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Abstract 
Diamond is an ultrawide bandgap (UWBG) semiconductor with exceptional physical and 
electrical properties, such attributes make it an attractive candidate for betavoltaic devices. 
These nuclear batteries generate electrical current from beta particles emitted by radioactive 
sources and produce a stable power output over a long working lifetime, making them suitable 
for inaccessible environments. 
 
This report explores the fabrication of functional p-type / intrinsic / n-type (P-i-N) junction 
diamond diodes and investigate their application as potential betavoltaic cells. All layers were 
prepared and grown in the Bristol Diamond Laboratory via Microwave plasma enhanced 
chemical vapour deposition (MWCVD). The growth of these devices began on a 
polycrystalline diamond substrate. A boron doped (p-type) layer was first deposited, followed 
by an intrinsic diamond layer and finally a nitrogen doped (n-type) layer. Ohmic contacts of 
platinum/palladium were applied to both the exposed p-type and n-type layers, forming a 
pseudo-vertical P-i-N diode structure. 
 
The fabrication process yielded reproducible P-i-N junction diodes that possessed rectifying 
properties. The best diode, produced a rectification ratio of 311, observed at 12 V. Upon 
remeasurement following reapplication of the metal contacts, a maximum forward current of 
6 × 10⁻⁴ A was recorded at 20 V. The threshold voltage of the device was estimated to be 5.5 V. 
 
An experimental investigation of co-doping with boron and nitrogen clusters to achieve a more 
efficient n-type diamond layer in the P-i-N structure was also carried out, a critical 
advancement for the next generation of betavoltaics. However, early results were inconclusive.  
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1 Introduction 

1.1 Betavoltaic Devices 

The concept of the ‘Electron Voltaic Effect’ was first introduced in 1951 by Ehrenberg et al. at 

Birkbeck College, University of London [1]. Ehrenberg and his team concluded that 

photovoltaic cells were sensitive to electron bombardment; whilst investigating the effect of 

current amplification in selenium cells under bombardment by electron beam. 

They observed a rapid voltage increase, which appeared to be proportional to the number of 

ion pairs in selenium.  

 

In 1953, American scientist Paul Rappaport, working at the Radio Corporation of America 

(RCA), explored the electron-voltaic effect in semiconductor materials. He published an article 

titled “The Electron-Voltaic Effect in P-N Junctions Induced by Beta Particle Bombardment” 

[2], where he described using a 50-millicurie Strontium-90/Yttrium-90 radioactive source to 

bombard silicon and germanium wafers with beta particles. This marked the first documented 

prototype of a beta-voltaic device. 

 

The total efficiency, 𝜂, of a beta voltaic device can be separated into two distinct components; 

 

 𝜂 = 	𝜂!"#$%&	𝜂%"() (1.1) 

 

Where 𝜂!"#$%&	is the efficiency of the beta source and is radionuclide dependent. 𝜂%"()is the 

conversion efficiency of the semiconductor [3]. The cell designed by Rappaport produced 

0.8 μW of power with an average efficiency of approximately 0.2%. Given the radioactive 

source's power output of around 200 mW, this resulted in a conversion efficiency of 0.4% for 

the device [2,4]. A year later, in 1954, Rappaport and a colleague filed a patent for this 

technology on behalf of RCA [3], a schematic of the design is shown in Figure 1.  The invention 

was described as a means for converting the energy of radioactive material into useful electrical 

energy. The design consisted of a radioactive material contained within a semiconducting body, 

surrounded by a magnet at either end of the device. The semiconducting body contained both 

a P and N type region. The purpose of the device, as stated, was to create an atomic battery that 

utilises a semiconducting material and is distinguished by its extended lifespan. 
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Rappaport et al. concluded that the limiting factors of reducing the conversion efficiency were 

the recombination, backscattering, junction leakage and energy absorption processes other than 

charge carrier production. It was also noted that the effects of radiation damage were yet to be 

explored [2] . Decades later, Olsen et al. calculated that due to radiation damage, the maximum 

power output of this silicon-strontium-90 system was found to decay to one-tenth of its initial 

value within one week of device lifetime [7].   
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Figure 1 - Rappaport patent for a radioactive battery employing semiconductors, 
filed on March 21st, 1961 sourced from [5]. The first ever betavoltaic device. 
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In the 1970s worked continued on betavoltaic devices. Olsen et al. [8] explored the generation 

of power by coupling a beta source to a semiconductor device junction. This led to the 

production of the Betacel, the first Betavoltaic power source by a group at  Donald W. Douglas 

Laboratories [9]. Shown in Figure 2, the design comprised of stacked planar layers of silicon 

as the semiconductor material and 147Pm in the form of Pm2O3 as the beta source, it was 

licenced for use in cardiac pacemakers and implanted into over 100 patients. The Betacel 

battery achieved an efficiency of 4% based on incident flux and lifetime over 10 years with up 

to 400 µW of power at the beginning of its 10-year useful life [10,11].  

 

However, Pm2O3 contains varying isotopes of promethium. Promethium-147 is a pure beta 

emitter however, Promethium-146,  a contaminant, has gamma emission lines greater than 300 

keV at 453keV, 735keV, 747keV [12]. High energy radiation may cause damage to batteries as 

well as their environment. Silicon, the semiconducting material in the Betacel, has a radiation 

damage threshold of approximately 200 keV [13]. The radiation damage threshold is the 

minimum amount of radiation energy per unit volume required to cause permanent structural 

damage to a material. When a material is exposed to radiation, atoms can be displaced from 

their lattice sites, creating defects like vacancies, interstitials, or dislocations. If the radiation 

energy exceeds this threshold, these displacements become irreversible, resulting in permanent 

damage to the material's structure and therefore decreasing the electrical conductivity of the 

device.  

 

In an ideal scenario, the radioactive source of the betavoltaic battery should be a pure beta-

decay method without γ-rays and X-rays to reduce radiation damage, with beta emission 

energies of below 300 keV [14]. Moreover, the daughter nuclei formed after the decay of the 

radioactive source also has no γ-ray or X-ray emission.  

 

 

 



 5 

 
Figure 2 – Cross sections taken of the Betacel. The Betacel 400 was an early betavoltaic battery 
powered by promethium-147, the device was produced for cardiac pacemakers [8]. Although 
the battery remained small [13], much of its volume of the device was shielding for the gamma 
radiation emitted by the 146Pm source. Schematic by Larry Olsen [14]. 

From 1975 to 2006, studies of betavoltaics proceeded sporadically [14]. The pacemaker market 

was occupied by new lithium battery powered devices which were smaller; cheaper and without 

the negative stigma surrounding radioactivity such as the environmental concerns and the 

public uneasiness about nuclear safety attached to it. The nuclear pacemaker market was 

rendered obsolete [15]. Betavoltaic devices of today represent a category of nuclear battery 

which generate electrical current from beta particles emitted from a radioactive source, 

typically Tritium (H-3) or Nickel-63. These are pure beta emitters, meaning the radionuclide 

only emits beta radiation during the decay process [16].  This process is characterised as a non-

thermal conversion method. The devices directly convert the radioactive decay energy of these 

beta-emitting isotopes into electrical energy employing a semiconductor method of charge 

collection.  When beta particles enter the energy converting structure, many electron-hole pairs 

are generated. If the electron-hole pairs are generated within the depletion layer, the electrons 

and holes can be separated by the built-in potential to generate an electrical current. Conversely, 

if the electron hole pairs are formed outside of this region, they are likely to recombine, 

dissipating energy as heat [18].  
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Figure 3 – A Ragone plot for the comparison of nuclear batteries, fuel cells and a chemical 
batteries sourced from [6]. 

Betavoltaic devices typically have a low power output due to this being proportional to the 

radioactive power of the radionuclide and limited by the efficiency of the device [19]. However, 

the devices produce a stable power output over a long working lifetime and have a high energy 

density. The betavoltaic battery provides a reliable, long-life power supply in harsh or 

inaccessible environments. As mentioned earlier, between the mid-1970s and early 2000s, 

studies and production of betavoltaic devices remained intermittent. Until in 2010, when City 

Labs’ NanoTritium battery was awarded the betavoltaic industry’s first general license for 

‘manufacturing and distribution’, meaning it can be purchased by any user [4]. 
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High prices, starting at several thousand dollars per unit, and limited production capacity have 

kept City Labs’ NanoTritium batteries primarily confined to research. These betavoltaic 

devices are designed for environments where long-term, maintenance-free power is critical, 

such as space exploration, military applications, and medical implants like the Betacel.  

 

Since the inception of the space program in the 1950s, the National Aeronautics and Space 

Administration (NASA) has relied on Radioisotope Thermoelectric Generators (RTGs) to 

power vehicles exploring outer space [20]. These generators, deployed in missions such as 

Apollo, Viking, and Voyager, have proved their ruggedness, reliability, and long lifetimes, 

making them crucial for deep-space exploration [21]. Although different to betavoltaics, with 

RTGs utilising the heat generated from radioactive decay, both methods harness energy from 

radioactive decay demonstrating their applicability to space exploration.  

