li3N was diffused 
into MCD (Table 3.4), so this can also be linked to the volume of Li3N 
diffused. This trend is not followed in NCD samples, where the 
concentration detected for both the diffusion of both 100 and 200 µl of Li3N 
fell into the range 4.87 × 1018 – 1.83 × 1019 cm-3, with averages of 9.39 × 1018 
cm-3 for MCD and 6.60 × 1018 cm-3 for NCD. The fact that the volume of Li3N 
does not greatly affect the concentration detected in this specific area for 
NCD diamond but has a large affect on the MCD samples, indicates that it is 
mainly the morphology of the PCD diamond that has an effect on the 
concentration of Li measured by SIMS. This could be due to the larger ratio 
of grain boundaries to diamond present in NCD films, allowing the Li to 
easily move through the sample.  Once a certain amount of Li is present, 
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the grain boundaries become saturated and the excess Li diffuses through 
and into the Si substrate. 
 

3.3.2.3 Single crystal diamond 
 
To investigate how the Li diffused through diamond both B-doped MCD and 
NCD thin films were diffused with Li3N. As has been discussed previously it is 
thought that Li may preferentially diffuse through grain boundaries rather 
then through the diamond grains. If true, it was proposed that the Li may 
travel through the entire NCD film but only partially through the MCD thin 
film because it has a much higher grain boundary-to-diamond grain ratio. 
This was not the case though, and the Li was observed to travel through the 
entire depth of both MCD and NCD BDD samples, Figure 3.11 and Figure 3.12 
(a)-(d). 
 The grain boundaries and diamond grains could not be individually 
profiled using SIMS, because the particular SIMS set up used profiled an area 
of approximately 970 µm2, which included many grains and grain 
boundaries. In order to look at diamond without grain boundaries interfering 
with Li diffusion, an equivalent sample of B and Li co-doped diamond was 
grown using single crystal diamond as a substrate. 
 The SCD substrates were 2.5 mm × 2.5 mm, i.e. only 7% of the area of 
the polycrystalline thin films, and so less Li3N suspension was required 
accordingly.  Using approximately 7 µl of Li3N solution on these smaller 
samples was comparable to using 100 µl of Li3N solution on a 10 × 10 mm2 
PCD sample, when taking into account only the ratio of the volume of 
solution to the area of the substrate. BDD was grown onto the SCD substrate 
for an hour using typical growth conditions for B-doped MCD as described in 
Section 3.2.1. SEM was used to ensure that the sample was still single 
crystal in morphology as seen in Figure 3.13 (a) and then the sample was 
imaged after Li3N diffusion, Figure 3.13 (b).  
 
 

 
 

Figure 3.13 SEM micrographs showing undoped HPHT SCD substrate (a) and one hour of 
BDD grown upon the SCD substrate (b). 

 
Figure 3.14 shows the depth profiles of (a) a lightly BDD and (b) a 

heavily BDD sample that have had 7 µl of Li3N solution diffused into them for 
one hour, with a thin capping layer of undoped diamond grown on top. This 

a) b) 

2 µm 2 µm 
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showed a depth profile similar to that seen in the boron and lithium co-
doped polycrystalline diamond films, only this time the peak was much 
sharper with the Li only diffusing over ~350 nm compared to ~500 nm in the 
PCD films. This showed that, as suspected, the grain boundaries play a large 
role in the diffusion of Li throughout PCD films, allowing the Li to move 
throughout the film much more quickly. It also showed that Li could diffuse 
through the diamond lattice, albeit at a slower rate than through grain 
boundaries. 

The sample shown in Figure 3.14 (a) was grown with the lower flow 
rate of diborane, 0.002% B2H6 to H2, which gave an average boron 
concentration of 5.83 × 1019 cm-3 which is consistent with the range 
detected within B-doped PCD films (Section 3.3.1). The Li concentration 
peaked at 1.77 × 1020 cm-3, which was much higher than any of the Li 
concentration peaks measured in the PCD films that had been diffused with 
100 µl of Li3N (the equivalent volume/area ratio as 7 µl on the SCD 
substrates). This could be due to a number of reasons. The biggest factor is 
likely to be that without grain boundaries present the process of diffusion 
through diamond is much slower, so that more of the Li3N was left at or 
close to the original sample surface, before the capping layer was grown on 
top of the diffusion site. Other processes may have also made a small 
contribution to the high Li concentration maximum, such as the smaller 
surface area onto which the Li3N solution was drop-cast could have led to a 
smaller proportion of Li evaporating, so more was incorporated, the 
different substrate may have slightly affected the temperature reached by 
the sample and thus affected the diffusion process; with a smaller area 
there may have been a more even distribution of Li3N on the surface before 
diffusion. The sample shown in Figure 3.14 (b) was heavily B-doped (grown 
with 0.012% B2H6 to H2) which resulted in a higher concentration of boron 
measured by SIMS with an average of 9.45 × 1019 cm-3 which is at the lower 
end of the range measured for B-doped PCD films. This low value is again 
probably due to the lack of grain boundaries which also incorporate B in 
electronically inactive sites which will increase the concentration of B 
measured by SIMS in PCD films (as the SIMS area covers many grains and 
grain boundaries) but will not affect the conductivity of the film, in SCD this 
extra B cannot be incorporated. The maximum Li concentration recorded in 
this sample was 4.47 × 1019 cm-3 which was a little lower than the Li 
maximum in Figure 3.14 (a). This may simply be due to a very small 
difference in the volume of Li3N solution drop-cast onto the sample, at this 
small a volume any tiny difference would have a larger effect on the results. 
Alternatively, the sample may have been placed in a slightly different 
position within the reactor, which could have affected the rate of diffusion 
or amount of Li3N evaporated. 
 



 65 

 
Figure 3.14 SIMS depth profiles of B-doped SCD films grown on an undoped SCD 
substrate (top 600 - 700 nm shown). Both samples had 7 µl Li3N diffused into the B-
doped SCD film which was approximately 0.5 µm thick. After this an undoped diamond 
capping layer was grown onto the sample. (a) shows the lightly BDD sample grown with 
0.1 sccm of 5% B2H6 and (b) shows the SIMS depth profile of the highly BDD grown with 
0.5 sccm of 5% B2H6. Shown on the plot are the calibrated concentrations of Li and B 
(left-hand axis) and C intensity (right-hand axis), as a function of depth beneath the 
diamond surface. 

 
After the initial peak in Li concentration, the Li content reduced to a 

constant level which was below the detection limit of 2.03 × 1017 cm-3. This 
shows that in these SCD samples the Li probably does not diffuse throughout 
the entire sample - although it is impossible to tell for certain with this 
particular SIMS system. The diffusion rate of Li in SCD under these 
conditions can thus be approximated to be ~ 400 nm hour-1. Further work 
using a SIMS that was more sensitive to Li, or a nano-SIMS that could 
measure concentrations of B and Li in grain boundaries and compare it to 
those within diamond grains, would be of great interest. 
 

3.3.2.4 Multiple layers 
 
 Multiple layers of Li were diffused into B-doped diamond (by simply 
diffusing the Li3N (100 µl of Li3N in Figure 3.15 (a) and 200 µl of Li3N in 
Figure 3.15 (b)) into the BDD substrate followed by growing diamond on top 
of this, and repeating the diffusion and growth processes as many times as 
required. The samples analysed using SIMS in Figure 3.15 (a) and in Figure 
3.15 (b) had three sequential Li3N diffusion and diamond growth steps. The 
SIMS profiles show that Li was fairly mobile within the PCD film. The first 

diffusion essentially had the longest time to diffuse (because the Li could 
diffuse during each subsequent diffusion and growth process), and became a 
broader and flatter peak as the Li became less localised and spread out into 
the sample. It is unknown whether the B and Li move into more stable 
clusters within the diamond lattice, or if the Li continued to diffuse 
throughout the diamond and grain boundaries. The Li could even have left 
the diamond and diffused into the Si substrate, as it is known that Si has a 
great affinity for Li [31]. 
 

a) b) 
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Figure 3.15 SIMS depth profiles of multi-layered B-Li co-doped MCD films grown on Si 
substrates (top 3200 nm only). Both of these structures were produced by growing 
highly B doped MCD ~1 µm thick, followed by the diffusion of Li3N, then one hour of 
diamond growth using the boron doping conditions of the base diamond, 2nd diffusion 
process followed by one hour of diamond growth, and 3rd diffusion process followed by 
a short growth to form a thin capping layer (~150 nm). The resulting film was ~3.6 µm 
thick. Sample (a) was diffused with 100 µl of Li3N each time and sample 200 µl was 
diffused into sample (b) each diffusion period. Shown on the plot are the calibrated 
concentrations of Li and B (left-hand axis) and C intensity (right-hand axis), as a 
function of depth beneath the diamond surface. Figure a) on the left had 100 µl of Li3N 
diffused each time, and figure b) had 200 µl of Li3N diffused each time. 

 
The multilayers were also constructed with different volumes of Li3N 

in each diffusion process.  Figure 3.15a) shows 100 µl of Li3N added each 
time while in Figure 3.15 b) shows 200 µl of Li3N added at each diffusion. 
This resulted in the higher levels of Li detected in Figure 3.15 b). The 
maximum Li concentrations for each addition using 100 µl of Li3N were as 
follows: 1st addition ~6.60 × 1017 cm-3, 2nd addition ~1.91 × 1018 cm-3 and 3rd 
addition ~1.79 × 1018 cm-3. When double the volume of Li3N was diffused 
each time into a heavily BDD MCD film the maximum Li concentrations 
detected were: 1st addition ~3.76 × 1018 cm-3, 2nd addition ~2.98 × 1018 cm-3 
and 3rd addition ~1.14 × 1019 cm-3. This showed that the longer the diffusion 
period, typically the smaller the lithium concentration maximum detected. 

The width of the diffusion zone can also be approximated with the 1st 
addition of Li3N, which is deepest in the film (closest to the substrate) 
diffusing across ~ 1200nm, the 2nd addition spreads across ~ 1000 nm and 
the final addition which had the shortest time to diffuse, spans across ~900 
nm. This clearly shows that the longer the diffusion period, the wider the 
diffusion area. 
 

3.3.2.5 Electrical resistance 
 
Electrical resistance measurements were taken using two different 
techniques, firstly using the simple two-point probe method on samples 
grown on Si and secondly van der Pauw measurements were performed on 
samples with a SCD substrate, allowing a sheet resistance to be calculated. 
 

a) b) 



 67 

3.3.2.5.1 Two	Point	Probe	
 
Boron and Li co-doped diamond films have a higher resistance when 
compared to purely BDD films. This is true for both MCD and NCD thin films. 
The difference in resistance between high and low B-doped diamond thin 
films is discussed in Section 3.3.1.2.  

The NCD samples consistently increased in resistivity as the volume of 
Li3N in diffused was increased (see Table 3.5 samples J, K, L, N, O and P). 
The increase in resistivity is caused by the increase in Li diffused into the 
sample, as the boron concentration detected by SIMS (Section 3.3.2.2) is 
similar in each sample. The Li may diffuse much more easily through the 
grain boundaries, and so as more Li sits in electronically inactive positions 
within the grain boundaries it decreased the conductivity of the sample. As 
well as this, some Li could form clusters with B atoms in the diamond grains 
that could compensate for some of the B atoms and thus increase resistivity 
in the diamond film, when compared to BDD.  

This trend was not observed in the MCD films, which could perhaps 
indicate that due to fewer grain boundaries more Li diffused into the 
diamond rather than building up in the grain boundaries. As more Li entered 
the diamond lattice, it was more likely to occupy both electronically active 
and inactive sites within the diamond. This could cause the inconsistent 
resistivity results with changing Li3N volume, as the positions occupied by 
the Li may be very dependent upon the exact conditions the sample was 
exposed to during the diffusion process. 

 
Table 3.5 Details of resistance change dependent upon grain size, diborane flow rate 
used during growth and volume of Li3N in-diffused. 

Sample Volume of 
Li3N 
diffused / 
µl 

Flow rate of 
5% B2H6 in H2 
used / sccm 

Grain type 
 

Resistance 
/ Ω 

A 0 0.1 MCD 51.2 
B 100 0.1 MCD 101.9 
C 150 0.1 MCD 61.1 
D 200 0.1 MCD 95.1 
E 0 0.5 MCD 23.8 
F 100 0.5 MCD 50.9 
G 150 0.5 MCD 43.2 
H 200 0.5 MCD 65 
I 0 0.1 NCD 813.5 
J 100 0.1 NCD 2942 
K 150 0.1 NCD 3618 
L 200 0.1 NCD 5075 
M 0 0.5 NCD 83.8 
N 100 0.5 NCD 211.2 
O 150 0.5 NCD 276.9 
P 200 0.5 NCD 295.5 
Q 7 0.1 SCD 3440 
R 7 0.5 SCD 67.7 
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The increase in resistance when Li3N was diffused is most noticeable in NCD 
films grown with the low diborane flow rate. This is perhaps due to the 
etching of grain boundaries by both the Li3N and atomic H during the 
diffusion process. It has been suggested that in NCD films the grain 
boundaries could have some properties that help to improve conductivity 
rather than just reduce it. Normally grain boundaries act to trap charge 
carriers [7,32,33], which opposes electrical conduction, but if the grain 
boundaries are high-energy and contain a large proportion of sp2-hybridised 
C, then the sp2-bonded C could conduct via a hopping mechanism 
[7,32,33,34]. The lightly BDD sample might be most affected by the Li3N 
diffusion as it depends mostly upon hopping of holes between ionised B 
sites. With less B present there are fewer holes and fewer ionised B sites, 
meaning that conduction is greatly affected when Li is introduced and may 
couple with the ionised B sites. In the heavily BDD sample, the conductivity 
is not affected as much because there are many more holes and ionised B 
sites. 
 

3.3.2.5.2 Van	der	Pauw	measurements	
 
Van der Pauw measurements were obtained using the method discussed 
previously in Section 3.2.5. Two types of samples were tested: sample A was 
grown with 0.002% B2H6: H2 (lightly BDD) and sample B was grown with 
0.012% B2H6:H2 (heavily BDD). Both types of samples were grown upon 2.5 × 
2.5 mm2 HPHT SCD substrates, BDD was grown upon this for one hour using 
standard MCD growth conditions of 0.99% CH4:H2 and then 7 µl of the Li3N 
solution was diffused into the sample.  
 The following resistance values were calculated using the van der 
Pauw method as described in Section 3.2.5 (Table 3.6) [10,11]. RA and RB 
were calculated using equations 1.4 and 1.5 given previously.  
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Table 3.6 Calculated values for the eight different configurations measured on sample A 
and B, as well as the calculated values RA and RB. 

Sample Resistance configuration Resistance calculated / Ω 
A R12,43 4106.9 
 R21,34 4053.6 
 R34,21 4096.3 
 R43,12 4095.2 
 R14,23 3456.3 
 R41,32 3461.1 
 R23,14 3440.8 
 R32,41 3456.7 
 RA 4088 
 RB 3453.7 
B R12,43 82.487 
 R21,34 82.649 
 R34,21 82.611 
 R43,12 82.374 
 R14,23 67.607 
 R41,32 67.882 
 R23,14 67.744 
 R32,41 67.735 
 RA 82.530 
 RB 67.742 
 
 

3.3.2.5.2.1 Sample A 
 
The large difference between RA and RB indicates that sample A was very 
inhomogeneous, probably due to the uneven distribution, and thus diffusion, 
of Li3N. Due to this difference it is best to fully solve the van der Pauw 
equation (Equation 3.6) to calculate the sheet resistance, RS, rather than 
use the approximation, although both are solved below for comparison. 
 
The approximation for the sheet resistance, RS, results in a value of 
17090.91 Ω�-1. 
 

𝑅! ≈  
π
ln2

𝑅! + 𝑅!
2 =

π
ln 2

4088+ 3453.725
2 =  17090.91 Ω☐!!  

 
 
Fully calculating RS from the van der Pauw equation (Equation 3.6) yields a 
value of 17046.43 Ω�-1, which should be the most accurate value. This also 
and gives an idea of the inaccuracies in the approximate method.  For a 
very inhomogeneous sample the approximation was more than 44 Ω�-1 

higher, although this is only a 0.26% difference. 
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3.3.2.5.2.2 Sample B 
 
RA and RB are much closer in sample B than in sample A, which shows that 
the sample is more homogenous, either because in this sample the Li3N was 
deposited more evenly than in sample A or because this is a heavily BDD 
sample and so the dispersion of Li has much less of an effect on the 
calculated resistance because the B atoms have a much stronger effect on 
the electrical properties of the sample. 
 As RA and RB are similar the approximation is perhaps more 
appropriate to use, obtaining a sheet resistance of 340.54 Ω�-1 (as seen 
below), whereas fully solving the van der Pauw equation (Equation 3.6) 
calculates the sheet resistance as 339.47 Ω�-1. Both values are very similar, 
with the difference being just over 1 Ω�-1 (0.31%). 
 

𝑅! ≈  
π
ln 2

𝑅! + 𝑅!
2 =

π
ln 2

82.53025+ 67.742
2 =  340.54 Ω ☐!! 

 
Sample B has a significantly lower sheet resistance compared to sample A, 
most likely due to the difference in B atom concentration. As measured by 
SIMS the B atom concentration was 5.83 × 1019 cm-3 for sample A and 9.45 × 
1019 cm-3 for sample B. In sample A the Li may have removed a larger 
percentage of electronically active B atoms by forming clusters, whereas in 
sample B many more electronically active B atoms will not have formed 
inactive Li-B clusters. The resistances measured are comparable to those 
measured using the two-point probe method on BDD. This indicates that the 
Li has increased the resistivity of the single crystal BDD significantly, as B-
doped SCD should have a much lower resistance than B-doped MCD due to 
the lack of grain boundaries which scatter the charge carriers, Ramamurti 
et al. [35] reported a sheet resistance of less than 1 Ω cm-1 for B-doped SCD 
with greater than 1 × 1020 B atoms cm-3 which is much lower than the values 
calculated for B and Li co-doped diamond, although different parameters 
were used.  
 

3.3.2.6 Conclusions 
 
Li was successfully diffused into BDD. The concentration of Li measured was 
dependent upon the volume of Li3N solution used but was not affected by 
the boron concentration. It is proposed that Li easily diffuses into and along 
the polycrystalline diamond grain boundaries, as well as into the diamond 
lattice but the latter process occurred at a much slower rate. This can be 
seen when comparing Li diffusion depth profiles of NCD, MCD and SCD 
samples. The morphology of the sample grown is only affected by the ratio 
of CH4:H2, as has been shown many times before. The MCD and NCD samples 
are often only slightly etched at grain boundaries by the diffusion 
technique, but on occasion there is significant damage when the highest 
volume of Li3N solution is used. The electrical resistance of the samples 
arises due to a combination of B concentration, morphology and the volume 
of Li3N diffused. The higher the B concentration, the lower the resistance of 
the diamond film, as expected. The greater the ratio of grain boundaries: 
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diamond grains, the higher the resistance of the film i.e. NCD > MCD > SCD. 
And, finally, usually the more Li3N that diffused into the sample the higher 
the resistance, perhaps due to electronic compensation of B atoms by Li, 
either forming clusters or in electronically inactive sites i.e. the grain 
boundaries.  
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4 Magnesium containing precursor preparation for the 
doping of diamond thin films 

 

4.1 Introduction 
 
Many different elements have been investigated as potential dopants in 
order to create n-type diamond. Phosphorus has, so far, been the most 
successful experimentally; leading to n-type diamond with low carrier 
mobility [1-4] but unfortunately this has high electrical resistance. Other 
elements such as antimony, arsenic, sulfur and lithium have been 
experimented with but with little success [5-11]. When computationally 
modelled, Group 5 elements [12-14] and both Group one and two metals 
have been shown to be potential n-type dopants of diamond [14-17].  Within 
the University of Bristol diamond group, lithium has been the main element 
of interest, with some exciting research resulting in the creation of Li and N 
co-doped diamond [18]. Theoretical calculations suggest Li and N clusters 
could be stable and provide n-type semiconductivity [19], as well as 
experimental evidence showing Li enhances the thermionic emission of 
diamond [20]. To delve deeper into understanding this chemistry, it was 
decided that magnesium – with its diagonal relationship to lithium in the 
Periodic Table – should be looked at as an alternative n-type dopant and as 
a means of enhancing the thermionic emission of diamond. 
 Very little work has been done on magnesium doping of diamond, 
both experimentally and computationally. Yan et al. [21] have shown that 
on its own magnesium could be a shallow donor in diamond using first-
principle calculations. It is possible to introduce magnesium into diamond 
thin films using three main methods; implantation, incorporation during 
diamond growth and in-diffusion of a magnesium containing source. 
 Ion implantation comes with some drawbacks; in particular damage 
to the diamond lattice can break C-C sp3 hybridised bonds, which then 
reform as more stable sp2 bonds. This affects the conductivity of the sample 
and the damage is mostly non-reversible [22-24]. Ideally, Mg would be 
incorporated during growth using a gas-phase Mg source, but there are no 
known commercially available Mg-containing gases compatible with the 
HFCVD system and that are also safe to handle. Vaporising a solid source of 
Mg was proposed, as this could potentially be vaporised at a controlled rate 
and incorporated into diamond during growth, but solid metal Mg melts at 
650ºC and starts to slowly vaporise between 689–892ºC with the evaporation 
rate increasing with temperature [25]. Within the HFCVD reactor it would 
be very difficult to control this vaporisation rate, and could result in the 
destruction of the system with Mg being deposited on cooler surfaces within 
the reactor. Other solid sources of Mg with lower melting and boiling points 
such as nitrates, sulfates and carbonates all contain oxygen which is to be 
avoided as the presence of oxygen could react with the rhenium filaments 
leading to breakages. Magnesium halogen salts often have extremely high 
melting and boiling points due to their ionic nature. Even if they could be 
vaporised under diamond-growing conditions this would be unwise as it 
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could release halogens into the system, which are corrosive to vacuum 
systems and pose a safety risk to users. 
 Other reasonable (for use in a HFCVD reactor) magnesium-containing 
sources are magnesium nitride (Mg3N2) and a form of magnesium carbide 
(MgC2, Mg3Cor Mg2C). If there were a suitable form of magnesium carbide 
that was easily obtainable and had a vaporisation temperature of ~ 850ºC at 
20 Torr then this would be an ideal compound to use, because magnesium 
carbides only contain Mg (the dopant) and C, which is introduced into the 
reactor for diamond growth. Unfortunately, all forms of magnesium carbide 
being unstable at high temperatures, they are all difficult to make or buy 
[26-29]. 
 The next best option was magnesium nitride. However, its high 
decomposition temperature of 1500ºC [30] makes it unsuitable for use in the 
gas-phase within the reactor. But as its melting point is 800ºC [31] it 
appears to be a prime candidate for use with an in-diffusion technique. The 
nitrogen within the compound should not be a problem as it is intended that 
a co-doping system of Mg and N in diamond will be formed. Namba et al. 
[32] proposed a co-doping system of Li and N, but this idea could 
theoretically be extended to Mg chemistry due to the diagonal relationship 
of Li and Mg on the Periodic Table. It is thought that N could lead to Mg 
forming clusters of a few atoms within the diamond lattice and that these 
clusters could exhibit n-type behaviour. Nitrogen atoms could also prevent 
aggregation of Mg into larger clusters as well as reducing strain within the 
diamond lattice caused by Mg having a much larger atomic radius than C, as 
N has a smaller radius than C. The following chapter discusses how Mg3N2 is 
made into a suitable form to enhance stability of the compound within air 
and for distribution on samples. It also discusses how Mg3N2 might be melted 
within the reactors and Mg persuaded to diffuse into the diamond lattice. 
 

4.2 Experimental  
 
Magnesium nitride (dull yellow powder, Sigma Aldrich, 99.5% purity, ~325 
mesh) is a hazardous material [33,34] and as such a suitable method needed 
to be found that was both safe and practical for use in the experiments. As 
Mg3N2 is flammable and sensitive to moisture it was essential that small 
quantities (below 100 mg) were used and that any sources of water were 
removed from the experiment area. 
 Using Mg3N2 in solution form would mean that it could be used within 
the air and it was controllable and easily modified. Mg3N2 reacts with water 
to form magnesium hydroxide and ammonia. To avoid this all solutions were 
made with organic solvents that had been dried for one week using 
molecular sieves. 
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4.2.1 Solvent selection  
 
An ideal Mg3N2 solution should be stable, keep the Mg3N2 pure and not 
oxidised and prevent the Mg3N2 from coalescing. For use in experiments the 
solvent should evaporate fairly quickly resulting in a uniform layer of Mg3N2 
being deposited when drop-cast onto a sample, and this should be a 
repeatable process. The solvents listed in Table 4.1 and shown in Figure 4.1 
were investigated for this purpose, as these were all widely available. 2 ml 
of each solvent was used with 0.08 g of Mg3N2, before the solutions were 
sonicated in an ultrasonic bath for one hour. This was to evenly distribute 
the Mg3N2 powder within the solvent, and formed an ochre yellow/green, 
opaque solution [33,34].  

Each of the solutions were observed over five days by taking photographs 
of each solution within the vial as well as using an optical microscope to 
look at the individual crystals within the solution. Pure Mg3N2 crystals were 
yellow in colour and, with some difficulty, could be distinguished from 
white, oxidised forms of Mg compounds such as Mg(OH)2. Each solution was 
pipetted onto a microscope slide and the solvent was evaporated before 
observing the crystals on the slide using the optical microscope. 
 
 
Table 4.1 Solvents, vial numbers and relevant physical data. 

Solution vial 
number 

Solvent Chemical formula Viscosity at 20ºC / 
(mPa S) 

1 Chloroform CHCl3 0.58 [35] 
2 Methanol CH3OH 0.582 [36] 
3 Ethanol C2H5OH 1.187 [37] 
4 Cyclohexane C6H12 0.968 [38] 
5 Heptane C7H16 0.405 [39] 
6 Xylene  C6H4(CH3)2 0.588 [40,41] 
7 Toluene C6H5(CH3) 0.619 [36,41] 
8 Paraffin Long HC chain 110-230 

 
 

 
 

Figure 4.1 Chosen solvents in vials before addition of Mg3N2, from left to right 
chloroform, methanol, ethanol, cyclohexane, heptane, xylene, toluene, paraffin, 
chloroform with polyoxyethylene oleyl ether and chloroform with polysorbate-20. 
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4.2.2 Stabilisation using polymers  
 
Polymers have long been used as a way to increase the length of time for 
which a suspension can remain stable [42]. There are two suitable polymers 
used in this experiment that are easily available, soluble in many solvents, 
non-toxic and have the potential to form intermolecular bonds with highly 
ionic Mg3N2.  The two polymers are polyoxyethylene (20) oleyl ether (known 
as polyoxy from now on) and polysorbate-20; their structures can be seen in 
Figure 4.2. Polyoxy is made from straight-chained ethyl ether groups bonded 
to an alkyl chain with one hydroxyl group available for H-bonding. 
Polysorbate-20 is a multi-branched polymer made of ethyl ether groups and 
hydroxyl groups, three of which in each molecule are available for H-
bonding. 0.02 g of either polymer was added to 2 ml of solvent to create a 
1% w/v polymer solution. 
 

 
Figure 4.2 Chemical structure of (a) polyoxyethylene (20) oleyl ether and (b) 
polysorbate-20 

 

4.2.3 Melting Mg3N2 within the HFCVD reactor onto diamond  
 
Once the Mg3N2 solution was decided upon, the next important step was to 
see if the solid Mg3N2 (once drop-cast as the solution, and after the solvent 
had evaporated) would melt under the conditions used within the HFCVD 
reactor chamber.  
 Nitrogen-doped diamond (NDD) was deposited upon an n-type Si (100) 
wafer that had been previously manually abraded. The NDD could then be 
deposited under standard conditions (discussed further in Section 2.1.1), 
with rhenium filaments (Goodfellows, 99.97% purity, 0.25 mm diameter, 
temper annealed) 3 mm above the Si substrate. The CH4:H2 ratio used was 
0.82%, and for the low nitrogen-doped diamond a ratio of 0.12% NH3:H2 was 
used. 
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 The Mg3N2 solution was then drop-cast onto each diamond sample in 
50 µl aliquots to total 100 µl or 200 µl, leaving the solvent to evaporate 
between each drop. Once the solvent had evaporated from the final drop, 
leaving a uniform layer of solid Mg3N2, the samples were then placed into 
the HFCVD chamber. Pure H2 was added to the chamber at a pressure of 20 
Torr, the substrate temperature reached ~850ºC using both the stage heater 
(with a current of 4A flowing through it) and the filaments (drawing 25 A) at 
standard power. 
 Due to the brightness of the filaments it was difficult to see any 
colour changes in the Mg3N2 layer, but it was observed that the Mg3N2 
started to disappear in patches within 15 minutes until none was left after 
approximately 45 minutes, leaving a smooth surface. The complete process 
took three hours to ensure that the Mg3N2 had sufficient time to melt and 
diffuse into the diamond. After this a layer of NDD was grown on top of the 
existing sample simply by flowing the correct ratio of CH4 and NH3 to the H2 
already being flowed into the reactor. Finally, the sample was cooled to 
room temperature and removed from the HFCVD chamber for analysis. 
 
 

4.2.4 Determination of Mg concentration using Secondary Ion Mass 
Spectrometry (SIMS) 

 
SIMS in the Interface Analysis Centre, University of Bristol, was used to 
determine if Mg could be detected and if the concentration could be 
calculated. Mg was detected as Mg+. Unfortunately this has the same mass 
as C2

+ (mass 24), which is ejected in large quantities from diamond during 
SIMS. The signal for Mg is unlikely to be uniform throughout the depth of the 
diamond film due to the method of incorporation, but the signal for C2

+ 
always follows the same trend as C+. As such, the mass-24 signal could be 
separated into contributions from C2

+ and Mg+. First, the average C2
+:C+ 

signal in samples with no Mg diffused into them was determined. Then this 
C2

+:C+ ratio was subtracted from the mass-24:C+ signal in any sample that 
had undergone an Mg3N2 treatment, leaving the Mg+:C+ signal ratio with 
which to calculate the quantity of Mg present. 
 A magnesium calibration sample was created by implanting a known 
concentration of Mg into a single crystal diamond, further details are 
presented in Appendix C. This was then analysed and combined with the 
C2

+:C+ ratio signal to calculate the Mg atom concentration using the formula 
shown in Equation 4.1. The full analysis can be seen in Appendix C. 
 

Mg atom concentration / cm! =
𝑀𝑔! cps
𝐶! cps − 0.07  × (2.3×10!") 

Equation 4.1 

 
The detection limit was determined to be 1.66 × 1019 Mg atoms cm-3.  
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4.3 Results and Discussion  
 

4.3.1 Solution stability dependence upon solvent  
 
Eight different solvents were investigated for use in a Mg3N2 solution, as 
listed in Table 4.1. To create the solutions 2 ml of each solvent was mixed 
with 0.08 g Mg3N2 powder and then sonicated in an ultrasonic bath for one 
hour before being observed over five days, these observations are noted in 
Table 4.2.  
 The solutions made with methanol (vial 2, Figure 4.3) and ethanol 
(vial 3, Figure 4.3) were discounted immediately after sonication, as both 
solutions had turned very pale yellow, with methanol being the whitest and 
hence worst choice. The change in colour indicated that the Mg3N2 had 
oxidised or hydrolysed in solution to form oxidised Mg compounds such as 
magnesium hydroxide, Mg(OH)2, magnesium methoxide, Mg(OCH3)2, or 
magnesium ethoxide, Mg(OCH2CH3)2. Clearly, this meant that both ethanol 
and methanol are not suitable solvents in which to form a stable solution of 
Mg3N2. This change was also seen using the optical microscope. The crystals 
observed on day zero, in Figure 4.4 (b) and (c) show the white crystals 
present in the methanol and ethanol solutions, respectively.  
 
Table 4.2 Observations of each solution, noting the solvent used and the duration of 
stability. 

Solution 
number 

Solvent Observations Stability 

1 Chloroform Solvent remained cloudy < 72 hours 
2 Methanol Solution turned white, oxidised after 

sonication 
n/a 

3 Ethanol Solution turned pale, oxidised after 
sonication 

n/a 

4 Cyclohexane Mg3N2 coalesced and solution 
separated 

< 24 hours 

5 Heptane Powder did not stay suspended for long 
and easily separated 

< 12 hours 

6 Xylene Solution did not mix well, evaporation 
of solvent took > 30 s 

< 24 hours 

7 Toluene Mg3N2 was partially suspended in 
solvent, although not stable and 
evaporation of solution took >> 30 s 

< 24 hours 

8 Paraffin Powder was fully suspended after 
sonication, but soon separated. 
Evaporation took > 1min 

< 72 hours 

 
 

The heptane, xylene and toluene solutions all clearly started to 
separate and coalesce within a few hours of sonication on day zero, 
indicating they were not suitable solvents to use. This could be due to the 
neutral nature of the solvents, meaning that there was no shielding of the 
slightly polar charge on the Mg3N2 molecules which meant that Mg3N2 could 
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more easily coalesce within the solution forming much larger crystallites 
that were too heavy to be suspended in the solvents.  

