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Abstract 
Diamond has shown enormous potential to be used as a material in high-speed electronics 

and energy conversion devices due to its superior properties over all other materials. The 

development of these devices has been slowed down due to the absence of a reliable and 

highly conductive n-type diamond material, which would allow a great advance in the matter. 

To achieve n-type conductivity, an element with more electrons than the parent element 

(Carbon) needs to be introduced into the lattice of diamond to form a dopant level near the 

conduction band.  

In order to synthesise these diamond films, past computational studies have been reviewed 

to achieve information on the nature of the clusters that showed low donor levels and could 

be introduced in the lattice of diamond during growth. Nitrogen-rich Boron-Nitrogen clusters 

showed promising results as one way of achieving n-type conductivity by co-doping. 

Previous experimental work showed this method to work partially, decreasing the value of 

the donor level by around 50% in comparison to Nitrogen. Although this project is not strictly 

comparable to the previous work, as the Boron concentration was increased to achieve a 

conductive material at room temperature, in addition to using different reactors, growth 

parameters and geometry of substrates. 

In this thesis, further investigation was made relating to the change from p-type to n-type 

semiconduction in CVD (Chemical Vapour Deposition) diamond films. Different growths were 

first made on Silicon substrates to inspect the surfaces and growth rate by Raman 

spectroscopy and Scanning Electron Microscopy (SEM). The parameters of the experiment 

were kept constant during growth, with molecular hydrogen kept at 500 sccm, methane kept 

at 20 sccm and diborane at 50 ppm in comparison to hydrogen. Nitrogen level was changed 

from 2% to 4.5% in 6 different growths, another growth was made with no Nitrogen to use as 

a comparison. The electrical properties were analysed first by two-probe contact 

measurements to get a rough estimate of the electrical resistance, and then by Hall effect 

measurements to achieve the resistivity, carrier concentration and mobility of the samples.  

After completion of studies using Silicon as substrates, Single Crystal Diamond (SCD) 

substrates were used instead. This meant a change in the growth parameters but allowed to 

synthesise a more conductive material than on Silicon, with an homoepitaxial growth. After 

achieving the conductive Boron-doped diamond, Nitrogen was introduced in different 

growths at different concentrations, up to an N/B ratio of 500. 

The same analytical tests were carried out for these samples as for the ones grown on 

Silicon. The electrical measurements, showed a decrease in resistivity upon addition of 

Nitrogen in the growth up to 180 N/B ratio, which is thought to be caused by the formation of 

BN-clusters. In these BN-clusters, Nitrogen atoms in substitutional positions are thought to 

be bonding to the Boron atoms that occupy interstitial positions due to the high level of 

doping, increasing mobility in the sample and hence, decreasing resistivity.  

All the samples showed p-type carriers, but the formation of BN-clusters could have been 

proved by the decrease in resistivity upon addition of Nitrogen during growth. In this project, 

a detailed future work section describes what direction next experiments regarding co-

doping of diamond should take.  
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1. Introduction 

1.1. Diamond and its synthesis 

1.1.1. Diamond structure and its properties 

Throughout history, diamonds have been associated with wealth, as precious stones, 

rather than having a scientific purpose. Natural diamonds are a rare mineral on Earth’s 

surface; they are formed under high-pressure and high-temperature conditions that are 

generated in the Earth’s mantle, deeper than ~150 km from the surface, or from dynamic 

compressions during meteoritic impacts to rocks on the crust of the Earth. Diamonds 

exhibits some extreme properties that makes them captivating for scientific research and 

a potential material in engineering applications, such as high-speed electronics and 

response systems as well as high-power laser windows, protective coatings, 

electrochemical sensors, and many more. Some of these exceptional properties include 

extreme mechanical hardness (-90 GPa), the highest known value of thermal 

conductivity at room temperature (2000 Wm-1K-1), high resistance to chemical corrosion, 

high radiation hardness, etc  i,ii. 

Diamond, along with the crystalline form of graphite, are the most common allotropes of 

carbon, which makes for an exceptionally simple structure. Graphite consists of layers of 

sp2 hybridised carbon atoms, each bonded to three equidistant carbon atoms, the layers 

are attracted to each other by Van der Waals forces and may be arranged in hexagonal 

or rhombohedral stacking sequences, with the former being the least frequent (shown in 

Figure 1). Diamonds, by contrast, consist of sp3  hybridised carbon atoms, each bonded 

to four other bonded carbons in a tetrahedral arrangement (shown in Figure 1). This 

accounts for diamond being a much stronger compound than graphite and the lack of 

delocalised electrons in diamonds explains why it is an insulator at room temperature, 

with a band gap of 5.5 eV. Diamond contains ~2*1023 C atoms per cm3 in its lattice, and 

possesses a lattice constant of a=3.567Å, each carbon-carbon bond is equidistant with a 

distance between each neighbour atom of 1.545 Å iii,iv. 

 

Figure 1: Structure of the most common allotropes of carbon, graphite and diamond. From the 

work of Kharisov, B.J. et al v. 
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Diamonds can have different crystallographic structures with the (100) surface and (111) 

surface being the most important (shown in Figure 2). The differences in the type of 

surfaces can give different properties to the crystals; the growth of homoepitaxial 

diamond is much less prone to incorporation of stacking faults in case of (100) in 

comparison to (111) surfaces. The several types of surfaces can even be selectively 

grown if the appropriate parameters are controlled in a CVD type synthesis. At low 

temperature of the substrate and low CH4 partial pressure (111) facets are more likely to 

appear, and (100) facets are more likely to appear if these two parameters are increased  
vi. 

 

Figure 2: Differences in structure of (100), (110) and (111) orientation in diamond, showing a 

square surface in (100) and a triangle for (111) surfaces. From the work of Wang, J. et al vii. 

The different surfaces are known to have a big impact in the growing parameters and in 

the boron incorporation into the lattice. As shown in Table 1, the amount of carbon that is 

introduced compared to hydrogen during growth, can change from 1% in (100) to 0.1% 

in (110) to 0.136% in (111) in order for growth to happen. Studies also show a higher 

incorporation of Boron in (110) substrates than (100) and (111). The study also indicates 

by Secondary Ion Mass Spectrometry (SIMS) and Hall effect measurements that most of 

the incorporated atoms in (110) and (100) surfaces are electrically active, hence not 

depositing at interstitial positions or aggregates viii. Based on these favourable results 

towards the (110) surface, the Single Crystal Diamond substrates used for this project 

were (110) orientated, although not a lot of research has been done on these types of 

films, which hindered the finding of adjustable growth parameters. 
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Table 1: Data showing the difference in growing parameters for different crystallographic                   

orientations. Based on the work of Mortet, V. et al viii.  

Substrates (100) (110) (111) 

Pressure (mbar) 110 130 110 

MW power (W) 500 500 500 

Temperature (ºC) 1100 1100 1000 

Total gas flow rate 
(sccm) 

500 500 500 

CH4 concentration 

in H2 
1% 0.1% 0.126% 

B/C ratio (ppm) 0-240 0-20 0-635 

 

1.1.2. Diamond ‘‘types’’ 

Gemmologists and science researchers have dedicated much time to classify the diverse 

types of diamonds that have existence. Gemmologists are interested in separating 

natural and synthetical diamonds, but their classification can also be useful for 

researchers. As stated before, diamonds are composed of only Carbon, but often they 

show impurities, like Nitrogen (N) atoms or Boron (B) atoms. These impurities can affect 

the colour, fluorescence, visible absorption spectra, and other properties of diamonds. 

Furthermore, it has been proved that diamonds with a minimal concentration of N 

impurities (0.3 ppm) exceed other diamond types with more impurity’s concentration 

regarding to hardness and wear resistance. While other impurities can be incorporated 

into the lattice, the diamond type classification system focuses solely into Boron and 

Nitrogen impurities, as they are the ones most frequently found ix,x.  

The classification is divided into two broad categories (Figure 3): type I and type II. Type 

I diamonds are the ones that contain enough Nitrogen to be detected by IR absorption 

spectroscopy, whereas type II diamonds do not contain enough Nitrogen to be detected 

by the IR spectrometer. These broad categories are then subdivided into further 

subgroups regarding the nature of the impurities in them. Type I group subdivides into 

type Ia with aggregated N impurities and type Ib which contains isolated single N 

impurities. Type II group also subdivides into two categories; type IIa which contains no 

Boron or Nitrogen impurities and type IIb which mainly contains boron impurities ix.  
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Figure 3: Diagram showing the two distinct categories of diamond and its subcategories, based 

on the impurities present on the lattice. From the work of Breeding, C.M. and Shigley, J.E. et al ix. 
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1.2. Synthesis of diamond 

1.2.1. History of synthetical diamonds 

After the discovery by Antoine Lavoisier in 1792 and by Smithson Tenet in 1797 that 

diamond and graphite were indeed carbon allotropes, the search for methods on how to 

synthesise diamond or how to change abundant graphite into rare diamond initiated. 