 

Beyond medical implants and space exploration, betavoltaic devices have found use in novel 

applications where conventional batteries would fail. Examples include sensors designed to 

operate in extreme environments such as high-radiation zones, deep underwater, or areas with 

Figure 4 - City Labs' NanoTritium™ battery size comparison with a US quarter; a 
small-scale nuclear battery able to provide low-energy devices in extreme 
environments with power for over 20 years [17]. 
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extreme temperatures [4]. These environments render standard chemical batteries impractical 

due to their limited lifespan and sensitivity to environmental conditions. However, the use of 

betavoltaic devices in consumer products remains virtually non-existent due to the cost and 

regulatory complexities associated with handling radioactive materials like tritium. Despite 

their advantages, such as the ability to generate power continuously for decades without 

recharging, betavoltaics like NanoTritium are far from becoming a mainstream energy solution 

for the general public.  

 

Today, researchers at Bristol University have successfully fabricated the world’s first carbon-

14 diamond battery, with the potential to power devices for thousands of years [24]. Carbon-

14 can be used in the growth process, removing the need for an external beta source, with the 

battery providing its own internal power source. This carbon isotope is a beta emitter with half-

life 5730 ± 40 years and 156 keV decay energy [22], it is formed naturally in the upper 

atmosphere by the irradiation of N-14 by cosmic ray neutrons. Carbon-14 can also be obtained 

from the reprocessing of man-made spent nuclear fuel in the form of BaCO3 powder and 

radioactive graphite. Repurposing waste carbon would contribute to a decrease in the overall 

amount of nuclear waste generated [23]. On beta emission the isotope decays into nitrogen, 

although this degrades the quality of the battery overtime, nitrogen is a clean gas and the most 

abundant in Earth’s atmosphere. The carbon-14 diamond battery represents a novel approach 

to energy storage, though its development is still at an early stage, with significant research and 

refinement required to achieve practical applications [24]. 
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1.2 Band Gap Theory and Band Structure  

 

The band gap is the energy between the valence band and the conduction band.  

In metals these bands overlap, allowing for the free movement of electrons through the 

material. Electrons can transition from the valence band to the conduction band when subjected 

to an external electric field, resulting in the creation of holes, which are defined as the absence 

of electrons. This process facilitates the generation of electrical conductivity.  

 

In insulators the band gap is large, electrons cannot easily move from the valence band to the 

conduction band. In a conductor there is no band gap, the valence band and conduction band 

overlap, electrons move freely between the two bands. A semiconductor has an intermediate 

band gap and can be described as a material that is between an insulator and a conductor, 

sharing properties with both. This ‘intermediate’ band gap can be overcome by thermal energy, 

light or applied voltage allowing semiconductors to exhibit controllable electrical conductivity. 

 

The electrical conductivity of semiconductors can be modified through a process called doping, 

which involves substituting atoms in the crystal lattice with elements that have either more or 

fewer valence electrons. These dopant elements introduce free electrons or holes into the 

Figure 5 - A diagram showing the conduction and valence bands of a metal, a 
semiconductor and an insulator. The diagram highlights the  size gaps between the 
bands and the overlap of the bands in a metal. 
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material, significantly altering its electrical properties while minimally impacting other bulk 

properties. Depending on the type of dopant, this process creates n-type (negative) or p-type 

(positive) semiconductors, facilitating tailored electronic functionality for a range of 

applications. 

 

Acceptors are impurities which have less valence electrons than the host, they contribute energy 

levels above the valence band edge. They accept electrons from the valence band, leaving holes 

in the valence band which can contribute to electrical conduction.  Similarly, donor levels are 

formed by donors with more valence electrons and contribute to energy levels just below the 

conduction band.  

  

 

 

 

 

 

Figure 6 - A diagram demonstrating how the band gap of an extrinsic semiconductor varies 
with doping. It also highlights where n-type and p-type dopants sits within a semiconductor 
structure. 
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1.3 Traditional Diodes 

 

1.3.1 Diodes  
 

A diode is a two-terminal semiconductor device that only allows current to flow in one 

direction. The simplest form of a diode is the p-n junction, formed by joining p-type and n-type 

semiconductor materials. This junction creates an electrical asymmetry; when a forward 

voltage is applied, the diode conducts electricity. However, when a reverse voltage is applied, 

the diode blocks most of the current, acting as an electrical check valve. In the forward 

direction, the device must overcome a built-in potential which is related to the work function 

of the semiconducting material.  

 

When the junction is formed between the P and N type materials, the Fermi levels  (chemical 

potentials) align on either side of the interface. To account for this band bending occurs due to 

a charge transfer at the interface until an equilibrium is reached between the chemical 

potentials. The redistribution of charge creates an internal electric field; electrons diffuse from 

the n-type region to the p-type region, leaving behind holes and a depletion region is created. 

Thus, the built-in electric field leads to a built-in potential barrier, Vbi, forming across the 

junction.  

 

 

 

 

where Na is the acceptor atoms concentration in cm-3; ND is the donor atom concentration in 

cm-3, and ni is the concentration of carrier electrons within the intrinsic material in cm-3. 𝑒 is 

the elementary charge of an electron. kBT/e  is known as the thermal voltage, VT and is 

equivalent to approximately 25 mV at room temperature. 

 

 𝑉*+ =	
𝑘,𝑇
𝑒 	𝑙𝑛 *

𝑁-𝑁.
𝑛+/

,	 (1.2) 
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1.3.2 Carrier Transport Theory in Diodes 
 

Carrier transport in a pn junction diode is governed by diffusion and drift. These processes arise 

due to carrier concentration gradients and built-in electric fields, respectively. Electrons diffuse 

from the n-region to the p-region, 𝐽&
0+11, whilst drifting from the p-region to the n-region,  

𝐽&
0$+12. Hole carrier transport occurs in the opposite direction, 𝐽&

0$+12and 𝐽3
0$+12, respectively.  At 

equilibrium, with no external applied bias, the net current in the semiconductor is zero. The 

diffusion and drift currents balance each other.  

 

 

 

When an external voltage 𝑉4556 is applied, the built-in potential barrier ∆𝑉*+ is modified. 

 

   

 

 

where ∆𝑉′*+ represents the change in potential barrier due to the applied voltage, 𝑉4556. The 

generation current density, 𝐽&
7&(, follows an exponential dependence on the potential barrier. 

 

 

Where 𝐽8 is the saturation current density, 𝑘, is Boltzmann’s constant, and	𝑇 is the absolute 

temperature in Kelvin. Under an applied voltage, the diffusion current can be written in terms 

of the modified potential barrier. 

 

 

 𝐽!
"#$%& = −𝐽!

"$%% 

 

(1.3) 

 𝐽3
0$+12 =	−𝐽3

0+11 (1.4) 

 ∆𝑉′*+ =	∆𝑉*+ −	𝑉4556 (1.5) 

 
𝐽&
7&( =	 𝐽8𝑒

9	&∆;!"<#=  
(1.6) 
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Substituting (1.5) into (1.7) gives:  

 

 

 

 

 

The rate of recombination is assumed to be small, and the generation rate of minority carriers 

does not depend on 𝑉4556. Therefore;  

 

 

 

The net current density, combining the forward diffusion current, 𝐽&
0+11, and the reverse 

saturation current, 𝐽&
0$+12, follows an exponential dependence on the applied voltage: 

 

 

Which can be rewritten in terms of the thermal voltage 𝑉= =	
<#=
&

 : 

 

 

 

This leads to the Shockley diode equation, which describes the total current through a pn 

junction:  

 
𝐽&
0+11 =	 𝐽8𝑒

9
&∆;!"

$

<#=  
(1.7) 

 
𝐽&
0+11 =	 𝐽&

7&(𝑒9
&;%&&'
<#=  

(1.8) 

 𝐽&
0$+12 =	−𝐽&

7&( (1.9) 

 
𝐽2"246 ∝ 2𝑒

&;%&&'
<#= 	 − 14 

(1.10) 

 
𝐽2"246 ∝ 2𝑒

;%&&'
;( 	 − 14 

(1.11) 
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Where 𝐼8 is the reverse saturation current, and	𝜂 is the ideality factor, a measure of how closely 

a diode follows the diode equation. Equation 1.10 is valid under both the forward and reverse 

bias regions but does not apply in the breakdown region, the exponential response is shown in 

Figure 8. Real diodes generally exhibit small deviations from this model [25, 26, 27]. 

 

 
𝐼2"246 =	 𝐼8 2𝑒

;%&&'
>;( 	 − 14 

(1.12) 
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Figure 8 - Typical I-V curve of a diode. The diagram highlights key characteristics such as the 
threshold voltage, VT , and the breakdown voltage, Vbr . The graph shows an exponential 
increase in the current under forward bias and minimal leakage current under reverse bias, until 
the breakdown voltage Vbr.  
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A variation of a standard pn junction diode is the p-i-n junction diode. The i represents an 

intrinsic semiconductor layer between the p-type and n-type regions as shown in Figure 9. This 

intrinsic layer increases the width of the depletion region, improving the diode's ability to 

handle high voltages and making it particularly useful in applications requiring efficient charge 

collection, such as radiation detection and energy conversion in betavoltaics. An electric field 

is formed across the intrinsic material due to the collection of electrons and holes at either side 

of the junction, yet the intrinsic layer itself has no net charge across it.  

 

In a typical vertical diode structure, current flows vertically through all layers allowing for a 

compact design. A pseudo vertical structure mimics the vertical current flow adapting to the 

limitation of the bottom contact being obstructed by the insulating substrate layer.  In this 

report, the devices constructed had a pseudo vertical structure.  