The viscosity of the solvent clearly played a roll in the stability of the 
suspension as the Mg3N2 powder dropped out of the solution to the bottom 
of the vial much faster when the solution was made with heptane compared 
to xylene and toluene which are more viscous (viscosity values can be seen 
in Table 4.1). Despite this, the Mg3N2 powder sedimented in all three of 
these solutions in under 24 hours. 

The optical micrographs for heptane, xylene and toluene on day one 
can be seen in Figure 4.4 (e), (f) and (g), which show that the crystals have 
already started to clump together. Heptane has the largest majority of 
white, oxidised crystal. This could be due to its lower viscosity which means 
oxygen can dissolve into the solution more easily and react with the Mg3N2. 
This is compared to the optical micrograph of the toluene solution (Figure 
4.4 (g)), which is the most viscous of the three, where one can still observe 
some dull yellow Mg3N2 crystals present on day one. 

Mg3N2 was much better suspended within the paraffin oil, which is 
made of many long-chained hydrocarbons and is the most viscous of the 
solvents used, but has low polarity. So it is purely the viscosity of the 
paraffin - not any chemical interaction - that kept the Mg3N2 suspended for 
up to 72 hours. Despite this, paraffin proved to be an unsuitable solvent to 
choose for the eventual Mg3N2 solution as it evaporated so slowly that it was 
not practical for use in the lab. It took too long to evaporate, and 
potentially left too much residue on the sample for use in the HFCVD 
reactor. 

Cyclohexane was the second best solvent option as it had a good 
dispersal of Mg3N2 as well as keeping the Mg3N2 suspended and protected for 
just under 24 hours. Figure 4.4 (d) shows the optical micrograph of the 
cyclohexane solution on day one - there is little coalescence and some 
crystals remain dull yellow indicating they are non-oxidised crystals of 
Mg3N2. This means cyclohexane is as stable as most of the other solvents 
studied but it was also very quick to evaporate, leaving the Mg3N2 powder 
behind and had a good dispersal of Mg3N2. 
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Figure 4.3 The ageing of Mg3N2 solutions made with different solvents listed in Table 
4.1.  

 

 
Figure 4.4 Optical micrographs of (a) chloroform solution day four, (b) methanol 
solution day zero, (c) ethanol solution day zero, (d) cyclohexane solution day one, (e) 
heptane solution day one, (f) xylene solution day one, (g) toluene solution day one and 
(h) paraffin solution day one. 

1 2 3 4 5 6 7 8 

1 2 3 4 5 6 7 8 

1 2 3 4 5 6 7 8 

1 2 3 4 5 6 7 8 

1 2 3 4 5 6 7 8 

Day 0 

Day 1 

Day 2 

Day 3 

Day 4 

a) c) b) d) 

e) f) g) h) 



 81 

The best solvent by far was chloroform. The Mg3N2 did not drop out of 
solution completely until day three and it took until day four for the 
solution to oxidise to the extent that most other solutions had reached by 
day one. The optical micrographs showed that there was little coalescence 
and that some crystals remained yellow (indicating the presence of Mg3N2) 
on day four, although the majority of the crystals had oxidised and turned 
white (Figure 4.4 (a)).  

The two main factors affecting the stability of a Mg3N2 solution are 
viscosity and polarity, so the success of using chloroform (with one of the 
lowest viscosities of the solvents tested) as the solvent was mainly due to its 
high polarity. The polarity of the solvent prevented the Mg3N2 particles 
(which are slightly charged) from clumping. It does this through the 
interaction of chloroform molecules, which create a thin layer of chloroform 
around the Mg3N2 particles, shielding the charge of one Mg3N2 particle from 
another. This slows down the coalescing of particles and delays the eventual 
sedimentation of the solution. The charge essentially kept the Mg3N2 

particles apart longer than a non-polar solvent could, adding an extra two 
days of stability to the solution. 

In general, all solutions eventually sedimented, and the crystals of 
Mg3N2 clumped together within the five days observed. The more polar the 
solvent the better the Mg3N2 seemed to stay in solution and retain its dark-
yellow colour when observed under the optical microscope. The alcohols 
used reacted with Mg3N2 to form magnesium alkoxides. If the solution took 
more than 30 seconds to evaporate when pipetted onto a microscope slide it 
was deemed to take too long for practical use in the lab and had the 
potential to interfere with the vacuum in the HFCVD chamber. 

Although it was clear that chloroform performed the best in this 
experiment, only a very limited selection of solvents were studied due to 
availability and time constraints. This means that it could be possible to find 
an even more suitable liquid with which to make a stable Mg3N2 solution, if 
necessary. 
 

4.3.2 Polymer stability effects  
 
Many experiments have shown that appropriate polymers can extend the 
stability of some solutions [42]. Two available polymers, polyoxyethylene 
oleyl ether and polysorbate-20, were used to study the effect of a polymer 
on the chosen chloroform-Mg3N2 solution. Each polymer was first added to 
the chloroform and sonicated for 15 minutes before the Mg3N2 was added to 
the mixture.  The specific quantities used and observations made are shown 
in Table 4.3.  
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Table 4.3 Composition and observation of chloroform and polymer solutions tested.  

Vial 
no. 

Solvent and 
volume  

Mass of 
Mg3N2 / 
g 

Polymer and 
mass 

Observations Solution 
stability 
/ hours 

9 Chloroform, 
2 ml 

0.08 polyoxyethylene 
oleyl ether, 0.02 
g 

Powder fully 
suspended after 
sonication, good 
colour. 

< 96 
hours 

10 Chloroform, 
2 ml 

0.08 polysorbate-20, 
0.02 g 

Better suspension, 
better distribution, 
good colour. 

< 120 
hours 

 
 
 Figure 4.5 shows that polyoxy does not appear to affect the stability 
of the chloroform; the Mg3N2 powder completely drops out of the solution by 
day three as seen in the chloroform solution without polymer. When 
observed under the optical microscope, though, it does show some 
reduction in oxidation, with more Mg3N2 crystals being yellow in 
appearance. Polyoxyethylene oleyl ether is a straight-chained molecule with 
only one hydroxyl group available for H-bonding, so it seems that this is 
insufficient to extend the stability of Mg3N2 in chloroform. 
 
 

 

Figure 4.5 Images showing how the Mg3N2 in solutions 9 and 10 ages from day zero 
(when made) to day four 

 
 On the other hand, polysorbate-20, which is a branched-polymer with 
three hydroxyl groups per molecule, extends the stability of the solution to 
greater than 120 hours, as can be seen in vial 10 in Figure 4.5. The optical 
micrographs in Figure 4.6 show that the Mg3N2 crystals have not clumped 
together excessively by day four (Figure 4.6 (c)) and still retain the yellow 
colour that is characteristic of Mg3N2. This means that only a very small 
amount, if any, has oxidised or hydrolysed to other oxygen-containing 
magnesium compounds. This could be due to more intermolecular 
interactions taking place between polymer molecules surrounding the Mg3N2 
crystals, facilitating further protection of the crystals and preventing 
coalescence and enabling the Mg3Nto stay in suspension for much longer. 
Polysorbate-20 is more polar and has a greater molecular weight so may 
increase the density of the solution compared to polyoxy, again increasing 
the stability of the solution. 
 

9 10 9 10 9 10 9 10 9 10 

Day 0 Day 1 Day 2 Day 3 Day 4 
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Figure 4.6 Optical micrographs of Mg3Nsuspended in a solution of chloroform and 
polysorbate-20 on day zero (a), day one (b) and day four (c). 

 

 

Figure 4.7 Chosen Mg3N2 solution made up using chloroform and polysorbate-20 after 
three months, showing (a) before sonication, (b) after sonication and (c) optical 
micrograph of solution. 

 
After being kept for approximately three months a solution of Mg3N2 was 
observed and although it had mostly separated (Figure 4.7 (a)), after one 
hour of sonication (Figure 4.7 (b)) it retained the characteristic dark-yellow 
colour of Mg3N2 a solution. Under the optical microscope it showed that only 
a small proportion of the crystals turned white, perhaps forming magnesium 
methoxide or magnesium hydroxide(Figure 4.7 (c)). 
 Again, only a small selection of polymers was investigated in this 
experiment due to availability and time constraints. So perhaps more-polar 
and/or more-branched polymers could protect and stabilise a solution of 
Mg3N2 further. But for purposes of this investigation a solution of Mg3N2 in 
chloroform stabilised with polysorbate-20 was acceptable for the doping 
experiment. 
 

4.3.3 Melting process in HFCVD reactor 
 
Once the stable solution was chosen, it was drop-cast onto a diamond 
substrate. This diamond was grown on a 10 × 10 mm2 n-type (100) single 
crystal Si wafer, using standard conditions (Section 4.2.3), grown with 0.82% 
CH4:H2 and 0.12% NH3:H2 resulting in a low microcrystalline NDD film 
approximately 1.5 µm thick.  
 The Mg3N2 solution was drop-cast in 50 µl aliquots, to ensure the 
droplet had enough surface tension to cover the entire surface of the 
sample (Figure 4.8 (a)), without breaking and spilling onto the surface 

a) c) b) 

a) b) c) 
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underneath. Once the chloroform had evaporated, a fairly uniform layer of 
Mg3N2 covered the diamond sample (Figure 4.8 (b)). 
 
 

 

Figure 4.8 Photographs of (a) Mg3N2 solution drop-cast onto diamond thin film and (b) 
the resulting distribution of solid Mg3N2 

 
 Diamond samples with 100 µl (left, Figure 4.9 (a), (b) and (c)) and 
200 µl (right, Figure 4.9 (a), (b) and (c)) of Mg3N2 solution drop-cast in total 
were loaded into the HFCVD chamber. Once 20 Torr of pure H2 was 
introduced to the chamber the sample stage and filaments were switched 
on at levels used in standard growing conditions (Section 2.1.1), to obtain a 
substrate temperature of ~850ºC. The samples were observed and one could 
see the Mg3N2 disappearing slowly, presumably melting into the sample.  

After melting and diffusing over three hours, a layer of NDD was 
grown upon the sample for a further 15 minutes by introducing CH4 and NH3 
into the chamber at the ratios used to grow the original diamond layer. This 
was to ensure the Mg layer was fully encapsulated and to help with SIMS 
analysis. When the sample was cooled and removed from the chamber the 
diamond remained smooth, with no apparent signs of damage, and only a 
slight change in colour.  
 

 

Figure 4.9 The process of melting Mg3N2 in the HF reactor where (a) shows the uniform 
layer of solid Mg3N2 on both samples, (b) after approximately 15 minutes the Mg3N2 
starts to melt and c) after 40 minutes all the Mg3N2 has melted. 

 
After the Mg3N2 had been diffused, Energy Dispersive X-ray 

Spectroscopy (EDX) analysis was used to identify elements within the first 
few µm of the sample. EDX analysis identified C, O, Mg and Si as shown in 
Figure 4.10, as expected. Oxygen was detected strongly and is likely just 
from the ozone treatment used on the sample to give O-termination for 
other forms of analysis. No rhenium was detected, which shows that the 
filaments were not too hot which could have resulted in Re atoms vaporising 
and depositing onto the sample. N was not detected as this has a much 

a) b) 

0 minutes  ~ 15 minutes  ~ 40 minutes  a) b) c) 
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higher EDX detection limit of approximately 2% compared to most elements 
(0.1%).  Note that with low detection limits O (0.5%) and C (0.5%), the fact 
that oxygen and carbon were detected means that they must be present at 
the surface in large quantities. 
 

 
Figure 4.10 EDX analysis of NDD after the diffusion of 100 µl Mg3N2 using rhenium 
filaments. 

 

4.3.4 Determination of Mg concentration in NDD 
 
The Mg+ ion was monitored using SIMS in order to detect Mg within diamond 
has the same mass as the C2

+ ion, which is also ejected from diamond 
samples during positive mode depth profiling in SIMS. It was proposed that 
the C2

+ ion was only ejected in proportion to the C+ ion and so has the same 
shaped depth profile. If Mg were to be added to the sample, but not equally 
distributed throughout the sample, one should be able to detect that Mg is 
present by the change in shape of the mass-24 ion depth profile, as well as a 
sharp increase above the detection level for Mg as determined using the 
calibration sample. 

To investigate this, a microcrystalline NDD thin film was made using 
the same method discussed above (0.12% NH3:H2, 0.82% CH3:H2). This was 
then diffused with 100 µl of Mg3N2 solution and the final diamond layer was 
grown for three hours to determine if the Mg diffused into the lower and 
upper diamond layers. The SIMS depth profile can be seen below in Figure 
4.11 (a). The depth profile clearly shows that the mass-24 ion does not have 
the same depth profile as C+. As such, the data were processed to remove 
the signal contributed by C2

+ and convert the remaining Mg+:C+ ratio into Mg 
concentration.  

The SIMS depth profile shows a typical profile for a diffusion process 
where, in this case Mg, has had time to diffuse into both the lower diamond 
beneath where it was drop cast and into the upper diamond that was grown 
upon it. The maximum concentration recorded was 2.82 × 1020 cm-3 and this 
quantity of Mg atoms would be located close to the original surface of the 
sample, where the Mg3N2 was deposited at the start of the process. 

The N atom concentration was measured by detecting the CN- ion 
during negative mode SIMS depth profiling. The average N concentration was 
6.18 × 1019 cm-3 and remained constant throughout the film, as would be 
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expected for a dopant that was introduced in the gas phase during diamond 
growth. 

The C+ ion was monitored during depth profiling for a couple of 
reasons, firstly to compare it to the signal from the mass-24+ ion to 
calculate if Mg was present, and secondly to detect if there were any 
changes in material composition throughout. Diamond should emit a 
constant count of C ions in both positive and negative mode during SIMS 
depth profiling. The constant C ion emission can be used to calculate the 
concentration of various calibrated elements by calculating the ratio of the 
ion being used to detect a certain element, to the C ion intensity. Once a 
non-diamond interface is encountered, for example between the diamond 
and the silicon substrate, concentrations calculated are no longer reliable 
due to matrix mixing effects [12-45]. The detected quantities of particular 
ions or ion clusters are entirely dependent upon the material from which 
they are expelled; they can be enhanced or suppressed by different 
surrounding material. As such, only concentrations of atoms within the 
diamond film are reliable and no diamond/substrate interfaces are shown 
on SIMS depth profile spectra. 

 

 
Figure 4.11 SIMS depth profiles of NDD films that had (a) Mg3N2 diffused into and (b)  
underwent the entire diffusion treatment without the Mg3N2 solution being applied. 
Showing the top 2250 nm of each film only, the left-hand axes denote the calibrated 
concentrations of Mg and N (solid lines) and the right-hand axes show intensity of the 
signal from C+ and mass 40+ as a function of depth beneath the diamond surface. 

 
The final ion monitored during positive mode SIMS depth profiling was 

the positive ion with mass 40. This was studied because it could either be 
Ca+ - which is present on many surfaces as a contaminant- or MgO+, so it 
could provide extra evidence for the presence of Mg. The SIMS depth profile 
in Figure 4.11 (a) shows an increase in mass 40+ at the same depth as Mg+ 
ion increases. This makes it more plausible that MgO+ was the cause of this 
increase rather than Ca+, giving further credence to the presence of Mg in 
the diamond film. 

To prove that the large peak for both mass-24 and mass-40 were due 
to the Mg3N2 process, another sample was made in the exact same way as 
the sample shown in Figure 4.11 (a) except that no Mg3N2 was drop-cast 
onto the surface of the original diamond thin film. So the sample was grown 
using the same growth conditions used previously, and when the sample was 
removed from the chamber it was exposed to for the same amount of time 

a) b) 
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it would take to apply Mg3N2 (this was to ensure that any contaminants from 
the lab still came into contact with the sample), put back into the chamber, 
heated in H2 for three hours before NDD was deposited for three hours. The 
new non-Mg3N2 diffused sample was then analysed using positive and 
negative SIMS mode and the depth profile shown in Figure 4.11 (b) was 
produced. 

The results showed that a similar level of N was incorporated 
throughout the entire film, with an average concentration of 1.01 × 1020 cm-

3. When the mass 24 and mass 40 ions were monitored, the counts were 
constant throughout the film, suggesting no Mg ions or Mg-containing ion 
clusters were ejected from the sample. When the signal for mass 24 was 
used to calculate the concentration of Mg in the sample, the concentration 
was lower than the detection limit, suggesting no Mg was present in the 
film. This experiment proved that it was the addition of Mg3N2 that caused 
the increase in the mass 24 signal. It also showed that Mg can be detected 
in diamond films and that some of the Mg3N2 deposited onto the film does, 
indeed, diffuse into diamond. There was no fluctuation in mass-40+ ions 
throughout the sample, showing that the change in Figure 4.11 (a) was not 
due to contamination upon exposure to air when removed from the 
chamber, but was most likely due to the presence of Mg introduced during 
the Mg3N2 diffusion process. 
 

4.4 Conclusions  
 

The most stable solution was found to be a combination of 0.08 g Mg3N2 
in 2 ml of a 1% w/v polysorbate-20 in chloroform solution. This retained the 
Mg3N2 colour for more than 120 hours, as seen using an optical microscope, 
as well as keeping the powder in suspension for more than 120 hours. 
Without the polymer, the solution only remained in suspension for less than 
72 hours. 
 Polysorbate-20 in chloroform was perhaps the most suitable polymer 
to stabilise the solution due to both parts of the solution having high 
polarity, which helps form protective layers of polymer and chloroform 
around the slightly charged Mg3N2. This prevents coalescence and slows 
down the sedimentation of Mg3N2 powder in solution.  

This solution could probably be improved upon in the future as only a 
very limited number of solvents and polymers were investigated, but the 
solution made here was acceptable for further use in the experiment.  

The Mg3N2 was successfully diffused into a diamond substrate by heating 
the sample with both the rhenium filaments and the sample stage in an H2 
atmosphere for three hours. No contamination was detected and despite 
Mg+ having the same mass as C2

+ it was shown that Mg had been 
incorporated into the diamond by comparing two diamond samples that had 
been grown in the exact same way - one with the Mg3N2 diffusion treatment 
and the other without. 
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5 Incorporation of Mg and N into CVD diamond thin 
films 

 

5.1 Introduction 
 
For many years there has been interest in creating n-type semiconducting 
diamond and despite various elements being studied, both in the lab and 
theoretically [1-13], n-type diamond with useful electronic properties has 
remained elusive. The most successful candidate so far is phosphorus [14-
17]; this shows n-type semiconductivity but has low carrier mobility, which 
is a problem for its use in many electronic devices.  

An alternative n-type dopant is lithium, but little work has been 
reported on this [4-7, 11-13]. Recent results from our group have shown that 
high levels of Li can be incorporated into diamond using Li3N as a solid 
source of Li [79]. Co-doping with nitrogen is believed to prevent the lithium 
from aggregating into inactive clusters and could result in n-type diamond.  
However [19,20], even with high levels of both N and Li present in the film, 
the diamond does not show n-type semiconductivity at room temperature 
experimentally [79].   

Due to its diagonal relationship with lithium on the Periodic Table, 
magnesium may also be a potential n-type dopant for diamond. This chapter 
shows that Mg can also be incorporated into diamond in significant 
quantities (up to 2.54 × 1020 Mg atoms cm-3) using a solid source (Mg3N2). 
Being larger than C, substitutional Mg can cause distortion or strain in the 
diamond lattice, hindering Mg incorporation, but this strain can be partially 
relieved by simultaneous incorporation (co-doping) of a small atom (e.g. N) 
situated near the Mg to allow the lattice to relax. 

Here, the experimental results of incorporating Mg into N-doped 
diamonds are reported. SIMS depth-profile analysis has been used to detect 
dopant concentrations and thickness of dopant layers within the film, 
alongside Raman spectroscopy and scanning electron microscopy to 
investigate diamond quality and morphology, respectively. 
 

5.2 Experimental 
 
Nitrogen-doped MCD and NCD films were deposited on n-type Si substrates 
by hot filament CVD (HFCVD). The Si was seeded using a manual abrasion 
technique using 1-3 µm diamond particles. To grow single crystal diamond 
(SCD) samples, a substrate of HPHT single-crystal diamond (3 × 3 mm2) type 
1b (100) (purchased from Element Six, Ltd.) was used by simply cleaning 
with an aqua regia bath to remove any impurities from the surface before 
nitrogen-doped diamond (NDD) growth. 

Conditions used for CVD were as follows; rhenium filaments 
(Goodfellows, 99.97% purity, 0.25 mm diameter, temper annealed) fitted 3 
mm above the substrate, filament temperature was measured as being 
2100-2200 K, using an optical pyrometer. Pressure was set at 20 Torr. NDD 
was grown with a standard ratio of 0.81% CH4 in H2 (to form MCD films) and 
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a ratio of 1.86% CH4 in H2 (to grow NCD films) with NH3 added such that the 
NH3:H3 ratio was 0.32% or 0.12% in order to get a heavily or a lightly NDD 
film, respectively. 

Magnesium nitride (Mg3N2) was used as the source of magnesium, in 
line with previous work on Li and N doped diamond [79]. Mg3N2 is available 
commercially as a powder (99.5% purity, <325 nm particle size). A suitable 
suspension was prepared which allowed the powder to be stable, remain 
non-oxidised for a significant time period, and have a good dispersion of 
particles once prepared properly. This is discussed further in Chapter 4. The 
most stable solution comprised 5 ml chloroform, 5 mg polysorbate(20), and 
0.2 g Mg3N2. The dull ochre-yellow-coloured suspension was sonicated for 
one hour in an ultrasonic bath. This procedure was repeated every time that 
the solution was used, after which the suspension remained stable for a 
minimum of three weeks. 

This suspension was then drop-cast onto the surface of pre-grown 
NDD films. For the samples grown on 10 × 10 mm2 N-type Si, 100-200 µl of 
Mg3N2 were dropped onto the surface in 50 µl aliquots. On the smaller SCD 
samples grown onto 0.3 × 0.3 mm2 HPHT diamond, only 7 µl was used as 
these samples have roughly 7% of the surface area of the 10 x 10 mm2 
samples.  

The method of depositing the Mg3N2 solid leads to some unavoidable 
non-uniformity in the distribution of Mg across the surface. Once the 
suspension had dried the samples were placed into the HFCVD reactor and 
heated by the filaments and stage to a surface temperature of 
approximately 850°C (estimated by a two-colour pyrometer) in pure H2. This 
allowed the Mg3N2 to melt and subsequently diffuse into the diamond 
sample over a period of three hours. After the diffusion period was over a 
thin capping layer of NDD was deposited.  

In order to fully characterise the films grown the film quality was 
analysed using laser Raman spectroscopy, the morphology observed using 
field emission gun scanning electron microscopy (FEG SEM), and the 
concentration of dopants was determined using secondary ion mass 
spectrometry (SIMS). There was some difficulty determining the 
concentration of Mg accurately as the Mg+ ion has the same mass (24) as the 
C2

+ ion, which is ejected in abundant quantities from diamond during SIMS. 
To solve this, an identical NDD film was created using the conditions 
described above, except with no Mg diffused into it. This control sample was 
then analysed to give an accurate C2

+:C+ ion ratio, which remains constant 
within a sample. The ratio of C2

+:C+ ion was then taken into consideration 
and removed from the absolute concentrations calculated. The nitrogen 
signal was detected during negative mode SIMS as CN– with a mass of 26, 
which could also be interpreted as the C2H2

– ion. This is an ion that is likely 
to form in SIMS if the diamond has hydrogen incorporated into it. Again, a 
similar control sample was made by growing a diamond thin film under the 
same conditions as described above, but no with no ammonia present. The 
magnitude of the signal from C2H2

- was then subtracted from all counts 
allowing the true N content to be determined.  

Electrical resistance measurements were performed on the sample 
with a two-point probe. To prevent any interference in electrical resistance 
through possible surface conductivity, all samples were treated with ozone 
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to form an oxygen-terminated surface [21]. Two 1 × 1 mm2 silver contacts 
separated by 7 mm were evaporated onto the diamond film using physical 
vapour deposition (PVD), enabling the bulk electrical resistance to be 
measured. 

 

5.2.1 Nitrogen doped diamond thin films 
 
Nitrogen can be incorporated into CVD diamond film by adding a nitrogen-
containing gas to the CH4/H2 reactant gas mixture. In our case, ammonia 
was introduced using a calibrated mass flow controller before mixing with 
hydrogen and methane and then into the reactor chamber. The N:H ratio 
could be adjusted between 0.12% to 0.34%; any higher and a non-continuous 
film would form. The diamond crystal size was controlled by the flow rate 
of methane. A higher ratio of C:H (1.86%) in the gas mixture resulted in NCD 
films and a lower C:H ratio of 0.81% formed MCD films. 
 

5.2.2 Addition of Mg3N2 
 
As discussed in Chapter 4 the Mg2N3 solution was created by dissolving 0.05 g 
of Polysorbate(20) into 5 ml of dried chloroform before adding 0.2 g of 
Mg3N2 powder to the solution and sonicating for one hour. The Mg2N3 
solution was then drop-cast onto a pre-grown diamond substrate to a total 
volume of up to 200 µl. This was added in portions of 50 µl to prevent the 
surface tension of the droplet from breaking and the solution dripping off 
the diamond sample.  

Once the chloroform had evaporated the sample was placed into the 
HFCVD reactor in a pure hydrogen atmosphere, at a pressure of ~20 Torr. 
The temperature was maintained at ~850 – 900 °C with the heating stage 
and filaments on, as measured using an optical pyrometer. The solid Mg2N3 
was allowed to melt and diffuse into the diamond base over three hours. 

 

5.2.3 Determination of nitrogen and magnesium content 
 
The concentration of nitrogen and magnesium was determined using an in-
house built SIMS [21]. The nitrogen signal was detected using the negative 
CN- ion. This ion has a mass of 26 so could be confused with that from C2H2

- 
ions. As such further tests were performed that showed that C2H2

- ions 
contribute a total of 2.3% to the mass 26 signal detected in SIMS. As such, 
the mass-26 signal was reduced by this amount to determine the true N 
content, which is shown in the SIMS depth profiles and concentration values 
of N discussed. Thus N concentration was calculated using Equation 5.1 with 
2.3% removed from the value. 
 

N concentration /𝑐𝑚! =
𝐶𝑁! cps
𝐶! cps × (3.4×10!") 

Equation 5.1 
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The Mg concentration was more difficult to calculate because many 
of the Mg-containing ions that could be detected conflicted with the masses 
of other likely secondary ions ejected from the sample. In the end it was 
decided that Mg+ should be the ion monitored, as this ion should have a high 
number of counts when positive SIMS mode is used to perform a depth 
profile on a sample containing Mg.  

Mg+ has the same mass as C2
+, both being 24, so two steps were 

performed to correctly interpret the SIMS data. Firstly C2
+ is often detected 

in diamond samples, but it always follows the same trend as C+ (a constant, 
rarely fluctuating count throughout the diamond). As such, any deviation in 
the trend shown by C would indicate the presence of Mg. Secondly the C2:C 
ratio was calculated for all diamond samples that had not had any exposure 
to Mg within the reactor. This showed that 0.07 of the mass 24+:C+ ratio 
detected was C2

+. This allowed the Mg concentration to be calculated using 
Equation 4.1. 

 

Mg concentration / 𝑐𝑚! =
𝑀𝑔! cps
𝐶! cps − 0.07  × (2.3×10!") 

Equation 5.2 

 
The full calibration reports can be found in Appendix C and D. The detection 
limit for N was determined to be 1.15 × 1019 cm-3 and the detection limit of 
Mg is 1.66 × 1019 cm-3. 
 
 

5.3 Results and discussion 
 

5.3.1 Nitrogen doped diamond 
 

5.3.1.1 Film quality and morphology 
 
Both microcrystalline and nanocrystalline NDD films were prepared using 
HFCVD reactor A. Within this section the quality and morphology of these 
films is discussed, including how the ratio of ammonia and methane to 
hydrogen affects the resulting diamond film. 
 Often N2 gas is used to incorporate nitrogen into CVD grown diamond 
[22-32] but in this study ammonia, NH3, was used because it is more easily 
broken into reactive species within the HF CVD reactor compared to N2. This 
is simply due to N2 having a very strong triple nitrogen-nitrogen bond 
(dissociation energy of 914 kJ mol-1) compared to the single nitrogen-
hydrogen bonds (dissociation energy of 414 kJ mol-1)[33] within ammonia 
which are much lower energy and easier to break using the power of the 
HFCVD reactor. Many other studies have also used ammonia to successfully 
dope CVD diamond with nitrogen [79, 17, 13-16]. 
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The ammonia-to-hydrogen ratio was increased from 0.12% to 0.41%, 
all resulting in diamond films appeared grey in colour and very similar in 
appearance to undoped diamond when observed by eye. 
 MCD was grown using standard conditions (Section 2.1.1) and Figure 
3.1 shows how the morphology of the film changed with increasing the 
NH3:H2 ratio. The lowest ratio of 0.12% NH3:H2 was used as this is the lowest 
flow rate that the ammonia MFC could accurately control. This resulted in 
the largest square (100) facets seen on the surface of the NDD films, 
measuring approximately 1 µm across on average (Figure 3.1 (a)).  

This facet size is dependent upon the N/C ratio, the filament 
temperature and distance from the filaments (which affects the substrate 
temperature) as reported by many others, so is very dependent upon the 
individual set-up being used to grow diamond [24-26,17,29,31-33,15-16]. 
The (100) surface is a result of the growth rate being faster in this direction 
compared to the (111) as stated by the Van der Drift competitive growth 
model [15,39]. This is unusual as the (100) growth usually occurs slowly 
through a layer mechanism that involves step flow [15,40]. It is thought that 
when N is present in the system (whether from N2, NH3 or any other N-
containing source) it can form CNHx radicals and NHx radicals, which have a 
lower desorption rate compared to CHx radicals. This means that when 
adsorbed on flat surfaces they have the effect of bringing the surface closer 
to the growth transition state [15,41], thus increasing the growth rate. This 
may result in preferential growth in the (100) direction by breaking open 
the dimers on the 2×1 reconstructed (100) surface [15,42], which adds extra 
breaks at the growth steps. These effects together result in the square (100) 
facets that can be seen in Figure 5.1. As the NH3:H2 ratio increases the 
square facets decreased in size to ~ 0.5 µm for both 0.19 and 0.27% NH3:H2 
as seen in Figure 5.1 (b) and (c). The sample grown with 0.19% NH3:H2 
appears to be slightly nanocrystalline between the small square facets. This 
could be due to an increase in HCN species within the gas phase causing 
more renucleation to occur. As the ammonia is increased further (Figure 5.1 
(c)) the nanocrystalline morphology is reduced and the square facets are 
still present. When the ammonia is increased further the films becomes 
more crystalline and average square facet size appears to increase to ~0.7 
µm across. This can be attributed to the increase in HCN species within the 
chamber, which can act as a heat-sink in a hot filament reactor due to the 
stability of HCN molecules. This causes the temperature of filaments, 
substrate and gas-phase all to reduce, resulting in a reduction in the 
quantity of atomic hydrogen and methyl radicals. The methyl radicals are 
more affected by the decrease in temperature due to CH4 having a higher 
dissociation energy of 439 kJ mol-1 compared to 240 kJ mol-1 for H2 [33,43].  
 At the highest NH3:H2 ratio of 0.41% the morphology appears very 
different and the film is non-continuous and non-uniform, as can be seen in 
Figure 5.1 (e). This was perhaps due to most of the CH4 now being 
scavenged to form stable HCN species, rather than CH3, together with a 
reduction in temperature, vastly decreasing the growth rate of diamond.  

This data agrees with experimental data from Jin et al. [24] who 
found that large square (100) facets are formed when the N/C ratio is at 
10% (close to the 15.13% used in this experiment) but the size of these 
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square facets reduces as the N/C ratio increases, indeed disappearing after 
40% N/C is used. 

In general, the growth rate of NDD decreased as the ammonia flow 
rate increased. For example, despite samples grown with 0.12% and 0.32% 
NH3:H2 having similar morphologies (both have large (100) square facets) a 
sample grown with lower NH3 was 3.04 µm thick on average compared to 
samples grown with 0.32% NH3:H2 which was 1.58 µm thick. This corresponds 
to a decrease in growth rate of almost 50% (from 1.01 µm h-1 to 0.54 µm  
h-1).  This could be due to the large amount of HCN species present, which 
can act as a carbon sink and therefore removes C species that would have 
otherwise contributed to diamond growth [32]. Also ammonia gas can act as 
an etchant, removing diamond from the growth surface during CVD, 
reducing the deposition rate [16]. 