Although it shows extreme properties, diamond is thermodynamically unstable compared 

to graphite. Delta G for diamond to graphite is negative and therefore spontaneous, but 

the transition from diamond to graphite has a large kinetic barrier, so diamond is not 

likely to transition on its own to graphite and is therefore kinetically stable. Also meaning 

that diamond crystals can be synthesised under appropriate conditions xi,xii.  

After many years of research, two different methods were issued in the 1950s, chemical 

vapour deposition (CVD) and high-pressure high-temperature (HPHT), and in 1956, the 

first synthetic diamond was made by H. Tracy Hall using a HPHT device designed by 

himself, while working for General Electric iii, iv. Figure 4 shows the pressure and 

temperature phase and the transition diagram of pure carbon, along with the conditions 

needed to carry out the various methods for diamond synthesis. 

 

Figure 4: Graph showing the conditions needed in the three different pathways to form diamond: 

HPHT, CVD, and natural  diamond formation. From the work of D’Haenens-Johansson, U.F., 

Butler, J.E. and Katrusha, A.N. et al xii. 

Both methods, HPHT and CVD are currently used nowadays for synthesis of diamonds, 

either for research of diamond films and coating or for industrial cutting tools or to be 

sold as gemstones xii. The two methods are different and have its own advantages and 

disadvantages, which will be discussed further in the report. 
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1.2.2. High pressure high temperature (HPHT) synthesis 

As stated earlier, HPHT was the first method to synthesise diamond in the 1950s, which 

made it the only method of diamond growth until the 1980s. This method mimics the high 

pressures and temperatures of natural formation in the Earth’s mantle. In further detail, 

HPHT diamond growth takes place in a capsule that can generate high pressures and 

temperatures (Figure 5). The standard temperatures used for the method are around 

1200ºC – 1500ºC, with pressures going approximately around 4.5 x 107 Torr xiii,xiv. A 

diamond seed and a source of carbon, normally graphite, is used. A press is then used 

to crystallise the diamond at the mentioned temperature and pressure in which diamond 

is the thermodynamically stable allotrope of carbon xii. Process can either be direct or 

indirect (catalytic). The main disadvantages of this process are the high equipment and 

energy costs needed to obtain such temperatures and pressures. The indirect growth 

(Figure 4) improves one of the disadvantages, as it uses much fewer extreme conditions 

by using metal catalysts such as Iron, Nickel or Cobalt , reducing the expenses of the 

growth xv. 

Figure 5: HPHT capsule for diamond growth: 1- steel cap; 2-Cu+Mo sheet; 3- NaCl + ZrO2 sleeve; 

4- graphite heater; 5-carbon source; 6- metal catalyst; 7- seed crystal; 8- ZrO2 + MgO pillar; 9- 

pyrophyllite. From the work of Fang, C. et al. xvi. 

Another drawback of the HPHT method is the incorporation of Nitrogen into the lattice of 

diamond. The abundance of Nitrogen in the atmospheric air is responsible for the 

formation of HPHT diamonds with a few 100 ppm of N. These nitrogen atoms are also 

heterogeneously distributed in the lattice, as the concentration of nitrogen in the capsule 

decreases with time so does the incorporation of nitrogen into the lattice xvii,xviii. The ability 

to control the amount of impurities incorporated into diamond is a vital characteristic for 

utilizations past cutting tools or gemstones, which makes the HPHT method impractical 

for more advanced purposes. 

Although HPHT is a common technique used for industrial and research purposes, it will 

not be discussed any further in this report. 

 



12 
 

1.2.3. Chemical vapour deposition synthesis of diamond 

Patent for CVD was issued two years before HPHT was presented, in 1954. The CVD 

process does not mimic the natural production of diamond and does not require extreme 

pressures or temperatures, which made early researchers sceptical about the method. 

But the process did not get attention until the 1980s when the first reports of CVD growth 

of diamond were issued. These publications were made by a group in Japan, the 

National Institute for Research in Inorganic Materials which reported a series of papers in 

which diamond was deposited in various substrates at temperatures between 600ºC and 

1000ºC and pressures of 0.5-750 Torr using different techniques, such as hot-filament 

CVD, RF-plasma CVD, and microwave plasma CVD. Since then, CVD gained much 

attention, and numerous research programs were spawned xix,xx,xxi, xxii.  

Figure 6: Mechanism of formation of diamond in CVD, activated by atomic hydrogen from xxiii. 
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The CVD method grows diamond under thermodynamically metastable conditions, it 

involves the exposition of a substrate to carbon atoms that originate from the dissociation 

of a carbon-containing gas, normally methane (as shown in Figure 6). The substrate can 

either be bulk diamond (normally synthetic) or a non-diamond substrate, such as silicon 

or Germanium substrates. If the substrate used is bulk diamond, the resulting films are 

nominated as homoepitaxial or single crystalline, but if a non-diamond substrate is used 

instead, it is said to be heteroepitaxial or polycrystalline films (shown in Figure 7) iv, xii. 

The dissociation of the gases is activated by heat, light or plasma and atomic hydrogen, 

as it was discovered that diamond is more stable towards atomic hydrogen than 

graphite. More specifically, if two neighbours of a carbon atom in the diamond structure 

are replaced by hydrogen, the sp3 hybridization remains, while a similar action in 

graphite would affect the electronic bonds in the whole graphite ring. Consequently, the 

growing of diamond in CVD consists in two steps. The first consists of carbon depositing 

essentially in the form of graphite with a slighter amount of diamond, and the second 

process consist of selective etching of graphite by atomic hydrogen. Based on this, the 

various enhanced CVD methods for the growth of diamond are developed to produce 

high amounts of atomic hydrogen from molecular hydrogen close to the surface of the 

growing sample xxiv, xix. 

 

Figure 7: Physical representation of CVD polycrystalline diamond growth over a thin Cr layer in a 

Si substrate, from xxv. 
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Since the first CVD method was issued, many techniques have been developed: 

filament-assisted thermal CVD, electron-assisted thermal CVD, laser-assisted thermal 

CVD, RF-plasma CVD, microwave-plasma CVD, combustion flame-assisted CVD and 

direct-current arc plasma jet CVD. Even though these techniques are different to each 

other, all current CVD methods have the following common features (shown in Figure 8): 

Growth in the presence of atomic hydrogen as diamond is more stable towards atomic 

hydrogen than graphite, certifying the formation of diamond only. 

Dissociation of carbon-containing source gases. Due to the high activation energy 

needed for methane’s decomposition (230-243 KJ mol-1), an external source, such as 

combustion or plasma processes, are used to dissociate the carbon source and produce 

the reactant species needed for diamond nucleation and growth. The ability of these 

reactant species to be transferred to the substrate, determines the growth rate of the 

film. 

Growth at moderate substrate temperatures due to formation of graphite at temperatures 

above 1200 ºC and the formation of diamond-like-carbon (DLC) deposits at temperatures 

below 500 ºC xxvi. 

 

Figure 8: Physical representation of formation of atomic hydrogen and dissociation of methane 

gas in hot-filament CVD from xxvii. 

The growth parameters can be adjusted, which can change the type of diamonds formed 

in a sample. By increasing the amount of carbon compared to atomic hydrogen, diamond 

nucleation is increased, and fine-grained diamond coatings are formed. In the case of 

extreme changes in process parameters, nanocrystalline diamond (NCD) and ultra-

nanocrystalline diamond (UNCD) films are formed xxviii,xxix. These coatings are formed by 

diamond crystals which are in the nanometre scale and contain grain boundaries 

consisted of amorphous carbon. The number of grain boundaries can affect the content 

of the diamond phase, if there are a high number of grain boundaries, the diamond 

phase is reduced, leading to difficulties to distinguish between diamond (crystalline) and 

amorphous carbon. Therefore, the layer growth rates are low due to the higher amount 

of sp2 carbon and increased etching by atomic Hydrogen xxx, xxxi . 
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1.3. Diamond as a semiconductor 

1.3.1. Semiconductivity (Band gap theory) 

To understand the electronical properties of solids, the band theory is applied, which 

provides a useful way to visualize the differences between metallic conductors and 

semiconductors. The main difference between these two types of solid structures is their 

effect on conductivity with temperature, with metallic conductors’ electrical resistivity 

increasing with increasing temperature, and semiconductors’ resistivity decreasing with 

temperature, as shown in Figure 9 xxxii, xxxiii. 

Figure 9: The variation of the electrical resistivity of different substances with temperature. As 

stated before, metals’ resistivity increases with increasing temperature and semiconductors’ 

resistivity decreases with increasing temperature. From xxxiv. 