 

Rectification ratio is a measure of good diode behaviour. It is a figure of merit that measures 

the effectiveness of current rectification. The ratio of current under forward bias to the current 

under reverse bias and can be used to define the efficiency of a device. Throughout this study, 

this ratio is explored to characterise fabricated devices. Another key parameter in diode 

function is the threshold voltage. The threshold voltage which is not to be confused with the 

P-type material

N-type material

Intrinsic material

+ + + + + + + + + + 

- - - - - - - - - -
Ohmic Contacts

Electric Field e- flow

Figure 9 – A diagram of a basic P-i-N diode structure, the negative charges represent electrons, 
and the positive charges represent holes. 
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built-in voltage, is the voltage at which significant current begins to flow. This is another key 

characteristic in device performance which  is explored in this work.  

 

 

 1.4 Diamond and it’s Synthesis  

Diamond, in its simplest form, is an sp³ hybridised allotrope of carbon. Yet, at its most 

celebrated, it stands as a gemstone of remarkable brilliance and unparalleled lustre, captivating 

admiration worldwide [28]. This dual nature of diamond—as both a scientific marvel and a 

symbol of luxury—has driven the global diamond industry to a valuation of $96.4 billion USD 

as of 2022 [29]. 

 

The De Beers Group, a leader in the diamond industry, has recently experienced a 22% year-

on-year drop in rough diamond sales [30]. Economic challenges in major markets like China 

and the United States have dampened consumer confidence, contributing to a decline in 

traditional diamond sales. However, these challenges may not fully explain the market 

contraction. The rise of synthetic diamonds, which are both physically and chemically identical 

to natural diamond, has disrupted De Beers’ longstanding dominance, reshaping consumer 

preferences and expectations. In response, De Beers has shifted its strategic focus from the sale 

of rough diamonds to building a luxury brand image, emphasising the allure and exclusivity of 

natural diamonds. This pivot reflects the industry's evolving landscape, where innovation in 

diamond synthesis and shifting consumer attitudes are redefining the value of these precious 

stones.  

 

There are two primary methods for this synthetic diamond growth, High Pressure High 

Temperature (HPHT) and Chemical Vapour Deposition (CVD).  
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1.4.1 High Pressure High Temperature synthesis (HPHT) 

HPHT was the first method to effectively synthesise diamond, it attempted to model the 

conditions of diamonds formation within the Earth’s mantle.  Over 70 years ago, in 1953, 

scientists in Sweden synthesised diamond from a mixture of iron carbide (Fe3C) and graphite 

using high pressures of 7.5 GPa and high temperatures of 1500°C [31].  Today, the standard 

conditions for High-Pressure High-Temperature (HPHT) diamond growth are approximately 

1300-1600°C and 5-6 GPa [32]. Catalysts are often used to reduce the required temperature, 

but the growth method remains highly energy-intensive and costly due to the need to maintain 

such extreme conditions. Additionally, the equipment used is expensive, and the process can 

produce a range of crystal sizes, including larger crystals up to 8-10mm [23]. With the potential 

for contamination from atmospheric nitrogen, the control of impurities is critical when 

optimising the electrical properties of diamond.  

 

Although HPHT is a common technique with applications in both industry and research, it will 

not be explored any further in this report.  

 

1.4.2 Chemical Vapour Deposition of Diamond synthesis (CVD) 

 

Until the 1980s, High-Pressure High-Temperature (HPHT) was the only method commercially 

available for diamond growth. However, the development of Chemical Vapor Deposition 

(CVD) techniques, including Hot Filament CVD and Microwave CVD, introduced new 

approaches. Hot Filament CVD involves heating a filament, typically tungsten, to temperatures 

exceeding 2000°C to activate gaseous reactants, creating a chemical reaction that deposits 

carbon atoms onto a substrate. In contrast, Microwave CVD uses microwave radiation to 

generate a plasma, which activates the reactants and facilitates diamond growth. Unlike HPHT, 

which replicates the extreme conditions of diamond formation in nature, CVD grows diamond 

by depositing carbon atoms one-at-a-time onto a substrate or template, forming a thin solid 

film [33]. This process occurs at lower temperatures at around 1000°C and pressures, at 

approximately 100 Torr which is equivalent to 1/7 atmospheric pressure. This offers the 

advantages of simpler equipment and reduced energy consumption.  
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During the CVD process, methane and hydrogen are mixed in a chamber and pass through an 

activation region, forming a plasma of activation products such as free radicals and ions, which 

then deposit onto the substrate to form diamond. The diamonds are built piece-by-piece at the 

surface of the substrate [33]. The predominantly hydrogen-based plasma is formed directly 

above the substrate plane. The atomic hydrogen generated in the plasma is crucial for the 

growth of diamond, it terminates the growth of the film surface, maintaining the sp 3-bonded 

structure of carbon in the diamond lattice as shown in Figure 10 [34]. The growth of CVD 

diamond is metastable [35], the conditions for growth via CVD favour graphite. The excess of 

hydrogen supresses the deposition of graphite and promotes the growth of diamond. The 

substrate used for diamond growth varies depending on the specific experiment. For 

heteroepitaxial growth, substrates such as silicon require the seeding of nanodiamond particles 

onto their surface to promote diamond formation. In contrast, homoepitaxial growth involves 

the deposition of diamond directly onto a diamond substrate. Either a single crystalline 

diamond (SCD) substrate, which is ideal for high performance applications, or polycrystalline 

diamond (PCD) substrate, which is suitable for a wide range of industrial uses, is used.  

 

In this report, only PCD are used as growth substrates.  
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Figure 10 -  A schematic for the reaction process occurring at the surface of the diamond. The 
formation process of diamond during CVD. Schematic by Paul May [33]. 
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1.5 Diamond Doping  

 

Wide band gap materials are highly attractive for power devices due to low conduction and 

switching loses, high temperature capability and high thermal conductivity [36]. Diamond has 

an ultra-wide direct band gap of 7.5 eV and an indirect band gap of 5.5 eV [37]. J.Isberg et al., 

exhibited charge-carrier mobilities exceeding 3000 cm2V−1s−1 in diamond while C.J. Wort, et 

al., demonstrated thermal conductivities greater than 2000 Wm−1K−1 [37,38].  This data 

indicates that diamond has the potential to serve as an effective semiconducting material in 

applications necessitating high frequencies, elevated power levels, extreme temperatures, or 

high voltage conditions. It is an ideal candidate for the development of active components such 

as high-frequency field-effect transistors (FETs), and high-power switches like diodes [38]. 

The latter of which is explored in detail within this report.  

 

This wide bandgap at room temperature makes diamond inherently insulating, requiring 

specific dopants to induce charge carriers and reduce the size of the band gap. For instance, 

boron atoms, which have one fewer electron than carbon, create acceptor levels within the 

bandgap, enabling the formation of p-type diamond. Boron doped diamond (BDD), is a basic 

building block for the fabrication of ohmic contacts in diamond electronic devices [39]. It is 

also recognised as one of the best materials for the working electrochemical electrodes with 

high chemical stability, low capacitive current and a large potential window [40]. 
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1.5.1 P-type diamond 
 

Boron doped p-type diamond exists in nature, [41] and the growth method for boron doped 

diamond is well established. Boron atoms are a similar size to carbon atoms, allowing them to 

substitute easily into the diamond lattice without deformation of the diamond lattice structure. 

Boron can easily be incorporated into the diamond lattice during CVD growth, by adding 

boron-containing gases such as diborane, B₂H₆, into the reactor chamber. The concentration of 

these dopants can be controlled by varying the boron concentration in the growth environment.   

Another characteristic for the substitutional incorporation of boron into the diamond lattice is 

a shallow acceptor state, with an activation energy of 0.37 eV [42].  This means less energy is 

required to ionise, and the efficient generation of holes can occur at room temperature.  

 

Boron doped diamond (BDD), also exhibits superconductive properties [43]. Zhang et al., 

explores the electrical transport in nanoscale rings manufactured from heavily boron doped 

diamond. At high boron concentrations, BDD undergoes a transition from an insulating to a 

metallic state, leading to superconductivity at low temperatures. This superconductivity arises 

from the pairing of charge carriers (Cooper pairs) within the diamond's crystal lattice. Through 

leveraging the magnetoresistive properties of the BDD nanostructures, it may be possible to 

control superconducting currents more effectively, facilitating the emergence of 

groundbreaking designs in quantum computing and various other advanced technologies. 

 

 

1.5.2 N-type diamond 
 

However, n-type doping of diamond has proven to be more challenging [44]. Nitrogen is one 

of the most common impurities in both natural and synthetic diamonds [45]. It is the n-type 

equivalent to boron in p-type doping and can be introduced as a donor impurity with nitrogen 

being adjacent to carbon in the periodic table, having one more valence electron. However, this 

generates a deep lying donor level at 1.7eV below the diamond conduction band resulting in 

very low conductivity at 300 K [46].  

Although nitrogen incorporation has shown to enhance the growth by factor of 2 [47] with 

diamond growth rates greater than 100 µm h−1 being reported [48], the C-N bond is about 36% 
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larger than the C-C bonds along the (111) direction in diamond resulting in a distortion of the 

diamond lattice for high nitrogen concentrations [49].   