Another set of NDD films were grown using standard NCD growth 
conditions with varying ammonia flow rates, as seen in Figure 5.2 (a) and 
(b). The effect of growing diamond films with 1.86% CH4:H2 was the most 
dominant feature when observing morphology, as all films had 
nanocrystalline, cauliflower-like morphology. In fact the ammonia content 
seemed to have very little influence on the morphology, as can be seen 
when comparing Figure 5.2 (a), which was grown with 0.12% NH3:H2 and 
Figure 5.2 (b), which was grown with 0.32% NH3:H2. This is due to the N/C 
ratio not being varied as much as in the set of N-doped MCD films due to the 
higher quantity of CH4 used to create NCD films, but the same ammonia 
flow rates as used in the MCD film set. This means that having more HCN 
species in the chamber does not have as much effect on the resulting 
morphology but it does reduce the growth rate of diamond. Both films were 
grown for three hours but the sample shown in Figure 5.2 (a) was 4.96 µm 
thick whilst the sample in Figure 5.2 (b) was only 3.12 µm thick. This means 
that increasing the NH3:H2 flow rate from 0.12% to 0.32% decreased the 
growth rate by over 36% (from 1.64 µm h-1 to 1.04 µm h-1). 

The N-doped NCD films grew much thicker with the same growth time 
compared to N-doped MCD, as can be seen in Figure 5.3, despite being 
grown with the same NH3:H2 ratio. N-doped MCD films grew to 
approximately 3 µm thick in three hours, giving a growth rate of ~ 1 µm h-1 
whilst N-doped NCD had a growth rate of ~1.66 µm h-1 resulting in a ~5 µm-
thick diamond film. This is due to there being a higher ratio of C:H so the 
gas mixture has more CH3

� radicals available for growth, increasing the 
growth rate, plus the lower ratio of C:N so the growth rate is less affected 
by the presence of HCN species [17]. 
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Figure 5.1 SEM micrographs of MCD films grown with increasing ammonia–to-hydrogen 
ratio in the process gas mixture (a) 0.12%, (b) 0.19%, (c) 0.27%, (d) 0.34%, (e) 0.41% 

 

 
 
Figure 5.2 SEM micrographs of NCD films grown with increasing ammonia-to-hydrogen 
ratio in the process gas mixture (a) 0.12% and (b) 0.32% 

2 µm 2 µm 

2 µm 2 µm 

2 µm 
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c) d) 
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Figure 5.3 SEM micrographs of a cross-section of (a) a MCD film and (b) a NCD film, used 
to determine the thickness of each film by enabling an etch rate to be calculated for 
SIMS depth profiles. 

 
Raman spectroscopy was used to study the quality of the diamond. Both of 
the spectra in Figure 5.4 (a) show typical Raman spectra for N-doped MCD as 
previously shown by many others [22-26, 29-32, 15]. Both spectra (i) of 
Figure 5.4 (a) and (b) were obtained from the sample grown with 0.12% 
NH3:H2 whilst (ii) originates from a sample grown with 0.32% NH3:H2. The 
higher ratio of ammonia gives a higher intensity peak at ~1580 cm-1 resulting 
in a higher ratio of sp2-hybridised C: sp3- hybridised C. This indicates it is a 
lower quality diamond film. This could also be concluded from the SEM 
micrographs of the samples where the lower ammonia flow rate results in 
larger (100) square facets, so there was a lower proportion of grain 
boundaries and hence less sp2-hybridised C present. 

 The spectra in Figure 5.4 (b) shows the two spectra from N-doped 
NCD grown with 0.12% NH3:H2 (i) and with 0.32% NH3:H2 (ii). As has often 
been observed with NCD the diamond peak at 1332 cm-1 is less sharp, with a 
shoulder appearing at ~1225 cm-1 and a strong peak at 1580 cm-1. The wide 
peak at 1225 cm-1 has been source of much discussion, but is often linked to 
disordered sp3 bonding within CVD diamond and trans-polyacetylene from 
sp2-C chains at the grain boundaries of nanodiamonds [22-47]. The large, 
broad peak at 1580 cm-1 indicates a large quantity of sp2-hybridised, non- 
diamond C is present in the film. As can be clearly seen in the SEM 
micrographs, NCD has a much higher percentage of grain boundaries 
compared to MCD, this results in a lot more sp2-hybridised C and disordered 
sp3-hybridised C which is found in grain boundaries. 
 When comparing NCD films grown with higher (0.32% NH3:H2) and 
lower ammonia flow rates (0.12% NH3:H2), the Raman spectra again show a 
much higher ratio of sp2-hybridised C: sp3- hybridised C as seen in the 
spectra (Figure 5.4 (b)). 

It is apparent that introducing more ammonia into the gas-phase 
during growth results in changes of morphology, reduction in growth rates 
and reduction in quality of diamond film grown for both MCD and NCD films. 

 

1 µm 1 µm 

a) b) 
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Figure 5.4 (a) Raman spectra from MCD diamond grown with (i) 0.12% NH3 in H2 and (ii) 
0.32% NH3 in H2. (b) Raman spectra from NCD diamond grown with (i) 0.12% NH3 in H2 
and (ii) 0.32% NH3 in H2. 

 

5.3.1.2 Determination of nitrogen concentration 
 
The nitrogen concentration of a NDD film can be determined using SIMS 
depth profiling. Negative mode SIMS is used to track the intensity of CN- ions 
ejected from the sample. This intensity can then be converted into a N 
concentration as discussed in Appendix D. 
 The N concentration in each sample shown in Figure 5.5 remains 
fairly constant throughout the sample, as would be expected for gas-phase 
dopant addition during growth. There is some fluctuation in the samples 
with higher NH3:H2 (Figure 5.5 (c) and (d)). This is a side-effect of the 
procedure used to introduce the ammonia into the reactor chamber. The 
ammonia was isolated from the reaction chamber by two valves, the first 
valve is positioned at the neck of the gas cylinder and the second is fixed 
just before the MFC. To flow the ammonia into the chamber the first valve 
was opened to release the NH3 from the canister, and then closed. The 
released volume of ammonia was then sandwiched between the two closed 
valves and was then released into the chamber by opening the second valve 
and allowing the MFC to control the flow rate. As diamond growth 
progressed, the isolated reserve of NH3 was slowly depleted. If the pressure 
of the sandwiched NH3 dropped too low then the required flow rate could 
not be maintained by the MFC, which would lead to a small drop in N 
concentration as detected by SIMS. For low flow rates of ammonia, the NH3 
trapped at the start of the growth period was enough to last the full growth 
time, but for diamond grown with higher flow rates of ammonia, the 
isolated reserve of ammonia had to be topped up periodically during the 
day, causing a disruption in the ammonia flow rate which can be seen in the 
resulting N atom concentration of the diamond film. 
 

a) b) 
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Figure 5.5 SIMS depth profiles determining the nitrogen concentration of 
microcrystalline diamond samples grown with increasing ratios of NH3 to H2 (a) 0.12%, 
(b) 0.19%, (c) 0.27% and (d) 0.38%. 

 
In general, by increasing the ammonia flow rate, the nitrogen concentration 
detected using SIMS also increased, and this is true for both MCD (Figure 
5.5) and N-doped NCD films as can be seen in Figure 5.6. However, the level 
of nitrogen doping was not always repeatable, as can be seen by the spread 
of N concentrations shown in Table 5.1. 
 Figure 5.5 a) to d) shows how increasing the NH3:H2 ratio from 0.12% 
to 0.38% in MCD growth conditions increases the average concentration in 
MCD samples from 8.01 × 1019 cm-3 to 4.49 × 1020 cm-3, although there are 
overlaps in the concentration of N detected in samples grown with the 
highest and lowest NH3:H2. 
 This is similar for NCD samples where again, increasing the NH3:H2 
ratio increases the concentration of N atoms detected in NCD films, as can 
be seen in Figure 5.6 and in Table 5.1. The sample grown with 0.12% NH3:H2 
(Figure 5.6 (a)) has an average of 1.33 × 1020 cm-3 – slightly above average- 
whilst the sample grown with a higher NH3:H2 ratio of 0.32% (Figure 5.6 (b)) 
contains an average of 2.93 × 1020 cm-3.  
 
 

a) b) 

c) d) 
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Figure 5.6 SIMS depth profiles determining the nitrogen concentration present in 
nanocrystalline diamond samples, (a) has been grown with a ratio of 0.12% NH3 to H2 
resulting in a steady concentration of 1.33 × 1020 nitrogen atoms/cm3, (b) has been 
grown with a ratio of 0.32% NH3 to H2 and shows an average concentration of 2.72 × 
1020 cm-3. 

 
Table 5.1 The lowest, highest and average N concentrations detected in different types 
of NDD films. 

Grain 
Size 

NH3:H2 
/% 

Lowest N 
concentration 
detected / cm-3 

 

Highest N 
concentration 
detected / cm-3 

 

Average N 
concentration 
detected / cm-3 

 
MCD 0.12 1.64 × 1019 2.42 × 1020 1.86 × 1020 
MCD 0.32 1.76 × 1020 7.11 × 1020 4.88 × 1020 
NCD 0.12 1.48 × 1019 2.31 × 1020 7.10 × 1019 
NCD 0.32 7.73 × 1019 3.01 × 1020 1.77 × 1020 
 

 
The nitrogen-doped NCD films tend to contain a lower quantity of N 

atoms when compared to the MCD films grown with the same NH3:H2 ratio, 
due to the lower N/C ratio. NCD is grown with a higher flow rate of 
methane, but the same flow rates of hydrogen and ammonia. The N/C ratios 
for N-doped MCD grown with 0.12% and 0.32% NH3:H2 are 15.13% and 
39.60%, whereas the N/C ratios for N-doped NCD grown with the same 
NH3:H2 ratios are 6.58% and 17.24% for the low and higher flow rates of 
ammonia. Figure 5.7 shows the dependence of the N concentration detected 
using SIMS upon the C/N ratio present in the gas mixture used during 
growth. This shows a clear linear relationship within the range of conditions 
used in this experiment.  
 

a) b) 
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Figure 5.7 The ratio of N/C present in the process gas mixture plotted against the 
concentration of N atoms detected in the resulting NDD thin films as measured using 
SIMS. 

 

5.3.1.3 Electrical Resistance measurements 
 
Simple electrical resistance measurements were obtained using the two-
point probe method. This was to compare the resistance of both 
microcrystalline and nanocrystalline NDD thin films grown with 0.12% NH3:H2 
and 0.32% NH3:H2. Table 5.2 shows the resistances measured on average for 
these different PCD films. 
 
 
Table 5.2 Details of resistance change dependent upon grain size and ammonia flow 
rate used during growth. 

Sample Ratio of 
NH3:H2 

Grain type 
 

Resistance 
/ MΩ 

A 0.12 MCD 1.54 
B 0.32 MCD 0.47 
C 0.12 NCD 0.85 
D 0.32 NCD 0.30 
 
 
 All samples in Table 5.2 show typically high resistance in the MΩ 
region, due to N being a deep donor within diamond. When a deep donor is 
introduced to the diamond lattice it has the effect of cancelling out any 
electrical activity from existing acceptor states present in undoped 
diamond. This is called the compensation effect [13]. The activation energy 
of N is 1.7 eV, which means that at room temperature only a very low 
concentration of electrons (donated by N) are thermally activated, leading 
to a high resistance film [46-49]. 

The N-doped NCD films consistently have a lower resistance 
compared to the MCD films grown with the same NH3:H2 ratio. This can be 
seen when comparing A to C and B to D in Table 5.2. This is because when 
nanocrystalline diamonds have a grain boundary content above ~1% the N 
incorporated into the grain boundaries leads to an alternative method of 
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conduction via a hopping mechanism through graphitic grain boundaries [48, 
50-32].  

It can be seen that with an increase in NH3:H2 in the gas mixture, 
which leads to an increase in nitrogen concentration within both the 
diamond crystal and grain boundaries, the resistance decreases for both 
MCD and NCD films. This could be, again, due to increased N incorporation 
in the grain boundaries, giving higher conduction through the graphitic grain 
boundaries. It could also be due to more N in the diamond, implying that 
when more N atoms substitutionally incorporate into the diamond crystal 
lattice, these can donate electrons and so a greater number of electrons 
from the N are electrically active. It is most likely a combination of both the 
effects from increasing the amount of N in the diamond lattice and in the 
graphitic grain boundaries. 
  

5.3.1.4 Conclusions 
 
Two levels of N-doping were selected to use for the rest of the experiments, 
those grown with 0.12% NH3:H2 and those grown with 0.32% NH3:H2. These 
both produced diamond films with good morphology under MCD conditions, 
with the lower ammonia flow rate producing slightly larger and more 
uniform (100) facets and both having an acceptable crystal quality as shown 
by Raman spectroscopy. The different flow rates also result in a high (on 
average 4.88 × 1020 cm-3) and a lower (average 1.86 × 1020 cm-3) N 
concentration throughout the diamond films. 
 Changing the ammonia flow rate did not have a significant effect 
upon the morphology of the nanocrystalline diamond films but did result in 
different N concentrations that could be utilised later in the experiment. 
NCD films grown with 0.12% NH3:H2 contained an average of 7.10 × 1019 N 
atoms cm-3, whilst a NCD N-doped film grown with 0.32% NH3:H2 contained 
an average of 1.77 × 1020 N atoms cm-3. 
 
 

5.3.2 Mg and N co-doped diamond 
 

5.3.2.1 Film quality and morphology 
 
A He-Cd 325 nm wavelength excitation was used to perform Raman 
spectroscopy in order to gauge the quality of each NDD film. Figure 5.8 
shows the spectra for N-doped SCD (a), MCD (b) and NCD (c), with each 
showing the features one would expect each diamond film to have. SCD 
shows a very narrow, strong peak at 1332 cm-1 and no peak at 1580 cm-1 as 
the film is pure diamond with no grain boundaries. The spectra for MCD 
(Figure 5.8(b)) again has a strong diamond peak at 1332 cm-1 but also 
features a small, broad peak at ~1580 cm-1 indicating the presence of sp2-
hybridised C which is found in the grain boundaries of a polycrystalline 
diamond film. Finally Figure 5.8 (c) is the spectra of a N-doped 
nanocrystalline diamond. This has a much higher ratio of grain boundaries to 
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diamond crystals, so more sp2-hybridised C should be present, which is 
indicated by the much higher ratio of diamond peak: graphite peak. Also the 
small broad peak at ~ 1225 cm-1 indicates the presence of disordered sp3-
hybridised C (a shift from the 1147 cm-1 peak) [27]. Again more of this is 
found in grain boundaries and as such is shown on the Raman spectra for 
NCD. 
 

 
Figure 5.8 Laser Raman spectra from low N-doped (a) SCD, (b) MCD and (c) NCD films. 
Spectra (b) and (c) have been offset vertically for clarity  

 
Figure 5.9 shows the spectra of N-doped MCD films grown with 0.12% NH3:H2 
(Figure 5.9 (a)) and 0.32% NH3:H2 (Figure 5.9 (b)) where (i) and (ii) are the 
Raman spectra for before (i) and after (ii) the diffusion of 100 µl Mg3N2. In 
both cases there is very little change in diamond quality, with the ratio of 
signal arising from sp3-hybridised C to the signal from sp2-hybridised C 
changing from 1:0.19 to 1:0.24, which is not deemed significant but could 
suggest a slight decrease in diamond quality after diffusion of Mg3N2. 
 
 

 
Figure 5.9 Laser Raman spectra from (a) (i) N-doped MCD film grown with 0.12% NH3:H2 
and (ii) from the same sample after 100 µl Mg3N2 had been in-diffused. (b) (i) N-doped 
MCD film grown with 0.32% NH3:H2 and (ii) from the same sample after 100 µl Mg3N2 had 
been in-diffused. 

 

a) b) 
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On the other hand NCD films appear to slightly improve in quality after the 
Mg3N2 diffusion process as shown in Figure 5.10. Figure 5.10 (a) shows a NDD 
film grown with 0.12% NH3:H2 and Figure 5.10 (b) shows the spectra 
obtained from NDD film grown with 0.32% NH3:H2. In both cases (i) and (ii) 
represent the Raman spectra taken before and after the Mg3N2 diffusion 
process, respectively. The peak ratio arising from sp3-hybridised C and sp2-
hybridised C decreased from 1:0.94 to 1:0.86 for the NDD grown with lower 
ammonia, and the sample grown with higher ammonia decreased from 
1: 1.21 to 1: 1.03 which is significant. This apparent improvement in quality 
could be due to the Mg3N2 diffusion process, where the Mg3N2 and atomic H 
(present in the reactor conditions during the diffusion process) can act as 
etchants and remove excess sp2-hybridised C from the grain boundaries, 
resulting in a reduced peak at 1580 cm-1. 
 
 

 
Figure 5.10 Laser Raman spectra from (a) (i) N-doped NCD film grown with 0.12% 
NH3:H2 and (ii) from the same sample after 100 µl Mg3N2 had been in-diffused. (b) (i) N-
doped NCD film grown with 0.32% NH3:H2 and (ii) from the same sample after 100 µl 
Mg3N2 had been in-diffused. 

 
SEM micrographs in Figure 5.11 shows a microcrystalline NDD film grown 
with 0.12% NH3:H2 has large (100) square facets (Figure 5.11 (a)), and the 
film grown with more ammonia (0.32% NH3:H2) has smaller (100) square 
facets as shown in Figure 5.11 (c). After Mg3N2 diffusion into N-doped MCD 
films the morphology remains largely unchanged in the majority of samples 
and facet sizes remain the same (Figure 5.11 (b) and (d)).  

On occasion the Mg3N2 can cause some etching of the facets and, 
coupled with the short diamond growth on top of the film to ‘cap’ it, this 
can lead to interesting features as shown in Figure 5.12. This only happened 
when the highest volume of Mg3N2, 200 µl, is used, so perhaps the larger 
volume results in more damage on the facets and a much deeper etch pit is 
formed. When the capping layer is grown via a step-flow mechanism 
[15,40], the etch pit is not fully filled in before the growth is stopped and a 
square pit is still left in the centre of the facet.  
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Figure 5.11 SEM micrographs showing the typical large square facetted structure of N-
doped MCD grown with 0.12% NH3:H2 (a) before and (b) after in-diffusion of 100 µl 
Mg3N2. (c) shows the smaller square facets that form when NDD is grown with 0.32% 
NH3:H2 and (d) shows the same sample after diffusion of 100 µl Mg3N2. 

 

 
 

Figure 5.12 SEM micrographs showing damage of the surface of a sample after Mg3N2 
diffusion. 

 
The morphology of N-doped nanocrystalline diamond was not changed after 
the diffusion of Mg3N2, as can be seen when comparing Figure 5.13 (a) (an 
SEM micrograph of an N-doped nanocrystalline diamond film before 
diffusion) with Figure 5.13 (b), (the SEM image of the same sample after 
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diffusion). The SEM micrographs appear to be almost identical, and only 
Raman spectra show any change in quality of the sample. 
 
 

 

Figure 5.13 SEM micrographs showing characteristic cauliflower morphology of N-doped 
NCD grown with 0.12% NH3:H2 (a) before and (b) after 100 µl Mg3N2 was diffused into 
the sample. 

 

5.3.2.2 Determination of nitrogen and magnesium concentration 
 
As discussed in Section 5.3.1.2 the concentration of N atoms was mostly 
constant throughout the sample with MCD samples grown with 0.12% NH3:H2 
containing 1.86 × 1020 N atoms cm-3 and samples grown with 0.32% NH3:H2 

averaged N concentration of 4.88 × 1020 cm-3.  
NCD films grown with ammonia averaged slightly lower N atom 

concentrations when grown with the same NH3:H2, with 0.12% resulting in an 
average N concentration of 7.10 × 1019 cm-3 and when grown with the higher 
NH3:H2 of 0.32% reaching an average of 1.77 × 1020 cm-3.  
 Mg was successfully detected in all films using SIMS, which detected 
Mg as the Mg+ ion during positive mode depth profiles. Figure 5.14 shows the 
SIMS depths profiles of MCD films grown with lower ammonia flow rates and 
diffused with 100 µl and 200 µl of Mg3N2 in Figure 5.14 (a) and (b) 
respectively. Figure 5.14 (c) and (d) show SIMS depth profiles of samples 
grown with higher ammonia flow rates, 0.32% NH3:H2 and diffused with 
100 µl and 200 µl of Mg3N2, respectively. The N concentration remains 
constant throughout the MCD samples, as expected, and within the ranges 
discussed in Section 5.3.1.2.  

Most samples show a similar distribution of Mg, where the Mg peaks 
close to the surface within the top 500 nm of the sample (presumably close 
to the original site where the solid Mg3N2 was drop-cast) and diffuses into 
both the ‘new’ diamond which was grown upon the diffusion site and deeper 
into the original diamond substrate until the Mg concentration levels off, 
below ~500 nm. This is usually above the detection limit of Mg in this SIMS 
system, but due to the way the Mg concentration was calculated (by 
removing the signal from C2

+ by subtracting the average C2
+:C+ ratio from 

the mass 24+:C+ signal) this has an unknown error in it, which could be 
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2 µm 

a) 
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b) 

2 µm 

d) 
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significant. The exact C+:C2
+ ion ratio is slightly different in each sample so 

the concentrations quoted will have some error on them, ~ ±10%.  
Despite this it seems evident that when more Mg3N2 is diffused into 

the sample the Mg peak is much higher. Comparing Figure 5.14 (a) to Figure 
5.14 (b) shows that 100 µl of Mg3N2 peaks at a concentration of 7.61 × 1019 
Mg atoms cm-3 and 200 µl of Mg3N2 results in a maximum Mg atom 
concentration of 9.60 × 1019 cm-3. Comparing Figure 5.14 (c) to Figure 5.14  
(d) shows an even bigger difference when diffusing samples with 100 µl and 
200 µl, respectively, with the maximum Mg concentration more than 
doubling with the Mg3N2 volume going from 5.98 × 1019 cm-3 to 
1.48 × 1020 cm-3. This is backed up by looking at the average Mg 
concentrations detected in diamond films for different volumes of Mg3N2 
used, as can be seen in Table 5.3 which also shows that, on average, the 
maximum Mg concentration detected in MCD films almost doubles when the 
volume of Mg3N2 solution used is doubled. 

 

 
 
Figure 5.14 SIMS depth profiles of Mg-N co-doped MCD thin films grown on Si substrates 
(top 1200 nm only) with a thin undoped diamond capping layer grown on top of the 
diffusion surface. (a) 100 µl of Mg3N2 and (b) 200 µl of Mg3N2 solution were diffused into 
lightly NDD films. The SIMS depth profiles of (c) and (d) are from heavily NDD films 
which have had 100 and 200 µl of Mg3N2 solution diffused into them, respectively. 
Shown on the plot are the calibrated concentrations of Mg and N (left-hand axis) and C 
intensity (right-hand axis), as a function of depth beneath the diamond surface. 

a) b) 

c) d) 
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Table 5.3 Average Mg concentrations calculated for the maximum and the average 
throughout the rest of the diamond film. 

Grain Type Volume of Mg3N2 
diffused / µl 

Average Mg 
concentration 
detected at maximum 
/ cm-3 

Average Mg 
concentration 
detected after 
maximum / cm-3 

MCD 100  5.79 × 1019  2.95 × 1019 
MCD 200  1.16 × 1020  5.24 × 1019 
NCD 100  3.14 × 1019  2.24 × 1019 
NCD 200  6.33 × 1019  2.29 × 1019 

 
It must also be noted, though, that the diffusion process does not 

result in a repeatable concentration of Mg detected in the diamond film, 
with wide ranges of Mg concentrations being detected in films that have had 
the same volume of Mg3N2 diffused into them, as seen in Table 5.4. This 
shows that for a particular volume of Mg3N2 the concentrations detected at 
the Mg maximum in each film within the top 500 nm vary over a range of ~ 
1.85 × 1020 cm-3, but the minimum and maximum of this range are 
dependent on the volume of Mg3N2 diffused. So the lowest concentration of 
Mg detected at the Mg peak is larger for samples diffused with 200 µl 
compared to samples diffused with 100 µl of Mg3N2. 

The range of concentrations detected are perhaps due to some non-
uniformity in the distribution of solid Mg3N2 at the start of the diffusion 
process, and slight differences in temperature on the sample surface within 
the HFCVD reactor, dependent on the exact distance from the rhenium 
filaments.  
 
Table 5.4 The range of Mg concentrations for the maximum and the average throughout 
the rest of the diamond film, for various nitrogen and magnesium co-doped diamond 
film samples. 

Grain 
Type 

Volume of 
Mg3N2 
diffused / 
µl 

Range of maximum Mg 
concentrations detected / 
cm-3 

Range of Mg 
concentrations detected 
after maximum / cm-3 

MCD 100 1.63 × 1019 – 1.96 × 1020 1.25 × 1019 – 8.60 × 1019 

MCD 200 6.71 × 1019 – 2.54 × 1020 1.69 × 1019 – 7.73 × 1019 

NCD 100 2.42 × 1019 – 3.88 × 1019 1.60 × 1019 – 2.73 × 1019 

NCD 200 2.53 × 1019 – 1.56 × 1020 2.22 × 1019 – 3.40 × 1019 

 
After the Mg concentration has reached maximum detected 

concentration, the Mg concentration then reduces to a steady level at 
depths below 500 nm. Table 5.3 shows that on average this Mg 
concentration deep in the film is affected by the volume of Mg3N2 used in 
the diffusion process with the average concentration changing from 
2.95 × 1019 cm-3 to 5.24 × 1019 cm-3 when the volume of Mg3N2 is increased 
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from 100 µl to 200 µl. But when looking at the ranges of concentrations 
detected in this area (Table 5.4) they strongly overlap, so it cannot be 
determined just how much of an affect the volume of Mg3N2 has on the 
concentration of Mg detected in this part of the sample. 
 The Mg detected below 500 nm is likely to be Mg that has been 
quickly transported through the diamond film within the grain boundaries of 
the sample and that occupy electrically inactive sites, so may not contribute 
to changing any electrical properties. In the top 500 nm, the large quantity 
of Mg detected could be present within both the grain boundaries and 
diamond crystal, where the diffusion has been slower (as shown by the 
narrow peak), and thus contribute to a change in electrical conductivity and 
alter other properties of NDD. The SIMS analysis area is ~ 970 µm2, which 
covers many grains and grain boundaries within the sample so it is 
impossible to pinpoint exactly where the Mg is with this particular 
technique.  
 

 
Figure 5.15 SIMS depth profiles of Mg-N co-doped NCD thin films grown on Si substrates 
(top 1300 nm only) with a thin undoped diamond capping layer grown on top of the 
diffusion surface. (a) 100 µl of Mg3N2 and (b) 200 µl of Mg3N2 solution were diffused into 
lightly NDD films. The SIMS depth profiles of (c) and (d) are from heavily NDD films 
which have had 100 and 200 µl of Mg3N2 solution diffused into them, respectively. 
Shown on the plot are the calibrated concentrations of Mg and N (left-hand axis) and C 
intensity (right-hand axis), as a function of depth beneath the diamond surface. 

 
N-doped NCD diamond behaved in a similar way to N-doped MCD upon 

the diffusion of Mg3N2. The Mg concentration peaks within the first 600 nm 
of the sample. This is slightly deeper than in MCD and is easily explained by 
the faster growth rate of NCD diamond compared to MCD (especially with a 

a) b) 

c) d) 
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low flow rate of NH3), so the capping layer is slightly thicker. The average 
concentration of the Mg detected at the maximum of the peak within the 
top 600 nm of the sample, again, appears to be dependent upon the volume 
of Mg3N2 used in the diffusion process as can be seen when comparing 
samples shown in Figure 5.15. As well as individual samples (Table 5.5), the 
data correlated in Table 5.3 shows the average Mg concentrations detected 
which indicates an increase in the average maximum Mg concentration from 
3.14 × 1019 cm-3 to 6.33 × 1019 cm-3 as the volume of Mg3N2 is doubled from 
100 µl to 200 µl. This is also reflected when looking at the range of 
concentrations detected at the Mg maximum in NCD films (Table 5.4). 
Although the minimum concentration detected is similar for NCD diffused 
with 100 µl and 200 µl Mg3N2 the maximum concentration detected is much 
higher in samples diffused with 200 µl compared to 100 µl (1.56 × 1020 cm-3 
compared to 3.88 × 1019 cm-3, respectively). 

 
 
Table 5.5 Mg and N concentrations detected in samples shown in Figure 5.14 and Figure 
5.15. Samples A-D correspond to the same letters in Figure 5.14 whilst samples E-H 
correspond to (a), (b), (c), and (d) respectively in Figure 5.15. 

Sample Grain 
Type 

Volume 
of Mg3N2 
diffused 
/ µl 

NH3:H2 
/% 

Average N 
concentration / 
cm-3 

Average Mg 
concentration 
detected at 
maximum / cm-

3 

Average 
[Mg] 
detected 
after 
maximum 
/ cm-3 

A MCD 100 0.12 2.88 × 1019 5.81 × 1019 2.88 × 1019 

B MCD 200 0.12 4.67 × 1019 1.09 × 1020 4.67 × 1019 

C MCD 100 0.32 5.67 × 1018 5.65 × 1019 3.44 × 1019 

D MCD 200 0.32 6.95 × 1019 1.36 × 1020 6.95 × 1019 

E NCD 100 0.12 2.21 × 1019 3.03 × 1019 2.21 × 1019 

F NCD 200 0.12 2.31 × 1019 6.65 × 1019 2.31 × 1019 

G NCD 100 0.32 2.27 × 1019 3.24 × 1019 2.27 × 1019 

H NCD 200 0.32 2.59 × 1019 6.09 × 1019 2.59 × 1019 

 
 

Deeper in the sample, below 600 nm, when the Mg concentration 
becomes constant the average Mg concentration is very similar for NCD 
samples diffused with 100 µl and 200 µl of Mg3N2 (Table 5.5) and the range 
of average concentrations detected below 600 nm (Table 5.3) overlap a 
significant amount. This could indicate that below 600 nm the Mg within the 
diamond film resides in grain boundaries. NCD has a much greater 
proportion of grain boundaries compared to MCD, which could be the reason 
why all concentrations of Mg detected (whether in the first 600 nm of the 
sample, or below this) are lower in NCD. The greater proportion of grain 
boundaries provide more easy routes through the sample and into the Si 
substrate, in which the Mg can more easily diffuse [53]. As mentioned 
before, the SIMS analysis area actually covers approximately 970 µm2 so the 
concentration calculated is essentially an average of the concentration 
detected in all grains and grain boundaries within this analysis area. 
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5.3.2.3 Single crystal diamond 
 
To investigate how grain boundaries affect the diffusion of Mg3N2 through 
diamond, a single crystal diamond substrate was used to grow NDD upon 
(using standard conditions for MCD growth as described in Section 2.1.1 
grown with 0.12% NH3:H2). This was then used as a base to diffuse an 
appropriate volume of Mg3N2 for the surface area (7 µl was diffused into the 
2.5 × 2.5 mm2 SCD sample) before a thin capping layer was grown upon the 
sample. 
 Figure 5.16 (a) shows the SEM micrograph of the N-doped diamond 
grown upon SCD. This has the same morphology as the SCD substrate used, 
with no obvious faceting. Figure 5.16 (b) shows the same N-doped SCD after 
the diffusion of 7 µl of Mg3N2 into the sample. Again, there is no obvious 
change in the morphology, with only small bits of debris on the surface. The 
signal from SCD diamond was so strong at 1332 cm-1 that there was no 
noticeable difference in the Raman spectra as seen in Figure 5.17, 
indicating that there is no change in quality of the diamond. 
 

 
 

Figure 5.16 SEM micrographs showing one hour of NDD grown upon an undoped HPHT 
SCD substrate (a) and after diffusion of Mg3N2 (b). 

 

 
 

Figure 5.17 Raman spectra showing N-doped SCD before diffusion (a) and after diffusion 
of 7 µl Mg3N2 (b). 