The main idea of the bands of energy levels formation is that many atomic orbitals in a 

compound lead to many molecular orbitals that are closely spaced in energy, almost 

continuous (forming bands). These bands are separated by band gaps, which are energy 

gaps for which there is no present molecular orbitals (Figure 10). A band can be formed 

of s orbitals, which is called s band or, if available, p orbitals or even d orbitals, named p 

band and d band, respectively. As p orbitals lie higher in energy than s orbitals of the 

same valence shell, there is often an energy gap between the two bands. However, if the 

bands span a wide range of energy and the two atomic energies are similar, then the two 

bands overlap (Figure 11), which can happen also with p bands and d bands xxxii, xxxv, xxxvi. 
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Figure 10: Diagram showing the electronic structure of a solid, with an s band and a p band from 
xxxvii. 

Figure 11: Diagram showing the difference in electronic structures of different solids and the 

Fermi level. 

The density of states, ρ (Figure 12), can be calculated by dividing the number of energy 

levels in an energy range by the width of the range. Also, the density of states is not 

uniform across a band, in most cases, the states are densest close to the centre of the 

band xxxii.  
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Figure 12: Diagram showing the density of states in a metal as the number of energy levels in an 

infinitesimal range of energies between E and E+ dE, from xxxii.                                                                                    

When T=0K, electrons occupy the individual molecular orbitals of the bands in 

accordance with the Aufbau principle. If each atom supplies one s electron, then at T=0K 

only the lowest orbitals are occupied. The Fermi level is the highest occupied energy 

level at T=0K, and it lies near the centre of the band (Figure 11). When a band is only 

half full, the electrons can move freely through the solid, as they can be easily promoted 

to empty levels near the Fermi level, forming a metallic conductor. When a band is 

completely filled, and there is a considerable energy gap before an empty level, the solid 

is considered an insulator or a semiconductor. As stated before, the characteristic 

physical property of a semiconductor is that its electrical conductivity increases with 

increasing temperature. The difference between insulators and semiconductors is the 

size of the band gap, not the conductivity, as the conductivity of a given substance can 

vary with varying temperature. There are two types of semiconductors: intrinsic and 

extrinsic semiconductors. Intrinsic semiconductors have no impurities intentionally 

added, hence their electrical properties are determined solely by the material itself. In an 

intrinsic semiconductor, the number of free electrons is equal to the number of holes, 

resulting in a balanced distribution of charge carriers. At room temperature, some 

electrons in the material gain enough thermal energy to jump into the conduction band, 

where they become free to move and conduct electricity (Figure 13). Diamond is not an 

intrinsic semiconductor, so these types of semiconductors will not be discussed any 

further in this report xxxii.  
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Figure 13: Energy Band diagram of intrinsic semiconductor at (a) 0K and at (b) T>0K. 

 

Extrinsic semiconductors are only semiconductors because of the presence of 

intentionally placed impurities, which are called dopants. Dopants are substitutional, as 

the dopant atom takes the place of a parent atom in the crystal lattice and only low levels 

of dopant concentration are needed (about one atom per 109 of the host material) so it is 

necessary to achieve extremely high purity of the parent element initially. There are two 

possible ways of doping a semiconductor: p-type and n-type doping.  

In p-type doping, an atom with fewer electrons than the parent element is introduced into 

the lattice. These atoms form a narrow and empty level that lies above the valence band, 

called the acceptor level (Figure 14a). At T=0K, the acceptor level is empty, but at higher 

temperatures it can accept electrons from the valence band. By doing so, it causes holes 

to form in the lattice structure, which allows the other electrons to be mobile xxxii. 

In n-type doping, the number of electron carriers are increased with atoms with more 

electrons than the parent element. The foreign atom levels will be at a higher energy 

than the valence electrons, which forms a dopant level, which is a filled narrow level just 

below the conduction band (Figure 14b). For T>0, some of the electrons in the dopant 

level can be thermically excited into the conduction band, from there they will be able to 

migrate through the structure in the band formed by parent atoms overlap xxxii. 
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Figure 14: The band structure of (a) a p-type semiconductor and (b) an n-type semiconductor. 

 

1.3.2. Electronical properties of diamond 

Silicon is the most used material for semiconductor applications nowadays, and it has 

been so for more than 50 years (Figure 15). It is widely known that a notable 

improvement in power electronics would be obtained from the use of wide bandgap 

semiconductor materials. These types of materials have improved physical and 

electronical properties for its use in power devices compared to silicon xxxviii. Power 

electronic devices subject to wide bandgap semiconductors are now emerging as an 

advancement in the performance of power electronics systems by offering higher 

blocking voltages, improved efficiency, and reliability (higher performance/cost ratio), 

easier paralleling, and reduced thermal requirements, thus leading to the realization of 

more efficient sustainable electronic systems xxxix xl xli. 

 

Figure 15: Silicon used as a microchip. Taken from xlii. 
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Diamond is a wide-bandgap semiconductor (E gap = 5.5 eV) with enormous potential as 

an electronic device material in both active devices, such as high-frequency field-effect 

transistors (FETs) and high-power switches, and passive devices, such as Schottky 

diodes. Its electronical and physical properties (Table 2) are superior to every other 

semiconductor available, which is why it has been researched to gain accessible 

conductivity. It could potentially enable devices that are beyond the scope of current 

systems in terms of operating frequency, power handling capacity, operating voltage, 

and operating environment xliii, xliv. 

Table 2: Comparison of the electronic properties of diamond and other semiconductors. 

Properties Si GaAs 6H-SiC 4H-SiC GaN Diamond 

Band gap (eV) 1.12 1.43 3.03 3.26 3.45 5.45 

Dielectric 
constant 

11.9 13.1 9.66 10.1 9 5.5 

Electrical 
breakdown 

field (kV cm-1) 

300 400 2500 2200 2000 10,000 

Electron 
mobility (cm2 

V-1 s-1) 

1500 8500 500 1000 1250 2200 

Hole mobility 
(cm2 V-1 s-1) 

600 400 101 115 850 850 

e-drift 
velocity (x107 

cm s-1) 

1 1 2 2 2.2 2.7 

Thermal 
conductivity 
(W cm-1 K-1) 

1.5 0.46 4.9 4.9 1.3 22 
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1.4. Doping of diamond 

1.4.1. Boron doping 

As many other solids, impurities can be introduced into the diamond lattice with different 

elements. Boron is arguably the most technologically relevant impurity in diamond. It is 

the only known shallow dopant with activation energy of 0.368 eV, which is also found in 

natural diamond (type IIb). Boron can be introduced into the diamond lattice by CVD 

using gases such as B2H6 (diborane) or B(CH3)3 (trimethyl borane), which decompose in 

the hot plasma into active BHx species and incorporate into the lattice, substituting C 

atoms (Figure 16). In order to show semi-metallic properties, the dopant densities should 

be greater than ~1020 B atoms per cm-3 (Figure 17). For dopant densities less than this 

value, the diamond will show hopping conduction features and for even smaller values of 

dopant, p-type semiconduction properties xlv, xlvi, xlvii, xlviii. 

 

 

Figure 16: Crystal structures of boron doped diamond (BDD). The large spheres (green) and 

small spheres (yellow) show boron and carbon, respectively. Taken from the work of Watanabe, 

T. et al. xlix. 
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Figure 17: Room temperature resistivity as a function of Boron doping concentration. At low-

medium level of doping, valence band conduction is shown, at elevated level, hopping conduction 

is shown instead and at heavy doping levels, metallic conduction is shown. Taken from the work 

of Lagrange, J.-P., Deneuville, A. and Gheeraert, E. et al. xlviii. 

As shown earlier, boron doped diamond shows great increases in conductivity, which 

allows it to act as an excellent p-type conductive material not only in electrochemical 

applications but also for high-temperature, high-power and radiation-proof 

photoelectronic devices thanks to its physical and electronical properties l. 

1.4.2. Nitrogen and other n-type dopants doping 

Although p-type diamond has been widely reported with boron-doping, highly conductive 

n-type diamond films have not been produced yet. This fact has slowed down the 

development of diamond-based devices. Although n-type conductivity has been reported 

from different methods, these films have not been widely reproduced li. 

Nitrogen, which possesses more electrons than carbon unlike boron, can also be 

introduced into the diamond lattice, although its relevance to technology is considerably 

lower than boron’s, as studies suggest that the donor level is situated 1.7 eV below the 

conduction band. This makes the nitrogen-doped diamond (NDD) essentially 

impracticable for any device operating at room temperature lii. NDD can be formed 

naturally or by HPHT, due to the high concentration of nitrogen in air, and by CVD, 

adding a source of nitrogen such as N2 or NH3 
liii, liv. NDDs also give place to a point 

defect in diamond, the nearest neighbour nitrogen-vacancy (NV) centre (shown in Figure 

18a). The detection of NV single centres demonstrated photostable single photon 

generation which contains applications in quantum optical networks as well as in 

applications for optical preparation and readout of the centre’s electronic spin lv. 