 

While substitutional nitrogen easily enters the diamond lattice which is consistent with its 

negative formation energy of -3.4 eV.  Pinault et al., goes so far as to describes the use of 

nitrogen in n-type doping of diamond as ‘useless’ due to its deep lying donor level [46] .  Due 

to the limitations of nitrogen doping, other avenues have been explored for n-type doping such 

as substitutional phosphorus-doped diamond and deuteration of boron doped diamond [50], in 

addition to the possibility of co-doping.   

 

Lithium-ion implantation can transform intrinsic diamond into an n-type semiconductor [51], 

however, the high dose of implanting resulted in a heavily damaged graphitised layer [52]. 

Phosphorus doping is another impurity that has shown potential in n-type conduction with a 

donor level of 0.57 eV below the bottom of the conduction band of diamond [52,53]. Although 

producing a donor level 1.1 eV closer to the conduction band than nitrogen, the larger radius 

of phosphorus induces a large outwards lattice distortion [54], and the passivation of the donors 

due to the presence of hydrogen [55]. For heavily doped P-layers, required to decrease 

electrical resistance, a high efficiency of phosphorus incorporation is required, the current 

incorporation efficiency is still very low [56]. 

 

Co-doping is the combination of multiple defects to promote electron carrier concentration. 

The combination of two donors (D) and a single acceptor (A) in close proximity such as D—

A—D will give rise to a single donor which is shallower than a single donor, D [57]. Previous 

computational work from the Bristol University Diamond Group explored the applicability of 

the co-doping of diamond for n-type conductivity combining both Boron and Nitrogen. Alex 

Croot et al, explored the formation of BN2 and BN3 clusters to achieve n-type conductivity 

[58]. This work followed on from other theoretical work that had previously provided insight 

into various combinations of elemental clusters that added an extra electron to the diamond 

lattice such as Katayama-Yoshida , H. et al. which introduced BN2 clusters that produced a 

theoretical donor level of 1.17 eV, half an electron volt less than the 1.7 eV donor level of 

individual nitrogen [59].  

 

However, this work has yet to be realised experimentally, with the formation of BN₂ and BN₃ 

clusters in diamond remaining a theoretical prediction rather than a practical achievement. Co-
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doping in this report is explored with the combination of both boron and nitrogen but other 

methods of co-doping diamond have been explored by researchers, investigating alternative 

dopant combinations to achieve n-type conductivity. Other examples of co-doping in diamond 

reported in the literature include Si-N4, Li-Nx, Se-B, and B-Hx, which are primarily explored 

through theoretical studies with limited experimental evidence to date [60, 61, 62, 63, 64]. 

 

 

1.6 Diamond as a Semiconductor and viability for Betavoltaic 

applications  

1.6.1 Diamond as a Semiconductor 

 

Today there is an increasing demand for devices working at high power, high frequency and 

high temperature [65, 66]. Diamond, with its wide band gap of 5.47 eV, enables devices to 

operate at temperatures exceeding 500 K while maintaining low leakage currents. The high 

electron (4500 cm²/V·s)  and hole mobility ~3800 cm²/V·s), allow for high-speed device 

operation, while its high breakdown voltage and low dielectric constant further support 

applications requiring extreme electrical performance [38]. Graebner et al., discusses the 

thermal conductivity of diamond, with diamond having the highest thermal conductivity of any 

known material at temperatures above 100 K. The thermal conductivity of diamond being  24–

25 W cm-1 K-1 at 300K, compared to copper and silicon at 4 W cm-1 K-1  and 1.5 W cm-1 K-1, 

respectively [67]. Moreover, diamond has controllable surface contamination, with some 

surface contaminants exhibiting a negative electron affinity [68]. Electrons in the conduction 

band have enough energy to cross the surface and be emitted into vacuum, a useful quality for 

electron emission applications.  

 

In polycrystalline diamond films, the grain boundaries and numerous defects influence the 

conduction properties of the films and add an ambiguity to the results [69]. With continued 

advancements in CVD diamond, higher quality single crystal samples diamond films can be 

grown more readily. These are ideal for semiconductor applications due to their reduced 

recombination losses and improved manipulability of properties. 
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Diamond also has near tissue- equivalence due to its low atomic number (Z = 6) and chemical 

stability due to its strong covalent bonds [71]. It demonstrates exceptional biocompatibility, 

making it an excellent material for biomedical applications such as the aforementioned 

pacemakers. L. Tang et al. revealed that CVD diamond is as biocompatible as widely used 

surgical materials like titanium and 316 stainless steel [73]. However, unlike these metallic 

biomaterials, which can corrode over time and release metallic ions into host tissues, CVD 

diamond remains chemically inert, eliminating the risk of ion permeation. Furthermore, CVD 

diamond adsorbs and denatures significantly smaller amounts of fibrinogen, a key plasma 

protein involved in blood clotting. This property contributes to reduced cell adhesion and 

activation on its surface compared to titanium and stainless steel, as shown in both in vitro and 

in vivo experiments. These attributes, combined with its stability and resistance to degradation, 

position diamond as a superior choice for long-term biomedical implants. 

 

1.6.2 Diamond Betavoltaics 

 

In terms of betavoltaics, diamond is incredibly radiation hard, and it has been found to remain 

unaffected after doses of 6.8 MGy of 10 keV photons [70]. As well as being highly radiation 

tolerant to photons, diamond has higher radiation hardness against protons and neutrons than 

silicon. The small atomic number (Z=6) of carbon is less likely to be damaged by the same 

photon flux (radiation) compared with other semiconducting materials [71]. Adam et al., even 

goes on to suggest that high quality CVD Diamond is a nearly ideal material for detecting 

ionising radiation [72] .  

 

Recent betavoltaic designs utilise Ni-63 or tritium (H-3) as the radioactive source. Bormashov 

et al., reports a prototype betavoltaic battery consisting of stacked layers of 200 single cells. 

Schottky barrier diamond diodes stacked in conjunction nickel foils, achieving a total 

maximum power output of 0.93 μW for a total device volume of 87.5 mm3, and a device output 

power density of approximately 10 μW/cm3 [3].  Similarly, in 2016, Delfaure and Pomorski et 

al., successfully fabricated a P-doped/Intrinsic/Metal (P-i-M) diamond device. A large area 

single crystal diamond membrane was used, reporting one of the highest open-source voltages 

at 1.85 V and a high total conversion efficiency of 9.4% [74].  The structure was tested under 

a 20 keV electron-beam irradiation using a scanning electron microscope to simulate the energy 
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of beta particles emitted by Ni-63. The current-voltage (I-V) characteristics are shown in Figure 

12. 

 

Most akin to this thesis is the work of Shimaoka et al., which explores the energy efficiency of 

a diamond pn junction, also characterised under electron-beam irradiation [75]. The study 

observed an open-circuit voltage of 4.26 V and a semiconductor conversion efficiency of 28%, 

close to the theoretical Shockley–Queisser efficiency limit for betavoltaic cells [76]. Unlike 

this project however, the p-type dopant used was phosphorus, the device did not contain an 

intrinsic layer and was grown on a single crystal diamond substrate. The structure and I-V 

characteristic of the device are shown in Figure 11. Bormashov’s and Delfaure’s work on 

Schottky barrier diodes (SBD) is discussed within Shimaoka et al. It indicates that a limiting 

factor to the conversion efficiency of these devices is the barrier height being at ~2 V, almost 

half the built-in potential of a diamond pn junction. This built-in potential is discussed further 

in section 4.4.1 Diode 1.  
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Figure 11 - [A] Schematic of the pn junction diamond diode. [B] The current-voltage 
characteristic of the pn junction diode at an acceleration voltage of 15 kV. Both diagrams are 
sourced from [75]. 

Figure 12 - The current-voltage characteristic of the P-i-M single crystal CVD diamond 
membrane. The black triangles represent dark characteristics, while red squares correspond to 
measurements under 20 keV electron beam illumination. The primary SEM beam current 
measured at 5.19 nA using a Faraday cup, is indicated in the graph by the horizontal black 
dashed line. The graph is sourced from [89] 
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1.7 Aside on Radionuclides 

Many radionuclides emit beta particles. However, the energy of the electrons can often be high 

and cause damage to the semiconductor lattice [13]. Tritium, nickel-63, and promethium-147 

and carbon-14 are some of the only beta-emitting isotopes whose maximum beta energy is 

below 300 keV and whose half-life is sufficiently long enough to facilitate a long-life power 

source [14, 16].  

 

Tritium, H-3, is a radioactive isotope of hydrogen, consisting of one proton and two neutrons, 

and a half-life of 12.35 years [77]. Tritium is produced artificially through the irradiation of 

lithium [78] and is a low abundance byproduct of nuclear facilities, whereby in heavy water 

reactors, neutron activation of deuterium occurs. Natural tritium is produced through cosmic-

ray-induced nuclear reactions in the atmosphere; however, this is a smaller proportion of the 

environment [79]. Nickel-63 is a radioactive isotope of nickel produced  through the neutron 

activation of stable nickel-62 in a nuclear reactor, nickel is present in Inconel and stainless steel 

[80]. Carbon-14 is a radioactive isotope of carbon, with a half-life of 5700 years, its production 

was discussed in 1.1 Betavoltaic Devices. The beta decay energy level schemes and equations 

are shown in Figure 13 data sourced from the NuDAT database [81].   