 

a) b) 

2 µm 2 µm 
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SIMS depth profiling was performed on the SCD sample in order to 
determine the N concentration and whether Mg was present. Figure 5.18 
shows the depth profile of the sample which shows an average N 
concentration of 7.74 × 1019 cm-3 throughout the film. This changed at ~300 
nm depth, presumably when the depth profile reaches the original N-doped 
SCD.  
 Mg was present in the film, peaking at ~400 nm into the sample, with 
a maximum concentration of 2.31 × 1019 cm-3 detected. The Mg 
concentration recorded throughout the rest of the film (0-300 nm, and 500 
nm and below) was on average 1.81 × 1019 cm-3, making it just above the 
detection limit of the system (1.66 × 1019 Mg atoms cm-3). But as mentioned 
earlier, due to the method used to separate the signal of Mg+ from C2

+ this 
could actually be below the detection limit due to the uncertainty in 
calculation.  
 With this in mind, one can assume that with no grain boundaries the 
Mg can diffuse into the diamond lattice, but only by ~ 100 nm, which 
confirms that it is the presence of grain boundaries that transports the Mg 
more quickly throughout the film. The diffusion through the diamond 
crystals is much slower and confined to the ‘peak’ of Mg seen in each SIMS 
depth profile. 

 
Figure 5.18 SIMS depth profile of N-doped SCD film grown on an undoped SCD substrate 
(top 600 - 700 nm shown), 7 µl Mg3N2 diffused into the N-doped SCD film which was 
approximately 0.5 µm thick, after this an NDD capping layer was grown onto the 
sample. Shown on the plot are the calibrated concentrations of Mg and N (left-hand 
axis) and C intensity (right-hand axis), as a function of depth beneath the diamond 
surface. 

 

5.3.2.4 Electrical resistance 
 
After Mg3N2 has been diffused into NDD films, both NCD and MCD samples 
increase in resistance. The trends due to N-doping are discussed in Section 
5.3.1.3, but generally the higher the NH3:H2 ratio the sample was grown 
with, the lower the resistance. Also, N-doped NCD have lower resistance 
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compared to MCD equivalents, as can be seen when comparing sample A to 
G, and D to J from Table 5.6.  

Other than an increase in resistivity there seems to be no real trend 
linked to the volume of Mg3N2 used in the diffusion process. This is probably 
due to the non-uniformity of the Mg distribution in the sample and this 
means that a Mg atom within the film is unlikely to be in an electronically 
active position. 

The resistivity change of N-doped NCD films upon Mg3N2 diffusion are 
smaller compared to that seen in MCD films. This could be due to the higher 
proportion of grain boundaries in NCD films, which may provide a quick 
diffusion route to take the Mg3N2 to the Si substrate into which it can diffuse 
more easily [53], leaving less Mg within the polycrystalline diamond film to 
affect the resistivity measurements. 

An increase in resistance could also be due to the etching of grain 
boundaries. Mg3N2 and atomic H act as etchants during the diffusion process 
and so remove some sp2-hybridised C along with N present in the grain 
boundaries– as it diffuses into sp2-hybridised C more easily than in sp3-
hybridised C [54]. This would result in less N and graphite available for 
conduction through the N-doped graphitic grain boundaries [48] via a 
hopping mechanism of electrical transport [50-32]. 

Due to the inconsistency and lack of trends it is unclear if the 
increase in resistance is due to the Mg3N2 diffusion process (which could 
lead to etching), the interaction of Mg within the diamond lattice (the Mg 
could occupy positions in which it is electronically active or inactive, or in 
clusters) or the interaction of Mg with the grain boundaries. 

The resistance values of the SCD samples grown on HPHT were too 
high to be measured using a two-point probe, meaning the resistance was 
greater than 500 MΩ. This indicates that in the current method the Mg 
within the sample either occupies positions in the diamond lattice that 
hinder or do not contribute to electrical conductance or that the NDD 
capping layer of the sample was so thick that the N overcompensated any 
Mg that occupied electrically active sites. 
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Table 5.6 Details of resistance change dependent upon grain size, ammonia flow rate 
used during growth and volume of Mg3N2 in-diffused. 

Sample Volume of 
Mg3N2 
diffused / 
µl 

NH3: H2 /% Grain type 
 

Resistance 
/ MΩ 

A 0 0.12 MCD 1.54 
B 100 0.12 MCD 176.62 
C 200 0.12 MCD 144.47 
D 0 0.32 MCD 0.47 
E 100 0.32 MCD 1.58 
F 200 0.32 MCD 1.74 
G 0 0.12 NCD 0.84 
H 100 0.12 NCD 0.82 
I 200 0.12 NCD 1.14 
J 0 0.32 NCD 0.30 
K 100 0.32 NCD 0.64 
L 200 0.32 NCD 0.89 
M 7 0.12 SCD > 500 
N 7 0.32 SCD > 500 
 

5.3.2.5 Conclusions 
 
Using an array of analytical techniques it has been shown that Mg can be 
incorporated into nanocrystalline, microcrystalline and single crystal NDD. 
After the Mg3N2 diffusion process the morphology of the diamond films are 
generally unchanged, apart from some etching of grain boundaries on the 
polycrystalline diamond films, as shown using SEM. On very rare occasions 
though, and only when using the largest volume of Mg3N2, there is a drastic 
change in morphology resulting in a “squares within squares” appearance, 
which is believed to be due to a combination of etching and growth of the 
capping layer.  

The quality of the diamond films also does not change significantly 
after Mg3N2 diffusion according to Raman spectroscopy. The main change 
was seen in nanocrystalline films, which had a greater proportion of grain 
boundaries and so the removal of sp2-hybridised C through etching had the 
effect of decreasing the intensity of the 1580 cm-1 Raman peak. 

The diffusion method creates a characteristic distribution of Mg 
observed in the SIMS depth profile for all samples. This shows as a peak 
concentration of Mg within the first ~500 nm of MCD films, and ~600 nm for 
NCD films. It is presumed this peak is close to where the original surface of 
the sample was, where the Mg3N2 was drop-cast. This concentration slowly 
reduces up into the capping layer, and reduces in concentration deeper into 
the sample. Below this depth of the samples the Mg concentration detected 
becomes constant. Generally, the larger the volume of Mg3N2 diffused, the 
greater the concentration of Mg detected at both the maximum and deep 
within the film when the Mg concentration levels out. But the 
concentrations detected for samples diffused with 100 µl and 200 µl of 
Mg3N2 overlap considerably. 
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The resistance of all types of NDD films is increased by the diffusion of 
Mg3N2 but there is no trend when examining the resistance of samples that 
have been diffused with different volume of Mg3N2. This could be due to 
non-uniform coverage of Mg3N2, sensitivity to where the sample was placed 
in the reactor, or sensitivity to percentage of grain boundaries in the 
sample.  
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6 Thermionic emission of co-doped diamond 
 

6.1 Introduction 
 
Thermionic emission is the process of electrons being emitted from a 
material (the emitter) upon heating. Thermal energy absorbed by the 
emitter allows the electrons in the highest occupied energy level to 
overcome the surface potential barrier of the material and be emitted into 
the vacuum. The height of this potential barrier is expressed with the term 
work function (ϕ) and this is defined as the energy required to move an 
electron from the Fermi level of a material to the vacuum level. To measure 
thermionic emission a second electrode, called the collector, is introduced 
into the system and is usually kept at a lower temperature than the emitter. 
Electrons can be transmitted from the emitter to the collector if they can 
overcome the space-charge effect. This is the repulsion felt by electrons 
emitted from a surface that encounter a cloud of electrons above the 
sample. If the emitted electron has enough energy to get through the 
electron cloud then it can reach the collector, and a current can be 
measured. Sometimes vaporised ions are introduced into the system, 
between the electrodes, to help mitigate space-charge effects [1-4]. If the 
collector has a low enough work function for the emitted electron to be 
received then the potential energy transferred can be used in an electric 
circuit to produce a power output, essentially converting heat to electrical 
energy. 
 Most well-known and well-characterised thermionic emitters are 
metals, and the thermionic emission from them can be well described by 
the Richardson-Dushman equation (Equation 6.1). This relates the emission 
current density, J, to the temperature (T), the work function of the 
material (ϕ), the Boltzmann constant (kB) and the Richardson constant, AR.  
 

𝐽 = 𝐴!𝑇!𝑒
!!
!!! 

Equation 6.1 

The work function and the Richardson constant are dependent upon the 
material used and the chemistry of the material surface. Studies of 
thermionic emission from metals was the main reason for a spurt of 
research in the 1950s as it was postulated that thermionic emission could 
provide a means with which to create a solid-state electrical generator 
using waste heat from nuclear sources, from power stations or from 
concentrating solar heat. A solid-state thermionic energy converter could 
result in a compact and mobile energy source that could be used in 
aerospace, astrophysics, solar energy and nuclear submarines [4-15]. 

A huge array of metals were experimented with as prospective emitter 
and the collector materials, but the very high working temperatures needed 
for emission, well above 1000ºC, limited the utility of these materials. 
Transition metals such as Mo, Ni, Ta, Rh and W were the main area of 
interest [1-4,10,16-100], even being used in thermionic emitters for the 
TOPAZ program in 1991 to power satellites [4].  
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In the mid 1990s there was an increased interest in diamond as a 
scientific material due to numerous studies on CVD and HPHT diamond 
films. At the same time there was another resurgence in thermionic 
emission research. Diamond has a wide band gap, is highly chemically 
resistant and thermally resistant as well as having excellent thermal 
conductivity. All of these, combined with the ability to tune the bulk 
electrical properties of diamond through impurities, make diamond a prime 
material for thermionic emission. Various aspects of diamond can be 
modified to enhance thermionic emission, such as the morphology, bulk 
doping and surface terminations; the Nemanich group at Arizona State 
University have long specialised in thermionic emission from nanocrystalline 
N-doped diamond [21-30] and have recorded high current densities emitted 
below 700ºC [21]. This has led to further studies of N-doped diamond by 
others [31-35] as well as experiments on sulfur-doped diamond [36-39] and 
phosphorus-doped diamond thin films [42-44] (n-type semiconducting 
diamond). Analysis of the interface between substrate and diamond film 
have been made because high interfacial resistance can hinder the emission 
of thermally excited electrons [26, 43-46]. Using a metal substrate, such as 
Mo, can drastically reduce the resistivity of the substrate-diamond interface 
compared to Si because molybdenum carbide has a resistance in the order 
of ~100 µΩ cm-1 compared to silicon carbide which is in the region of 100-
200 Ω cm-1 [26]. Other non-carbide forming metals, e.g Re, have an even 
lower resistance interface, which can enhance thermionic emission, but 
these metals are usually more expensive and more difficult to grow diamond 
on due to the lack of carbide formed. 

Diamond surface terminations can also be modified in order to reduce 
the threshold temperature and increase the current density yield of 
thermionically emitting diamond. A negative electron affinity (NEA) surface 
can be induced on a diamond surface (discussed further in Section 1.6). NEA 
is where the termination of the diamond surface generates a dipole; this 
dipole reduces the surface potential barrier, and therefore the work 
function, lowering the vacuum energy relative to the conduction band 
minimum (CBM). If this occurs with strong downwards band bending at the 
surface then the vacuum energy can lie below the CBM producing what is 
known as a NEA. Currently, the termination most used for thermionic 
emission experiments is hydrogen and this is because a hydrogen-terminated 
diamond surface exhibits true NEA, as first shown by Himpsel et al. [112] 
and then shown experimentally and theoretically by others [48-54].  

Recently, O’Donnell et a.l [55] have discovered other true NEA surfaces 
for diamond. If lithium is deposited on an oxygen-terminated diamond 
surface as a monolayer and thermally activated then the NEA gives a 
secondary electron yield enhancement factor of 200. Even more 
extraordinarily if Mg is deposited on oxygen-terminated surfaces then a NEA 
of -2.01 eV [56] is obtained, the lowest ever recorded. These NEA surfaces 
have been investigated both theoretically and experimentally [57-59]. Of 
course many other surface terminations have been explored including 
various transition-metal coatings, halogen terminations and other alkali and 
alkaline earth metals [60-65]. Although they have affected the electron 
affinity of the diamond surface, none of these terminations have induced 
true negative electron affinity. 
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In this chapter both B-Li, and Mg-N co-doped microcrystalline diamond 
thin films are tested for thermionic emission. Previous work has shown that 
B-doped microcrystalline diamond only emits a current of 0.65 nA at 1120ºC 
[111] with a boron concentration in the order of 1019 cm-3, so any 
improvement on this should be due to the presence of Li in the sample. 
Work by Othman et al. [67] has shown that Li can enhance the thermionic 
emission of N-doped microcrystalline diamond, which suggests that Mg could 
also have this affect due to the diagonal relationship of Li to Mg on the 
Periodic table. 
 

6.2 Experimental 
 

Two substrates were used for this set of experiments; Element Six B-
doped diamond, E6 BDD (which provides a low resistance interface) and Mo 
(500 µm, Goodfellow, Mo foil, 99.9% purity, annealed finish). All diamond 
samples were H-terminated using a MW-CVD plasma reactor to induce a NEA 
surface with a hydrogen plasma, and each sample was re-hydrogenated 
using the same method after each thermionic emission (TE) cycle.  
 

6.2.1 Preparation of co-doped diamond 
 

6.2.1.1 Boron and lithium co-doped diamond 
 
B-Li co-doped diamond films were prepared by diffusing Li3N into 1 cm2, 
600 µm thick B-doped diamond bought from Element Six (E6 BDD) using the 
diffusion process discussed in Chapter 3. The diffusion of Li3N only occurred 
after the BDD substrates were first cleaned using aqua-regia to remove any 
non-diamond material. Volumes of 100 µl or 200 µl of Li3N solution were 
drop-cast onto the BDD surface and the sample was placed into the HF CVD 
reactor. The diffusion process lasted one hour while the sample was kept at 
~850ºC, 20 Torr and 200 sccm of H2 being flowed into the chamber. After an 
hour CH4 was introduced into the reactor for one minute to grow a very thin 
undoped diamond capping layer. 
 

6.2.1.2 Magnesium and nitrogen co-doped diamond 
 
Mg-N co-doped films were made using the same procedure described in 
Chapter 5. Two substrates were used in this part of the experiment; 1 cm2 
microcrystalline boron-doped diamond (E6 BDD) and 1 cm2 Mo (Goodfellow, 
Mo foil, 99.9% purity, annealed finish) that were 600 µm and 500 µm thick, 
respectively. Different substrates were used to study how different 
substrate/diamond interfaces affect the thermionic emission of doped 
diamond. 
 In the case of the BDD substrate, the substrate was simply cleaned 
using aqua regia before growing the N-doped diamond (NDD) on top. Mo 
substrates were seeded using a self-assembly method described in Section 
1.7.2.4. This requires the Mo to be cleaned in methanol and distilled water, 
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drying with an air gun between each wash, before being dipped into a 
solution of 25% Carboxyethylsilanetriol Na salt in water for 15 minutes. The 
sample was rinsed in water, dried with an air gun and then dipped into a 
solution of 18 nm nanodiamonds in water (concentration 25 cts/kg) for five 
minutes before the final rinse in distilled water and dried with an air gun. 
 Once both types of substrate were prepared, N-doped diamond was 
grown upon them under the same conditions. All samples were grown with 
0.81% CH4:H2 but two ammonia settings were chosen. To create a lower N-
doped diamond film 0.12% NH3:H2 was used in the growth gas mixture, for a 
more heavily N-doped diamond film a ratio of 0.32% NH3:H2 was used.  
 To incorporate Mg into the N-doped diamond, 100 or 200 µl of Mg3N2 
solution (described in further detail in Chapter 5) were drop-cast onto the 
NDD surface. The samples then underwent the hydrogen treatment 
described above in Section 2.2.1 for three hours, before a five minute NDD 
capping layer was grown on top of the sample. 
 

6.2.2 Creation of the grating on Mo substrates 
 
BDD substrates have a high absorption coefficient for the laser radiation 
(λ=10.6 µm) used to heat the samples during thermionic emission tests 
causing the samples to reach temperatures of ~920°C. But for samples 
grown upon the 500 µm Mo foil, most of the laser radiation was reflected 
enabling only low temperatures to be reached. To increase the absorption 
of the laser, a grating was patterned into the bottom of the sample (the 
opposite side to the emission surface) using a laser cutting and machining 
system (Oxford Lasers). 
 It was found that the cutting laser energy slightly fluctuated 
depending on how long the laser had spent warming up, thus simply setting 
the laser power level was not useful as the resulting energy per pulse would 
change throughout the day. Instead an energy calibration was performed 
before each sample was processed. This then meant that the power levels 
could be set to reach the particular energy per pulse required for the 
cutting process. To cut the required grating into the back of a 500 µm Mo 
substrate (with diamond grown on the top-side) the energy per pulse, Epulse, 
was set to reach 38 µJ.  
 Once the power levels of the laser cutter were set to reach 38 µJ per 
pulse, a grating was cut with the following characteristics; pitch 10 µm, 
laser firing distance of 1.5 µm, height > 3 µm and frequency of 15 kHz. The 
full grating of the 1 cm2 Mo foil was achieved using a process developed by 
Sara Nunez-Sanchez et al. [68]. 
 

6.2.3 Hydrogen termination of diamond films 
 
All films were H-terminated using a MW-CVD hydrogen plasma treatment. 
The sample was H-terminated by first removing any existing terminations, 
this was achieved by bringing the sample to ~700ºC using a pressure of 60 
Torr and a microwave power of 800 W for five minutes. The power and 
pressure were then reduced to 600 W and 30 Torr for five minutes (at 
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<500ºC) to H-terminate the sample. Finally the hydrogen was left to flow 
over the surface of the sample for five minutes whilst the sample cooled. 
 

6.2.4 Thermionic emission measurements of co-doped diamond films  
 
Thermionic emission measurements were performed on the new Thermionic 
Energy Converter Simulator (TECsim), which is discussed more fully in 
Section 2.9. The base pressure was kept below 5 × 10-6 Torr for all 
measurements. The collector (anode) was made from mirror-polished 316L 
stainless steel metal and was cylindrical in shape with a diameter of 4 mm. 
The height above the sample could be adjusted within ±1 µm. The sample 
was heated using a 40 W, linearly polarized CO2 laser (Firestar V40, Sinrad 
Inc.) that was focused towards the bottom of the sample (opposite side to 
the emitting surface) through a ZnSe window and with gold-plated copper 
mirrors. The temperature was monitored using both a type-K thermocouple 
(Chromel-Alumel alloys) that was pushed onto the emitting surface of the 
sample, and also using a two-colour pyrometer (SpotMeter R160, Land Ltd). 
The maximum temperature that could be reached with the laser system was 
never tested for fear of damaging samples or the system. The initial aim 
was to keep each sample below 800ºC, below growth temperatures. 
Unfortunately, after the temperature was calibrated using the two-colour 
pyrometer in-conjunction with the thermocouple, it was found that the 
thermocouple was recording far lower temperatures than the sample was 
actually reaching; because of this all tests were actually carried out below 
900ºC. 

For all measurements the emitter and collector were separated by 
100 µm, and a voltage bias of 25 V was applied to the collector to overcome 
the space-charge effect giving an electric field of 0.25 V µm-1. The 
thermionic emission current could be measured using a current meter with 
the range 1× 10-7 A to 10 A (Kiethley 2750 Multimeter/ switch system). A PC 
connected to the TECsim allowed Labview programs to be used to log all 
temperatures, thermionic emission currents and pressures during the 
experiments, as well as to control the height of the collector and the power 
of the laser output.  
 Labview was used to program heating ramps; this was important as it 
was found that hydrogen started to desorb from the diamond surfaces at 
~550ºC. So two regimes were set; below 550ºC data were taken slowly to 
obtain many data points, above 550ºC the laser power was rapidly increased 
and set to level off at ~850ºC. The two programs meant that below 550ºC 
multiple data points could be plotted for any temperature and thermionic 
emission current as a result of slowly increasing the power of the laser, 
whilst the H-terminated surface remained intact. Above 550ºC the 
thermionic emission current rapidly increased due to more thermal energy 
creating more energized electrons, but this process is competing with a 
decrease in emission due to the breakdown of the H-terminated surface. As 
the hydrogen desorbs, the NEA of the surface reduces, making it more 
difficult for electrons to be emitted. The two regimes were used as a 
compromise to maximize the chance of recording the true emission of the 
sample, whilst still obtaining reliable results. In the future it would be 
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desirable to use an NEA-inducing surface that is stable at higher 
temperatures, such as Li-O or Mg-O. 
 

6.3 Results and discussion 
 
Thermionic emission data were obtained from various H-terminated co-
doped diamond samples using the new TECsim set-up. These data were not 
fitted using the Richardson-Dushman equation (Equation 6.1) or any 
derivative of the equation that has been converted to be more applicable to 
semiconducting materials. This is because the H-terminated surface was not 
stable at higher temperatures (above 550ºC) and so few data points could be 
taken here and because the equation does not describe the thermionic 
emission from semiconductors very well. The focus of the experiment was to 
find threshold temperatures (the temperature at which the sample starts to 
thermionically emit above the background noise, 0.5 µA) for each co-doped 
sample and substrate combination, as well as attempting to find the 
maximum thermionic current emitted by the sample. 
 For all samples the emission was detected using the circular end of a 
4-mm-diameter, cylindrical stainless steel collector, with an equivalent 
collector surface area of 12.56 mm2. To calculate the current density from 
the sample, it is assumed that the collector will only detect electrons 
emitted by the sample directly below it; therefore the emission current 
detected can be converted using Equation 6.2. 
 

Current Density / cm!! =  
Current emitted

12.56  × 100 

Equation 6.2 

Measurements were taken when the distance between the emitting surface 
and the collector were 100 µm apart (±5 µm) and a bias of 25 V was applied 
to the collector for all TE runs so that electrons emitted from samples could 
overcome space-charge effects. This bias was small enough so that the 
resulting electric field would not lead to field emission. The temperature 
was monitored using a type-K thermocouple and a two-colour pyrometer, 
whereby the former was more accurate below 600ºC and the latter was 
more accurate above 600ºC. This allowed the temperature curve to be 
calibrated and the calibrated temperatures are reported in all resulting 
emission graphs. 
 

6.3.1 Thermionic emission results from boron and lithium co-doped 
diamond 

 
When looking at the data from experiments run on the TECsim set-up, the 
threshold temperature, the maximum current density calculated and the 
temperature at which the maximum emission occurs, are the main points of 
interest. As discussed earlier, the experiment was conducted in such a way 
as to obtain the best combination of multiple data points and highest 
emission from the unstable H-terminated surface. 
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 All thermionic emission (TE) cycles performed on E6 BDD with no Li3N 
diffused in showed no emission above the threshold of 0.5 µA, in agreement 
with work by Paxton et al., which showed BDD only emitted 0.65 nA at 
1120ºC [134]. Figure 6.1 shows the graph for temperature versus current 
density for samples diffused with 100 µl (a) and 200 µl (b) Li3N. For both 
samples the first TE cycle shows a large and clear enhancement in emission, 
especially for the 100 µl Li3N sample which reached 20.05 mA cm-2 (at 
880ºC). All maximum current densities and the associated temperatures are 
recorded in Table 6.1 and Table 6.2 for E6 BDD diffused with 100µl and 200 
µl Li3N, respectively. Interestingly, the sample diffused with more Li3N 
reached only ~10% of the maximum current density detected from the 100 
µl Li3N diffused sample, which reached (2.03 mA cm-2 at 860ºC).  

It has previously been suggested that Li may cluster after it becomes 
mobile at high temperatures [69,70]. In a sample with a low concentration 
of Li, the Li atoms are further apart and are less likely to cluster but in a 
sample with a higher concentration of Li atoms they are closer so are more 
likely to cluster upon heating. Once the Li atoms are bonded to each other 
in a cluster they are no longer electrically active as they cannot donate 
their outer electron into the diamond lattice and so thermionic emission s 
reduced. Alternatively, because the B concentration can vary from sample-
to-sample in the commercial BDD samples, the lower emission from the 
sample that had 200 µl of Li3N diffused into it could be due to a much higher 
or much lower B atom concentration. In order to test this idea, samples 
with very similar B atom concentrations throughout the sample should be 
diffused with differing volumes of Li3N. 
 

 
 

Figure 6.1 Thermionic emission from Element Six boron-doped diamond after the 
diffusion of (a) 100 µl Li3N and (b) 200 µl Li3N.  

 
In both samples there is a very general and obvious trend such that 

the emission from the B-Li doped diamond is the highest on the first TE 
cycle while the maximum reached on each subsequent TE cycle decreases. 
At first, the aim was to keep the sample around 750ºC to keep it well below 
growth temperature; this was to reduce the mobility of the Li to prevent 
clustering. Regrettably, as explained in Section 6.2.4, it was discovered that 
the sample was actually reaching much higher temperatures of ~850ºC. This 

(a) (b) 100 µl Li3N 200 µl Li3N 



 125 

could cause the Li to leach out of the diamond grains and into the grain 
boundaries, as the extra thermal energy allows the Li atoms to become 
much more mobile [68-73]. It is already well known that Li can easily 
intercalate into sp2-hybridised C found in grain boundaries [74]. So as the Li 
leaves the diamond, the diamond essentially becomes just B-doped, thus 
reducing the emission of electrons from the bulk of the sample. As the 
sample is thermally cycled, more Li leaves the diamond and hence the 
emission detected reduces further. This could also be due to the clustering 
of Li, if Li is indeed donating electrons into the diamond lattice for 
emission, because after each heating cycle more Li has become mobile and 
clustered resulting in fewer ‘free’ Li atoms and so fewer electrons available 
for emission for the next heating cycle. 

The peak in emission occurred at approximately the same 
temperature for each TE cycle, at ~875ºC (for the sample with 100 µl Li3N 
diffused into E6 BDD) and the higher volume Li3N sample peaked at ~855ºC. 
At this stage in the experiment it is unknown if this is a significant 
difference in temperature, although it is within the estimated error of the 
temperature reading of ±20ºC. 

Another evident trend is that the threshold temperature increases 
with the number of heating cycles, as shown in both Table 6.1 and Table 
6.2. The increase in threshold temperature could be due to clustering 
occurring during each heating cycle. During the first heating cycle the most 
easily activated electrons are emitted from the most unstable Li atoms, but 
during the heating these Li atoms become mobile and form clusters in which 
the electrons are not available to be emitted during the next cycle. In the 
second cycle the sample has to reach a higher temperature before emitting 
electrons as these electrons come from Li atoms that occupy different 
positions that are more difficult to activate, again these electrons could be 
emitted and during the cycle the Li becomes mobile and moves to more 
stable sites that do not allow for electron emission in the next cycle, and so 
on. With improvements to the TECsim set-up, a lower background noise 
(below 0.5 µA) could be obtained to deduce threshold temperatures more 
accurately. 
 
Table 6.1 Maximum current densities (Jmax), the temperature at which this was 
recorded and threshold temperatures (Tthreshold) for each thermionic emission test on a 
sample with 100 µl Li3N diffused into an E6 BDD. 

 Run 1 Run 2 Run 3 Run 4 
Jmax / (mA cm-2) 20.047 0.048 - 1.263 
Temperature for Jmax 
/ºC 

879.6 865.0 - 879.5 

Tthreshold /ºC 459.0 683.6 - 698.3 
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Table 6.2 Maximum current densities (Jmax), the temperature at which this was 
recorded and threshold temperatures (Tthreshold) for each thermionic emission test on a 
sample with 200 µl Li3N diffused into an E6 BDD. 

 Run 1 Run 2 Run 3 Run 4 
Jmax / (mA cm-2) 2.028 1.029 0.455 0.365 
Temperature for Jmax 
/ºC 

858.7 884.5 848.4 838.2 

Tthreshold /ºC 589.6 629.6 668.5 758.0 
 
 

6.3.2 Thermionic emission results from nitrogen and magnesium co-
doped diamond 

 

6.3.2.1 Thermionic emission from N-doped diamond 
 
New improvements in the way N-doped diamond is grown in the Diamond 
Laboratory at the University of Bristol, and the use of Mo as a substrate, led 
to greatly improved thermionic emission data being obtained. Previously 
current densities of 0.032 mA cm-2 and 0.12 mA cm-2 had been recorded for 
N-doped MCD samples grown upon 500 µm Si with 0.26% and 0.33% NH3:H2, 
respectively [106]. This trend, whereby a NDD sample with a higher N 
concentration has a lower temperature threshold and a higher maximum 
current density is seen both by Othman et al. [33] and Suzuki et al. [106]. It 
was proposed that this was due to an increase in N, which means that more 
electrons could theoretically be donated into the diamond lattice for 
emission. Also there could be more N present in the grain boundaries, which 
contributes to thermionic emission of polycrystalline diamond. In fact, NCD 
has higher emission than SCD, but if the surface is reconstructed into 
amorphous C (to produce a higher sp2/sp3 ratio) the thermionic emission 
current density decreases [108]. This suggests that it is the grain boundaries 
that are more important when it comes to contributing to the thermionic 
emission, rather than just sp2-hybridised C. 

 
 

Figure 6.2 Thermionic emission from N-doped diamond grown upon 500 µm thick Mo 
with (a) 0.12% NH3:H2 and (b) 0.32% NH3:H2 
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In this experiment, N-doped MCD samples were grown upon 500 µm 
thick Mo using NH3:H2 ratios of 0.12% and 0.32%. It was observed that the 
sample grown with lower NH3 flow rates obtained the highest current 
density, which contradicts the work previously reported. This could simply 
be because this lower N-doped regimen has not previously been investigated 
in regards to thermionic emission and so was simply unknown. The 
maximum-recorded emission shown in Figure 6.2 (a) is 22.30 mA cm-2 (at 
855ºC), whereas the maximum current density for the higher NDD (b) was 
2.20 mA cm-2 (at 849ºC). The low NDD also had a lower threshold 
temperature of 455ºC compared to 530ºC for the higher NDD. The lower N 
concentration may have a higher carrier mobility due to fewer N atoms 
causing less strain and fewer defects and clusters, whereas a more heavily 
NDD has a higher carrier concentration, but this increased number of N 
atoms also causes more defects and strain within the diamond which 
reduces the carrier mobility. This could result in a lower thermionic 
emission despite a higher carrier concentration. 

The ratio of NH3:H2 present during diamond growth affects the 
resulting diamond morphology; this morphology could play a role in how 
efficiently the film can emit electrons. This is because the H-termination 
may be sensitive to facets, defects and other surface features and these 
then makes the NEA induced by the H-termination sensitive to morphology 
[77]. The role of diamond facet type and its affect upon thermionic emission 
is currently being investigated.  

The high current density, and repeatable emission makes NDD an 
interesting material and bodes well for its use in thermionic emission 
devices. 

 

6.3.2.2 Emission from Mg and N co-doped diamond 
 
After investigating the thermionic emission of NDD upon Mo substrates, 
Mg3N2 was diffused into the NDD. A thin capping layer was grown upon the 
diffusion site for five minutes using the same conditions as the bulk, 
resulting in a layer less than 100 nm thick. Figure 6.3 shows the emission of 
low NDD samples diffused with (a) 100 µl and (b) 200 µl of Mg3N2 and then 
put through four TE cycles. In both cases, the Mg required thermal 
activation as shown by the very low emission detected from the first TE 
cycles where the sample was heated to a maximum of 900ºC. This thermal 
activation could be a significant step in obtaining a reliable, high current 
density from Mg-N co-doped diamond. The sample diffused with 100 µl of 
Mg3N2 emitted the highest current density on the second TE run (19.65 mA 
cm-2 at 885ºC, Figure 6.3 (a)) while the sample diffused with more Mg3N2 
obtained its maximum current density on the third TE run (15.72 mA cm-2 at 
879ºC). This could indicate that with more Mg in the sample, the sample 
requires more thermal activation to obtain the highest current density.  

After activation, followed by the maximum-recorded current density 
for the sample, the peak current density on each test started to decrease 
for each subsequent TE test. This could be due to the high temperatures 
reached, allowing the Mg to become mobile within the diamond lattice, 
forming clusters that “tie-up” electrons and hinder thermionic emission. 
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Perhaps by limiting the temperature to below 850ºC (growth temperature) 
after activation of the sample, the Mg would not become mobile and a more 
stable emission could be detected from Mg-N samples.  
 Although both samples obtained fairly high current densities, these 
current densities were both below that obtained using an equivalent NDD 
grown upon Mo. This shows that the Mg could be reducing the emission and 
indeed, when comparing the sample diffused with 100 µl of Mg3N2 (Figure 
6.3 (a)) to the sample with 200 µl of Mg3N2 (Figure 6.3 (b)), it appears that 
emission is even more reduced when more Mg3N2 is used. The results of 
density functional theory (DFT) calculations shown in Chapter 7 shed some 
light onto this situation. The calculations appear to indicate that different 
Mg:N ratios of clusters lead to insulating, p-type or n-type behaviour. So 
more Mg within the sample could lead to a higher rate of compensation of 
electron-donating clusters by electron-accepting clusters.  
 After the initial activation of the sample, the threshold temperature 
for both samples shown in Figure 6.3 (a) and (b) increases with each TE run. 
This can be linked to the mobility of Mg at high temperatures, where the Mg 
atoms that can most easily donate electrons into the diamond lattice are 
also in less stable positions. In Chapter 7, the DOS of Mg, N and Mg-N doped 
diamond is calculated. Results suggests that interstitial Mg atoms act as 
electron-donors (as discussed in Chapter 7) but it is more energetically 
favourable for Mg to occupy substitutional positions that act as electron 
traps [78], thus hindering emission. So although they require little thermal 
energy to donate electrons, these Mg atoms are more easily affected by 
high temperatures and, when heated, move into more stable positions or 
clusters that cannot donate electrons for emission. With each TE cycle there 
is enough thermal energy to mobilise some Mg atoms, which causes those Mg 
atoms that previously donated electrons for emission (such as interstitial 
Mg) to move into non-emitting positions (such as substitutional N surrounded 
by one and two substitutional Mg atoms), reducing the amount of donors 
available, until only very few deep donors are left. These require larger 
thermal energy to emit electrons, thus the threshold temperature increases 
with each TE cycle. In fact, the thermionic emission ends up below that 
seen for NDD, perhaps suggesting that Mg and N form a range of complexes 
within the diamond film, each with different electronic behaviours, which 
results in a compensating effect. This is supported by the theoretical 
calculations of Chapter 7, which investigates a range of Mg, N and Mg-N 
complexes and their electronic properties. 
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Figure 6.3 Thermionic emission data from N-doped diamond grown with 0.12% NH3:H2 
diffused with (a) 100 µl and (b) 200 µl Mg3N2. Both films were grown on 500 µm thick Mo 
foil. 