Furthermore, the addition of Nitrogen into the diamond lattice causes an increase in 

electrical resistance (Figure 18b). This is due to the high ionization energy of Nitrogen 

which does not allow its ionization at room temperature and hence, the flow of electrons 

throughout the lattice of the material lvi. 
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Figure 18a: Diamond crystal lattice showing an NV centre defect. The vacancy, nitrogen atom, 

and nearest-neighbour carbon atoms are labelled in the image. Taken from the work of Jensen, 

K., Kehayias, P. and Budker, D. et al. lvii. Figure 18: Logarithm of resistance vs reciprocal 

temperature for diamond samples produced with different Nitrogen concentrations. Taken from 

the work of Baranauskas, V. et al. lvi. 

 

Phosphorus is below nitrogen in the periodic table and can also be introduced into the 

diamond lattice. Studies suggest a donor level situated 0.6 eV below the conduction 

band, in contrast with the deeper donor level of nitrogen lviii. However, the donor level is  

still not shallow enough for room temperature electronics, and the electron density in the 

diamond lattice is too little as the phosphorus concentration in the lattice is low due to 

chemical kinetics limitations lix. Lithium is also a dopant with enormous potential to act as 

a shallow dopant when in an interstitial position in the lattice. Calculations show that, 

when in a substitutional site, it introduces a compensating acceptor level. However, 

because of the diffusivities and solubilities of Li being so low, these atoms are not 

expected to enter the diamond crystal under thermodynamic equilibrium conditions lx. 

Other candidate substitutional donors are arsenic (As) and antimony (Sb), but there is a 

lack of experimental data on these dopants and have not been proven suitable for n-type 

doping lxi. 
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1.5. Co-doping of diamond 
As none of the individual n-type dopants give the necessary results to construct a highly 

conductive n-type diamond, research is now focused on using combinations of elements in 

order to achieve a reliable n-type donor.  

Many computational studies have been made trying to find, theoretically, the nature of the 

n-type donor. In theory, LiN4
 lxii, BN2 lxiii, Si4N lxiv and HN2 lxv all show donor levels shallower 

than nitrogen, and some, like Si4N, even shallower than phosphorus. Despite the 

promising results, these studies made no attempt to produce the co-doped material.  

Although co-doping shows very promising results, it has generally failed to deliver the 

material lxvi. There are distinct reasons why this approach is challenging and why 

researchers try to avoid this route if possible: 

• The route to form these complexes may lead to several processing steps. 

• The individual dopants may lead to compensation, populating scattering sites, 

which would reduce the mobility of the film, thus its conductivity. 

• The useful form of the complex may not be the lowest in energy, leading to a low 

efficiency of formation of the shallow dopant. 

• Diamond does not allow diffusion unless elevated temperature treatments are 

used, which means the only efficient way to co-dope is during growth. As 

implantation doping in diamond leads to implantation damage which compensates 

donors. 

• The thermal stability of the complexes may not be consistent with operational 

lifetimes required for device applications lxvii. 

As co-doping is a hard technique to achieve results with, little research has been done on 

mixing combination of elemental gases to the CVD growth. The most common elements 

added, as mentioned before, are boron, nitrogen, and phosphorus. Sulphur and oxygen 

are claimed to also form shallow donors, but they remain to be proved lxviii. Oxygen has 

been previously introduced into growth of diamond but not as a dopant. It is found that 

oxygen interacts strongly with boron and boron-containing gases, which forms boron 

oxides that cannot be introduced into the crystal lattice. Hence, oxygen can be used to 

decrease the very feasible introduction of boron into diamond, as boron causes 

contamination into the reactor with one sole use lxix, lxx.    

1.5.1. Boron-Nitrogen co-doping 

As boron and nitrogen are the most common dopants for diamond, they can easily be 

used to start experimental research in co-doping of diamond. As stated before, their 

individual introduction to the lattice can be easily achieved so they seem like an excellent 

choice of elements to co-introduce. Furthermore, accidental co-introduction of boron and 

nitrogen has already been experienced as some level of nitrogen is almost impossible to 

avoid (because of its high concentration in air) in both HPHT and CVD even when boron 

doping. And, as stated before, boron can contaminate a reactor permanently with one 

sole use, which means that a nitrogen doping attempt in such reactor will be introduced 

along with boron lxx. 
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Figure 19: Diagram with different BN clusters inside the diamond structure, including the BN2 

cluster. Taken from lxxi. 

Various computational studies have been made on the co-doping of boron-nitrogen 

clusters in the structure of diamond (Figure 19). Katayama-Yoshida, H. et al. lxiii 

introduced the BN2 complex, which showed a theoretical donor level of 1.17 eV, 

decreasing the already mentioned 1.7 eV donor level of individual nitrogen. Furthermore, 

Alex Croot et al.lxxii showed BN2 and BN3 complexes to be the most promising to achieve 

n-type conductivity, although not improving the donor level of phosphorus, hence proving 

hard to be conductive at room temperature. This work also showed that B-rich clusters 

will have no part in the synthesis of the n-type material as they have electronic energy 

levels comparable to that of boron. 

Liu, D.Y. et al. lix published experimental work regarding the synthesis of n-type diamond 

by introduction of N-rich boron-nitrogen clusters. Its work kept a constant flow of gases 

containing a source of H2, C and B, while changing the concentrations of nitrogen to 

investigate the resistance of the samples and the type of conductivity. The results 

showed a successful synthesis of the n-type material reducing the activation energy of 

the donors by around 50%. The work suggests that the change from p-type to n-type 

conductivity (Figure 20) is due to a change in the clusters going from B-rich clusters to N-

rich clusters, but it is not investigated any further. 

This project is not strictly comparable to the work carried out by Liu, D.Y. et al. due to the 

usage of a different reactor, different geometry in the substrates which, as mentioned 

earlier, has a big influence in the growing parameters and the boron incorporation, there 

are also differences between the two experiments due to the limitations in the MFCs for 

the reactor used for my experiment. The project carried out used different growing 

conditions to adjust it to the reactor used and increasing the Boron concentration in order 

to achieve better results at room temperature. It is also worth mentioning that the Hall 

effect measurements taken on the work of Liu, D.Y. et al. are at a temperature of 773 K, 
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while the ones taken on this project were at room temperature. The difference in 

temperature can influence highly in the ionization of Nitrogen atoms in the lattice, which 

would enhance n-type conductivity.  

 

Figure 20: The resistivity, mobility, and carrier concentration at 773 K of boron-doped and boron–

nitrogen co-doped diamond films. It shows a clear change from p-type to n-type material. From 

the work of Liu, D.Y. et al.  lix. 
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1.6. Aim of the thesis 
The aim of this thesis will be to further investigate the formation of BN clusters in the 

diamond lattice by co-doping of single crystal diamond (SCD) following the work done by 

Liu, D.Y. et al. lix and Alex Croot et al. lxxii. An attempt to synthesise an n-type conductive 

layer at room temperature will be carried out by co-doping of Boron and Nitrogen in the 

growth phase.  

In order to synthesise these diamond films, past computational studies will be reviewed to 

achieve information on the nature of the clusters that showed lower donor levels and could 

be introduced in the lattice of diamond during growth. Nitrogen-rich Boron-Nitrogen 

clusters in substitutional showed promising results as one way of achieving n-type 

conductivity by co-doping. Previous experimental work showed this method to work, 

decreasing the value of the donor level by around 50% in comparison to Nitrogen. In this 

project, the level of Boron will be raised in order to achieve a more conductive material at 

room temperature. 

In this thesis further investigation will be made relating to the change from p-type to n-type 

semiconduction in CVD diamond films. Different growths will be made first on Silicon 

substrates, to inspect the surfaces and growth rate by Raman spectroscopy and Scanning 

Electron Microscopy (SEM). Hall effect measurements will be taken of all the samples, to 

learn about the mobility, carrier concentration and the resistivity of the grown layers. 

Right parameters will be found to grow on SCD with an orientation of (110), to achieve a 

conductive Boron-doped layer of diamond at room temperature. Then, Nitrogen will be 

added to these parameters in different N/B ratios to achieve an n-type material. The 

electrical properties will be measured using a two-probe contact analysis and Hall effect 

measurements to learn about the resistance, the mobility, the carrier concentration and the 

resistivity of the grown layers.  