 

The beta decay process is governed by the weak nuclear force. The resultant emitted electron 

will interact with the semiconducting pin junction, generating an electron-hole pair. When the 

beta particles create the electron-hole pairs, electrons are swept towards the n-side and holes 

towards the p-side, generating a flow of current. 
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1.8 Aim of the thesis  

 

The primary objective was to utilise microwave plasma enhanced CVD techniques to grow and 

fabricate diamond P-i-N junction diodes. Secondly, to characterise and evaluate the current-

voltage (I-V) characteristics of the produced diodes and assess their electrical performance. 

Additionally, the study explored the potential of co-doping with boron and nitrogen to achieve 

an n-type layer at room temperature, though this aspect remained a secondary focus. 

 

This comprehensive approach aimed to advance understanding and improve the performance 

of diamond p-i-n junction betavoltaic diodes.  

Figure 13 - Tritium decays into helium-3, a light stable isotope of helium, an electron (beta 
particle) and an electron antineutrino are also emitted. Carbon-14 decays into nitrogen-14 and 
nickel-63 into copper-63. Both decays produce stable isotopes, a beta particle and an electron 
antineutrino.  
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2 Experimental 

2.0 Device summary:  

Table 1 – Comprehensive summary of fabricated P-i-N diodes. In total 5 devices were 
fabricated throughout the duration of this project. 

Device 

number 

Growth 

substrate + 

(Diode 

Structure, I or 

II) 

p-layer 

growth 

time 

(Boron) 

i-layer 

growth 

time 

n-layer dopant 

and growth 

time 

(mins) 

IV 

Response 

(summary) 

1 Undoped TM180 

polycrystalline 

diamond (I) 

5 hours 40 mins, 

ex situ 

Nitrogen 

(15+30) 

Diode 

2 Undoped TM180 

polycrystalline 

diamond (I) 

5 hours 40 mins, 

ex situ 

Boron and 

nitrogen 

(15) 

Nitrogen 

(30) 

Ohmic 

(low 

resistance) 

3 Boron doped 

Element six 

polycrystalline 

diamond (I) 

n/a 40 mins, 

in situ 

Nitrogen 

(15+30) 

Ohmic 

(high 

resistance) 

4 Undoped TM180 

polycrystalline 

diamond (II) 

5 hours 40 mins, 

in situ 

Nitrogen 

(15+30) 

Diode 

5 Undoped TM180 

polycrystalline 

diamond (II) 

5 hours 80 mins, 

in situ 

Nitrogen 

(15+30) 

Ohmic 

(poor 

contacts) 
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2.0.1 Diode Structure I 

5 
m

m

10 mm

6 mm
Pt/Pd contacts (<100 nm)

Figure 14 – [Top] A schematic of Diode Structure I; a pseudo-vertical structure grown on a 
PCD substrate. [Bottom] A top-down view of the constructed device. 
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2.0.2 Diode Structure II 

 

5 
m

m

9 mm

6 mm
Pt/Pd contacts (<100 nm)

0.2 µm

Boron doped polycrystalline diamond 
substrate

([B] = 1020 cm-3)

n- -layer ([N] = 1017 cm-3)

n+-layer ([N] = 1019 cm-3)

350 µm

0.5 µm

0.5 µmi-layer 

Figure 15 – [Top] A schematic of Diode Structure II; a pseudo-vertical structure grown on a 
boron doped PCD substrate. [Bottom] A top-down view of the constructed device. 
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2.0.3 Process Overview 

Figure 16 - A flowchart for the fabrication procedure. The process is split into three main 
categories: ‘Inside the reactor’, ‘Beyond the rector’ and ‘Fume hood’. 
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Emissivity is a measure of a material's ability to emit thermal radiation, defined as the ratio of 

energy radiated from the material's surface to that of a perfect black body. It ranges from 0 to 

1, where 0 represents a perfect reflector and 1 corresponds to an ideal black body, which 

absorbs and emits all incident radiation. 

 

For this study, the emissivity of all polycrystalline diamond (PCD) was set to 0.15 and 

temperatures were measured using a single-colour optical pyrometer (λ = 2.2 µm).  

 

2.1 Substrate and P-layer Growth 

 

Homoepitaxial growth of boron doped diamond (BDD) were initially conducted to create a p-

layer on a TM180 PCD substrate from Element Six. This was conducted using an Applied 

Science and Technology (ASTeX)-type MWCVD reactor colloquially known as the ‘back 

reactor’.  The PCD substrate was centred on a tungsten disk, which was placed on a thin spacer 

wire of molybdenum (Mo) with a diameter of 8 milli-inches. This spacer wire was positioned 

above the water-cooled reactor baseplate, minimising the thermal contact between the disk and 

the baseplate.  

 

 

Figure 17 - [A] Vertical cross section of a Microwave plasma-enhanced CVD from Zulkharnay 
[82] [B] Plasma ball seen through a lateral quartz window during a hydrogen plasma treatment. 
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The diamond growth began by lowering the reactor chamber pressure to approximately 20 

mTorr. Hydrogen gas, H2, was introduced into the chamber at 300 sccm. The activation of the 

gaseous species occurs through a plasma ball located directly above the substrate; however, the 

plasma must be first created before this can occur.  The striking conditions for hydrogen plasma 

were 0.15 Torr and 0.7 kW. 

 

Once a stable plasma had formed, the pressure was gradually increased to 50 Torr. The process 

was slow to minimise the sample etching from the bombardment of electrons and ions within 

the plasma. Once stable the other reactants gases, 12.5 sccm of methane (CH4) and 0.5 sccm 

of diborane (B2H6) were then introduced into chamber. The diborane gas mixture contained 5% 

diborane in hydrogen.  The gas flow rates of the process gases were monitored and regulated 

by an analogue mass flow control (MFC) panel.  

 

With the plasma stable and the reflected power low (< 0.02 kW), the pressure and power were 

then both increased stepwise to 100 Torr and 1 kW, respectively. The plasma was continuously 

monitored throughout the growth process to ensure it remained stable and that the plasma was 

situated over the substrate, in the centre of the chamber.  

 

 

 

Table 2 - The conditions used for the p-layer growth in the back reactor. 

 

 

This was the initial growth procedure for all diodes apart from diode 3, which began with a 

free-standing boron doped polycrystalline diamond substrate from Element Six.  

 

 

 

 

H2 Flow 

/ sccm 

CH4 Flow 

/ sccm 

B2H6 Flow 

/ sccm 

Power 

/ kW 

Pressure 

/ Torr 

Temperature 

/ °C 

Time 

/ Hours 

300 12.5 0.5 1.0 100 900 - 1000 5  
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2.2 Intrinsic-layer Growth  

Boron introduction into the reactor is an irreversible process, contamination of subsequent 

samples is unavoidable. This is known as the “memory effect” whereby boron oxide is 

deposited on reactor walls and the quartz window to then be re-introduced gradually to the gas 

phase [83]. Therefore, subsequent growths were undertaken in a newer ASTeX MWCVD 

reactor colloquially known as the ‘front reactor’. Consequently, there is a large increase in both 

reactor pressure and microwave power. (See Table 3) 

 

Prior to the growth of the intrinsic diamond, the p-layer was masked using a clean molybdenum 

(Mo) sample. Molybdenum is a refractory metal with low emissivity and absorption of 

radiation [83]. This made it a great material to mask the surface of the diode limiting new 

diamond growth. This restricted growth, resulted in step formation and established the pseudo 

vertical structure for all diodes. To achieve this, approximately 3 mm of the substrate surface 

was covered with the Mo mask, which was supported by scrap silicon as shown in Figure 18. 

 

The method for the intrinsic diamond growth followed a similar approach to 2.1, with slight 

alterations to the reactor conditions. Firstly, a change in the gaseous species with no diborane 

used in intrinsic diamond growth. Secondly, there was an increase in both chamber pressure 

and microwave power from 100 Torr and 1 kW, 140 Torr and 1.4 kW, respectively. Finally, in 

the front reactor, the MFC panel was digital rather than analogue, used to precisely monitor 

and regulate gas flow rates. 

 

A B

Figure 18 - [A] Top-down view of the molybdenum mask on Diode 4. [B] Side-on view of a 
molybdenum mask on Diode 3, supported by a piece of silicon.  
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Table 3 - The conditions used for the intrinsic layer growth in the front reactor. 

 

 

2.3 Lasers micromachining apparatus 

 
Figure 19 - [A] Photograph of the exterior of the laser micromachining apparatus. 
[B] Photograph of the interior of the laser micromachining apparatus and adjustable stage 

 

The Oxford Lasers industrial systems micromachining apparatus (Alpha 532, Oxford Lasers 

Ltd.) was used to cut existing 10 × 10 mm substrates into smaller 5 × 10 mm substrates. The 

adoption of a smaller substrate size not only improves growth uniformity but also leads to a 

more economical process, with a greater number of diodes being produced with less substrate 

material. 