 
The trends seen when looking at Mg diffused into more highly N-

doped MCD grown upon Mo (Figure 6.4) are very similar to those with the 
lower NDD (Figure 6.3). The sample requires thermal activation and after an 
initial increase in emission, the maximum current density recorded in 
subsequent TE cycles reduces. The main difference between using low and 
highly NDD is that the highly NDD base, with no Mg3N2 diffused into it, only 
emits ~2.20 mA cm-2 at 849ºC. When Mg3N2 has been diffused into this NDD 
and the sample is activated, the samples emit a maximum of 6.64 mA cm-2 
(at 897ºC) and 12.37 mA cm-2 (at 869ºC) from samples diffused with 100 µl 
(a) and 200 µl (b), respectively. So this time, the Mg appears to enhance the 
emission from NDD, and the sample with more Mg obtains the highest 
current density. This could mean that with a higher N atom concentration it 
is more energetically favourable to form Mg-N clusters, and with a certain 
ratio of Mg:N this can be achieved more often in a sample that has 200 µl of 
Mg3N2 diffused into it. 

 
 

 
Figure 6.4 Emission data for N-doped diamond grown with 0.32% NH3:H2 with (a) 100 µl 
and (b) 200 µm Mg3N2 diffused into samples that have been grown upon 500 µm Mo foil. 

(a) (b) 100 µl Mg3N2 200 µl Mg3N2 

(a) (b) 100 µl Mg3N2 200 µl Mg3N2 
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6.3.2.3 Substrate effects upon the thermionic emission of Mg-N co-
doped diamond 

 
Two different substrates were compared, 500 µm thick Mo foil and 500 µm 
thick Element Six B-doped diamond (E6 BDD). In both cases the N-doped 
diamond film was tested for thermionic emission before 100 µl of Mg3N2 
solution was diffused into the sample and then re-tested with multiple TE 
cycles.  
 For samples grown with 0.12% NH3:H2 it was first observed that, 
despite the same growth conditions used, a greater current density was 
obtained from the sample grown upon a Mo substrate (Figure 6.5 (a)) 
compared to the BDD substrate (Figure 6.5 (b). This was a surprise because 
growing onto a diamond substrate should result in a much lower resistance 
interface between the N-doped diamond and the substrate. But actually, 
because the diamond substrate is B-doped (a p-type semiconductor) and N is 
a deep donor in diamond, this leads to the BDD-NDD junction becoming a 
true p-n junction upon heating. Electrons from the NDD move into the BDD, 
and holes from the BDD move into the NDD in a process called redistribution 
of the carriers. This effectively removes many electrons from being 
available for thermionic emission.  
 
 

 
Figure 6.5 Thermionic emission from N-doped diamond grown with 0.12% NH3:H2 and 
with 100 µl of Mg3N2 grown on (a) 500 µm Mo foil and (b) 600 µm Element Six B-doped 
diamond. 

 
As had been previously noted, the first TE cycle served to activate 

the sample, leading to a much higher emission being detected. But in the 
sample grown upon E6 BDD this maximum emission stayed approximately 
the same over the next four TE cycles, peaking between 5.40 – 6.24 mA cm-2 
and averaging 5.59 mA cm-2 (at ~867ºC). The threshold temperature also 
stayed the same for these four TE cycles at ~ 575ºC. This perhaps indicates 
that for this particular sample grown upon E6 BDD, the temperature range 
and Mg:N ratio result in stable structures within the diamond and the so the 
sample can emit consistently. However, the emission from the Mg-N co-
doped layer was still lower than that NDD alone, so most of the thermionic 

(a) (b)  Mo E6 BDD 
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emission from Mg-N co-doped diamond presumably comes from N whilst the 
Mg quenches emission from the rest of the N present. 

 

 
Figure 6.6 Thermionic emission from N-doped diamond grown with 0.32% NH3:H2 and 
then diffused with 100 µl of Mg3N2 grown on (a) 500 µm Mo foil and (b) 500 µm Element 
Six B-doped diamond. 

 
On another E6 BDD a layer of NDD was grown using 0.32% NH3:H2, 

giving a higher N-atom concentration in the diamond (as discussed in Section 
2.1.1). When this sample was tested for thermionic emission it peaked at 
881ºC with a maximum current density of 9.84 mA cm-2 (Figure 6.6 (b)), 
much higher than the 2.20 mA cm-2 (at 849ºC) detected for the same 
composition NDD grown upon a Mo substrate (Figure 6.6 (a)). In this case the 
reduction in resistance between NDD and substrate is enough for the sample 
to emit more electrons, despite the p-type BDD base perhaps trapping some 
electrons.  
 Once 100 µl of Mg3N2 was diffused into the sample there did not 
appear to be a clear trend that can be discerned, with the maximum in 
emission for each TE run increasing and decreasing in no particular pattern. 
The maximum emission of each run consistently occurred at ~868ºC and all 
emissions of Mg-N diamond were lower than the original NDD layer grown 
upon E6 BDD. The large amount of N atoms and Mg atoms present in the 
diamond are perhaps unstable under the conditions used for the TE cycles 
and move around when heated to form various clusters and arrangements in 
which they may or may not be able to donate extra electrons into the 
diamond lattice for emission. The modelled density of states of Mg-N 
clusters with different Mg:N ratios and positions of Mg are discussed in more 
detail in Chapter 7. 
 
 
 
 
 
 
 

(a) (b)  Mo E6 BDD 
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6.4 Conclusions 
 
The preliminary results of the B-Li co-doped diamond show that Li does 
significantly improve the thermionic emission of BDD. This emission is not 
stable though, decreasing with each cycle. This could perhaps be due to the 
mobile Li carrying the electron charge and with each cycle a little more Li 
gets lost either to grain boundaries or forming clusters of Li atoms, hence 
the emission reduces. 

This set of preliminary experiments of Mg-N show that Mg can be used 
to enhance the thermionic emission of certain concentrations of NDD 
(average ~ 1.86 × 1020 N atoms cm-3) grown upon Mo substrates, while some 
ratios of Mg and N co-doped diamond appear to produce stable emission. 
Also it is found that substrate materials affect the current density of the 
thermionically emitting material.  

The results obtained on this study are dependent on a series of 
parameters, from both the surface and bulk of the diamond material. 
Although the focus was on relevant bulk parameters, the results call for a 
more extensive exploration of the effects of the diamond bulk on thermionic 
emission. 
 Improvements to the TECsim set-up will enable more accurate data 
to be taken in various ways, such as reducing the background noise so that 
the threshold temperature can be more accurately deduced. By increasing 
the number of data points taken during the fast ramping stage at higher 
temperatures the maximum current density can be detected. More accurate 
temperature readings during data collection will mean that lower 
temperature limits can be set to investigate the temperature at which co-
doped diamond systems emit without mobilising dopants. Stable, NEA-
inducing terminations, such as Li-O and Mg-O, could also be used to 
investigate more easily how multiple TE cycles affect the sample, without 
having to remove the sample from the TECsim setup to re-hydrogenate the 
surface. 
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7 Computational modelling of Mg and N clusters 
within the diamond lattice 

 

7.1  Introduction 
 
Density functional theory (DFT) provides the basis of all theoretical 
calculations within this chapter. The theory allows computable 
approximations to be used rather than quantum mechanics to model 
complex materials and can be used to investigate their electronic structure. 
Modern versions of DFT often use pseudopotentials to model the potential 
experienced by valence electrons from core electrons and plane-waves 
(used in CASTEP), Gaussian (utilised by CRYSTAL) or numerical (FHI-AIMS) 
basis sets to model the valence charge density. This is a much more refined 
way to model orbital interactions in order to accurately calculate bond 
length, bond energies and lattice structures than with the predecessors of 
DFT proposed in the 1920s [1,2].    

By the 1980s undoped diamond was modelled [3-5] and simple 
dopants such as substitutional B [6] and N [7-9] could be introduced into 
bulk diamond calculations. Many of these calculations were performed using 
molecular orbital theory, such as Hartree-Fock (HF), and these are based 
upon complex many-electron wavefunctions which can be approximated 
using Slater determinant of N spin-orbitals. Soon studies comparing the two 
approaches, DFT and HF, showed similar results but DFT often had much 
lower computational costs [7-10]. These calculations soon verified that B-
doped diamond (BDD) was a p-type semiconductor and that N could act as a 
deep donor within diamond, making N-doped diamond (NDD) an n-type 
semiconductor at elevated temperatures, as the energy level of N is 1.7 eV 
below the conduction band minimum (CBM) of diamond [8,9,11].  

As the accuracy of calculations increased, theoretical experiments 
were seen as a quick and relatively inexpensive method to explore new 
diamond dopants and co-dopants as well as possibly explaining observations 
from previous experiments. For instance, DFT calculations showed that one 
of the best hopes for a simple, n-type dopant was substitutional P as this 
has a more shallow donor level compared to N [10,12], and this becomes 
more shallow as the P cluster size increases [12], so a high concentration 
within diamond could lead to n-type conductivity. Unfortunately, 
calculations also showed that the solubility of P is very low [9], and so 
unsuitable for in-diffusion but experimental work showed that P could be 
incorporated at ~4-5 × 1018 atoms cm-3 [13]. This level of doping was only 
possible on the <111> facets indicating that P could be incorporated into 
diamond during growth owing to advantageous surface conditions and 
kinetic trapping. This combination of theoretical and experimental work can 
help identify interesting dopants and further our understanding of diamond 
doping. 
 Further improvements in DFT have led to other dopants being more 
accurately modelled within diamond in the search for shallow donor 
dopants. Many different dopants were modelled to determine the electronic 
properties that they induce in diamond, such as Li, Na, Al, P, the chalcogens 
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and pnictogens [8,14-21]. These investigations have led to some expected 
and some unexpected trends. For instance, as predicted, size clearly 
influences how well an atom can diffuse through diamond and whether it 
can occupy interstitial positions with low formation energies and little 
strain. Calculations show Li is more mobile, more soluble in diamond and 
can more easily occupy interstitial positions compared to Na, which has a 
larger atomic radius [14-18]. The calculations took this understanding 
further showing that when in an interstitial position Li and Na are both 
shallow donors, but when in substitutional positions they become electron 
traps [11,14-18]. Because Na is much larger it would most likely only occupy 
substitutional positions, so Na-doped diamond is expected to form p-type 
diamond. In contrast, Li may occupy both interstitial and substitutional 
positions, which compensate each other resulting in very little electrical 
conductivity, explaining observations from experiments in the laboratory 
[19]. 
 Studies have resulted in other possible shallow donors being 
identified - mainly pnictogens (As, Sb) [19-22], halogens (except F) [23]- and 
complexes such as [O-N] [24], N-H-N [25], Te-H [19,21], substitutional LiN4 
[26,27] and BN2 [28]. This shows the importance of understanding how a 
dopant may interact with H and vacancies present within CVD diamond, as it 
can cause an electron acceptor to become an electron donor and vice versa.  
 A group of elements that deserves more investigation in terms of 
electronic structure is the alkaline earth metals. There are some old 
experimental papers on Be-doping [80,81] but very few theoretical 
calculations performed on Mg or Be in diamond, despite much work on Mg 
(and Be) as a dopant in other semiconductors such as GaAs [83,32]. Some of 
the more extensive calculations have been performed by Yan et al. [85] 
they model the combination of Mg in diamond and Mg-H complexes in 
diamond. The results show that interstitial Mg (Mgi) occupies a tetrahedral 
position preferentially and can act a shallow donor as the Fermi level is 
pinned within the conduction band. However, in reality the Fermi level 
would be just below the CBM and this is a problem with these calculations. 
The discrepancy is caused by the use of the Perdew-Burke-Ernzerhof 
exchange-correlation functional in combination with cell size. Other results 
from Yan et al. [33] show that when H forms complexes with Mgi it 
compensates it leading to p-type or insulator behaviour. Substitutional Mg 
also compensates any n-type Mgi present, as it is electron trapping. 
 This is a promising area for investigation, as the diagonal relationship 
on the Periodic table between Li and Mg has already been exploited 
successfully in regards to surface terminations of diamond both theoretically 
and experimentally. O’Donnell et al. first calculated how a Li-O surface 
termination could induce NEA on the diamond (100) surface, the magnitude 
of which depended upon the surface coverage [116]. They then attempted 
to recreate this Li-O termination of (100) diamond in the lab and found that 
after carefully applying a monolayer of Li and finding a sufficient regime of 
annealing (to activate the surface) produced an NEA surface that was stable 
at high temperatures [118]. After work on Li, further investigations were 
made into which other low-mass metals could also theoretically induce a 
large NEA, finding that Mg-O was also a viable candidate [119]. 
Experimental work was undertaken after the calculations and it was 
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observed that Mg (coated on top of O-terminated diamond) showed an 
extremely large NEA of up to -2.01 eV, without the need to anneal [120]. 
 The work in this chapter is focussed upon Mg and N as dopants in 
diamond and how they affect the electronic structure as single and co-
dopants. These calculations were made in conjunction with experimental 
work upon Mg-N co-doping with the hopes of providing information such as 
the desired Mg:N ratio and how both elements behave together within 
diamond. The Cambridge Serial Total Energy Package (CASTEP) version 7 
code was used, this utilises pseudopotentials to model core electrons and 
plane-wave basis sets to model the valence states, and has been continually 
developed since 1986 by Mike Payne and colleagues [133]. This approach 
provides an efficient (in terms of time and computational cost) yet 
appropriately accurate method to study 100+ atoms and their electrons. 
CASTEP can be used to calculate lattice parameters, formation energies, 
and bond lengths of the desired structures, while OptaDOS was used 
alongside to calculate the density-of-states (DOS) in energy [39,40]. 
 

7.2 Experimental Details of Calculations 
 
The DFT calculations were run using the CASTEP code (version 7), which 
enabled parallel message passing interface (MPI) systems to be implemented 
to reduce computational time. The calculations were all run on BlueCrystal 
Phase 2 and BlueCrystal Phase 3, which are both clusters in the University of 
Bristol Advanced Computing Research Centre (ACRC). 
 In order to calculate DOS a number of steps were first required; 
geometry optimization of a cubic supercell consisting of 64 carbon atoms 
(the calculation required one node, eight processors in each node, and a 
wall time of 12 hours). The k-point optimization required the same 
processing power. Once the geometry and k-points were optimised for 64-
atom intrinsic diamond these same parameters were used for other doped-
diamond calculations i.e. the cell was fixed in volume to prevent relaxation 
of strain caused by a dopant being introduced and the optimum number of 
k-points were kept the same for all geometry optimization calculations. 
After this, the DOS calculations could be run using the “spectral” feature in 
CASTEP, this also required 1 node, with 8 processors and a wall time of 12 
hours. 
 

7.2.1 Geometry Optimisation 
 
It was decided that 64-atom supercell was the most appropriate sized cell to 
use, because smaller supercells (8, 16 and 32 atoms) give inaccurate 
information as any defects introduced into these small supercells will be 
able to interact with itself as the calculation uses periodic boundary 
conditions. The next size cubic supercell would contain 144 atoms, which 
would take much longer to calculate and would therefore be much more 
computationally expensive. The 64-atom supercell is a compromise between 
accuracy and computational time required and was made up of 2×2×2 cubic 
diamond unit cells.  
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The generalized gradient approximation (GGA) was implemented 
using the Perdew-Burke-Ernzerhof (PBE) [41] exchange-correlation 
functional, with a plane-wave basis-set up to a minimum cut-off energy of 
392 eV and a 3×3×3 mesh of k-points. A greater number of mesh points for 
integration over the Brillouin zone did not significantly improve the 
calculation outcome. The lattice parameter of intrinsic diamond was found 
by finding the lowest energy for the cubic diamond unit cell parameter and 
at 3.568 Å this was very close to the experimental value (3.567 Å [42,43]). 
The lattice parameter from the optimised unit cell was then fixed and used 
for all other calculations. 
 

7.2.2 Energy of formation 
 
During geometry optimisation the total energy of the defect-containing 
supercell is calculated (𝐸!"!

!"#) which allows the formation energy (ΔEf) to be 
calculated if the total energy of perfect diamond and the chemical potential 
(µ) of all elements involved is known (Equation 7.1). 
 

∆𝐸! =  𝐸!"!
!"# − 𝐸!"!

!"#$ − Σ𝑛!𝜇! 
Equation 7.1 

 
For any atoms added to the lattice, ni - the number of atoms of a particular 
element- is positive (e.g. two N atoms added, ni = +2) whilst for any atoms 
removed ni is negative. All energy of formation equations for the following 
calculations can be found in Appendix K. 
 Chemical potential calculations for N, Mg and C were run using 
optimised lattice parameters. These parameters were calculated using the 
method described for k-point optimisation. The chemical potential of a 
single C atom was determined simply using the energy of the perfect 
diamond supercell, whilst the chemical potential of N was found using 
gaseous molecular nitrogen (N2) and the chemical potential of magnesium 
calculated using the hexagonal close packed unit cell of solid Mg metal. 
 

7.2.3 K-point optimisation 
 
To reduce the complexity of the calculation a k-point mesh is used, this 
replaces the integrals in real space with integrals in the Brillouin zone that 
are finite, this can only be used with a periodic system. The k-point mesh is 
made of k-points that have high symmetry and, when optimised, provide a 
good sampling of the Brillouin zone. K-point optimisation was carried out to 
reduce computational time whilst still being able to accurately represent 
the material of interest. 

Using an optimised geometry input file, single point energy 
calculations could be run whilst increasing K-point values from 1×1×1 to 
6×6×6. This resulted in most of the calculations using a 3×3×3 mesh, which 
sufficiently covered the Brillouin zone without being too computationally 
expensive. 



 140 

7.2.4 Density of States (DOS) Calculation 
 
DOS calculations were run using the ‘spectral’ code within CASTEP and the 
specific task set to calculate DOS. This required a separate optimisation for 
the spectral k-point mesh which resulted in a 10×10×10 being chosen. 
Output files from spectral were then used to calculate the DOS with CASTEP 
compatible software called OptaDOS. 
 

7.2.5 Dopants in Diamond 
 
Different combinations of Mg and N were placed into the optimised undoped 
diamond unit cell, either in substitutional positions where the dopant simply 
replaced a C atom in the diamond lattice or in interstitial positions. It was 
determined that there were two distinct interstitial positions; dopant atoms 
placed in the centre of the hexagonal diamond lattice plane or outside of 
the hexagonal plane, where one could imagine the dopant is sitting in a 
tetrahedral position relative to four surrounding C atoms. These were 
named interstitial hexagonal (Mgih) and interstitial tetrahedral (Mgit) 
positions, respectively. The unit cell positions for all diamond and dopant 
combinations can be found in Appendix E to J.  
 As has previously been reported, N occupying an interstitial position 
has high energy and as such all supercells containing N only had 
substitutional N atoms. An in-depth investigation into Mg-doped diamond 
has not previously been carried out; as such clusters of Mg1-4 occupying 
substitutional positions were looked at as well as the Mg-N clusters. In the 
Mg-N clusters the Mg is positioned in the centre (either substitutional or 
interstitial position) of the N cluster. The Mg:N ratio was changed by 
increasing the number of N atoms surrounding the Mg from one atom up to 
four N atoms. This is a more likely level of doping that could be achieved 
experimentally, as high, consistent levels of N-doping of diamond have been 
achieved but Mg is more difficult to control. 
 

7.3 Results and Discussion 
 
A 64-atom supercell was run using CASTEP to first optimise geometries and 
then calculate the energy of the supercell, the Fermi energy and DOS. All 
DOS were calculated using OptaDOS and the DOS plotted with respect to the 
intrinsic diamond.  
 

7.3.1 Undoped Diamond 
 
The energy and DOS of undoped diamond was the starting point for all other 
calculations. This was done to provide the lattice points and to provide a 
template for doped-diamond structures as well as to check the model was 
performing well. After the geometry optimisation preformed using CASTEP, 
it was found that the carbon-carbon bond length had been calculated as 
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1.54 Å. This compares well to experimental values of 1.54 Å [44] and other 
computational experiments, so geometrically the model performs well. 

Figure 7.1 shows the density of states of undoped diamond as 
calculated using OptaDOS alongside CASTEP. The shape of the DOS compares 
well to other calculations but the band gap is calculated as 4.13 eV, which 
is lower than the experimental value of 5.4 eV [45]. This is a well-known 
problem when working with DFT calculations and is caused by inexact 
approximations for the electron exchange and correlation energy. As such, 
all band gaps shown in the subsequent results sections have been used for 
comparative reasons, rather than for absolute quantification of band gaps. 
So the results can indicate if a certain dopant or dopant cluster are likely to 
act as electron acceptors, traps or donors but these are not definitive, to 
more accurately calculate the band gap one would need to model the 
diamond and dopants using hybrid calculations.  
 

 
Figure 7.1 DOS plot of undoped-diamond obtained using a 64-atom supercell and 
calculated using CASTEP and OptaDOS. EF denotes the Fermi level. 

 

7.3.2 Substitutional nitrogen-doped diamond 
 
After the undoped diamond lattice was successfully modelled, the resulting 
lattice parameters were used to model clusters of substitutional nitrogen-
doped diamond (NDD). The number of substitutional N atoms was increased 
from one to four; each time a N atom replaced a C atom, essentially adding 
an extra electron into the diamond lattice. This can be described using the 
equation below (Equation 7.2). 
 

C64(s) + ½ N2(g) à C63N(s) + C(s) 
Equation 7.2 



 142 

The effect of the extra electron from each N atom can be seen in Figure 7.2 
(a) and (b), where the DOS for diamond with an odd number of 
substitutional N atoms produces different up-spin and down-spin DOS. Figure 
7.2 (a) shows the entire DOS plot, and it can be seen that as each N is 
added, the energy of the Fermi level (EF) moves towards and then into the 
conduction band minimum, CBM. For N1sub the EF is 0.30 eV below the CBM, 
making it a deep-donor, but by the time there are three or four 
substitutional N atoms, the EF is within the CBM and the NDD has the 
potential to be a true n-type semiconductor. Figure 7.2 (b) shows the detail 
of the DOS at the band gap, so the extra states caused by the electrons 
added to the diamond lattice can be observed in more detail.  
 The optimised geometry of NDD shows that there is some strain 
around the substitutional N atoms, as the C-N bond has to be longer than 
the C-C bond (1.59 Å c.f. 1.54 Å) due to N having a smaller covalent radius 
compared with C (0.72 Å and 0.77 Å, respectively). This means that the 
more N atoms present, the greater the strain is induced. This C-N bond is 
also ~0.12 Å longer than present in a relaxed molecule containing a single C-
N bond (1.47 Å [46]), which also indicates a large strain within the diamond 
lattice caused by the presence of nitrogen. This strain is also represented by 
the increase in formation energy as nitrogen atoms are added it becomes 
more difficult and thus higher energy to form a more highly substituted 
NDD. 

Another appropriate measure of strain within diamond is to look at 
the length of the C-C bond surrounding the defect. When there is a single N 
atom present the C-C bond length changes from 1.53 Å (close to the N atom) 
and back to 1.54 Å three C atoms away. In a cluster of four N atoms, the C-
C bond returns to 1.54 Å a further two C atoms along compared to the 
calculation with only a single N atom. 
 The formation energy was calculated to be +3.5 eV per N atom 
substituted into undoped diamond (Equation 7.2), which indicated that N 
could not spontaneously substitute for a C atom at room temperature or 
growth temperature. But it is already known that vacancies formed during 
diamond growth play an important role in trapping N into the diamond 
lattice [46-49], so when the formation energy is calculated from a diamond 
vacancy (Equation 7.3), this reduces to –3.14 eV indicating a spontaneous 
and favourable process. 
 
 

C63V(s) + ½ N2(g) à C63N(s) 
Equation 7.3 

 
 



 143 

 

 
Figure 7.2 (a) DOS plot of diamond doped with clusters of 1 – 4 N atoms, all N atoms 
occupy substitutional positions within the diamond lattice. (b) A more detailed view of 
the band gap shown in (a). 
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7.3.3 Diamond doped with magnesium 
 
Very little research has been done in the area of Mg-doped diamond, be it 
experimental or theoretical. The Mg atoms have been placed into 
substitutional or interstitial positions in the results below, which are 
thought to show acceptor and donor behaviour, respectively [33]. 
 

7.3.3.1 Substitutional magnesium 
 
It was found that CASTEP calculations showed a very large formation energy 
for substitutional Mg (Mgsub) doped diamond. When Mg directly substitutes 
for a C atom the high energy makes it an unlikely reaction to occur under 
CVD conditions. This reaction can be described in Equation 7.4 and the 
formation energies are shown in  
Table 7.1 
 

C64(s) + Mg(s) à C63Mg(s) + C(s) 
Equation 7.4 

 
When the formation energy is calculated from diamond that contained the 
same number of vacancies as the number of Mg atoms being introduced (an 
example equation is shown in Equation 7.5), all formation energies were low 
enough to be spontaneous under CVD conditions ( 
Table 7.1).  
 

C63V(s) + Mg(s) à C63Mg(s) 
Equation 7.5 

 

Table 7.1 Formation energies of substitutional Mg-doped diamond from undoped 
diamond and diamond containing vacancies. 

Number of substitutional 
Mg atoms	

ΔEf from undoped 
diamond / eV	

ΔEf from diamond with 
vacancies / eV	

1	 +6.93	 +0.31	
2	 +12.78	 +0.04	
3	 +18.64	 -0.35	
4	 +25.82	 +1.05	
 
  
The C-C bond lengths showed significant strain within Mg-doped diamond, which is to be 
expected due to the disruption of the lattice caused by Mg which has a much larger 
radius of Mg is significantly larger than C (1.41 Å compared to 0.77 Å). This causes the C 
atoms to move away from the Mg atom, and decreases the length of the C-C bonds next 
to the Mg atoms by 0.09 Å. Only three C-C bonds away from the defect had the C-C 
bonds almost returned to 1.54 Å. Although in reality the Mg probably donates some 
electron density as it bonds to the surrounding C atoms and so would become Mgδ+ and 
would have a smaller radius than Mg, causing less strain in the diamond lattice. For 
further comparison the Mg-C bond in the Grignard ethyl magnesium (C2H5Mg) is 2.15 Å 
[50], whereas the Mg-C length is 1.80 Å within the diamond lattice. To find a 
concentration of Mg in diamond that causes less strain, one would need to use a larger 
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supercell, which would allow one to calculate when C-C bond lengths consistently 
return to the optimum length of 1.54 Å further away from the defect. As would be 
expected,  

Table 7.1 shows that as Mg atoms directly substitute C atoms the 
formation energy increases when more Mg atoms are added. When Mg is 
incorporated into diamond by occupying existing vacancies a more unusual 
trend is observed. The formation energy for this process decreases for up to 
three Mg atoms added. An increasing number of vacancies in diamond lead 
to instability (as compared to perfect diamond) and a higher energy 
structure. The strain induced by additional Mg atoms is actually 
compensated by the need for the vacancies to be filled. Essentially, with a 
greater number of vacancies, it is better to fill them even if the atom is 
much larger than a C atom.  

Once we reach four Mg atoms the diamond lattice is more stable with 
four vacancies rather than being filled with four Mg atoms, which leads to 
significant strain. This can be seen by a slight reduction in the Mg-C bond, 
from on average 1.85 Å for one to three Mg atoms to 1.82 Å when four Mg 
atoms are incorporated. Also the formation energy suddenly jumps up from 
-0.35 eV (spontaneous reaction) for Mg3sub to +1.05 eV for Mg4sub.  
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Figure 7.3 (a) DOS plot of Mg-doped diamond where all Mg atoms occupy substitutional 
positions. The number of Mg atoms within the cluster is increased from 1 – 4. (b) A 
more detailed view of the band gap shown in (a). 
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DOS plots (Figure 7.3 (a) and (b)) show that, as predicted, adding Mg atoms 
into diamond will create additional states and these states are added onto 
the valence band (VB). Substitutional Mg acts as an electron trap, 
essentially adding holes into the system as can be seen in the schematic 
diagram for substitutional Mg in diamond, Figure 7.4. 
 

 
Figure 7.4 Schematic diagram of substitutional Mg in diamond. Each full dot represents 
a valence electron whilst each empty circle represents a hole. Each electron/hole is in 
the same colour as the element it belongs to, i.e. red dots represent electrons for C 
atoms. 

 

7.3.3.2 Interstitial magnesium 
 
Interstitial Mg acts differently from substitutional Mg. With regards to the 
geometry there is more strain as no atoms have been removed from the 
diamond lattice. The C-C bonds around the interstitial Mg are generally 
much shorter than usual, between 1.41 Å and 1.53 Å for C atoms 
surrounding a Mg atom that is occupying a hexagonal interstitial position 
(Mgih). The C-C bonds are a minimum of 1.42 Å, and a maximum of 1.57 Å 
surrounding a Mg atom in the tetrahedral interstitial (Mgit) position, most C-
C bonds are distorted directly around the Mg atom. At the edge of both 
supercells the C-C bond length still has not consistently returned to 1.54 Å, 
showing that the strain of having a Mg atom in an interstitial position causes 
strain over a longer distance than for a substitutional Mg atom. 

This strain is also reflected in the formation energy being a lot higher 
than for substitutional Mg. To form Mgih from undoped diamond requires 
13.81 eV (Equation 7.6) and to form Mgit needs 14.04 eV (Equation 7.7). 
Both of these formation energies are much too high for this defect to be 
formed under the experimental conditions used within this thesis and as 
such DOS calculations were not undertaken. 

 
 

C64(s) + Mg(s) à C64Mgih(s) 
Equation 7.6 

C64(s) + Mg(s) à C64Mgit(s) 
Equation 7.7 

 

C C C 

C C 

C C C 

Mg 
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7.3.4 Substitutional Mg-N clusters 
 
A single Mg atom was substitutionally added to the diamond lattice, 
essentially replacing the central C atom in a 64-atom supercell. The number 
of substitutional N atoms surrounding this Mg atom was increased from one 
to four (MgN1-4), with the formation energy, C-C bond lengths and DOS 
calculated for each Mg-N supercell.  
 Mg-N showed the typical signs of strain around both the Mg atom and 
the N atom, with C-C bond lengths being shorter than usual (1.48 Å) around 
the large Mg atom and non-uniform around the N atom (ranging from 1.51 Å 
to 1.56 Å) as shown in previous calculations. This trend was the same for all 
Mg-Nx supercells (where x denotes the number of substitutional N atoms 
present). The only difference was that with more N atoms present the C-C 
bond returned to the optimum length of 1.54 Å at further distances away 
from the substitution site because more N atoms resulted in greater strain 
within the supercell. This extra strain is also shown by the Mg-N bond 
length, which is 2.09 Å in Mg3N2 but is much smaller in Mg-N doped diamond. 
The Mg-N bond length is ~1.801 Å with one to three substitutional N atoms 
surrounding a substitutional Mg atom and slightly increases to 1.806 Å when 
four N atoms surround a Mg atom. This could explain why the formation 
energy of Mg1subN4sub is much higher when compared to Mg-N clusters of one 
to three N atoms surrounding a Mg atom. 
 
 
Table 7.2 A single substitutional Mg atom surrounded by an increasing number of 
substitutional N atoms within the 64-atom supercell of diamond, formation energies are 
calculated from undoped diamond and diamond containing corresponding NxV. 