All the samples will be inspected using SEM in order to measure the thickness and grain 

mean size of the polycrystalline layers and the thickness of the SCD samples, in order to 

achieve more accurate Hall calculations. 
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2. Experimental and analytical techniques 

2.1. Experimental apparatus 

2.1.1. Microwave-plasma CVD reactor 

The reactor used for this experiment is shown schematically in Figure 21. It has been 

used to introduce both Boron and Nitrogen into the plasma, for introduction into the 

substrate. A new Nitrogen line was installed, as the reactor did not possess one prior to 

the experiment. The reactor is made by high-vacuum components which ensured 

minimal air contamination into the reactor. 

 

Figure 21: Schematic figure of the MW-CVD reactor. The image on the left shows the whole 

reactor chamber, and the image on the right shows an amplified diagram of the substrate sitting 

on the disk and on top of the spacer wire. From the work of Alex Croot et. Al. 

As shown in Figure 21, the chamber of the reactor is where the substrate is positioned. 

The substrate is put on top of a metallic disk (Mo or W), which is also put on top of a 

circular metallic wire (Mo or W). These components rest on top of a water-cooled 

Aluminium base-plate. The thickness of the wire reflects directly on the temperature of 

the substrate, a thicker wire will result in a higher temperature of the substrate. This 

allows to use different power and pressure on the growth while keeping a similar 

temperature. The temperature of the substrate was measured by a pyrometer attached 

on top of the chamber. 
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2.1.2. Electrospray seeding apparatus 

The Silicon substrates used in the first part of the experiment needed to be seeded with 

nanodiamond for the growth of diamond to be successful. The seeding apparatus 

(shown in Figure 22) consists of two parts: the power supply and the electrospray 

chamber. The power supply which can go up to 50kV, is connected to the chamber by 

conducting tweezers. The current provided from the power supply makes the needle 

spray the nanodiamond solution directed into the substrate rotator. The substrate rotator 

is a circular and sticky surface where the Silicon substrates are attached and start 

rotating during the spraying, to get uniform seeding. 

Figure 22: Picture of the apparatus used for seeding of Silicon substrates. Most important parts of 

the apparatus are labelled in the picture. 
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2.2. Analytical techniques 

2.2.1. Raman spectroscopy 

Laser Raman spectroscopy is widely used as an analytical tool to assess diamond and 

CVD diamond films. It is a non-invasive technique, which requires none or truly little 

preparation and it can be used even with exceedingly small volumes of sample. It proves 

to be very efficient as every carbon allotrope displays an identifiable Raman peak, as 

shown in Table 3. Diamond appears as a single sharp line at 1332 cm-1, whereas 

graphite can be shown in two different shifts depending on its structure (Figure 23). 

Disordered graphite peak is at 1546 cm-1 and monocrystalline graphite appears at 1580 

cm-1. Raman spectroscopy also shows an amorphous carbon phase composed of two 

peaks: the first one is at a shift of 1345 cm-1, called D band, and the second one is in the 

range of 1500-1600 cm-1, called G band. The D line is due to an sp2 hybridised carbon 

structure and the G peak is known to appear due to the in plane stretching motion 

between sp2 carbon atoms lxxiii,lxxiv. 

Table 3: Positions of Raman bands for different forms of carbon. Based on the work of Anna 

Dychalska et al lxxv. 

Raman shift (cm-1) Interpretation 

1580 Monocrystalline graphite 

1546 Disordered graphite 

1500-1600 Amorphous carbon sp2 (G-band) 

1430-1470 Trans-polyacetylene laying in the grain boundaries 

1345 Amorphous carbon sp2 (D-band) 

1332 Diamond band 

1220 Disordered diamond 

1150, 1237 Nanodiamond 

1100-1150 Trans-polyacetylene segments at the grain boundaries 
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Figure 23: Raman spectra of pure diamond, from the work of Zhuang, H. et al lxxvi. 

The width of a natural diamond is around 2 cm-1 and has a broader linewidth for 

polycrystalline CVD diamond films (from 5 to 15 cm-1), this is caused by chemical defects 

and micro-stains. The diamond peak is often shifted relative to that of natural diamond, 

due to temperature or lattice strain effects, so Raman spectroscopy can be used to 

measure the purity of the diamond sample lxxvii. 

 

2.2.2. Hall effect measurements 

The Lorentz force is the physical principle underlying the Hall effect, which combines two 

separate forces: the electric force and the magnetic force. The Hall effect (Figure 24) is 

the deflection of electrons or holes (depending on whether the sample being tested is an 

n-type or a p-type) in a semiconductor with current (x-axis) flowing perpendicular to a 

magnetic field (z-axis). The deflection of these charged carriers in the negative y-axis 

direction, sets up a voltage, known as Hall voltage. The polarity of the voltage is 

dependent on the effective charge of the carrier (negative for an n-type and positive for a 

p-type semiconductor). And the magnitude of Hall voltage depends on the strength of the 

magnetic field, the current given, and the carrier density.is determined from the Hall 

voltage and resistivity lxxviii. 
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Figure 24: Schematic figure of the Hall effect in a rectangular semiconductor with four ohmic 

contacts. The direction of the magnetic field B is along the z-axis, with the current applied going 

along the x-axis. The sample has a finite thickness d. From the work of NIST lxxix. 

 

The Hall effect measurements were used in the experiment to estimate the values of 

resistivity for all the samples synthesised using the Van der Pauw (VDP) technique, and 

to estimate the values of the Hall voltage, the carrier type, the carrier concentration and 

the mobility of the samples.  
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2.2.3. Scanning electron microscopy 

Scanning electron microscopy (SEM) is an analytical technique that can provide 

information on surface topography, crystalline structure, chemical composition, and 

electrical behaviour of organic and inorganic materials. It works from the nanometre to 

the micrometre scale, at a high magnification that can even reach 1000000x in producing 

images of a material on some of the most modern models. The analysis works through 

SEM equipment, shown in Figure 25. In order to analyse the material, electrons are 

accelerated to high energies between 2 and 1000 keV, and if the samples are thick 

enough, particles emerging from the surface (e.g., electrons, x-rays, and photons) can 

give information about the surface of the sample lxxx.  

 

Figure 25: Schematic figure of an SEM apparatus, from the work of Gleichmann, N. et al lxxxi. 
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In more detail, the analysis is done through applying a beam of high-energy electrons, 

often with a thermal source. The gun produces a spot size that is too large to give a 

sharp image of the material, so the SEM is equipped with condenser lenses which 

compress the spot and direct the electrons beam. This forms an image of the material 

point by point depending on the movement of the scan coils, which can cause the 

electron beam to move to distinct positions in the form of straight lines in a rectangular 

geometry. If a higher magnification is required, the scan coils make the beam to deflect a 

smaller area in the sample. The emitted electrons are detected by the Electron detector 

to form an image, both secondary electrons and backscattered electrons are used in 

SEM image production lxxxii. 

For these study, the secondary electron detector (SED) and the backscattering electron 

detector (BED) were used. The secondary electrons give information about the 

topography of the surface, and were also used to perceive the distribution of dopants in 

the films. This is possible due to insulator areas charging up with electrons and giving a 

bright white image, in opposition with conductive areas that give darker images. The 

backscattering electron detector is often used to obtain high-resolution images of the 

elements present in the sample, nevertheless it was used as a way to observe whether 

any scratches were present in the films grown on SCD lxxxiii. Difference between the 

images of both detectors can be seen in Figure 26. 

Figure 26: On the left, an image taken with the backscattered electron detector, showing a 

smooth surface. On the right, an image taken with the secondary electron detector, showing 

different shapes along the film, with some areas showing charging of electrons and others 

showing dark images. Both images are of the same are in the film with an accelerating voltage of 

15kV and a magnification of x5000. 

SEM analysis was also used to measure the thickness of the samples grown on Si 

substrates, as well as to inspect the surface and the growth patterns. 
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3. Experimental method 

3.1. Electrospray seeding of Silicon substrates 
A solution of 40 ml of methanol and 5 drops of a solution of primary crystals of detonation 

nanodiamond dispersed in water (2.0 w/v %) was made and introduced into a vial. The vial 

was fixed into an ultrasonic probe, which was left to run for one hour at 30% power. 

Meanwhile, the Silicon substrates were washed, first with acetone and then with 

isopropanol, both for 15 min each in an Ultrasonic cleaning bath. After the bath, the 

samples were air dried and stick into the rotating surface in the Electrospray apparatus 

(Figure 22), 1 mL of the nanodiamond solution was introduced into the needle of the 

apparatus. The machine was left working at 65 KV until the needle was emptied out twice. 

All the samples showed uniform seeding of nanodiamond. 