 

H2 Flow 

/ sccm 

CH4Flow 

/ sccm 

Power 

 / kW 

Pressure  

/ Torr 

Temperature  

/ °C 

Time  

/ mins 

300 12.5 1.4 130 ~ 900 40 
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The micromachining tool employs a diode-pumped nanosecond laser (Nd:YAG) with a 

wavelength of 542 nm as the base laser source. The sample is positioned on an adjustable stage 

equipped with embedded servomotors, allowing precise movement along the x, y, and z 

directions. The system is controlled using Cimita software, which operates through G-code to 

regulate both servomotor motion and laser parameters. A programmed etching process is 

executed to continuously ablate a vertical line through the centre of the substrate, progressively 

splitting it into two 5 × 10 mm samples. The laser operates at a pulse frequency of 20 kHz, 

using 90% of its maximum power, an etch speed of 2 mm s-1 and a minimum achievable cut 

width. 

 

It is important to note that for Diode 4 and Diode 5, the laser cut occurred before the intrinsic 

diamond growth and that the growth of both the intrinsic layer and the n-layer were completed 

in situ.  

 

2.3 N-layer Growth  

The growth of the n-type layer was carried out in the front reactor, with similar reactor 

conditions to the intrinsic diamond growth in the previous section. Similarly, a molybdenum 

sample was used to maintain the step of the pseudo vertical structure, ensuring it remained a 

pristine p-type region.  

 

Table 4 - The conditions used for the n-layer growth in the front reactor. 

 

 

The growth of the n-layer was divided into two distinct layers; an n- (minus) layer and an n+ 

(plus) layer. The n- being of smaller growth thickness and having a lower nitrogen 

concentration. Initially the nitrogen (N2) flow rate was set to 0.3 sccm, and after 15 minutes, 

was then increased to 4 sccm. With a slight increase in gas volume, minor temperature 

fluctuations were observed, however the overall reactor temperature remained stable. All other 

Layer N2  Flow 

/ sccm 

H2 Flow 

/ sccm 

CH4Flow 

/ sccm 

Power 

/ kW 

Pressure 

/ Torr 

Temperature 

/ °C  

Time 

/ mins 

n- 0.3 300 12.5 1.4 130 ~ 900 15 

n+ 4 300 12.5 1.4 130 ~ 900 30 
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growth parameters remained constant throughout the CVD process. The deposition continued 

for a total duration of 30 minutes. As described in Section 2.1, the plasma was continuously 

monitored, and gas flow rates were regulated using a digital MFC.  

 

These growth conditions remained constant for all diodes except Diode 2, which underwent a 

modified process incorporating a co-doped n-layer consisting of both boron and nitrogen. Due 

to the inclusion of boron, this growth was conducted in the back reactor. 

 

Table 5 - The conditions used for the n-layer growth in the back reactor (Co-doping of boron 
and nitrogen). Higher Hydrogen and Methane flow rates to dilute the diborane concentration 
in the chamber.  

Layer B2H6 

Flow 

/ sccm 

N2  

Flow 

/ sccm 

H2 

Flow 

/ sccm 

CH4 

Flow 

/ sccm 

Power 

 / kW 

Pressure 

/ Torr 

Temperature 

/ °C 

Time 

/ mins 

n- 0.4 0.3 500 25 1.0 100 ~ 1000 15 

n+ 0.0 1.1 500 25 1.0 100 ~ 1000 30 

 

To account for the introduction of nitrogen into the back reactor growth environment, the 

overall flow rates of hydrogen and methane were increased to 500 sccm and 25 sccm, 

respectively. As with previous growths, the n-layer growth was divided into two distinct layers. 

After 15 minutes the gas flow rates were adjusted; the diborane. (B2H6) flow rate was reduced 

to 0.0 sccm and the nitrogen flow rate was increased from 0.3 sccm to 1.1 sccm. Despite 

stopping the flow of diborane, background contamination from the reactor’s memory effect 

contributed to residual boron incorporation into the n+ layer. These conditions were selected 

based on the results of B. Nutbrown’s 2024 thesis [84]. 
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2.4 Hydrogen Surface Termination 

 

Before the metallisation of the device, the diamond surface must be hydrogen terminated to 

ensure proper adhesion and a homogenous contact to the diamond surface. Hydrogen 

termination of the diamond surface of all devices was carried out in the front reactor, using a 

pure hydrogen plasma in a multistep process.  

 

The sample was exposed to a pure hydrogen plasma environment with a constant flow rate of 

300 ± 10 sccm. The process began at a pressure of 140 Torr with a microwave power of 1.4 

kW, during which the samples were heated to temperatures of approximately 900°C for 2 

minutes. This high temperature treatment (>700 °C) was sufficient to desorb any surface 

hydrocarbons, oxygen and even hydrogen itself [85]. Lowering the microwave power to 1 kW 

and reducing the chamber pressure to 100 Torr for another 2 minutes allowed for the 

hydrogenation of the diamond surface at a temperature range of 500 – 600°C. With hydrogen 

readily chemisorbing to the surface on diamond at temperatures above 400°C [86], 

hydrogenation of diamond can be achieved simply by subjecting diamond to this high-

temperature hydrogen gas. Hydrogen atoms incident on the diamond surface can refill vacant 

sites, etch surface graphite and the adsorbed hydrogen stabilises the diamond surface structure 

[87]. 

 

In the final step, the pressure was further reduced to 30 Torr and the microwave turned off, 

allowing the sample to cool for 2 minutes in a hydrogen environment. The adsorption of 

hydrogen continues during this cool down period [89]; the hydrogen atmosphere prevents the 

adsorption of oxygen and other contaminants to the surface.  

 

Table 6 -The stepwise process for hydrogen termination, step 2 at approximately 600 °C is the 
key step for hydrogenation. 

 

Hydrogen Flow 

/ sccm 

Time 

/ mins 

Pressure 

/ Torr 

Power 

/ kW  

Temperature 

/ °C  

300 2 140 1.4 ~900 

300 2 90 1 ~600 

300 2 30 0 ~40 
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2.5 Preparation for Metallisation 

 

Kapton tape is a polyimide film commonly used in the electronics industry.  

Used in flexible printed circuits, protecting sensitive electronic components during the 

manufacturing processes.  The devices were masked using Kapton tape cut to fit each device 

by hand, creating two smaller rectangles on the surface of the sample, as shown in Figure 20. 

This process must be completed with a careful haste to avoid surface contamination but also 

reduce the surface exposure to the atmosphere.  Otherwise, the surface must be cleaned and 

hydrogen termination repeated. 

 

 

Figure 20 - A photograph of Diode 4 and Diode 5 masked with Kapton tape before metallisation 
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2.6 Metallisation and Wiring 

 
Figure 21 - [A] A photograph of the AGAR High Resolution Sputter Coater. [B] A photograph 
of the inside of the chamber of the sputter coater and the metal target disk. 

The Platinum-Palladium (Pt/Pd) ohmic contacts were sputtered onto the diamond sample 

surface using an AGAR High Resolution Sputter Coater. The sample was placed on the base of 

the chamber; Pt/Pd target was used for deposition, screwed into the top of the coater as shown 

in Figure 21B. The chamber was first evacuated to a base pressure of 5 × 10⁻² mbar before 

introducing argon gas at a controlled flow rate. A high voltage is applied to ionise the gas, 

creating plasma composed of positively charged argon ions and free electrons. These ions are 

accelerated toward the negatively charged target, causing Pt/Pd atoms to be ejected via 

sputtering. The ejected atoms are deposited onto the diamond sample surface, forming a 

uniform metallic coating. Sputtering was performed using a planar magnetron source, with 

plasma ignition at 80 mA in a high-vacuum environment. The deposition was carried out for a 

total sputter time of 300 seconds to ensure uniform metallisation, at a sputter rate of 

approximately 20 nm min-1. 

 

While a Pt/Pd target was used in this process, the sputter coater is typically equipped with a 

silver target for SEM applications, particularly for non-conductive species. 

 

A B
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Figure 22 - [A] A photograph of the copper wires being attached to the Pt/Pd contact of Diode 
1. [B] A photograph of Diode 3 being left to dry for 24 hours after the silver DAG had been 
successfully applied. 

After sputtering was completed, the sample was  transported back to the diamond laboratory 

workbench where copper wires were attached, to facilitate electrical contacts for measurement.  

Copper wires were first cleaned using acetone and isopropanol (IPA) to remove any surface 

contaminants. The cleaned wires were then secured to a glass slide with Kapton tape for ease 

of handling. The wires were attached to the Pt/Pd metal contacts using Silver-doped adhesive 

grease (silver DAG), a conductive paint composed of silver particles and an organic binder. To 

achieve optimal adhesion, the contact surface was kept clean, and the wire was carefully 

positioned to make direct contact with the Pt/Pd layer only. The device was then left 

undisturbed for 24 hours to allow the silver DAG to dry and harden, enhancing the durability 

and stability of the electrical contacts. 

 

If the metal contacts are bad as shown in Figure 24, The device surfaces were cleaned and the 

metal contacts dissolved via aqua regia [HCl + HNO3(3 + 1)]. This is a highly corrosive solution 

that effectively dissolved the silver DAG and Pt/Pd contacts without etching or damaging the 

diamond surface. Due to the hazardous nature of strong acids, this process was conducted 

inside a fume hood. The sample was then sonicated in acetone, removing any organic solvents, 

A B
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followed by IPA to remove any remaining contaminants. The surface then underwent hydrogen 

termination as shown in ‘2.0 Process Overview’ and the metal contacts were refabricated. 