Number of substitutional 
N atoms	

ΔEf from undoped 
diamond / eV 

ΔEf from diamond NxV 
centres/ eV	

1	 + 5.41	 - 0.10	
2	 + 4.22	 - 0.45	
3	 + 5.39	 + 1.71	
4	 + 6.99	 + 4.32	
 
 

Formation energies (Table 7.2) show that under CVD conditions it is 
energetically unfavourable to replace C atoms in perfect diamond with Mg 
and N as all ΔEf are above 4 eV, as described in Equation 7.8.  

 
 

C64(s) + Mg(s) + ½ N2(g) à C62MgN(s) + 2C(s) 
Equation 7.8 
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If there are existing nitrogen vacancies in diamond already then it 

would be possible to create MgN1-3 from diamond with N1-3V under CVD 
conditions, an example of an equation used to describe this calculation is 
shown below (Equation 7.9). MgN4 could not be formed under CVD 
conditions either from perfect diamond or from N4V as the ΔEf is too high 
(Table 7.2). 

 
C62NV(s) + Mg(s) à C62MgN(s) 

Equation 7.9 

DOS plots in Figure 7.5 show that the donor property of a single N 
atom is compensated when it forms a complex with a substitutional Mg. This 
is because the complex becomes an electron acceptor due to the lower 
energy unoccupied states introduced by the Mg atom. The EF is within added 
states from Mg and N, which are associated with the VB, whilst two N atoms 
counteract the substitutional Mg and lead to MgN2 acting in a similar way to 
intrinsic diamond, an electrical insulator. When the ratio of Mg:N atoms is 
above 1:3 in the diamond the complex becomes a shallow donor. The EF is 
pinned into the CBM as shown in the DOS plots, which means in reality it is 
likely to be just under the CBM. 
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Figure 7.5 (a) DOS plot of N1-4 atoms occupying substitutional positions surrounding a Mg 
atom, also occupying a substitutional position within the diamond lattice. (b) A more 
detailed view of the band gap shown in (a). 
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This effect can be more simply shown in terms of valence electrons shown in 
schematic diagrams, Figure 7.6 (a) shows how in MgN one hole fro 
m substitutional Mg has been filled by an electron from a N atom, but there 
is still one hole next to Mg acting as an electron trap. Figure 7.6 (b) shows 
how in MgN2 all holes have been filled by valence electrons from the two 
neighbouring N atoms, so can act in a similar manner to intrinsic diamond. 
Figure 7.6 (c) and (d) show how three and four N atoms surrounding the 
substitutional Mg leads to excess electrons that can be donated into the 
diamond lattice. 
 
 

 
 

Figure 7.6 Schematic diagram of substitutional Mg in diamond, with increasing numbers 
of substitutional N atoms surrounding Mg. Each full dot represents a valence electron 
whilst each empty dot represents a hole. Each electron/hole is in the same colour as 
the element it belongs to, i.e. red dots represent electrons for C atoms. 

 
If a diamond could be synthesised with many N3V or N4V centres, then 
perhaps the MgN3 and MgN4 clusters could be synthesised experimentally. 
This could lead to the n-type diamond semiconductor that diamond 
researchers have been searching for. 
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7.3.5 Substitutional N and interstitial Mg clusters 
 
Single Mg atom was placed into an interstitial hexagonal position (Mgih) and 
substitutional N atoms were in positions that surround this Mgih atom. The 
formation energies from pure diamond (as described in Equation 7.10) show 
that all configurations are too high to ever form at either room temperature 
or under CVD conditions. The lowest ΔEf is 13.01 eV ( 
Table 7.3), which is highly thermodynamically unfavourable. If the Mg was 
being introduced to diamond that already had substitutional N1-4 atoms 
present (an example is described in Equation 7.11), then the ΔEf decreases a 
little but it is still too high for one to three N atoms present. With four N 
atoms already forming a cluster, the ΔEf is only +1.69 eV, which may well be 
achievable under CVD conditions. 
 

C64(s) + Mg(s) + ½ N2(g) à C63MgihN(s) + C(s) 
Equation 7.10 

C63N(s) + Mg(s) à C62MgihN(s) 
Equation 7.11 

 

Table 7.3 A single Mgih atom surrounded by an increasing number of substitutional N 
atoms within the 64-atom supercell of diamond, formation energies are calculated from 
undoped diamond and diamond containing corresponding number of substitutional N 
atoms. 

Number of substitutional 
N atoms	

ΔEf from undoped 
diamond / eV	

ΔEf from diamond doped 
with substitutional Nx 
atoms / eV	

1	 + 13.01	 + 9.53	
2	 + 14.28	 + 7.66	
3	 + 16.11	 + 5.75	
4	 + 18.12	 + 1.69	
 

MgitN1-4 is very slightly more stable and energetically favourable when 
compared to MgihN1-4 as can be seen by the lower ΔEf in Table 7.4. Again, it 
follows the same trend as MgihN1-4; as the number of N atoms is increases, 
the ΔEf also increases, as well as this a lower ΔEf is obtained when inserting 
an Mgit atom into a N-atom cluster that is already present within diamond 
(Equation 7.13) compared to formation from pure diamond (Equation 7.12).  

 
C64(s) + Mg(s) + ½ N2(g) à C63MgitN(s) + C(s) 

Equation 7.12 

C63N(s) + Mg(s) à C62MgitN(s) 
Equation 7.13 

 
The only possible structure that could form under CVD conditions is 

MgitN4, if there was already a cluster of four substitutional N atoms within 
the diamond lattice it would require 1.31 eV to insert a Mg atom in a 
tetrahedral interstitial position. 
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Table 7.4 A single Mgit atom surrounded by an increasing number of substitutional N 
atoms within the 64-atom supercell of diamond, formation energies are calculated from 
undoped diamond and diamond containing corresponding number of substitutional N 
atoms. 

Number of substitutional 
N atoms	

ΔEf from undoped 
diamond / eV	

ΔEf from diamond doped 
with substitutional Nx 
atoms / eV	

1	 + 12.95	 + 9.47	
2	 + 14.07	 + 7.45	
3	 + 15.97	 + 5.61	
4	 + 17.74	 + 1.31	
 
All formation energies that involve an interstitial Mg atom appear to be 
unlikely to form within experimental conditions used within this thesis, as 
such no DOS were calculated. 
 

7.4 Conclusions 
 
CASTEP has been used to model successfully bulk diamond with various 
combinations of Mg and N doping using a 64-atom supercell. The geometries 
of undoped and N-doped diamond appear to agree with existing work, but as 
to be expected, the band-gap is severely underestimated. 

Mg was shown to act as an n-type dopant within diamond when in an 
interstitial position, but the formation energy for this is extremely high so 
doping with Mg would more likely result in Mg occupying a substitutional 
position. When Mg is in a substitutional position is acts as an acceptor [85], 
as such any diamond doped with Mg would become a p-type semiconductor, 
or more likely acts as an electron trap. 

If substitutional Mg is placed next to an increasing number of 
substitutional N atoms within diamond, when the Mg:N ratio is above 1:3 the 
diamond becomes a donor with the EF within the CBM. It could be possible 
to form this structure if a N-doped diamond containing a high proportion of 
N3V and N4V clusters could be obtained and then Mg added to this. 
Interstitial Mg with substitutional N complexes were deemed to have 
prohibitively large formation energies, presumably caused by the large 
interstitial Mg atom putting strain upon the diamond lattice. As such the 
DOS was not calculated for these structures.  
 Previous work by Yan et al. [85] has previously shown that Mg could 
act as an electron donor in diamond when occupying an interstitial position, 
but it was also shown that clusters of interstitial Mg with H resulted in p-
type or insulator behaviour. As such it would be prudent to run calculations 
of Mg and Mg-N clusters that have shown n-type behaviour, but with H 
present to see if this also results in n-type behaviour or if the H changes the 
behaviour of the doped diamond. Hybrid calculations are needed to best 
model these clusters within diamond and obtain more accurate band gaps.  
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8 Conclusions and Future Work 
 

8.1 Conclusions 
 
B and Li co-doped diamond films were prepared using diluted B2H6 in H2 gas 
to grow BDD while the Li was introduced by diffusing solid Li3N into BDD 
films (Chapter 3). Both B and Li were detected in diamond using SIMS at 
concentrations as high as 2.53 × 1020 Li atoms cm-3 and 9 × 1021 B atoms  
cm-3. Li atoms, through the use of the diffusion technique, can rapidly move 
throughout the diamond sample and into the p-type Si substrate, via grain 
boundaries in MCD and NCD BDD films. When Li3N was diffused into SCD that 
was B-doped, it could not be detected below 400 nm, giving a rough 
diffusion rate of Li in diamond as approximately 400 nm hour-1 during the 
diffusion process at ~900ºC, thus showing Li can diffuse into diamond.  

As has been previously reported, the more B present in a diamond 
film, the lower the electrical resistance of the film. In contrast, it was 
found that the higher the volume of Li3N diffused, the higher the resistance 
of the diamond film, perhaps due to forming electronically inactive clusters 
with B atoms within the diamond and also in the grain boundaries.  

Li3N diffused into E6 BDD was tested for thermionic emission (Chapter 
6), reaching maximum current densities of 20.05 mA cm-2 at 880ºC when H-
terminated. E6 BDD with no Li present does not emit any current above 
noise level, so the B and Li co-doped diamond represents a huge increase in 
emission. This emission could not be sustained (as the H-termination does 
not provide a stable NEA surface at the temperatures used) or repeated. I 
suggest this is due to Li becoming mobile at high temperatures and forming 
electron-trapping structures, each time the sample was cycled Li (which 
may act as an electron carrier) was trapped and so could not contribute to 
emission during the next TE cycle. 

Mg and N co-doped diamond films were also successfully prepared 
(Chapter 5). This time a novel Mg-containing solution had to be created that 
was stable, could be used for diffusion under CVD conditions, and uniformly 
disperse a solid Mg-containing substance (Chapter 4). After various 
experiments a solution of Mg3N2 powder, with polysorbate(20) (a polymer 
for stabilization) in chloroform was used. The N was detected as CN- ions 
using SIMS, and Mg was tracked as the Mg+ ion; the SIMS signals from both of 
these masses had to be corrected for other species that had the same mass. 
This resulted in a maximum concentrations of 2.54 × 1020 Mg atoms cm-3 and 
3.01 × 1020 N atoms cm-3 being detected within samples tested. Both a high 
and low ratio of NH3:H2 were used as they resulted in predominantly square 
(100) facets upon the surface of microcrystalline NDD and may yield 
different results. Again, it was found that when diffused with Mg the 
diffusion technique led to the Mg being transported quickly through the 
grain boundaries and slowly through the diamond facets. This was observed 
by measuring how deep the Mg could be detected within different crystal 
sizes of NDD i.e. NCD, MCD and SCD. As the method for calculating the 
concentration of Mg led to a higher error, it was less certain that Mg could 
be transported all the way through the PCD samples and into the substrate, 
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the use of ToF-SIMS would reduce this error as its mass resolution is high 
enough to distinguish between Mg+ and C2

+ ions. 
It was not clear if increasing the volume of Mg3N2 used for diffusion 

resulted in an increase in resistance, which could be due to the method of 
doping leading to non-uniformity in the sample. Resistance for all NDD 
samples increased upon the diffusion of Mg3N2 and could be attributed to Mg 
occupying electrically inactive positions within the diamond and grain 
boundaries as well as creating combinations of insulating, electron trapping 
and electron donating clusters. 

CASTEP was used to model doped diamond films with different 
combinations of N, Mg and Mg-N clusters. These can lead to insulating, n-
type and p-type diamond depending on the elements, quantities and 
arrangements of the elements within the cluster (Chapter 7). All 
substitutional Mg and the MgN1 cluster (where both atoms were in 
substitutional positions) acted as electron-traps, whereas the DOS of MgN2 
indicated it would act as an insulator, like intrinsic diamond. n-type 
diamond, with varying levels of donors, was suggested from the DOS for 
MgN3 and MgN4 (all atoms occupying substitutional positions). The formation 
energies for any diamond containing interstitial Mg atoms was so high that it 
was deemed it was unnecessary to calculate the DOS of these structures.  

As well as DOS, the geometries of these clusters were optimised and 
the formation energies calculated. Results showed that Mg induces 
considerable strain into the diamond lattice, and as such, any cluster 
containing an interstitial Mg atom has a very high formation energy. This 
would generally prevent these structures from forming. Substitutional Mg 
atoms could be introduced into diamond (whether with N or not) through 
the use of existing vacancies in CVD diamond, potentially meaning that n-
type diamond could be created using diamond containing large quantities of 
N3V and N4V centres to create MgN3 and MgN4 clusters. 

Despite high resistances measured on Mg-N diamond films, when 
tested for thermionic emission a maximum current density of 19.65 mA cm-2 
at 885ºC, was obtained on the second TE run for that particular sample 
(Chapter 6). This seemed to be the trend for all Mg-N films, whereby there 
was very low emission on the first TE test, the highest current density was 
recorded on the second or third TE run, and then maximum emission would 
decrease on further TE runs. This could indicate that the samples required 
some sort of thermal activation, so that Mg atoms could move into positions 
that allowed them to donate electrons. But after being given too much 
thermal energy, Mg atoms move into positions that lead to electron 
trapping. This is easier to understand with regards to the computational 
modelling of Mg-N in the diamond bulk. The highest, and most consistent 
emission was actually obtained from optimised NDD that had a current 
density of 22.30 mA cm-2 (at 855ºC), so this needs to be investigated 
further. 
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8.2 Future Work 
 
As a preliminary investigation there are many parts of this work that can be 
taken further and improved in order to get closer to creating true n-type 
diamond and diamond that can thermionically emit with a high current 
density, a low threshold temperature, consistent emission that is also 
reproducible. 
 With regards to sample creation and analysis, Mg could perhaps be 
introduced during growth if the vaporisation of Mg could be carefully 
controlled during diamond CVD. A more accurate way to measure Mg 
content in the films could be to use time-of-flight (TOF) SIMS. With high 
enough resolution it is possible to distinguish between C2

+ and Mg+ ions. This 
would make Mg concentration calculations much more accurate and could 
perhaps lead to a way of detecting Mg inside diamond if the concentration is 
uniform throughout the sample. Local modes of Mg can be seen using 
Fourier-Transform Infrared spectroscopy (FTIR) with a concentration limit of 
~ 1016 Mg atom cm-3; this could perhaps be used to detect Mg content and 
perhaps give an insight into some forms of bonding within diamond.  

Other techniques that would be interesting to use include nanoscale-
SIMS [1]; this would enable perhaps a large single diamond grain to be 
analysed for comparison to grain boundaries to see where the dopants exist 
within PCD samples. Atom probe tomography [1,3] is a state of the art 
technique that, with expert operation, could lead to an atomic 3D 
reconstruction of diamond crystals and grain boundaries, giving huge 
amounts of detail as to the position of dopants within diamond films. 
 The effect of B and N at lower concentration ranges could be 
investigated simply by obtaining lower range MFCs. Lower concentrations of 
incorporated dopants could affect morphology (perhaps even larger (100) 
facets for NDD) and the thermionic emission obtained from samples. 
Collaboration with a diamond research group that specialises in NV centres 
could lead to a diamond with a high number of N3V and N4V centres being 
obtained. This would enable one to combine the theoretical and 
experimental sides of this project, to create a diamond with many MgN3 and 
MgN4 clusters, which may lead to n-type diamond. 
 The thermionic emission side to the project also has many potential 
improvements and new areas upon which to concentrate. First, 
improvements have already been made since data were recorded for this 
thesis. This led to a reduction in noise measured, meaning threshold 
temperature detection is now more accurate. Automation of data collection 
has been improved so that more data points are taken, recorded 
temperatures are more accurate, the data-taking phases have been 
optimised for diamond samples and a larger collector has been created to 
check that the scaling factor to convert current to current density is 
correct. 
 Work into optimising Li-O and Mg-O terminations is being carried out 
so that diamond samples can be terminated with a stable, NEA-inducing 
termination. This would allow samples to have many TE cycles performed on 
them without having to remove the sample from the TECsim.  
 TE of samples with constant B-Li and Mg-N still need to be tested, as 
perhaps the movement of mobile atoms at high temperatures would less 
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affect these. Samples grown thick enough so that the substrate could be 
removed could help to explain substrate effects upon TE, as could using 
undoped diamond substrates which would prevent a p-n junction being 
formed (as seen with Mg-N diamond upon E6 BDD). Single-crystal diamond 
samples would be of great interest for perform TE tests, as they would 
remove all grain boundary effects. Looking at TE from all of these types of 
samples would lead to further understanding of the co-doped diamond 
systems and perhaps even higher, consistent TE. 
 Further nuances to explore include how a sample is affected by 
heating and TE cycles. It would be extraordinary if a change in dopant 
distribution could be observed. A full examination of the TE of NDD would 
also be useful, as it was shown at the beginning of the TE experiment that 
higher current densities were recorded from NDD than had previously been 
observed from samples within the University of Bristol Diamond group. 

Further theoretical calculations could be done on the effect H has 
upon dopant clusters within diamond, as well as other elements with a 
diagonal relationship to Li and Mg on the Periodic table, such as Al. Also 
hybrid calculations would calculate the band gap of diamond and doped 
diamond more accurately than DFT based calculations. 
 As a completely new co-dopant direction, B-N-doped diamond is now 
of tremendous interest. Othman et al. [4] has had preliminary theoretical 
calculation results that show it to be an n-type semiconductor when the 
ratio of N:B is greater than 2:1. TE experiments with B-N diamond films are 
also looking promising. The work presented in this thesis represents a great 
step forward in the understanding of co-doped diamond and its thermionic 
emission, but it is part of a much larger project which is showing great 
promise. 
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Appendix A 
 
SIMS concentration calibration of B implanted diamond 
 
Etch rate calculation 
 
In order to calculate the etch rate of single crystal diamond (SCD) the focussed-ion 
beam (FIB) was used to etch a hole into SCD, this was then filled with platinum. 
The area removed, and filled could be accurately measured in the FIB but cutting 
and imaging in the FIB (Figure 1). The current was kept at 2.89 nA for 10 minutes 
57 seconds at 45º.  
 

 
Figure 1. Cross-section of FIB etch pit in diamond which was filled with platinum 
 
The area of this pit was measured as 140 µm2 and the depth 1.61 µm, therefore 
volume removed was 225.4 µm3. The charge passed onto the sample can be 
calculated with the known current and time used, as seen below. 
 
2.89 nA × 615 s = 1777 nC 
 
The volume etch rate can now be calculated using this charge. 
 
225.4 µm3 / 1777 nC = 0.127 µm3/nC 
 
This can then be converted into a depth etch rate using the calculated etch area 
and the beam current used in SIMS. The etch pit produced by the SIMS depth 
profile can be seen in Figure 2. 
 
0.127 µm3/nC × (3/1370 µm2) = 2.8 × 10-4 µm/s = 0.28 nm/s 
 

Diamond 
Platinum 
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Figure 2. SIMS etch pit in diamond 
 
The etch rate of 0.28 nm/s for SCD was used for all calibration samples discussed 
in this thesis. 
 
SIMS depth profile 
 
After a SCD was implanted with 1×1015 cm-2 of both B+ and Mg+ a SIMS depth profile 
was performed as shown in figure 3. The ratio of B+ to C+ is shown in figure 4, the 
depth was calculated using the etch rate as deduced above. 
 

 
Figure 3. Depth profile of SCD implanted with 1×1015 cm-2 of both B+ and Mg+ ions. 
Showing intensity of ions detected against the etch time 
 

 
Figure 4. Ratio of B+ ions to C+ ions detected as a function of depth 
 
The depth profile shows that the B+ is distributed in an almost Gaussian profile as 
expected with ion implantation. This means that the curve could be fitted using 
the following equation. 
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Where µ denotes peak depth, K is a measure of the height of the peak, σ, the 
Gaussian width. The integral of this form equates to K. Excel was used to fit the 
ratio of B+:C+ with the results presented below. 
 
Sample K µ / nm   σ / nm 
    
B 0.57 96 24 
 
The volume concentration of the implanted B+ ions was then calculated using the 
values of K, µ and σ using the equation below. 

 
 

C(x) denoted the concentration of the implanted material at depth x, A is area of 

concentration (in this case 1×1015 cm-2). The peak concentration for boron can be 

calculated as; 

 
 
And the B concentration (cm-3) can now be calculated from the B+/C+ ratio using 

the following equation. 

 
B	concentration	[B]	=	1.8	x	1022	x	(B+/C+	ratio).	(cm-3)	
 
 

Appendix B 
 
SIMS concentration calibration of Li implanted diamond 
 
Three single crystal diamonds were implanted with 8×1014 cm-2 Li+ ions, and three 
others were implanted with 8×1012 cm-2 Li+ ions, both at 100 keV. SIMS depth 
profiles were performed on all samples. A representative depth profile for diamond 
implanted with 8×1014 cm-2 Li+ ions is shown in figure 1 and the ratio of Li+ to C+ 
ions is plotted in figure 2. Whilst the SIMS depth profiles and corresponding Li+/C+ 

ratio for the samples implanted with ×1012 cm-2 Li+ ions are shown in figures 3 and 
4. The depth for each plot was calculated using the experiment discussed in 
Appendix A. 
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Figure 1. SIMS depth profile of diamond implanted 8×1014 cm-2 Li ions 
 

 
Figure 2. Li+/C+ ratio of a sample implanted with 8×1014 cm-2 Li ions 
 

 
Figure 3. SIMS depth profile of diamond implanted 8×1012 cm-2 Li ions 
 

 
Figure 4. Li+/C+ ratio of a sample implanted with 8×1012 cm-2 Li 
 
The depth profile shows Li is distributed in an almost Gaussian profile and as such 
can be fitted with the following equation; 

0

10

20

30

40

50

60

70

80

90

100

0 50 100 150 200 250 300 350 400
Depth (nm)

%
FS

D

Li-7 1000000
C 200000

0

1

2

3

4

5

6

0 50 100 150 200 250 300 350 400
Depth (nm)

Li
/C

0

10

20

30

40

50

60

70

80

90

100

0 50 100 150 200 250 300 350 400
Depth (nm)

%
FS

D

Li-7 10000
C 200000

0

0.01

0.02

0.03

0.04

0.05

0.06

0 50 100 150 200 250 300 350 400
Depth (nm)

Li
/C



 164 

 

 
This allows one to obtain values for peak depth (µ), peak magnitude (K) and 
Gaussian width (σ). K is obtained using the integrations of the equation above. 

 

 
The following results were calculated for K, µ and σ. 
 
Sample  K µ / nm σ / nm 
     
8×1014 cm-2 Li  sample a  461.2 209.4 38.1 
8×1014 cm-2 Li  sample b  435.9 207.2 35.7 
8×1014 cm-2 Li  sample c  489.3 207.6 36.5 
 Average 462.3   
     
8×1012 cm-2 Li  sample a  3.82 212.7 35.9 
8×1012 cm-2 Li  sample b  4.19 209.5 35.7 
8×1012 cm-2 Li  sample c  4.1 210.4 35.8 
 Average 4.04 209.5 36.3 
 
These values were used to calculate the volume concentration, C(x), of the 
implanted Li relative to depth (x). Where A is the area concentration, in this case 
8×1014 cm-2. 

 

 
Therefore the average volume concentration of the 8×1014 cm-2 Li implanted 
samples is calculated as; 
 

 

 
Whilst the samples implanted with 8×1012 cm-2 Li was calculated as 8.8 x 1017 cm-3. 
 
This can be converted to a SIMS sensitivity so that the Li+/C+ ratio at any depth can 
be converted to a volume concentration (cm-3). 
 
From the 8×1012 cm-2 Li sample, Li concentration [Li] = 1.73 x 1019 x (Li/C ratio) 
From the 8×1012 cm-2 Li sample, Li concentration [Li] = 1.98 x 1019 x (Li/C ratio) 
An average of this results in Li concentration (cm-2) calculated as below. 
[Li] = (Li/C) x 1.8 x 1019 cm-3 
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Appendix C 
 
SIMS calibration of the concentration of Mg in diamond 
 
A single crystal diamond was implanted with 1×1015 cm-2 Mg= and B+ ions. The depth 
profile showing Mg+, B+ and C+ ion intensities relative to etch time can be seen in 
figure 1, and the Mg+ to C+ ratio is plotted in figure 2. The depth was deduced using 
the etch rate calculated in Appendix A. 
 

 
 
Figure 1. Mg+, B+ and C+ signals from SIMS depth profile of 1×1015 cm-2 Mg 
implanted region 

 
Figure 2. Ratio of 24Mg+to C+ versus etch depth 
There is a vertical offset for the Mg+ signal due to interference from the signal due 
to C2

+, but other than this the Mg+ signal appears to be the usual Gaussian profile 
typical of ion implantation of the sort used here. 
 
The Gaussian curve was fitted using the usual equation: 
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Where µ denoted peak depth, K is a measure of the peak height or magnitude and 
σ is a measure of the Gaussian width. K is calculated using the integral of this 
equation. The values of K, µ and σ were calculated and are shown below. 
 
Sample OFFSET K µ / nm σ / nm 
Mg 0.18 44 93 28 
 
These values are then input into the following equation to calculate volume 
concentration, C (x); 
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This assumes the profile is Gaussian, and denotes depth as x and area 

concentration (1×1015 cm-2). Therefore the volume concentration for Mg is 

calculated as ;
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The Mg calibration factor is then calculated as being; 
Mg concentration [Mg] = 2.3 x 1020 x (Mg+/C+ ratio - 0.07). (cm-3) 

 

Appendix D 
 
SIMS calibration of the N concentration in diamond 
 
N+ was implanted into two areas of a diamond sample, with one area implanted 
with 5x1014 cm-2 at 120keV and the other with N+ implanted at 5x1012 cm-2 at 
120keV. SIMS depth profiles were executed whereby N was detected by monitoring 
the CN- ion. The SIMS depth profile for the area implanted with 5x1014 cm-2 N+ is 
shown in figure 1 and its plot of CN- to C- ratio relative to etch depth, is shown in 
figure 2. 
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Figure 1. CN- and C- signals from SIMS depth profile of 5x1014 cm-2 N+ implanted 
diamond 
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Figure 2. CN-/C- ratio of 5x1014 cm-2 N+ implanted diamond 
 
Figures 3 and 4 show the depth profile of the area implanted with 5x1012 cm-2 N+ 
and the corresponding CN- to C- ratio, respectively. 
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Figure 3. CN- and C- signals from SIMS depth profile of 5x1012 cm-2 N+ implanted 
diamond 
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Figure 4. CN-/C- ratio of 5x1012 cm-2 N+ implanted diamond 
 
The secondary peak in all SIMS depth profiles is not understood (potentially a 
channelling effect), but the first peak is deemed to be approximately Gaussian. 
Three depth profiles were carried out on each of the areas and the Gaussian peaks 
fitted using the following equation to determine the peak magnitude, K, (from the 
integral), the peak depth (µ) and a measure of the Gaussian width, σ. Only the 
results from the sample implanted with 5×1014 N+ ions are reported as it was 
appeared the particular SIMS instrument used was not sensitive enough for the area 
implanted with 5×1012 N+ ions. 
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The results are presented below: 
Sample  K µ / nm σ  / nm 
     
5×1014 cm-2  sample a  16.5 127 26.2 
5×1014 cm-2  sample b  14.6 119 21.4 
5×1014 cm-2  sample c  13.4 131 26.4 
 AVE 14.8 126 24.7 
 
Again, on the assumption that the curve is Gaussian, the volume concentration of 
the implanted material, C (x) as a function of depth (x), can be given as: 
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Where A is the area concentration implanted, 5×1014 cm-2.  
Therefore the peak concentration equates to: 
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And the calibration factor is: 
N concentration [N] = 3.4 x 1020 x (CN-/C- ratio) 

Appendix E 
 
Fractional position of substitutional N atoms in 64 atom supercell 
 
Lattice cell parameters were; 
Lattice vector x-direction 

component / Å 
y-direction 
component / Å 

z-direction 
component / Å 

First 7.000001 0.000000 0.000000 
Second 0.000000 7.000001 0.000000 
Third 0.000000 0.000000 7.000001 
 
Table 1. Fractional position of substitutional N1 in 64 atom supercell 

Atom Coordinate (x, y, z) 
C	 0	 0	 0	
C	 0.5	 0	 0	
C	 0.25	 0.25	 0	
C	 0.75	 0.25	 0	
C	 0	 0.5	 0	
C	 0.5	 0.5	 0	
C	 0.25	 0.75	 0	
C	 0.75	 0.75	 0	
C	 0.125	 0.125	 0.125	
C	 0.625	 0.125	 0.125	
C	 0.375	 0.375	 0.125	
C	 0.875	 0.375	 0.125	
C	 0.125	 0.625	 0.125	
C	 0.625	 0.625	 0.125	
C	 0.375	 0.875	 0.125	
C	 0.875	 0.875	 0.125	
C	 0.25	 0	 0.25	
C	 0.75	 0	 0.25	
C	 0	 0.25	 0.25	
C	 0.5	 0.25	 0.25	
C	 0.25	 0.5	 0.25	
C	 0.75	 0.5	 0.25	
C	 0	 0.75	 0.25	
C	 0.5	 0.75	 0.25	
C	 0.375	 0.125	 0.375	
C	 0.875	 0.125	 0.375	
C	 0.125	 0.375	 0.375	
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C	 0.625	 0.375	 0.375	
C	 0.375	 0.625	 0.375	
C	 0.875	 0.625	 0.375	
C	 0.125	 0.875	 0.375	
C	 0.625	 0.875	 0.375	
C	 0	 0	 0.5	
C	 0.5	 0	 0.5	
C	 0.25	 0.25	 0.5	
C	 0.75	 0.25	 0.5	
C	 0	 0.5	 0.5	
N	 0.5	 0.5	 0.5	
C	 0.25	 0.75	 0.5	
C	 0.75	 0.75	 0.5	
C	 0.125	 0.125	 0.625	
C	 0.625	 0.125	 0.625	
C	 0.375	 0.375	 0.625	
C	 0.875	 0.375	 0.625	
C	 0.125	 0.625	 0.625	
C	 0.625	 0.625	 0.625	
C	 0.375	 0.875	 0.625	
C	 0.875	 0.875	 0.625	
C	 0.25	 0	 0.75	
C	 0.75	 0	 0.75	
C	 0	 0.25	 0.75	
C	 0.5	 0.25	 0.75	
C	 0.25	 0.5	 0.75	
C	 0.75	 0.5	 0.75	
C	 0	 0.75	 0.75	
C	 0.5	 0.75	 0.75	
C	 0.375	 0.125	 0.875	
C	 0.875	 0.125	 0.875	
C	 0.125	 0.375	 0.875	
C	 0.625	 0.375	 0.875	
C	 0.375	 0.625	 0.875	
C	 0.875	 0.625	 0.875	
C	 0.125	 0.875	 0.875	
C	 0.625	 0.875	 0.875	

 
 
Table 2. Fractional position of substitutional N2 in 64 atom supercell 

Atom Coordinate (x, y, z) 
C	 0	 0	 0	
C	 0.5	 0	 0	
C	 0.25	 0.25	 0	
C	 0.75	 0.25	 0	
C	 0	 0.5	 0	
C	 0.5	 0.5	 0	
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C	 0.25	 0.75	 0	
C	 0.75	 0.75	 0	
C	 0.125	 0.125	 0.125	
C	 0.625	 0.125	 0.125	
C	 0.375	 0.375	 0.125	
C	 0.875	 0.375	 0.125	
C	 0.125	 0.625	 0.125	
C	 0.625	 0.625	 0.125	
C	 0.375	 0.875	 0.125	
C	 0.875	 0.875	 0.125	
C	 0.25	 0	 0.25	
C	 0.75	 0	 0.25	
C	 0	 0.25	 0.25	
C	 0.5	 0.25	 0.25	
C	 0.25	 0.5	 0.25	
C	 0.75	 0.5	 0.25	
C	 0	 0.75	 0.25	
C	 0.5	 0.75	 0.25	
C	 0.375	 0.125	 0.375	
C	 0.875	 0.125	 0.375	
C	 0.125	 0.375	 0.375	
C	 0.625	 0.375	 0.375	
C	 0.375	 0.625	 0.375	
C	 0.875	 0.625	 0.375	
C	 0.125	 0.875	 0.375	
C	 0.625	 0.875	 0.375	
C	 0	 0	 0.5	
C	 0.5	 0	 0.5	
C	 0.25	 0.25	 0.5	
C	 0.75	 0.25	 0.5	
C	 0	 0.5	 0.5	
C	 0.5	 0.5	 0.5	
C	 0.25	 0.75	 0.5	
C	 0.75	 0.75	 0.5	
C	 0.125	 0.125	 0.625	
C	 0.625	 0.125	 0.625	
N	 0.375	 0.375	 0.625	
C	 0.875	 0.375	 0.625	
C	 0.125	 0.625	 0.625	
N	 0.625	 0.625	 0.625	
C	 0.375	 0.875	 0.625	
C	 0.875	 0.875	 0.625	
C	 0.25	 0	 0.75	
C	 0.75	 0	 0.75	
C	 0	 0.25	 0.75	
C	 0.5	 0.25	 0.75	
C	 0.25	 0.5	 0.75	
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C	 0.75	 0.5	 0.75	
C	 0	 0.75	 0.75	
C	 0.5	 0.75	 0.75	
C	 0.375	 0.125	 0.875	
C	 0.875	 0.125	 0.875	
C	 0.125	 0.375	 0.875	
C	 0.625	 0.375	 0.875	
C	 0.375	 0.625	 0.875	
C	 0.875	 0.625	 0.875	
C	 0.125	 0.875	 0.875	
C	 0.625	 0.875	 0.875	