3.2. Growth on Silicon substrates 
Silicon substrates were placed in the reactor chamber, which was then closed and pumped 

into pressures of approximately 7.5x10-6 Torrs. The parameters shown in Table 4 were 

used to grow the different samples, altering the concentration of Nitrogen introduced in 

each of them. The temperature was measured by a 1-colour pyrometer and displayed on a 

readout in the rack. The surface temperatures of the substrates were around 900 ± 20 ⁰C, 

at a microwave power of 1.2 Kilowatts and a pressure of 120 Torrs for all the samples. A 

separating wire of 0.25 mm of diameter and Mo disk were used for all the growths. Each 

sample was deposited for 120 minutes before the non-hydrogen gases were turned off. 

Table 4: Different concentrations of gases used to grow seven different samples. The sample with 

0% N2 was used as a reference to compare with the other six samples. 

CH4 (sccm) H2 (sccm) B2H6 (sccm) N2 (N2/C %) 

20 489.835 9.999 0 

20 489.835 9.999 2 

20 489.835 9.999 2.5 

20 489.835 9.999 3 

20 489.835 9.999 3.5 

20 489.835 9.999 4   

20 489.835 9.999 4.5 
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3.3. Acid cleaning of Single Crystal Diamond substrates 
A 100 ml solution of H2SO4 (95% w/w) was added to 6.5 g of KNO3 and left to dissolve 

under reflux conditions at approximately 200ºC. After the solution was fully dissolved 

(solution turned yellow), SCD substrates were introduced into the acidic solution and were 

left under reflux for 3 hours (Figure 27). 

 

Figure 27: Schematic figure of a round-bottomed flask under reflux conditions, as it was carried out 

in the experiment. 

After 3 hours, the flask containing the acidic solution and substrates was left to cool. When 

it was cooled down; the acid was neutralised and disposed of; the substrates, were further 

washed with acetone and isopropanol for 15 min each in an Ultrasonic cleaning bath. The 

substrates were then air-dried. 
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3.4. Growth on Single Crystal Diamond substrates 
Single crystal diamond substrates were placed in the reactor chamber, which was then 

closed and pumped into pressures of approximately 7.5x10-6 Torrs. The parameters shown 

in Table 5 were used to grow the different samples, altering the concentration of Nitrogen 

introduced in each of them. The temperature was measured by a 1-colour pyrometer and 

displayed on a readout in the rack. The surface temperatures of the substrates were 

around 1085 ± 10 ⁰C, at a microwave power of 1.35 Kilowatts and a pressure of 100-95 

Torrs for all the samples, changing pressure after 60 minutes of growth to keep the 

temperature stable. A separating wire of 0.5 mm of diameter and Mo disk were used for all 

the growths. Each sample was deposited for 120 minutes before the non-hydrogen gases 

were turned off. 

Table 5: Different concentrations of gases used to grow seven different samples. The sample with 

0% N2 was used as a reference to compare with the other six samples. 

CH4 (sccm) H2 (sccm) B2H6 (sccm) N2 (N2/C %) 

7.5 690 50 0 

7.5 690 50 6.7 

7.5 690 50 8 

7.5 690 50 10.5 

7.5 690 50 20 

7.5 690 50 33.3  
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4. Results and discussion   

4.1. Polycrystalline diamond samples grown on Silicon substrates 
The samples grown on Silicon substrates had a range of N2/C from 0% up to 4.5%, each 

showing different electrical characteristics. The first analytical technique used on them was a 

two-probe contact test to get a rough estimate of the electrical resistance for each substrate. 

The results shown on Figure 28, show first a decrease of the electrical resistance upon 

addition of Nitrogen into the gas phase up to 2.5% N2/C. After those levels, the electrical 

resistance increases linearly with a slight decrease between 3% and 3.5% N2/C , until 

reaching a higher resistance than the BDD sample. The decrease in electrical resistance 

was highly unexpected, as every sample had the same levels of Boron and resistance has 

been reported to show an increase in electrical resistance upon addition of Nitrogen with 

similar levels of the dopant, as mentioned earlier (shown in Figure 18b). 

Figure 28: Graph showing the different electrical resistance of 7 different polycrystalline diamonds, 

with different N2/C ratios. 

The samples were analysed by Raman spectroscopy, which indicated the growth of diamond 

showing a peak at 1332 cm-1 on each of the samples (Figure 29 and Figure 30). The Raman 

data also indicates the increase in impurities addition (or dopants incorporation) into the 

lattice. This is shown by the peak at around 1600 cm-1 increasing in intensity as more 

Nitrogen was being added into the growth phase. As shown in Table 3, this peak indicates 

the presence of amorphous sp2 hybridised carbon atoms, which form in the lattice due to the 
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presence of impurities in substitutional positions, preventing the formation of sp3 hybridised 

carbon atoms.  

 

Figure 29: Three different stacked graphs showing the Raman data from the samples with a 0%, 2% 

and 2.5% N2/C ratio. All the samples were grown on Si substrates after being seeded by electrospray 



40 
 

with a nanodiamond/methanol solution. All data was normalised and the baseline was subtracted to 

show a flat baseline. 

 

Figure 30: Four different stacked graphs showing the Raman data from the samples with a 3%, 3.5%, 

4% and 4.5% N2/C ratio. All the samples were grown on Si substrates after being seeded by 
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electrospray with a nanodiamond/methanol solution. All data was normalised and the baseline was 

subtracted to show a flat baseline. 

The baseline was subtracted for all the data displayed and then, was plotted onto the same 

graph in Figure 31 to perceive the difference in Relative Intensity in all of the samples. As it 

can be seen, the intensity of the peaks at around 1600 cm-1 increases upon addition of 

Nitrogen, showing an increase in introduction of dopants in substitutional positions in the 

lattice. 

 

Figure 31: Raman data from all polycrystalline samples plot onto each other. All data was normalised 

and the baseline was subtracted to show a flat baseline. 

 

SEM images showed different thickness across the samples, as it is expected when using 

different growing parameters. The thickness was measured taking an average of different 

points across the surface in cross-section images of the samples. As stated before, the 

samples were grown under the same conditions and duration. As shown in Figure 32, the 

growth rate increased in the sample with 2% of Nitrogen compared to carbon by 

approximately 70%, which is in accordance with the work of Yiming, Z., Larsson, F. and 

Larsson, K  et al lxxxiv. The growth rate then decreased down to 0.8 µm with 3.5% of nitrogen 

on carbon and then increased again up to 1 µm with 4.5%. The decrease was not expected 

at such a low concentration of nitrogen of carbon, as studies show an increase in the growth 

rate up to 20% of N2/C. The increase is attributed to the formation of CN radicals at low 

concentrations of Nitrogen, followed by a reduction of CHx radicals at high concentrations of 
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Nitrogen lxxxv. As the concentration used in these experiments are much lower than the 

concentrations reported to decrease the growth rate, there is reason to believe that the 

Boron and Nitrogen incorporation are decrementing the growth rate, as the samples with 

concentration higher than 2% show a lower growth rate than the sample with no Nitrogen.  

 

Figure 32: Graph showing the growth rate of polycrystalline samples grown on Silicon substrates, 
calculated with SEM images. 

The SEM images also showed a variety of grain shapes, meaning different geometries in the 

samples. As shown in Figure 2, the different grain shapes can manifest the type of 

crystallographic orientation of the surface crystals. A triangular shape means a (111) 

orientation, while a (100) orientation is seen as a square shape. As it can be seen in Figure 

33, there was an overall trend showing more 111 crystallographic orientations upon more 

nitrogen concentration.  This trend is due to epitaxial growth, in which a crystal is grown on a 

substrate such that the crystal lattice of the growing crystal aligns with the lattice of the 

substrate. The strain that is cause by the incorporation of Nitrogen atoms into the lattice can 

cause the diamond to grow preferentially in the (111) plane, which is particularly stable 

thermodynamically. 

The remainder of the SEM surface figures are available at the appendix, from Figure 49 to 

Figure 51. 
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Figure 33: On the left, image of 0% N2/C sample showing 111 and 100 orientations. On the right, 
image of 2.5% N2/C sample showing mainly 111 orientations. All pictures have a magnification of 
x20000, and an applied potential of 15.0 kV. 

 

Hall effect measurements were taken for the samples, despite some inaccuracies that have 

been reported on this sort of measurements for polycrystalline semiconductors on 

conductive substrates. Some of the inaccuracies that occur can be the contact resistance of 

the samples, as it can differ between grains, leading to non-constant measurements; the 

presence of grain boundaries can affect the carrier concentration and the mobility of the 

charge carriers leading to differences in the Hall effect measurements; they can also have a 

high density of surface states which can confine charge carriers and again affect the 

measurements. The conductive substrate, Silicon in this case, can provide a parallel 

conduction for path carriers, which can lead to an inaccurate estimation of the mobility and 

the carrier concentration of the samples lxxxvi. 

The measurements showed non-ohmic contacts in the current-voltage (I-V) line, which has 

also been reported to affect the accuracy of the results. Despite all this, the samples showed 

consistent results in all four contacts, the I-V graphs are available in the appendix from 

Figure 52 to Figure 58. 