 

The structure for the final devices followed either structure I or II (Diode 3) as shown in 2.0.1 

Diode Structure I and 2.0.2 Diode Structure II.  

 

 

 

 

 

A B

C D

Figure 23 - A series of photographs demonstrating a diodes journey ‘Beyond the reactor’  
[A] Diode 3 after the growth process, before metallisation. [B] Diode 3 immediately after 
metallisation, before Kapton tape was removed. [C] Kapton tape now removed,  leaving behind 
rectangular Pt/Pd contacts. [D] Copper wires now attached using silver DAG. Device 
complete! 
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2.7 Complete Device and Analysis 

 

Once the diode was fabrication and wires attached, readings could successfully be undertaken. 

The device was connected to the Keithley 2401 via crocodile clips. The Keithley 2401 is a 20V, 

1A, 20W Source Measurement Unit (SMU) designed for precise voltage and current sourcing, 

as well as high-accuracy measurements. With a resolution ranging from 10 pA at 1 µA to 10 

mA at 1 A [90] , it serves as a compact, single-channel DC parametric tester ideal for device 

characterisation. By applying short voltage pulses, the instrument enables the measurement of 

resistance and capacitance in the fabricated diode devices of this project. 

  

The data was recorded using a Python script written by Dr Robbie Mackenzie, saved in CSV 

format and later processed in a separate script written by myself. The CSV file was converted 

into a DataFrame where it could be more easily manipulated. I-V characterisation and current 

density plots generated, where the properties such as threshold voltage and rectification ratio 

of the diodes could be analysed.  

 

 

A B C

Figure 24 - [A] A photograph of the topside of Diode 3 after the application of silver DAG had 
partially removed the Pt/Pd contact. [B] A photograph of a poor stutter onto the backside of 
Diode 3. [C] A photograph of a poor application of silver DAG, spreading over the metal 
contact and onto the diamond surface. 
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Figure 25 - A screenshot of the input statements of the code used to record data on the Keithley 
2401. 

For most diodes, the potential difference was swept from -20 to 20 V in voltage steps ranging 

from 0.1 V to 0.5 V. A compliance limit of 1.05 mA was set to prevent damage by limiting the 

total power dissipation.  Measurements began after an initial dwell time of 5 seconds, with a 

dwell time of 2 seconds set between voltage steps. At each step, 3-5 measurements were 

recorded, resulting in a total of 240 to 1,000 data points across the full voltage range. 

 

 

 

 

A

B

Figure 26 - A photograph of a typical I-V measurement setup. [A] Diode connected via 
crocodile clips. [B] The Keithley 2401 SMU taking measurements 
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2.8 Other Experimental Sample Preparation 

 
Figure 27 - [A] Photograph of a repurposed Edwards S150A sputter-coater. [B,C] Close-up 
photographs of the equipment running and the purple oxygen plasma. 

Before the intrinsic diamond and n-layer growth of diode 5 was conducted, the BDD layer was 

oxygen terminated. The sample was exposed to a an O2 plasma, using a repurposed sputter 

coater (Edwards S150A).  The plasma chamber consists of two parallel stainless-steel plates 

separated by 1 cm, serving as the powered (upper) electrode and the grounded (lower) electrode 

in a DC configuration. To initiate the process, the chamber was evacuated to 20 mTorr before 

introducing O₂ at a flow rate of 10 sccm. The pressure was then manually adjusted to 1 Torr, as 

monitored by a Baratron capacitance manometer, as shown in Figure 27B. Plasma was ignited 

at 65 W and maintained for 5 minutes. 

 

The BDD surface was oxygen terminated to fill vacancies, reduce surface graphitisation and 

produce a more homogenous surface structure before growth was continued. 

 

A B

C
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3 Characterisation techniques 
 

3.1 Scanning Electron Microscopy (SEM) 

 

Scanning Electron Microscopy (SEM) is a useful technique used for imaging the surface 

morphology of materials with high resolution. The process begins with an electron gun, which 

generates a beam of electrons by heating a filament under high vacuum. These electrons are 

then accelerated through a positively charged anode, resulting in a high-energy electron beam. 

Magnetic and objective lenses are employed to focus and control the direction of the beam as 

it scans across the sample surface. When the electron beam interacts with the material, the 

electrons interact and scatter. This results in the generation of backscattered electrons, 

secondary electrons, and characteristic X-rays, each providing valuable information about the 

sample's composition and surface. Backscattered electrons are reflected backward after 

undergoing elastic interactions with atoms in the sample. The number of backscattered 

electrons detected is proportional to the atomic number (Z) of the elements present, making 

this signal useful for compositional contrast imaging. In contrast, secondary electrons result 

from inelastic interactions, where incident electrons transfer energy to atoms in the sample, 

causing the emission of lower-energy electrons. These secondary electrons are particularly 

useful for high-resolution imaging of surface features. In this project, the samples are 

predominantly carbon (diamond), therefore secondary electrons are more important for 

characterisation as the composition varies minimally. 

 

Additionally, an X-ray detector captures characteristic X-rays emitted by elements within the 

sample, enabling elemental analysis through energy-dispersive X-ray spectroscopy (EDS). The 

final SEM image is rendered in greyscale, where brighter regions indicate areas with higher 

electron emission, while darker regions correspond to areas with lower electron emission. 
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Figure 28 – [A] A schematic of a scanning electron microscope (SEM) and [B] the electron 
interactions of an incident beam, sourced from [91] 

3.2 Energy-Dispersive X-ray Spectroscopy (EDS) 

Energy dispersive X-ray spectroscopy is an analytical technique that used analysis of material. 

It can determine the elemental composition of a sample by the analysis of characteristic 

elemental X-rays. EDS measurements are completed in tandem with SEM. An EDS detector 

collects these X-rays, measures their energy, and produces a spectrum that corresponds to the 

elements present in the sample. 

3.3 Laser Raman Spectroscopy 

Laser Raman Spectroscopy is a technique used to analyse the vibrational modes of a molecule 

by studying how light interacts with a sample. It is a non-destructive method for the quantitative 

analysis of materials. When a monochromatic laser interacts with a sample, it can be reflected, 

absorbed, or scattered. Most of the scattered light undergoes Rayleigh scattering, where the 

scattered photons have the same wavelength as the incident light. However, a small fraction of 

the scattered light undergoes Raman scattering, where the photons exchange energy with the 

molecular vibrations, leading to a shift in wavelength. 
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In this project, the laser Raman spectrometer employs an Ar+ (Argon) laser with a wavelength 

of 514 nm (visible green light) as an excitation source, also using a confocal micro-Raman 

system (Renishaw RM 2000). The resulting Raman shift is measured in wavenumbers (cm⁻¹), 

which represents the spatial frequency of the vibrational modes. Raman shift is used to study 

molecular bonds and crystal structures. In diamond, which consists of sp³ hybridised carbon 

bonds, Raman scattering produces a characteristic peak at 1332 cm⁻¹, corresponding to the 

vibrational mode of the crystal lattice as shown in Figure 29. 

 

For the measurements of the samples a low laser power was used, to reduce the risk of sample 

damage. 

 

 

 
 
 
 
 

Figure 29 - Raman Spectrum (excitation wavelength 514 nm)  for a Single Crystal Diamond 
calibration sample, the key characteristic peak of sp3 hybridised carbon is labelled. 
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3.4 Olympus LEXT Confocal 

 

The Olympus LEXT OLS5100 is a high-precision 405 nm laser scanning confocal optical 

microscope designed for advanced materials analysis. It enables surface imaging with up to 

100× magnification, offering detailed 3D depth profiling and surface profile characterisation 

with sub-micron accuracy. In the context of this study, this system provides non-destructive 

imaging with no sample preparation required, making it ideal for rapid and precise analysis of 

new diamond growth.  

 

 

 

Figure 30 - LEXT map images of [A] Diode 1 and [B] Diode 2 before metallisation. The 
yellow-brownish colour of the n-type layer in [A] due to the high nitrogen concentration within 
the diamond bulk. There is also a blueish hue of the p-type layer due to high boron dopant 
concentration.  
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3.5 4-point-probe (4PP) 

Electrical resistance is the opposition to the flow of current in a material and is experimentally 

determined by measuring a drop in voltage between two electrodes. A four-point probe is 

employed to measure resistivity, mitigating the impact of contact resistance by using separate 

pairs of electrodes for current sourcing and voltage measurement. The outer probes apply a 

known current, while the inner probes measure the resulting voltage drop. This eliminates 

internal resistance of a traditional two-point probe and ensures accurate resistivity 

measurements. 

 

Where 𝜌	is the resistivity expressed in Ω m, 𝑡 is sample thickness (m), 𝑉 is the potential 

difference (V) and 𝐼 is the current through the sample (A). 𝑓? and 𝑓/ are the geometrical factors 

that account for the finite dimensions of the sample. Geometrical factors 𝑓? and 𝑓/	account for 

the finite dimensions of the sample, where 𝑓? = 1 when the separation between contacts is 

much greater than the thickness of the sample and 𝑓/ = 1 when the sample length and width 

are significantly larger than the spacing between contacts. Otherwise, correction factors must 

be applied. The measurements were performed using a Keithley 2400 SMU, which had a 

precision of 0.012% basic accuracy and a 5 ½ digit resolution. The data was collected using an 

I-V characterisation program on LabView.  