 
 
Table 3. Fractional position of substitutional N3 in 64 atom supercell 

Atom Coordinate (x, y, z) 
C	 0	 0	 0	
C	 0.5	 0	 0	
C	 0.25	 0.25	 0	
C	 0.75	 0.25	 0	
C	 0	 0.5	 0	
C	 0.5	 0.5	 0	
C	 0.25	 0.75	 0	
C	 0.75	 0.75	 0	
C	 0.125	 0.125	 0.125	
C	 0.625	 0.125	 0.125	
C	 0.375	 0.375	 0.125	
C	 0.875	 0.375	 0.125	
C	 0.125	 0.625	 0.125	
C	 0.625	 0.625	 0.125	
C	 0.375	 0.875	 0.125	
C	 0.875	 0.875	 0.125	
C	 0.25	 0	 0.25	
C	 0.75	 0	 0.25	
C	 0	 0.25	 0.25	
C	 0.5	 0.25	 0.25	
C	 0.25	 0.5	 0.25	
C	 0.75	 0.5	 0.25	
C	 0	 0.75	 0.25	
C	 0.5	 0.75	 0.25	
C	 0.375	 0.125	 0.375	
C	 0.875	 0.125	 0.375	
C	 0.125	 0.375	 0.375	
C	 0.625	 0.375	 0.375	
N	 0.375	 0.625	 0.375	
C	 0.875	 0.625	 0.375	
C	 0.125	 0.875	 0.375	
C	 0.625	 0.875	 0.375	
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C	 0	 0	 0.5	
C	 0.5	 0	 0.5	
C	 0.25	 0.25	 0.5	
C	 0.75	 0.25	 0.5	
C	 0	 0.5	 0.5	
C	 0.5	 0.5	 0.5	
C	 0.25	 0.75	 0.5	
C	 0.75	 0.75	 0.5	
C	 0.125	 0.125	 0.625	
C	 0.625	 0.125	 0.625	
N	 0.375	 0.375	 0.625	
C	 0.875	 0.375	 0.625	
C	 0.125	 0.625	 0.625	
N	 0.625	 0.625	 0.625	
C	 0.375	 0.875	 0.625	
C	 0.875	 0.875	 0.625	
C	 0.25	 0	 0.75	
C	 0.75	 0	 0.75	
C	 0	 0.25	 0.75	
C	 0.5	 0.25	 0.75	
C	 0.25	 0.5	 0.75	
C	 0.75	 0.5	 0.75	
C	 0	 0.75	 0.75	
C	 0.5	 0.75	 0.75	
C	 0.375	 0.125	 0.875	
C	 0.875	 0.125	 0.875	
C	 0.125	 0.375	 0.875	
C	 0.625	 0.375	 0.875	
C	 0.375	 0.625	 0.875	
C	 0.875	 0.625	 0.875	
C	 0.125	 0.875	 0.875	
C	 0.625	 0.875	 0.875	

 
 
Table 4. Fractional position of substitutional N4 in 64 atom supercell 

Atom Coordinate (x, y, z) 
C	 0	 0	 0	
C	 0.5	 0	 0	
C	 0.25	 0.25	 0	
C	 0.75	 0.25	 0	
C	 0	 0.5	 0	
C	 0.5	 0.5	 0	
C	 0.25	 0.75	 0	
C	 0.75	 0.75	 0	
C	 0.125	 0.125	 0.125	
C	 0.625	 0.125	 0.125	
C	 0.375	 0.375	 0.125	
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C	 0.875	 0.375	 0.125	
C	 0.125	 0.625	 0.125	
C	 0.625	 0.625	 0.125	
C	 0.375	 0.875	 0.125	
C	 0.875	 0.875	 0.125	
C	 0.25	 0	 0.25	
C	 0.75	 0	 0.25	
C	 0	 0.25	 0.25	
C	 0.5	 0.25	 0.25	
C	 0.25	 0.5	 0.25	
C	 0.75	 0.5	 0.25	
C	 0	 0.75	 0.25	
C	 0.5	 0.75	 0.25	
C	 0.375	 0.125	 0.375	
C	 0.875	 0.125	 0.375	
C	 0.125	 0.375	 0.375	
N	 0.625	 0.375	 0.375	
N	 0.375	 0.625	 0.375	
C	 0.875	 0.625	 0.375	
C	 0.125	 0.875	 0.375	
C	 0.625	 0.875	 0.375	
C	 0	 0	 0.5	
C	 0.5	 0	 0.5	
C	 0.25	 0.25	 0.5	
C	 0.75	 0.25	 0.5	
C	 0	 0.5	 0.5	
C	 0.5	 0.5	 0.5	
C	 0.25	 0.75	 0.5	
C	 0.75	 0.75	 0.5	
C	 0.125	 0.125	 0.625	
C	 0.625	 0.125	 0.625	
N	 0.375	 0.375	 0.625	
C	 0.875	 0.375	 0.625	
C	 0.125	 0.625	 0.625	
N	 0.625	 0.625	 0.625	
C	 0.375	 0.875	 0.625	
C	 0.875	 0.875	 0.625	
C	 0.25	 0	 0.75	
C	 0.75	 0	 0.75	
C	 0	 0.25	 0.75	
C	 0.5	 0.25	 0.75	
C	 0.25	 0.5	 0.75	
C	 0.75	 0.5	 0.75	
C	 0	 0.75	 0.75	
C	 0.5	 0.75	 0.75	
C	 0.375	 0.125	 0.875	
C	 0.875	 0.125	 0.875	
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C	 0.125	 0.375	 0.875	
C	 0.625	 0.375	 0.875	
C	 0.375	 0.625	 0.875	
C	 0.875	 0.625	 0.875	
C	 0.125	 0.875	 0.875	
C	 0.625	 0.875	 0.875	

Appendix F 
 
Fractional position of substitutional Mg atoms in 64 atom supercell 
 
The lattice cell parameters used for all calculations were; 
Lattice vector x-direction 

component / Å 
y-direction 
component / Å 

z-direction 
component / Å 

First 7.000001 0.000000 0.000000 
Second 0.000000 7.000001 0.000000 
Third 0.000000 0.000000 7.000001 

 
 
Table 1. Fractional position of substitutional Mg1 in 64 atom supercell 

Atom Coordinate (x, y, z) 
C	 0	 0	 0	
C	 0.5	 0	 0	
C	 0.25	 0.25	 0	
C	 0.75	 0.25	 0	
C	 0	 0.5	 0	
C	 0.5	 0.5	 0	
C	 0.25	 0.75	 0	
C	 0.75	 0.75	 0	
C	 0.125	 0.125	 0.125	
C	 0.625	 0.125	 0.125	
C	 0.375	 0.375	 0.125	
C	 0.875	 0.375	 0.125	
C	 0.125	 0.625	 0.125	
C	 0.625	 0.625	 0.125	
C	 0.375	 0.875	 0.125	
C	 0.875	 0.875	 0.125	
C	 0.25	 0	 0.25	
C	 0.75	 0	 0.25	
C	 0	 0.25	 0.25	
C	 0.5	 0.25	 0.25	
C	 0.25	 0.5	 0.25	
C	 0.75	 0.5	 0.25	
C	 0	 0.75	 0.25	
C	 0.5	 0.75	 0.25	
C	 0.375	 0.125	 0.375	
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C	 0.875	 0.125	 0.375	
C	 0.125	 0.375	 0.375	
C	 0.625	 0.375	 0.375	
C	 0.375	 0.625	 0.375	
C	 0.875	 0.625	 0.375	
C	 0.125	 0.875	 0.375	
C	 0.625	 0.875	 0.375	
C	 0	 0	 0.5	
C	 0.5	 0	 0.5	
C	 0.25	 0.25	 0.5	
C	 0.75	 0.25	 0.5	
C	 0	 0.5	 0.5	
Mg	 0.5	 0.5	 0.5	
C	 0.25	 0.75	 0.5	
C	 0.75	 0.75	 0.5	
C	 0.125	 0.125	 0.625	
C	 0.625	 0.125	 0.625	
C	 0.375	 0.375	 0.625	
C	 0.875	 0.375	 0.625	
C	 0.125	 0.625	 0.625	
C	 0.625	 0.625	 0.625	
C	 0.375	 0.875	 0.625	
C	 0.875	 0.875	 0.625	
C	 0.25	 0	 0.75	
C	 0.75	 0	 0.75	
C	 0	 0.25	 0.75	
C	 0.5	 0.25	 0.75	
C	 0.25	 0.5	 0.75	
C	 0.75	 0.5	 0.75	
C	 0	 0.75	 0.75	
C	 0.5	 0.75	 0.75	
C	 0.375	 0.125	 0.875	
C	 0.875	 0.125	 0.875	
C	 0.125	 0.375	 0.875	
C	 0.625	 0.375	 0.875	
C	 0.375	 0.625	 0.875	
C	 0.875	 0.625	 0.875	
C	 0.125	 0.875	 0.875	
C	 0.625	 0.875	 0.875	

 
 
Table 2. Fractional position of substitutional Mg2 in 64 atom supercell 

Atom Coordinate (x, y, z) 
C	 0	 0	 0	
C	 0.5	 0	 0	
C	 0.25	 0.25	 0	
C	 0.75	 0.25	 0	
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C	 0	 0.5	 0	
C	 0.5	 0.5	 0	
C	 0.25	 0.75	 0	
C	 0.75	 0.75	 0	
C	 0.125	 0.125	 0.125	
C	 0.625	 0.125	 0.125	
C	 0.375	 0.375	 0.125	
C	 0.875	 0.375	 0.125	
C	 0.125	 0.625	 0.125	
C	 0.625	 0.625	 0.125	
C	 0.375	 0.875	 0.125	
C	 0.875	 0.875	 0.125	
C	 0.25	 0	 0.25	
C	 0.75	 0	 0.25	
C	 0	 0.25	 0.25	
C	 0.5	 0.25	 0.25	
C	 0.25	 0.5	 0.25	
C	 0.75	 0.5	 0.25	
C	 0	 0.75	 0.25	
C	 0.5	 0.75	 0.25	
C	 0.375	 0.125	 0.375	
C	 0.875	 0.125	 0.375	
C	 0.125	 0.375	 0.375	
C	 0.625	 0.375	 0.375	
C	 0.375	 0.625	 0.375	
C	 0.875	 0.625	 0.375	
C	 0.125	 0.875	 0.375	
C	 0.625	 0.875	 0.375	
C	 0	 0	 0.5	
C	 0.5	 0	 0.5	
C	 0.25	 0.25	 0.5	
C	 0.75	 0.25	 0.5	
C	 0	 0.5	 0.5	
C	 0.5	 0.5	 0.5	
C	 0.25	 0.75	 0.5	
C	 0.75	 0.75	 0.5	
C	 0.125	 0.125	 0.625	
C	 0.625	 0.125	 0.625	
Mg	 0.375	 0.375	 0.625	
C	 0.875	 0.375	 0.625	
C	 0.125	 0.625	 0.625	
Mg	 0.625	 0.625	 0.625	
C	 0.375	 0.875	 0.625	
C	 0.875	 0.875	 0.625	
C	 0.25	 0	 0.75	
C	 0.75	 0	 0.75	
C	 0	 0.25	 0.75	
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C	 0.5	 0.25	 0.75	
C	 0.25	 0.5	 0.75	
C	 0.75	 0.5	 0.75	
C	 0	 0.75	 0.75	
C	 0.5	 0.75	 0.75	
C	 0.375	 0.125	 0.875	
C	 0.875	 0.125	 0.875	
C	 0.125	 0.375	 0.875	
C	 0.625	 0.375	 0.875	
C	 0.375	 0.625	 0.875	
C	 0.875	 0.625	 0.875	
C	 0.125	 0.875	 0.875	
C	 0.625	 0.875	 0.875	

 
 
Table 3. Fractional position of substitutional Mg3 in 64 atom supercell 

Atom Coordinate (x, y, z) 
C	 0	 0	 0	
C	 0.5	 0	 0	
C	 0.25	 0.25	 0	
C	 0.75	 0.25	 0	
C	 0	 0.5	 0	
C	 0.5	 0.5	 0	
C	 0.25	 0.75	 0	
C	 0.75	 0.75	 0	
C	 0.125	 0.125	 0.125	
C	 0.625	 0.125	 0.125	
C	 0.375	 0.375	 0.125	
C	 0.875	 0.375	 0.125	
C	 0.125	 0.625	 0.125	
C	 0.625	 0.625	 0.125	
C	 0.375	 0.875	 0.125	
C	 0.875	 0.875	 0.125	
C	 0.25	 0	 0.25	
C	 0.75	 0	 0.25	
C	 0	 0.25	 0.25	
C	 0.5	 0.25	 0.25	
C	 0.25	 0.5	 0.25	
C	 0.75	 0.5	 0.25	
C	 0	 0.75	 0.25	
C	 0.5	 0.75	 0.25	
C	 0.375	 0.125	 0.375	
C	 0.875	 0.125	 0.375	
C	 0.125	 0.375	 0.375	
C	 0.625	 0.375	 0.375	
Mg	 0.375	 0.625	 0.375	
C	 0.875	 0.625	 0.375	
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C	 0.125	 0.875	 0.375	
C	 0.625	 0.875	 0.375	
C	 0	 0	 0.5	
C	 0.5	 0	 0.5	
C	 0.25	 0.25	 0.5	
C	 0.75	 0.25	 0.5	
C	 0	 0.5	 0.5	
C	 0.5	 0.5	 0.5	
C	 0.25	 0.75	 0.5	
C	 0.75	 0.75	 0.5	
C	 0.125	 0.125	 0.625	
C	 0.625	 0.125	 0.625	
Mg	 0.375	 0.375	 0.625	
C	 0.875	 0.375	 0.625	
C	 0.125	 0.625	 0.625	
Mg	 0.625	 0.625	 0.625	
C	 0.375	 0.875	 0.625	
C	 0.875	 0.875	 0.625	
C	 0.25	 0	 0.75	
C	 0.75	 0	 0.75	
C	 0	 0.25	 0.75	
C	 0.5	 0.25	 0.75	
C	 0.25	 0.5	 0.75	
C	 0.75	 0.5	 0.75	
C	 0	 0.75	 0.75	
C	 0.5	 0.75	 0.75	
C	 0.375	 0.125	 0.875	
C	 0.875	 0.125	 0.875	
C	 0.125	 0.375	 0.875	
C	 0.625	 0.375	 0.875	
C	 0.375	 0.625	 0.875	
C	 0.875	 0.625	 0.875	
C	 0.125	 0.875	 0.875	
C	 0.625	 0.875	 0.875	

 
 
Table 4. Fractional position of substitutional Mg4 in 64 atom supercell 

Atom Coordinate (x, y, z) 
C	 0	 0	 0	
C	 0.5	 0	 0	
C	 0.25	 0.25	 0	
C	 0.75	 0.25	 0	
C	 0	 0.5	 0	
C	 0.5	 0.5	 0	
C	 0.25	 0.75	 0	
C	 0.75	 0.75	 0	
C	 0.125	 0.125	 0.125	
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C	 0.625	 0.125	 0.125	
C	 0.375	 0.375	 0.125	
C	 0.875	 0.375	 0.125	
C	 0.125	 0.625	 0.125	
C	 0.625	 0.625	 0.125	
C	 0.375	 0.875	 0.125	
C	 0.875	 0.875	 0.125	
C	 0.25	 0	 0.25	
C	 0.75	 0	 0.25	
C	 0	 0.25	 0.25	
C	 0.5	 0.25	 0.25	
C	 0.25	 0.5	 0.25	
C	 0.75	 0.5	 0.25	
C	 0	 0.75	 0.25	
C	 0.5	 0.75	 0.25	
C	 0.375	 0.125	 0.375	
C	 0.875	 0.125	 0.375	
C	 0.125	 0.375	 0.375	
Mg	 0.625	 0.375	 0.375	
Mg	 0.375	 0.625	 0.375	
C	 0.875	 0.625	 0.375	
C	 0.125	 0.875	 0.375	
C	 0.625	 0.875	 0.375	
C	 0	 0	 0.5	
C	 0.5	 0	 0.5	
C	 0.25	 0.25	 0.5	
C	 0.75	 0.25	 0.5	
C	 0	 0.5	 0.5	
C	 0.5	 0.5	 0.5	
C	 0.25	 0.75	 0.5	
C	 0.75	 0.75	 0.5	
C	 0.125	 0.125	 0.625	
C	 0.625	 0.125	 0.625	
Mg	 0.375	 0.375	 0.625	
C	 0.875	 0.375	 0.625	
C	 0.125	 0.625	 0.625	
Mg	 0.625	 0.625	 0.625	
C	 0.375	 0.875	 0.625	
C	 0.875	 0.875	 0.625	
C	 0.25	 0	 0.75	
C	 0.75	 0	 0.75	
C	 0	 0.25	 0.75	
C	 0.5	 0.25	 0.75	
C	 0.25	 0.5	 0.75	
C	 0.75	 0.5	 0.75	
C	 0	 0.75	 0.75	
C	 0.5	 0.75	 0.75	
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C	 0.375	 0.125	 0.875	
C	 0.875	 0.125	 0.875	
C	 0.125	 0.375	 0.875	
C	 0.625	 0.375	 0.875	
C	 0.375	 0.625	 0.875	
C	 0.875	 0.625	 0.875	
C	 0.125	 0.875	 0.875	
C	 0.625	 0.875	 0.875	

Appendix G 
 
Fractional position of interstitial Mg in 64 atom supercell 
 
The lattice cell parameters used for all calculations were; 
Lattice vector x-direction 

component / Å 
y-direction 
component / Å 

z-direction 
component / Å 

First 7.000001 0.000000 0.000000 
Second 0.000000 7.000001 0.000000 
Third 0.000000 0.000000 7.000001 

 
Table 1. Fractional position of interstitial hexagonal Mgih in 64 atom supercell 

Atom Coordinate (x, y, z) 
Mg	 0.65	 0.60	 0.85	
C	 0	 0	 0	
C	 0.5	 0	 0	
C	 0.25	 0.25	 0	
C	 0.75	 0.25	 0	
C	 0	 0.5	 0	
C	 0.5	 0.5	 0	
C	 0.25	 0.75	 0	
C	 0.75	 0.75	 0	
C	 0.125	 0.125	 0.125	
C	 0.625	 0.125	 0.125	
C	 0.375	 0.375	 0.125	
C	 0.875	 0.375	 0.125	
C	 0.125	 0.625	 0.125	
C	 0.625	 0.625	 0.125	
C	 0.375	 0.875	 0.125	
C	 0.875	 0.875	 0.125	
C	 0.25	 0	 0.25	
C	 0.75	 0	 0.25	
C	 0	 0.25	 0.25	
C	 0.5	 0.25	 0.25	
C	 0.25	 0.5	 0.25	
C	 0.75	 0.5	 0.25	
C	 0	 0.75	 0.25	
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C	 0.5	 0.75	 0.25	
C	 0.375	 0.125	 0.375	
C	 0.875	 0.125	 0.375	
C	 0.125	 0.375	 0.375	
C	 0.625	 0.375	 0.375	
C	 0.375	 0.625	 0.375	
C	 0.875	 0.625	 0.375	
C	 0.125	 0.875	 0.375	
C	 0.625	 0.875	 0.375	
C	 0	 0	 0.5	
C	 0.5	 0	 0.5	
C	 0.25	 0.25	 0.5	
C	 0.75	 0.25	 0.5	
C	 0	 0.5	 0.5	
C	 0.5	 0.5	 0.5	
C	 0.25	 0.75	 0.5	
C	 0.75	 0.75	 0.5	
C	 0.125	 0.125	 0.625	
C	 0.625	 0.125	 0.625	
C	 0.375	 0.375	 0.625	
C	 0.875	 0.375	 0.625	
C	 0.125	 0.625	 0.625	
C	 0.625	 0.625	 0.625	
C	 0.375	 0.875	 0.625	
C	 0.875	 0.875	 0.625	
C	 0.25	 0	 0.75	
C	 0.75	 0	 0.75	
C	 0	 0.25	 0.75	
C	 0.5	 0.25	 0.75	
C	 0.25	 0.5	 0.75	
C	 0.75	 0.5	 0.75	
C	 0	 0.75	 0.75	
C	 0.5	 0.75	 0.75	
C	 0.375	 0.125	 0.875	
C	 0.875	 0.125	 0.875	
C	 0.125	 0.375	 0.875	
C	 0.625	 0.375	 0.875	
C	 0.375	 0.625	 0.875	
C	 0.875	 0.625	 0.875	
C	 0.125	 0.875	 0.875	
C	 0.625	 0.875	 0.875	
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Table 2. Fractional position of interstitial tetrahedral Mgit in 64 atom supercell 
Atom Coordinate (x, y, z) 
Mg	 0.65	 0.40	 0.65	
C	 0	 0	 0	
C	 0.5	 0	 0	
C	 0.25	 0.25	 0	
C	 0.75	 0.25	 0	
C	 0	 0.5	 0	
C	 0.5	 0.5	 0	
C	 0.25	 0.75	 0	
C	 0.75	 0.75	 0	
C	 0.125	 0.125	 0.125	
C	 0.625	 0.125	 0.125	
C	 0.375	 0.375	 0.125	
C	 0.875	 0.375	 0.125	
C	 0.125	 0.625	 0.125	
C	 0.625	 0.625	 0.125	
C	 0.375	 0.875	 0.125	
C	 0.875	 0.875	 0.125	
C	 0.25	 0	 0.25	
C	 0.75	 0	 0.25	
C	 0	 0.25	 0.25	
C	 0.5	 0.25	 0.25	
C	 0.25	 0.5	 0.25	
C	 0.75	 0.5	 0.25	
C	 0	 0.75	 0.25	
C	 0.5	 0.75	 0.25	
C	 0.375	 0.125	 0.375	
C	 0.875	 0.125	 0.375	
C	 0.125	 0.375	 0.375	
C	 0.625	 0.375	 0.375	
C	 0.375	 0.625	 0.375	
C	 0.875	 0.625	 0.375	
C	 0.125	 0.875	 0.375	
C	 0.625	 0.875	 0.375	
C	 0	 0	 0.5	
C	 0.5	 0	 0.5	
C	 0.25	 0.25	 0.5	
C	 0.75	 0.25	 0.5	
C	 0	 0.5	 0.5	
C	 0.5	 0.5	 0.5	
C	 0.25	 0.75	 0.5	
C	 0.75	 0.75	 0.5	
C	 0.125	 0.125	 0.625	
C	 0.625	 0.125	 0.625	
C	 0.375	 0.375	 0.625	
C	 0.875	 0.375	 0.625	
C	 0.125	 0.625	 0.625	
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C	 0.625	 0.625	 0.625	
C	 0.375	 0.875	 0.625	
C	 0.875	 0.875	 0.625	
C	 0.25	 0	 0.75	
C	 0.75	 0	 0.75	
C	 0	 0.25	 0.75	
C	 0.5	 0.25	 0.75	
C	 0.25	 0.5	 0.75	
C	 0.75	 0.5	 0.75	
C	 0	 0.75	 0.75	
C	 0.5	 0.75	 0.75	
C	 0.375	 0.125	 0.875	
C	 0.875	 0.125	 0.875	
C	 0.125	 0.375	 0.875	
C	 0.625	 0.375	 0.875	
C	 0.375	 0.625	 0.875	
C	 0.875	 0.625	 0.875	
C	 0.125	 0.875	 0.875	
C	 0.625	 0.875	 0.875	

Appendix H 
 
Fractional position of substitutional Mg surrounded by substitutional N 
atoms in Mg:N clusters within a 64 atom supercell 
 
The lattice cell parameters used for all calculations were; 
Lattice vector x-direction 

component / Å 
y-direction 
component / Å 

z-direction 
component / Å 

First 7.000001 0.000000 0.000000 
Second 0.000000 7.000001 0.000000 
Third 0.000000 0.000000 7.000001 

 
Table 1. Fractional position of substitutional MgN1 in 64 atom supercell 

Atom Coordinate (x, y, z) 
C	 0	 0	 0	
C	 0.5	 0	 0	
C	 0.25	 0.25	 0	
C	 0.75	 0.25	 0	
C	 0	 0.5	 0	
C	 0.5	 0.5	 0	
C	 0.25	 0.75	 0	
C	 0.75	 0.75	 0	
C	 0.125	 0.125	 0.125	
C	 0.625	 0.125	 0.125	
C	 0.375	 0.375	 0.125	
C	 0.875	 0.375	 0.125	
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C	 0.125	 0.625	 0.125	
C	 0.625	 0.625	 0.125	
C	 0.375	 0.875	 0.125	
C	 0.875	 0.875	 0.125	
C	 0.25	 0	 0.25	
C	 0.75	 0	 0.25	
C	 0	 0.25	 0.25	
C	 0.5	 0.25	 0.25	
C	 0.25	 0.5	 0.25	
C	 0.75	 0.5	 0.25	
C	 0	 0.75	 0.25	
C	 0.5	 0.75	 0.25	
C	 0.375	 0.125	 0.375	
C	 0.875	 0.125	 0.375	
C	 0.125	 0.375	 0.375	
C	 0.625	 0.375	 0.375	
C	 0.375	 0.625	 0.375	
C	 0.875	 0.625	 0.375	
C	 0.125	 0.875	 0.375	
C	 0.625	 0.875	 0.375	
C	 0	 0	 0.5	
C	 0.5	 0	 0.5	
C	 0.25	 0.25	 0.5	
C	 0.75	 0.25	 0.5	
C	 0	 0.5	 0.5	
Mg	 0.5	 0.5	 0.5	
C	 0.25	 0.75	 0.5	
C	 0.75	 0.75	 0.5	
C	 0.125	 0.125	 0.625	
C	 0.625	 0.125	 0.625	
N	 0.375	 0.375	 0.625	
C	 0.875	 0.375	 0.625	
C	 0.125	 0.625	 0.625	
C	 0.625	 0.625	 0.625	
C	 0.375	 0.875	 0.625	
C	 0.875	 0.875	 0.625	
C	 0.25	 0	 0.75	
C	 0.75	 0	 0.75	
C	 0	 0.25	 0.75	
C	 0.5	 0.25	 0.75	
C	 0.25	 0.5	 0.75	
C	 0.75	 0.5	 0.75	
C	 0	 0.75	 0.75	
C	 0.5	 0.75	 0.75	
C	 0.375	 0.125	 0.875	
C	 0.875	 0.125	 0.875	
C	 0.125	 0.375	 0.875	
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C	 0.625	 0.375	 0.875	
C	 0.375	 0.625	 0.875	
C	 0.875	 0.625	 0.875	
C	 0.125	 0.875	 0.875	
C	 0.625	 0.875	 0.875	

 
 
Table 2. Fractional position of substitutional MgN2 in 64 atom supercell 

Atom Coordinate (x, y, z) 
C	 0	 0	 0	
C	 0.5	 0	 0	
C	 0.25	 0.25	 0	
C	 0.75	 0.25	 0	
C	 0	 0.5	 0	
C	 0.5	 0.5	 0	
C	 0.25	 0.75	 0	
C	 0.75	 0.75	 0	
C	 0.125	 0.125	 0.125	
C	 0.625	 0.125	 0.125	
C	 0.375	 0.375	 0.125	
C	 0.875	 0.375	 0.125	
C	 0.125	 0.625	 0.125	
C	 0.625	 0.625	 0.125	
C	 0.375	 0.875	 0.125	
C	 0.875	 0.875	 0.125	
C	 0.25	 0	 0.25	
C	 0.75	 0	 0.25	
C	 0	 0.25	 0.25	
C	 0.5	 0.25	 0.25	
C	 0.25	 0.5	 0.25	
C	 0.75	 0.5	 0.25	
C	 0	 0.75	 0.25	
C	 0.5	 0.75	 0.25	
C	 0.375	 0.125	 0.375	
C	 0.875	 0.125	 0.375	
C	 0.125	 0.375	 0.375	
C	 0.625	 0.375	 0.375	
C	 0.375	 0.625	 0.375	
C	 0.875	 0.625	 0.375	
C	 0.125	 0.875	 0.375	
C	 0.625	 0.875	 0.375	
C	 0	 0	 0.5	
C	 0.5	 0	 0.5	
C	 0.25	 0.25	 0.5	
C	 0.75	 0.25	 0.5	
C	 0	 0.5	 0.5	
Mg	 0.5	 0.5	 0.5	
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C	 0.25	 0.75	 0.5	
C	 0.75	 0.75	 0.5	
C	 0.125	 0.125	 0.625	
C	 0.625	 0.125	 0.625	
N	 0.375	 0.375	 0.625	
C	 0.875	 0.375	 0.625	
C	 0.125	 0.625	 0.625	
N	 0.625	 0.625	 0.625	
C	 0.375	 0.875	 0.625	
C	 0.875	 0.875	 0.625	
C	 0.25	 0	 0.75	
C	 0.75	 0	 0.75	
C	 0	 0.25	 0.75	
C	 0.5	 0.25	 0.75	
C	 0.25	 0.5	 0.75	
C	 0.75	 0.5	 0.75	
C	 0	 0.75	 0.75	
C	 0.5	 0.75	 0.75	
C	 0.375	 0.125	 0.875	
C	 0.875	 0.125	 0.875	
C	 0.125	 0.375	 0.875	
C	 0.625	 0.375	 0.875	
C	 0.375	 0.625	 0.875	
C	 0.875	 0.625	 0.875	
C	 0.125	 0.875	 0.875	
C	 0.625	 0.875	 0.875	

 
 
Table 3. Fractional position of substitutional MgN3 in 64 atom supercell 

Atom Coordinate (x, y, z) 
C	 0	 0	 0	
C	 0.5	 0	 0	
C	 0.25	 0.25	 0	
C	 0.75	 0.25	 0	
C	 0	 0.5	 0	
C	 0.5	 0.5	 0	
C	 0.25	 0.75	 0	
C	 0.75	 0.75	 0	
C	 0.125	 0.125	 0.125	
C	 0.625	 0.125	 0.125	
C	 0.375	 0.375	 0.125	
C	 0.875	 0.375	 0.125	
C	 0.125	 0.625	 0.125	
C	 0.625	 0.625	 0.125	
C	 0.375	 0.875	 0.125	
C	 0.875	 0.875	 0.125	
C	 0.25	 0	 0.25	
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C	 0.75	 0	 0.25	
C	 0	 0.25	 0.25	
C	 0.5	 0.25	 0.25	
C	 0.25	 0.5	 0.25	
C	 0.75	 0.5	 0.25	
C	 0	 0.75	 0.25	
C	 0.5	 0.75	 0.25	
C	 0.375	 0.125	 0.375	
C	 0.875	 0.125	 0.375	
C	 0.125	 0.375	 0.375	
C	 0.625	 0.375	 0.375	
N	 0.375	 0.625	 0.375	
C	 0.875	 0.625	 0.375	
C	 0.125	 0.875	 0.375	
C	 0.625	 0.875	 0.375	
C	 0	 0	 0.5	
C	 0.5	 0	 0.5	
C	 0.25	 0.25	 0.5	
C	 0.75	 0.25	 0.5	
C	 0	 0.5	 0.5	
Mg	 0.5	 0.5	 0.5	
C	 0.25	 0.75	 0.5	
C	 0.75	 0.75	 0.5	
C	 0.125	 0.125	 0.625	
C	 0.625	 0.125	 0.625	
N	 0.375	 0.375	 0.625	
C	 0.875	 0.375	 0.625	
C	 0.125	 0.625	 0.625	
N	 0.625	 0.625	 0.625	
C	 0.375	 0.875	 0.625	
C	 0.875	 0.875	 0.625	
C	 0.25	 0	 0.75	
C	 0.75	 0	 0.75	
C	 0	 0.25	 0.75	
C	 0.5	 0.25	 0.75	
C	 0.25	 0.5	 0.75	
C	 0.75	 0.5	 0.75	
C	 0	 0.75	 0.75	
C	 0.5	 0.75	 0.75	
C	 0.375	 0.125	 0.875	
C	 0.875	 0.125	 0.875	
C	 0.125	 0.375	 0.875	
C	 0.625	 0.375	 0.875	
C	 0.375	 0.625	 0.875	
C	 0.875	 0.625	 0.875	
C	 0.125	 0.875	 0.875	
C	 0.625	 0.875	 0.875	
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Table 4. Fractional position of substitutional MgN4 in 64 atom supercell 