The results (Figure 34) of the Hall effect measurements showed p-type carriers for all the 

samples, but it did demonstrate some surprising results. The resistivity of all the co-doped 

samples decreased in comparison with the Boron-doped sample. This is an unexpected 

result as the introduction of Nitrogen is reported to increase the resistivity in diamond layers. 

A plausible explanation for this, is the formation of BN-clusters in substitutional positions, by 

bonding of Nitrogen atoms to Boron atoms in interstitial positions, moving them into 

substitutional positions. This release of Boron atoms from interstitial positions would signify 

an increase in mobility for the charged carriers, hence lowering the resistivity of the sample. 

As it can be seen in Figure 34, the mobility of the samples decreased slightly in the 2% N2/C, 

and then linearly increased  up to the 3.5% N2/C sample, achieving a maximum of ~240 cm2/ 

Vs, and then decreasing again linearly up to ~166 cm2/ Vs in the 4.5% N2/C sample. The 

carrier concentration of all the co-doped samples remained in the same scale of 1018 cm-3 

and staying nearly stable. The reference BDD sample showed a carrier concentration 

~7*1016 cm-3, which then increased for the co-doped samples as it was expected by the 

addition of more dopants into the growth phase. The maximum carrier concentration was 
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~4*1018 given by the 3% N2/C sample, but not showing a considerable increase in 

comparison with other co-doped samples. These results have been analysed acknowledging 

the possible inaccuracies of this type of measurement in the samples measured, especially 

for mobility and carrier concentration. 

Figure 34: Graph with three different Y axis, showing results from the Hall effect measurements taken 

of the polycrystalline diamond samples grown on Si substrates. The graph shows the values and 

trends of the resistivity measured in Ω*cm, the mobility of the carriers measured in cm2/Vs and the 

carrier concentration measured in cm-3. 
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4.2. Diamond samples grown on single crystal diamond substrates 
The samples grown on SCD substrates had a range of N2/C from 0% up to 33.3%, each 

showing different electrical characteristics. The first analytical technique used on them was 

a two-probe contact test to get a rough estimate of the electrical resistance for each 

substrate. The results shown on Figure 35, show first a decrease of the electrical 

resistance upon addition of Nitrogen into the gas phase, with a minimum of 2.99 kΩ on the 

sample with 8% N2/C. After those levels, the electrical resistance increases linearly up to 

the sample with 20 % N2/C, which shows a resistance of 3.78 kΩ, lower than the BDD 

sample. The decrease in electrical resistance was highly unexpected again, as every 

sample had the same levels of Boron and resistance has been reported to show an 

increase in electrical resistance upon addition of Nitrogen with similar levels of the dopant, 

as mentioned earlier (shown in Figure 18b). The same trend observed in the Silicon 

experiments (electrical resistance decreasing at low concentrations of nitrogen and then 

increasing upon heavy nitrogen doping) has occurred when growing on SCD substrates, 

showing  a pattern in the electrical behaviour of co-doped samples. 

Figure 35: Graph showing the electrical resistance measured with a two-probe contact for diamond 

samples grown on SCD substrates with different N2/C ratios. 

 

As it was expected, the SC samples showed no significant peaks apart from the 1332 cm-1 

diamond peak, shown in Figure 36 and Figure 37. Assuming the Raman laser did not go 
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through the doped layer into the bulk diamond substrate, the data is useful to confirm that 

the samples are in fact, epitaxial films with a near-continuous crystal in the grown layer. 

 

Figure 36: Three different stacked graphs showing the Raman spectroscopy data of three different 

samples grown on SCD substrates with different N2/C ratios varying from 0% to 8%. 
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Figure 37: Three different stacked graphs showing the Raman spectroscopy data of three different 

samples grown on SCD substrates with different N2/C ratios varying from 10% to 33.3%. 
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The measuring of the thickness was originally thought to be done by using a mask during 

growth to avoid lateral growth and then measuring the thickness of the doped layer, which 

is seen darker in the SEM due to its higher conductivity. Nevertheless, the mask used was 

found to be unsuitable for this practice, as its high thickness, avoided the plasma to sit on 

top of the SCD substrate which meant no growth of  diamond on the substrate but on the 

mask instead. Hereby, the growths were carried out on unmasked substrates which 

produced lateral growth on them. 

As expected, the SEM images were not useful to estimate the thickness of the samples, 

although they showed some unexpected results in the uniformity of the doping in the films. 

The distribution of doping can be shown by SEM owning to the secondary electrons 

moving throughout the films, if an area is not conductive enough there is a charging in the 

area resulting in a brighter white light in the picture.  

First, a SCD clean substrate was imaged to inspect the surface (Figure 38) both with BED 

and SED to inspect the surface. As expected, it showed a smooth and cleaned surface 

with no scratches or substances on the film. 

Figure 38: On the left, an image of the top of the SCD substrate with BED, on the right, an image of 

the same area of the substrate with SED. Both images were taken with an acceleration voltage of 

15 kV, and a magnification of x100. 

 

The Boron-doped films showed a non-uniform distribution of the dopants using the SED, 

as it can be seen in Figure 39. This type of distribution of dopants in the film means the 

film is not uniformly conductive, as the electrons can flow better in some regions than 

others. The BED image shows, on the contrary, a smooth surface with no physical 

scratches on the film. 
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Figure 39: On the left, an image of the top of a BDD film using BED, on the right, an image of the 

same region of the film using SED. Both images were taken with an acceleration voltage of 15 kV, 

and a magnification of x1000. 

The co-doped sample with a 6.7% of N2/C (Figure 40) showed again an uneven 

distribution of the dopants with regions charging up on the SED, and dark regions showing 

better flow of electrons. The BED image showed again, a smooth surface on the film, with 

a few dots on the image that are probably little scratches or dust that had deposited on the 

sample. 

Figure 40: On the left, an image of the top of a BN co-doped diamond film with 6.7% N2/C using 

BED, on the right, an image of the same region of the film using SED. Both images were taken with 

an acceleration voltage of 15 kV, and a magnification of x100. 

The co-doped sample with an 8% of N2/C (Figure 41) showed very similar results to the 

previous sample (6.7% N2/C), nonetheless, the image taken with SED shows a different 

pattern in the distribution of dopants in the film, being this sample more uniform, with 

smaller ‘charging’ areas. The image taken with the BED shows a smooth film with no 

physical scratches again. 
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Figure 41: On the left, an image of the top of a BN co-doped diamond film with 8% N2/C using BED, 

on the right, an image of the same region of the film using SED. Both images were taken with an 

acceleration voltage of 15 kV, and a magnification of x100. 

The co-doped sample with a 10% of N2/C (Figure 42) showed mainly uniformity in the flow 

of electrons in the images with BED and SED. However, the sample showed a crystal in a 

region of the film that was surrounded by less conductive material, as it can be seen in 

Figure 43. The reason for this crystal formation is unknown, but it is thought that a particle 

could have landed on the film  before growth, stimulating nucleation. It is suspected that 

the distribution of dopants was affected due to the formation of the crystal amid the film, 

explaining the less conductive surroundings of the crystal. 

Figure 42: On the left, an image of the top of a BN co-doped diamond film with 10% N2/C using 

BED, on the right, an image of the same region of the film using SED. Both images were taken with 

an acceleration voltage of 15 kV, and a magnification of x100. 
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Figure 43: On the left, an image of the crystal found in the 10% N2/C film, showing less conductive 

surroundings around the crystal. The image was taken with a x100 magnification and a 15kV of 

acceleration voltage. On the right, a closer image of the crystal formed. The image was taken with a 

x2000 magnification and an acceleration voltage of 15 kV. 

The co-doped sample with a 20% of N2/C (Figure 44) showed a dopant distribution similar 

to the sample with 8% N2/C, the BED image showed no species on the surface, meaning 

the patterns in the SED image were not due to physical scratches. 

Figure 44: On the left, an image of the top of a BN co-doped diamond film with 20% N2/C using 

BED, on the right, an image of the same region of the film using SED. Both images were taken with 

an acceleration voltage of 15 kV, and a magnification of x100. 

The co-doped sample with a 33.3% of N2/C (Figure 45) manifested similar patterns of non-

uniform distribution of dopants as the sample with 8% N2/C. It formed areas with a high 

flow of electrons, but also areas where charging of electrons was happening after the 

electron beam started. Again, the image with BED showed a smooth surface on the film 

with no physical scratches or other species on it. 
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Figure 45: On the left, an image of the top of a BN co-doped diamond film with 33% N2/C using 

BED, on the right, an image of the same region of the film using SED. Both images were taken with 

an acceleration voltage of 15 kV, and a magnification of x1000. 