Atom Coordinate (x, y, z) 
C	 0	 0	 0	
C	 0.5	 0	 0	
C	 0.25	 0.25	 0	
C	 0.75	 0.25	 0	
C	 0	 0.5	 0	
C	 0.5	 0.5	 0	
C	 0.25	 0.75	 0	
C	 0.75	 0.75	 0	
C	 0.125	 0.125	 0.125	
C	 0.625	 0.125	 0.125	
C	 0.375	 0.375	 0.125	
C	 0.875	 0.375	 0.125	
C	 0.125	 0.625	 0.125	
C	 0.625	 0.625	 0.125	
C	 0.375	 0.875	 0.125	
C	 0.875	 0.875	 0.125	
C	 0.25	 0	 0.25	
C	 0.75	 0	 0.25	
C	 0	 0.25	 0.25	
C	 0.5	 0.25	 0.25	
C	 0.25	 0.5	 0.25	
C	 0.75	 0.5	 0.25	
C	 0	 0.75	 0.25	
C	 0.5	 0.75	 0.25	
C	 0.375	 0.125	 0.375	
C	 0.875	 0.125	 0.375	
C	 0.125	 0.375	 0.375	
N	 0.625	 0.375	 0.375	
N	 0.375	 0.625	 0.375	
C	 0.875	 0.625	 0.375	
C	 0.125	 0.875	 0.375	
C	 0.625	 0.875	 0.375	
C	 0	 0	 0.5	
C	 0.5	 0	 0.5	
C	 0.25	 0.25	 0.5	
C	 0.75	 0.25	 0.5	
C	 0	 0.5	 0.5	
Mg	 0.5	 0.5	 0.5	
C	 0.25	 0.75	 0.5	
C	 0.75	 0.75	 0.5	
C	 0.125	 0.125	 0.625	
C	 0.625	 0.125	 0.625	
N	 0.375	 0.375	 0.625	
C	 0.875	 0.375	 0.625	
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C	 0.125	 0.625	 0.625	
N	 0.625	 0.625	 0.625	
C	 0.375	 0.875	 0.625	
C	 0.875	 0.875	 0.625	
C	 0.25	 0	 0.75	
C	 0.75	 0	 0.75	
C	 0	 0.25	 0.75	
C	 0.5	 0.25	 0.75	
C	 0.25	 0.5	 0.75	
C	 0.75	 0.5	 0.75	
C	 0	 0.75	 0.75	
C	 0.5	 0.75	 0.75	
C	 0.375	 0.125	 0.875	
C	 0.875	 0.125	 0.875	
C	 0.125	 0.375	 0.875	
C	 0.625	 0.375	 0.875	
C	 0.375	 0.625	 0.875	
C	 0.875	 0.625	 0.875	
C	 0.125	 0.875	 0.875	
C	 0.625	 0.875	 0.875	

Appendix I 
 
Fractional position of interstitial hexagonal Mg atoms surrounded by 
substitutional N atoms to form Mgih:N clusters in a 64 atom supercell 
 
The lattice cell parameters used for all calculations were; 
Lattice vector x-direction 

component / Å 
y-direction 
component / Å 

z-direction 
component / Å 

First 7.000001 0.000000 0.000000 
Second 0.000000 7.000001 0.000000 
Third 0.000000 0.000000 7.000001 

 
Table 1. Fractional position of interstitial hexagonal Mg and substitutional N atoms 
in MgihN1 clusters within 64 atom supercell 

Atom Coordinate (x, y, z) 
Mg	 0.65	 0.60	 0.85	
C	 0	 0	 0	
C	 0.5	 0	 0	
C	 0.25	 0.25	 0	
C	 0.75	 0.25	 0	
C	 0	 0.5	 0	
C	 0.5	 0.5	 0	
C	 0.25	 0.75	 0	
C	 0.75	 0.75	 0	
C	 0.125	 0.125	 0.125	
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C	 0.625	 0.125	 0.125	
C	 0.375	 0.375	 0.125	
C	 0.875	 0.375	 0.125	
C	 0.125	 0.625	 0.125	
C	 0.625	 0.625	 0.125	
C	 0.375	 0.875	 0.125	
C	 0.875	 0.875	 0.125	
C	 0.25	 0	 0.25	
C	 0.75	 0	 0.25	
C	 0	 0.25	 0.25	
C	 0.5	 0.25	 0.25	
C	 0.25	 0.5	 0.25	
C	 0.75	 0.5	 0.25	
C	 0	 0.75	 0.25	
C	 0.5	 0.75	 0.25	
C	 0.375	 0.125	 0.375	
C	 0.875	 0.125	 0.375	
C	 0.125	 0.375	 0.375	
C	 0.625	 0.375	 0.375	
C	 0.375	 0.625	 0.375	
C	 0.875	 0.625	 0.375	
C	 0.125	 0.875	 0.375	
C	 0.625	 0.875	 0.375	
C	 0	 0	 0.5	
C	 0.5	 0	 0.5	
C	 0.25	 0.25	 0.5	
C	 0.75	 0.25	 0.5	
C	 0	 0.5	 0.5	
C	 0.5	 0.5	 0.5	
C	 0.25	 0.75	 0.5	
C	 0.75	 0.75	 0.5	
C	 0.125	 0.125	 0.625	
C	 0.625	 0.125	 0.625	
C	 0.375	 0.375	 0.625	
C	 0.875	 0.375	 0.625	
C	 0.125	 0.625	 0.625	
C	 0.625	 0.625	 0.625	
C	 0.375	 0.875	 0.625	
C	 0.875	 0.875	 0.625	
C	 0.25	 0	 0.75	
C	 0.75	 0	 0.75	
C	 0	 0.25	 0.75	
C	 0.5	 0.25	 0.75	
C	 0.25	 0.5	 0.75	
C	 0.75	 0.5	 0.75	
C	 0	 0.75	 0.75	
C	 0.5	 0.75	 0.75	
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C	 0.375	 0.125	 0.875	
C	 0.875	 0.125	 0.875	
C	 0.125	 0.375	 0.875	
C	 0.625	 0.375	 0.875	
C	 0.375	 0.625	 0.875	
N	 0.875	 0.625	 0.875	
C	 0.125	 0.875	 0.875	
C	 0.625	 0.875	 0.875	

 
 
Table 2. Fractional position of interstitial hexagonal Mg and substitutional N atoms 
in MgihN2 clusters within 64 atom supercell 

Atom Coordinate (x, y, z) 
Mg	 0.65	 0.60	 0.85	
C	 0	 0	 0	
C	 0.5	 0	 0	
C	 0.25	 0.25	 0	
C	 0.75	 0.25	 0	
C	 0	 0.5	 0	
C	 0.5	 0.5	 0	
C	 0.25	 0.75	 0	
C	 0.75	 0.75	 0	
C	 0.125	 0.125	 0.125	
C	 0.625	 0.125	 0.125	
C	 0.375	 0.375	 0.125	
C	 0.875	 0.375	 0.125	
C	 0.125	 0.625	 0.125	
C	 0.625	 0.625	 0.125	
C	 0.375	 0.875	 0.125	
C	 0.875	 0.875	 0.125	
C	 0.25	 0	 0.25	
C	 0.75	 0	 0.25	
C	 0	 0.25	 0.25	
C	 0.5	 0.25	 0.25	
C	 0.25	 0.5	 0.25	
C	 0.75	 0.5	 0.25	
C	 0	 0.75	 0.25	
C	 0.5	 0.75	 0.25	
C	 0.375	 0.125	 0.375	
C	 0.875	 0.125	 0.375	
C	 0.125	 0.375	 0.375	
C	 0.625	 0.375	 0.375	
C	 0.375	 0.625	 0.375	
C	 0.875	 0.625	 0.375	
C	 0.125	 0.875	 0.375	
C	 0.625	 0.875	 0.375	
C	 0	 0	 0.5	
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C	 0.5	 0	 0.5	
C	 0.25	 0.25	 0.5	
C	 0.75	 0.25	 0.5	
C	 0	 0.5	 0.5	
C	 0.5	 0.5	 0.5	
C	 0.25	 0.75	 0.5	
C	 0.75	 0.75	 0.5	
C	 0.125	 0.125	 0.625	
C	 0.625	 0.125	 0.625	
C	 0.375	 0.375	 0.625	
C	 0.875	 0.375	 0.625	
C	 0.125	 0.625	 0.625	
C	 0.625	 0.625	 0.625	
C	 0.375	 0.875	 0.625	
C	 0.875	 0.875	 0.625	
C	 0.25	 0	 0.75	
C	 0.75	 0	 0.75	
C	 0	 0.25	 0.75	
C	 0.5	 0.25	 0.75	
C	 0.25	 0.5	 0.75	
C	 0.75	 0.5	 0.75	
C	 0	 0.75	 0.75	
C	 0.5	 0.75	 0.75	
C	 0.375	 0.125	 0.875	
C	 0.875	 0.125	 0.875	
C	 0.125	 0.375	 0.875	
C	 0.625	 0.375	 0.875	
C	 0.375	 0.625	 0.875	
N	 0.875	 0.625	 0.875	
C	 0.125	 0.875	 0.875	
N	 0.625	 0.875	 0.875	

 
 
Table 3. Fractional position of interstitial hexagonal Mg and substitutional N atoms 
in MgihN3 clusters within 64 atom supercell 

Atom Coordinate (x, y, z) 
Mg	 0.65	 0.60	 0.85	
C	 0	 0	 0	
C	 0.5	 0	 0	
C	 0.25	 0.25	 0	
C	 0.75	 0.25	 0	
C	 0	 0.5	 0	
C	 0.5	 0.5	 0	
C	 0.25	 0.75	 0	
C	 0.75	 0.75	 0	
C	 0.125	 0.125	 0.125	
C	 0.625	 0.125	 0.125	
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C	 0.375	 0.375	 0.125	
C	 0.875	 0.375	 0.125	
C	 0.125	 0.625	 0.125	
C	 0.625	 0.625	 0.125	
C	 0.375	 0.875	 0.125	
C	 0.875	 0.875	 0.125	
C	 0.25	 0	 0.25	
C	 0.75	 0	 0.25	
C	 0	 0.25	 0.25	
C	 0.5	 0.25	 0.25	
C	 0.25	 0.5	 0.25	
C	 0.75	 0.5	 0.25	
C	 0	 0.75	 0.25	
C	 0.5	 0.75	 0.25	
C	 0.375	 0.125	 0.375	
C	 0.875	 0.125	 0.375	
C	 0.125	 0.375	 0.375	
C	 0.625	 0.375	 0.375	
C	 0.375	 0.625	 0.375	
C	 0.875	 0.625	 0.375	
C	 0.125	 0.875	 0.375	
C	 0.625	 0.875	 0.375	
C	 0	 0	 0.5	
C	 0.5	 0	 0.5	
C	 0.25	 0.25	 0.5	
C	 0.75	 0.25	 0.5	
C	 0	 0.5	 0.5	
C	 0.5	 0.5	 0.5	
C	 0.25	 0.75	 0.5	
C	 0.75	 0.75	 0.5	
C	 0.125	 0.125	 0.625	
C	 0.625	 0.125	 0.625	
C	 0.375	 0.375	 0.625	
C	 0.875	 0.375	 0.625	
C	 0.125	 0.625	 0.625	
C	 0.625	 0.625	 0.625	
C	 0.375	 0.875	 0.625	
C	 0.875	 0.875	 0.625	
C	 0.25	 0	 0.75	
C	 0.75	 0	 0.75	
C	 0	 0.25	 0.75	
C	 0.5	 0.25	 0.75	
C	 0.25	 0.5	 0.75	
C	 0.75	 0.5	 0.75	
C	 0	 0.75	 0.75	
C	 0.5	 0.75	 0.75	
C	 0.375	 0.125	 0.875	
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C	 0.875	 0.125	 0.875	
C	 0.125	 0.375	 0.875	
C	 0.625	 0.375	 0.875	
N	 0.375	 0.625	 0.875	
N	 0.875	 0.625	 0.875	
C	 0.125	 0.875	 0.875	
N	 0.625	 0.875	 0.875	

 
 
Table 4. Fractional position of interstitial hexagonal Mg and substitutional N atoms 
in MgihN4 clusters within 64 atom supercell 

Atom Coordinate (x, y, z) 
Mg	 0.65	 0.60	 0.85	
C	 0	 0	 0	
C	 0.5	 0	 0	
C	 0.25	 0.25	 0	
C	 0.75	 0.25	 0	
C	 0	 0.5	 0	
C	 0.5	 0.5	 0	
C	 0.25	 0.75	 0	
C	 0.75	 0.75	 0	
C	 0.125	 0.125	 0.125	
C	 0.625	 0.125	 0.125	
C	 0.375	 0.375	 0.125	
C	 0.875	 0.375	 0.125	
C	 0.125	 0.625	 0.125	
C	 0.625	 0.625	 0.125	
C	 0.375	 0.875	 0.125	
C	 0.875	 0.875	 0.125	
C	 0.25	 0	 0.25	
C	 0.75	 0	 0.25	
C	 0	 0.25	 0.25	
C	 0.5	 0.25	 0.25	
C	 0.25	 0.5	 0.25	
C	 0.75	 0.5	 0.25	
C	 0	 0.75	 0.25	
C	 0.5	 0.75	 0.25	
C	 0.375	 0.125	 0.375	
C	 0.875	 0.125	 0.375	
C	 0.125	 0.375	 0.375	
C	 0.625	 0.375	 0.375	
C	 0.375	 0.625	 0.375	
C	 0.875	 0.625	 0.375	
C	 0.125	 0.875	 0.375	
C	 0.625	 0.875	 0.375	
C	 0	 0	 0.5	
C	 0.5	 0	 0.5	
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C	 0.25	 0.25	 0.5	
C	 0.75	 0.25	 0.5	
C	 0	 0.5	 0.5	
C	 0.5	 0.5	 0.5	
C	 0.25	 0.75	 0.5	
C	 0.75	 0.75	 0.5	
C	 0.125	 0.125	 0.625	
C	 0.625	 0.125	 0.625	
C	 0.375	 0.375	 0.625	
C	 0.875	 0.375	 0.625	
C	 0.125	 0.625	 0.625	
C	 0.625	 0.625	 0.625	
C	 0.375	 0.875	 0.625	
C	 0.875	 0.875	 0.625	
C	 0.25	 0	 0.75	
C	 0.75	 0	 0.75	
C	 0	 0.25	 0.75	
C	 0.5	 0.25	 0.75	
C	 0.25	 0.5	 0.75	
C	 0.75	 0.5	 0.75	
C	 0	 0.75	 0.75	
C	 0.5	 0.75	 0.75	
C	 0.375	 0.125	 0.875	
C	 0.875	 0.125	 0.875	
C	 0.125	 0.375	 0.875	
N	 0.625	 0.375	 0.875	
N	 0.375	 0.625	 0.875	
N	 0.875	 0.625	 0.875	
C	 0.125	 0.875	 0.875	
N	 0.625	 0.875	 0.875	

Appendix J 
Fractional position of interstitial tetrahedral Mg atoms surrounded by 
substitutional N atoms to form Mgit:N clusters in a 64 atom supercell 
 
The lattice cell parameters used for all calculations were; 
Lattice vector x-direction 

component / Å 
y-direction 
component / Å 

z-direction 
component / Å 

First 7.000001 0.000000 0.000000 
Second 0.000000 7.000001 0.000000 
Third 0.000000 0.000000 7.000001 
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Table 1. Fractional position Mgit N1 cluster in 64 atom supercell 
Atom Coordinate (x, y, z) 
Mg	 0.65	 0.40	 0.65	
C	 0	 0	 0	
C	 0.5	 0	 0	
C	 0.25	 0.25	 0	
C	 0.75	 0.25	 0	
C	 0	 0.5	 0	
C	 0.5	 0.5	 0	
C	 0.25	 0.75	 0	
C	 0.75	 0.75	 0	
C	 0.125	 0.125	 0.125	
C	 0.625	 0.125	 0.125	
C	 0.375	 0.375	 0.125	
C	 0.875	 0.375	 0.125	
C	 0.125	 0.625	 0.125	
C	 0.625	 0.625	 0.125	
C	 0.375	 0.875	 0.125	
C	 0.875	 0.875	 0.125	
C	 0.25	 0	 0.25	
C	 0.75	 0	 0.25	
C	 0	 0.25	 0.25	
C	 0.5	 0.25	 0.25	
C	 0.25	 0.5	 0.25	
C	 0.75	 0.5	 0.25	
C	 0	 0.75	 0.25	
C	 0.5	 0.75	 0.25	
C	 0.375	 0.125	 0.375	
C	 0.875	 0.125	 0.375	
C	 0.125	 0.375	 0.375	
C	 0.625	 0.375	 0.375	
C	 0.375	 0.625	 0.375	
C	 0.875	 0.625	 0.375	
C	 0.125	 0.875	 0.375	
C	 0.625	 0.875	 0.375	
C	 0	 0	 0.5	
C	 0.5	 0	 0.5	
C	 0.25	 0.25	 0.5	
C	 0.75	 0.25	 0.5	
C	 0	 0.5	 0.5	
C	 0.5	 0.5	 0.5	
C	 0.25	 0.75	 0.5	
C	 0.75	 0.75	 0.5	
C	 0.125	 0.125	 0.625	
C	 0.625	 0.125	 0.625	
C	 0.375	 0.375	 0.625	
C	 0.875	 0.375	 0.625	
C	 0.125	 0.625	 0.625	



 197 

C	 0.625	 0.625	 0.625	
C	 0.375	 0.875	 0.625	
C	 0.875	 0.875	 0.625	
C	 0.25	 0	 0.75	
C	 0.75	 0	 0.75	
C	 0	 0.25	 0.75	
C	 0.5	 0.25	 0.75	
C	 0.25	 0.5	 0.75	
N	 0.75	 0.5	 0.75	
C	 0	 0.75	 0.75	
C	 0.5	 0.75	 0.75	
C	 0.375	 0.125	 0.875	
C	 0.875	 0.125	 0.875	
C	 0.125	 0.375	 0.875	
C	 0.625	 0.375	 0.875	
C	 0.375	 0.625	 0.875	
C	 0.875	 0.625	 0.875	
C	 0.125	 0.875	 0.875	
C	 0.625	 0.875	 0.875	

 
 
Table 2. Fractional position Mgit N2 cluster in 64 atom supercell 

Atom Coordinate (x, y, z) 
Mg	 0.65	 0.40	 0.65	
C	 0	 0	 0	
C	 0.5	 0	 0	
C	 0.25	 0.25	 0	
C	 0.75	 0.25	 0	
C	 0	 0.5	 0	
C	 0.5	 0.5	 0	
C	 0.25	 0.75	 0	
C	 0.75	 0.75	 0	
C	 0.125	 0.125	 0.125	
C	 0.625	 0.125	 0.125	
C	 0.375	 0.375	 0.125	
C	 0.875	 0.375	 0.125	
C	 0.125	 0.625	 0.125	
C	 0.625	 0.625	 0.125	
C	 0.375	 0.875	 0.125	
C	 0.875	 0.875	 0.125	
C	 0.25	 0	 0.25	
C	 0.75	 0	 0.25	
C	 0	 0.25	 0.25	
C	 0.5	 0.25	 0.25	
C	 0.25	 0.5	 0.25	
C	 0.75	 0.5	 0.25	
C	 0	 0.75	 0.25	
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C	 0.5	 0.75	 0.25	
C	 0.375	 0.125	 0.375	
C	 0.875	 0.125	 0.375	
C	 0.125	 0.375	 0.375	
C	 0.625	 0.375	 0.375	
C	 0.375	 0.625	 0.375	
C	 0.875	 0.625	 0.375	
C	 0.125	 0.875	 0.375	
C	 0.625	 0.875	 0.375	
C	 0	 0	 0.5	
C	 0.5	 0	 0.5	
C	 0.25	 0.25	 0.5	
C	 0.75	 0.25	 0.5	
C	 0	 0.5	 0.5	
N	 0.5	 0.5	 0.5	
C	 0.25	 0.75	 0.5	
C	 0.75	 0.75	 0.5	
C	 0.125	 0.125	 0.625	
C	 0.625	 0.125	 0.625	
C	 0.375	 0.375	 0.625	
C	 0.875	 0.375	 0.625	
C	 0.125	 0.625	 0.625	
C	 0.625	 0.625	 0.625	
C	 0.375	 0.875	 0.625	
C	 0.875	 0.875	 0.625	
C	 0.25	 0	 0.75	
C	 0.75	 0	 0.75	
C	 0	 0.25	 0.75	
C	 0.5	 0.25	 0.75	
C	 0.25	 0.5	 0.75	
N	 0.75	 0.5	 0.75	
C	 0	 0.75	 0.75	
C	 0.5	 0.75	 0.75	
C	 0.375	 0.125	 0.875	
C	 0.875	 0.125	 0.875	
C	 0.125	 0.375	 0.875	
C	 0.625	 0.375	 0.875	
C	 0.375	 0.625	 0.875	
C	 0.875	 0.625	 0.875	
C	 0.125	 0.875	 0.875	
C	 0.625	 0.875	 0.875	
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Table 3. Fractional position Mgit N3 cluster in 64 atom supercell 
Atom Coordinate (x, y, z) 
Mg	 0.65	 0.40	 0.65	
C	 0	 0	 0	
C	 0.5	 0	 0	
C	 0.25	 0.25	 0	
C	 0.75	 0.25	 0	
C	 0	 0.5	 0	
C	 0.5	 0.5	 0	
C	 0.25	 0.75	 0	
C	 0.75	 0.75	 0	
C	 0.125	 0.125	 0.125	
C	 0.625	 0.125	 0.125	
C	 0.375	 0.375	 0.125	
C	 0.875	 0.375	 0.125	
C	 0.125	 0.625	 0.125	
C	 0.625	 0.625	 0.125	
C	 0.375	 0.875	 0.125	
C	 0.875	 0.875	 0.125	
C	 0.25	 0	 0.25	
C	 0.75	 0	 0.25	
C	 0	 0.25	 0.25	
C	 0.5	 0.25	 0.25	
C	 0.25	 0.5	 0.25	
C	 0.75	 0.5	 0.25	
C	 0	 0.75	 0.25	
C	 0.5	 0.75	 0.25	
C	 0.375	 0.125	 0.375	
C	 0.875	 0.125	 0.375	
C	 0.125	 0.375	 0.375	
C	 0.625	 0.375	 0.375	
C	 0.375	 0.625	 0.375	
C	 0.875	 0.625	 0.375	
C	 0.125	 0.875	 0.375	
C	 0.625	 0.875	 0.375	
C	 0	 0	 0.5	
C	 0.5	 0	 0.5	
C	 0.25	 0.25	 0.5	
C	 0.75	 0.25	 0.5	
C	 0	 0.5	 0.5	
N	 0.5	 0.5	 0.5	
C	 0.25	 0.75	 0.5	
C	 0.75	 0.75	 0.5	
C	 0.125	 0.125	 0.625	
C	 0.625	 0.125	 0.625	
C	 0.375	 0.375	 0.625	
C	 0.875	 0.375	 0.625	
C	 0.125	 0.625	 0.625	
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C	 0.625	 0.625	 0.625	
C	 0.375	 0.875	 0.625	
C	 0.875	 0.875	 0.625	
C	 0.25	 0	 0.75	
C	 0.75	 0	 0.75	
C	 0	 0.25	 0.75	
N	 0.5	 0.25	 0.75	
C	 0.25	 0.5	 0.75	
N	 0.75	 0.5	 0.75	
C	 0	 0.75	 0.75	
C	 0.5	 0.75	 0.75	
C	 0.375	 0.125	 0.875	
C	 0.875	 0.125	 0.875	
C	 0.125	 0.375	 0.875	
C	 0.625	 0.375	 0.875	
C	 0.375	 0.625	 0.875	
C	 0.875	 0.625	 0.875	
C	 0.125	 0.875	 0.875	
C	 0.625	 0.875	 0.875	

 
 
Table 4. Fractional position Mgit N4 cluster in 64 atom supercell 

Atom Coordinate (x, y, z) 
Mg	 0.65	 0.40	 0.65	
C	 0	 0	 0	
C	 0.5	 0	 0	
C	 0.25	 0.25	 0	
C	 0.75	 0.25	 0	
C	 0	 0.5	 0	
C	 0.5	 0.5	 0	
C	 0.25	 0.75	 0	
C	 0.75	 0.75	 0	
C	 0.125	 0.125	 0.125	
C	 0.625	 0.125	 0.125	
C	 0.375	 0.375	 0.125	
C	 0.875	 0.375	 0.125	
C	 0.125	 0.625	 0.125	
C	 0.625	 0.625	 0.125	
C	 0.375	 0.875	 0.125	
C	 0.875	 0.875	 0.125	
C	 0.25	 0	 0.25	
C	 0.75	 0	 0.25	
C	 0	 0.25	 0.25	
C	 0.5	 0.25	 0.25	
C	 0.25	 0.5	 0.25	
C	 0.75	 0.5	 0.25	
C	 0	 0.75	 0.25	
C	 0.5	 0.75	 0.25	
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C	 0.375	 0.125	 0.375	
C	 0.875	 0.125	 0.375	
C	 0.125	 0.375	 0.375	
C	 0.625	 0.375	 0.375	
C	 0.375	 0.625	 0.375	
C	 0.875	 0.625	 0.375	
C	 0.125	 0.875	 0.375	
C	 0.625	 0.875	 0.375	
C	 0	 0	 0.5	
C	 0.5	 0	 0.5	
C	 0.25	 0.25	 0.5	
N	 0.75	 0.25	 0.5	
C	 0	 0.5	 0.5	
N	 0.5	 0.5	 0.5	
C	 0.25	 0.75	 0.5	
C	 0.75	 0.75	 0.5	
C	 0.125	 0.125	 0.625	
C	 0.625	 0.125	 0.625	
C	 0.375	 0.375	 0.625	
C	 0.875	 0.375	 0.625	
C	 0.125	 0.625	 0.625	
C	 0.625	 0.625	 0.625	
C	 0.375	 0.875	 0.625	
C	 0.875	 0.875	 0.625	
C	 0.25	 0	 0.75	
C	 0.75	 0	 0.75	
C	 0	 0.25	 0.75	
N	 0.5	 0.25	 0.75	
C	 0.25	 0.5	 0.75	
N	 0.75	 0.5	 0.75	
C	 0	 0.75	 0.75	
C	 0.5	 0.75	 0.75	
C	 0.375	 0.125	 0.875	
C	 0.875	 0.125	 0.875	
C	 0.125	 0.375	 0.875	
C	 0.625	 0.375	 0.875	
C	 0.375	 0.625	 0.875	
C	 0.875	 0.625	 0.875	
C	 0.125	 0.875	 0.875	
C	 0.625	 0.875	 0.875	
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Appendix K 
Energy of formation calculation equations 

∆𝐸! = 𝐸!"!
!"# − 𝐸!"!

!"#$ − Σ𝑛!𝜇! 
 
Substitutional N-doped diamond from perfect diamond  
 
C64(s) + ½ N2(g) à C63N(s) + C(s)  ΔEf = +3.48 eV  
C64(s) + N2(g) à C62N(s) + 2C(s)  ΔEf = +6.62 eV 
C64(s) + 1 ½ N2(g) à C61N(s) + 3C(s)  ΔEf = +10.36 eV 
C64(s) + 2N2(g) à C60N(s) + 4C(s)  ΔEf = +16.43 eV 
 
Substitutional N-doped diamond from diamond containing x number of vacancies 
 
C63V(s) + ½ N2(g) à C63N(s)  ΔEf = -3.14 eV  
C62V2(s) + 1N2(g) à C62N(s)  ΔEf = -6.12 eV 
C61V3(s) + 1 ½ N2(g) à C61N(s) ΔEf = -8.42 eV 
C60V4(s) + 2N2(g) à C60N(s)  ΔEf = -8.34 eV 
 
Substitutional Mg-doped diamond from perfect diamond 
 
C64(s) + Mg(s) à C63Mg(s) + C(s)  ΔEf = +6.93 eV 
C64(s) + 2Mg(s) à C62Mg(s) + 2C(s)  ΔEf = +12.78 eV 
C64(s) + 3Mg(s) à C61Mg(s) + 3C(s)  ΔEf = +18.64 eV 
C64(s) + 4Mg(s) à C60Mg(s) + 4C(s)  ΔEf = +25.82 eV 
 
Substitutional Mg-doped diamond from diamond with x number of vacancies 
 
C63V(s) + Mg(s) à C63Mg(s)   ΔEf = +0.31 eV 
C62V2(s) + 2Mg(s) à C62Mg(s)   ΔEf = +0.04 eV 
C61V3(s) + 3Mg(s) à C61Mg(s)   ΔEf = -0.35 eV 
C60V4(s) + 4Mg(s) à C60Mg(s)   ΔEf = +1.05 eV 
 
Interstitial Mg-doped diamond from perfect diamond 
 
C64(s) + Mg(s) à C64Mgih(s) (hexagonal)   ΔEf = +13.81 eV 
C64(s) + Mg(s) à C64Mgit(s) (tetrahedral)   ΔEf = +14.04 eV 
 
Substitutional Mg-N clusters from perfect diamond 
 
C64(s) + Mg(s) + ½ N2(g) à C62MgN(s) + 2C(s)  ΔEf = +5.41 eV 
C64(s) + Mg(s) + 1 N2(g) à C61MgN2(s) + 3C(s)  ΔEf = +4.22 eV 
C64(s) + Mg(s) + 1 ½ N2(g) à C60MgN3(s) + 4C(s) ΔEf = +5.39 eV 
C64(s) + Mg(s) + 2 N2(g)  à C59MgN4(s) + 5C(s) ΔEf = +6.99 eV 
 
Substitutional Mg-N clusters from NxV diamond 
 
C62NV(s) + Mg(s) à C62MgN(s)   ΔEf = -0.10 eV 
C61N2V(s) + Mg(s) à C62MgN2(s)  ΔEf = -0.45 eV 
C60N3V(s) + Mg(s) à C62MgN3(s)  ΔEf = +1.71 eV 
C59N4V(s) + Mg(s) à C62MgN4(s)  ΔEf = +4.32 eV 
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Substitutional N and interstitial hexagonal Mg clusters from perfect diamond 
 
C64(s) + Mg(s) + ½ N2(g) à C63MgihN(s) + C(s)   ΔEf = +13.01 eV 
C64(s) + Mg(s) + 1 N2(g) à C62MgihN2(s) + 2C(s)  ΔEf = +14.28 eV 
C64(s) + Mg(s) + 1 ½ N2(g) à C61MgihN3(s) + 3C(s)  ΔEf = +16.11 eV 
C64(s) + Mg(s) + 2 N2(g) à C60MgihN4(s) + 4C(s)  ΔEf = +18.12 eV 
 
Substitutional N and interstitial hexagonal Mg clusters from substitutional Nx doped 
diamond 
 
C63N(s) + Mg(s) à C62MgihN(s)   ΔEf = +9.53 eV 
C62N2(s) + Mg(s) à C62MgihN2(s)  ΔEf = +7.66 eV 
C61N3(s) + Mg(s) à C62MgihN3(s)  ΔEf = +5.75 eV 
C60N4(s) + Mg(s) à C62MgihN4(s)  ΔEf = +1.69 eV 
 
Substitutional N and interstitial tetrahedral Mg clusters from perfect diamond 
 
C64(s) + Mg(s) + ½ N2(g) à C63MgitN(s) + C(s)   ΔEf = +12.95 eV 
C64(s) + Mg(s) + 1 N2(g) à C62MgitN2(s) + 2C(s)  ΔEf = +14.07 eV 
C64(s) + Mg(s) + 1 ½ N2(g) à C61MgitN3(s) + 3C(s)  ΔEf = +15.97 eV 
C64(s) + Mg(s) + 2 N2(g) à C60MgitN4(s) + 4C(s)  ΔEf = +17.74 eV 
 
Substitutional N and interstitial tetrahedral Mg clusters from substitutional Nx 
doped diamond 
 
C63N(s) + Mg(s) à C62MgitN(s)   ΔEf = +9.47 eV 
C62N2(s) + Mg(s) à C62MgitN2(s)  ΔEf = +7.45 eV 
C61N3(s) + Mg(s) à C62MgitN3(s)  ΔEf = +5.61 eV 
C60N4(s) + Mg(s) à C62MgitN4(s)  ΔEf = +1.31 eV 