A further unexpected characteristic found on the samples worth mentioning, is the 

appearance of an ‘edge effect’ in the samples with 0%, 8%, 20% and 33% N2/C, shown in 

Figure 46. This was highly unexpected as the films were not masked when growing, but 

the SED images show a clear difference of flow of electrons capacity between the edges 

and the centre of the samples. The images of this areas taken with BED are available in 

the appendix, Figure 59. 

 

Figure 46: Four different images of the edges of four different films, showing the ‘edge effect’. All 

images were taken with an acceleration voltage of 15 kV and a magnification of x100. 
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Hall effect measurements were taken for all the samples grown on SCD substrates.  As 

the thickness of the samples was unknown, 1µm thickness was assumed for all the 

samples for consistency. It was also assumed that the rectangular-shaped films did not 

behaved differently than square-shaped geometries factor for Hall effect measurements, 

as a rectangle is not a Van der Pauw geometry.  

The samples showed to be Ohmic-contacts in the current-voltage (I/V) line, allowing 

charge to flow easily in the films, proving a lower resistance than the samples grown on Si 

substrates. The I/V graphs are available in the appendix from Figure 60 to Figure 65. 

The results (Figure 47) of the Hall effect measurements showed again, p-type carriers for 

all the samples, nonetheless showing unpredicted results. The resistivity of the co-doped 

samples decreased in comparison to the Boron-doped sample, apart from the sample with 

a 33.3% N2/C, which was expected as the Nitrogen concentration was very high. These 

results conforms a trend in the decrease of resistivity of films co-doped with Boron and low 

levels of Nitrogen, as it happened with films grown on Si substrates. Again, a feasible 

explanation for these results would be the formation of BN-clusters in substitutional 

positions, by bonding of Nitrogen atoms to Boron atoms in interstitial positions, moving the 

Boron atoms into substitutional positions. This release of Boron atoms from interstitial 

positions would signify an increase in mobility for the charged carriers, hence lowering the 

resistivity of the samples.  

 

Figure 47: Graph with three different Y axis, showing results from the Hall effect measurements 

taken of diamond samples grown on SCD substrates. The graph shows the values and trends of the 

resistivity measured in Ω*cm, the mobility of the carriers measured in cm2/Vs and the carrier 

concentration measured in cm-3. 
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As shown in the graph, the mobility of all samples increase in comparison with the BDD 

sample (0% N2/C). There is a maximum in mobility for the sample of 10% N2/C, but this 

could be due to a lower dopant introduction in this particular sample, as the carrier 

concentration is lower than for other samples, ~77% lower. From the graph, the mobilities 

of the samples are much lower (more accurate) than the samples grown on Si substrates, 

as these samples did not have many inaccuracies for Hall effect measurements regarding 

carrier concentrations and mobility. Looking only at the co-doped samples, the trend in 

mobility is a decrease from low levels of Nitrogen to higher levels (apart from the sample 

with 10% N2/C), as expected with higher levels of dopant in the films. The carrier 

concentrations for co-doped samples, stays approximately stable for all the films, apart 

from the sample 10% N2/C, which was already discussed. 
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5. Conclusion and future work 
Based on the evidence presented, the synthesis of an n-type conductive diamond film at 

room temperature, using Boron and Nitrogen co-doping was unsuccessful, as all the 

samples showed p-type carriers. Nevertheless, the experiments showed unforeseen results, 

manifesting a decrease in resistivity on films co-doped with low levels of Nitrogen, up to 8% 

N2/C for SCD samples. These results led to the conclusion that Boron-Nitrogen clusters 

were forming in substitutional positions in the lattice, with Nitrogen atoms bonding to Boron 

atoms in interstitial positions and taking them into substitutional positions, allowing a longer 

mean free path in the semiconductor. An increase in the mean free path in the 

semiconductor meant a higher mobility for the carriers which led to a decrease in resistivity, 

as seen in the results. As discussed, the control of the type of clusters formed in the lattice is 

a complex technique, as diamond only allows to introduce these impurities during growth. 

During this step, many types of BN-clusters can form, and not only the desired ones that 

theoretically show better results for n-type conductivity, so the sole action that can be 

managed, is to change the N/B ratio in the growth parameters. 

A comparison of the N/B ratios of this experiment with the ratios from the work of Liu, D.Y. et 

al. was made (Figure 48), showing lower ratios for the experiment carried out, hence 

suggesting that the clusters formed in the films synthesised may not be Nitrogen-rich 

clusters, like BN2, which were the clusters showing n-type conductivity in past computational 

studies. 

  

Figure 48: Graph showing a comparison in resistivity vs N/B ratio from the experiments carried out for 

this project on SCD samples and by Liu, D.Y. et al. The measurements taken by Liu, D.Y. et al. were 

at a temperature of 775K, while the ones taken for this project were taken at room temperature. 
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As a result, future work should be focused on increasing the N/B ratio to levels closer to the 

work from Liu, D.Y. et al., although this may lead to various issues as the N2/C ratio would 

be too elevated which could lead to a very high resistance from the films, making them 

essentially impracticable for any device operating at room temperature. The films 

synthesised for this experiment showed lower resistivity at room temperature than the 

samples from Liu, D.Y. et al. at 775K, manifesting rousing results for the films synthesised. 

The decrease in resistivity manifested in the samples with low percentage of Nitrogen over 

Carbon could also be used as a potential process to optimise the production of more 

conductive p-type diamond films for various applications, but more work should be done with 

similar parameters, to confirm the results. 

Aside from the work that should focus on the N/B ratios of the films, a further study using 

Secondary Ion Mass Spectrometry (SIMS) would be helpful to understand the dopant 

distribution in the films, as the results from SEM suggested a non-uniform distribution of the 

dopants. Further study is needed to comprehend the ‘edge effect’ reported in the films grown 

on SCD substrates, which reported very low dopant levels around the edges. 

This project has overviewed the co-doping of Boron and Nitrogen for diamond films, as an 

attempt to achieve an n-type material at room temperature. While further work is needed, the 

results shown in this study should prompt for other studies regarding co-doping of diamond 

to be done in the future, and even attempt co-doping of diamond with other elements that 

have shown better results than Boron-Nitrogen clusters in past computational studies, as 

discussed. 
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6. Appendix 

 

Figure 49: On the left, image of 2% N2/C sample. On the right, image of 3% N2/C sample. All pictures 

have a magnification of x20000, and an applied potential of 15.0 kV. 

 

 

Figure 50: On the left, image of 3.5% N2/C sample. On the right, image of 4% N2/C sample. All 

pictures have a magnification of x20000, and an applied potential of 15.0 kV. 

 

Figure 51: Image of 4.5%% N2/C sample. The picture has a magnification of x20000, and an applied 

potential of 15.0 kV. 
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Figure 52: I/V graph of BDD sample grown on a Si substrate, showing non-Ohmic contacts but being 

consistent on all four contacts. 

 

Figure 53: I/V graph of BN co-doped sample (2% N2/C) grown on a Si substrate, showing non-Ohmic 

contacts but being consistent on all four contacts. 

 

Figure 54: I/V graph of BN co-doped sample (2.5% N2/C) grown on a Si substrate, showing non-

Ohmic contacts but being consistent on all four contacts. 
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Figure 55: I/V graph of BN co-doped sample (3% N2/C) grown on a Si substrate, showing non-Ohmic 

contacts but being consistent on all four contacts. 

 

Figure 56: I/V graph of BN co-doped sample (3.5% N2/C) grown on a Si substrate, showing non-

Ohmic contacts but being consistent on all four contacts. 

 

 

Figure 57: I/V graph of BN co-doped sample (4% N2/C) grown on a Si substrate, showing non-Ohmic 

contacts but being consistent on all four contacts. 
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Figure 58: I/V graph of BN co-doped sample (4.5% N2/C) grown on a Si substrate, showing non-

Ohmic contacts but being consistent on all four contacts. 

 

 

Figure 59: Four different images taken with BED on SEM facility, showing smooth surfaces with few 

scratches which are not enough to explain the ‘edge effect’. All images were taken with an 

acceleration voltage of 15 kV and a magnification of x100. 
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Figure 60: I/V graph of BDD sample grown on SCD, showing Ohmic contact in all four contacts. 

 

Figure 61: I/V graph of BN-6.7% on SCD, showing Ohmic contact in the Hall effect measurements. 

 

Figure 62: I/V graph of BN-8% on SCD, showing Ohmic contact in the Hall effect measurements. 
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Figure 63: I/V graph of BN-10% on SCD, showing Ohmic contact in the Hall effect measurements. 

 

Figure 64: I/V graph of BN-20% on SCD, showing Ohmic contact in the Hall effect measurements. 

 

Figure 65: I/V graph of BN-30% on SCD, showing less Ohmic contact in the Hall effect measurements 

than the previous samples. 
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