Figure 31 - [A] A photograph of a BDD sample placed in the 4-point-probe apparatus. [B] A 
schematic of the current flow in a semi-infinite 3D material [92]. 

 𝜌 =
𝜋𝑡
𝑙𝑛(2)

𝑉
𝐼 𝑓?𝑓/ 

 

(3.1) 
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3.6 Hall Voltage Measurement 

 

The resistivity calculated using a 4-point-probe is a combination of the mobility and the carrier 

concentration. Hall measurements allow you to calculate each parameter directly. Hall 

measurements rely on the hall effect; underlying this is the Lorentz force.  

When an electric current (I) flows through a semiconducting material in the presence of a 

magnetic field (B), the charge carriers experience a force which acts normal to both directions:  

 

Where 𝑞 is the charge of a carrier (typically the elementary charge, 1.602 × 10-19 C ), 𝐸 is the 

electric field and 𝑣 is the drift velocity of the charge carriers. This force causes charges to 

accumulate at one side of the material, which gives rise to an electric field known as the Hall 

field (𝐸@). This results in a measurable Hall voltage (𝑉@). For a p-type material, 𝑉@is positive 

and for an n-type material, 𝑉@is negative. 

 

 

Where 𝑑 is the sample thickness, and 𝑛 is the charge carrier concentration. If 𝑛 is known, the 

carrier mobility (µ) can be determined using the resistivity (𝜌): 

 

where 𝜎is the electrical conductivity [93].  

 

Hall measurements were attempted employing the Van der Pauw technique [94], applying the 

contacts to the vertices of the sample to measure hall voltage and resistivity. However, these 

measurements were unsuccessful, due to the poor adhesion of the indium contacts onto the 

diamond surface. The lack of stable electrical contacts prevented reliable data collection and 

thus results from these attempts are not included in this report. 

 

 𝐹 = 𝑞(𝐸	 + 𝑣	 × 	𝐵) 

 

(3.2) 

 𝑉@ =	
𝐼𝐵
𝑞𝑛𝑑 (3.3) 

 µ = 	
𝜎
𝑞𝑛 =

1
𝑞𝑛𝜌 (3.4) 
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Figure 32 - A diagram of the hall effect in a 2D conducting material sourced from [94] 
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4 Results and Discussion 

4.1 Raman Spectroscopy  

Raman spectroscopy was conducted after the initial growth of the diode, before metallisation. 

The primary purpose was to highlight the differentiation in doping across layers. Unfortunately, 

due to external complications (a broken Raman laser), a spectrum for the intrinsic diamond nor 

the co-doped layer was not recorded. 

 

4.1.1 N-type Diamond 

 

 

Figure 33 - Raman spectrum (excitation wavelength 514 nm) for the n-layer of Diode 1 

 

The Raman spectrum shown in Figure 33, highlights the characteristic features typically 

associated with nitrogen doped diamond (NDD). The measurements identified five distinct 

peaks located at 1150 cm-1, 1190 cm-1, 1332 cm-1, 1480 cm-1 and 1550 cm-1. The prominent 

band at 1332 cm-1 is indicative of sp3 hybridised carbon and thus diamond. This was previously 

shown as a single phonon peak in Figure 29 for a single crystal diamond sample.  The band 
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which ranges from 1540-1560 cm-1 can be assigned to the sp2 carbon phase, indicative of 

amorphous carbon content in the sample (G-band) [95]. The incorporation of nitrogen into the 

diamond lattice results in an increase in the sp2 hybridised species of carbon. These defects as 

well as the abundance of large grain boundaries of the PCD have increased the graphitic nature 

of the NDD [82].  

 

Kuntumalla et al., states that the Raman peak observed at approximately 1190 cm−1 in the 

nitrogen n-type layer, is assigned to the  C=N-H bond structure within the diamond lattice [96]. 

Moreover, the presence of trans-polyacetylene carbon formed at grain boundaries is indicated 

by the additional characteristic features detected in the spectrum at 1150 cm-1 and 1480 cm-1 

[97]. However, despite convincing arguments form Ferrari & Robertson supporting the theory 

of trans-polyacetylene carbon [98]. Prawer & Nemanich et al., discusses how this theory 

remains controversial, as the broad nature of the 1480 cm-1 is uncharacteristic of a well-defined 

molecular species [99]. This broadening may, however, be influenced by the superposition of 

graphitic species, which are accounted for in the 1540-1560 cm-1 G-band. 
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4.1.2 P-type Diamond 

 
Figure 34 - Raman spectrum (excitation wavelength 514 nm) for the p-layer of Diode 1 

 

The result of the Raman spectrum, shown in Figure 34, is somewhat reminiscent of a ‘U-shaped 

valley’, with its point of inflection centralised at 800 cm-1. The measurements identified three 

distinct features: two broad bands around 500 cm-1 and 1200 cm-1, as well as a narrower peak 

at 1300 cm-1. In BDD, with increasing hole concentration, there is an increasing asymmetry of 

the zero-phonon line observed, attributed to Fano-type interference [99]. The Fano effect 

describes the asymmetric broadening and shifting of spectral peaks due to the interaction 

between discrete vibrational modes and a continuum of electronic states. Due to the high boron 

concentration in the p-layer of diode 1, the 1332 cm-1 characteristic diamond single phonon 

peak of the sp3 hybridised carbon has been red-shifted and the wavenumber decreased to 

approximately 1300 cm-1.  

 

The broad bands at 500 cm-1 and 1200 cm-1, can also be attributed to the Fano effect as their 

positions approximately align with two maxima in the phonon density of states (PDOS) [100]. 

However, May et al., continues to suggest that the origin of these peaks remains uncertain [99, 

100].  There is also evidence to suggest that the peaks can be assigned to the vibrational modes 
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of boron pairs [101, 102]. The probability of these pairs increasing with increasing boron 

concentration. More recently, Mortet et al., writes that these wide bands are the result of the 

convolution of the “dirty-metal” electronic states and Fano-shaped functions [103]. 

 

In 2004 Bernard et al., showed that the 500 cm−1 band could be fitted with a combination of 

Gaussian and Lorentzian line shapes and used to approximate boron concentration [104]. The 

peak of the 500 cm-1 band in Figure 34 is 470 cm-1. It was observed that the wavenumber, ν, of 

the Lorentzian component of the peak obeyed the following relationship:  

 

 

 

where ν	is in cm-1 over a range of doping from 2 × 1020 to 1 × 1022 [B] cm−3 [99], thus providing 

a non-destructive method for calculating doping levels in heavily doped BDD. 

Substituting 470 cm-1 into Equation 4.1, gives a boron concentration of 1.34 × 1021 cm-3 for the 

p-layer in Diode 1. This value is in agreement with calibrated values carried out in the Diamond 

Laboratory. 

 

 

4.2 Four Point-Probe 

 

Four point-probe measurements were undertaken for the BDD, after the growth from 2.1 was 

completed. They were conducted in the Charl Faul laboratory in the Bristol chemistry building. 

The 4-point-probe was connected to a Keithley 2400 and readings recorded using LabView 

software.  The current was increased stepwise and the voltage measured and recorded at 

multiple steps, an average was taken. 

 

 

 [𝐵](in	𝑐𝑚9A) = 8.44		10A8e98.8CDE (4.1) 
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Figure 35- I-V Response of BDD under the 4-point-probe apparatus. Due to the high boron 
dopant concentration, the response is ohmic and demonstrates the metallic-like conductivity of 
the thin films. 

The resistance, R, is equal to the reciprocal of the gradient of Figure 35, and has a value of 1.09 

Ohms.  

In this project, there was large probe separation compared to the finite length and width of 

sample. Therefore, the assumption of the sample as an infinite plane is no longer valid. Using 

both Equation 3.1 and 4.2, applying a correction factor of 1.7196 [105] for the finite width 

correction, 𝑓/, gave a resistivity of  2.97 × 10-3 Ohm m for the BDD sample. This value for the 

resistivity is in agreement with the values listed on Element Six for a boron concentration in 

the range of 2 – 6 × 1020 cm-3 [107] and within to a similar order of magnitude of the value 

calculated in the previous section.  

 

 

 

 R =	
𝑉
𝐼 = 	

1
𝑔𝑟𝑎𝑑𝑖𝑒𝑛𝑡 

 

(4.2) 
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4.3 Scanning Electron Microscopy 

In this project, a  JSM-IT300 SEM kit from JEOL was employed for top-view imaging, to 

probe the surface characteristics of the PCD film.  The working distance was varied from 10.3 

to 10.7 mm, a high probe current that ranged from 10.6 to 30 A and the electron acceleration 

voltage kept constant at 15 kV for all SEM images.  

 

Figure 36 highlights the polycrystalline nature of the surface of the diamond, with large grain 

boundaries and variations in the surface morphology. In PCD, these grain boundaries, point 

defects and dislocations acts as scattering centres that increase resistivity influencing the 

calculated value in the previous section. The grain boundaries increase the content of sp2 

hybridised carbon, the presence of graphitic species at these boundaries can introduce localised 

conductivity regions, altering resistivity. Though, Figure 36 shows that there are no large 

pinholes or defects on the surface of the BDD, suggesting uniform and homogenous film 

growth. However, small boron-rich clusters are visible across the surface, appearing as 

particulate ‘dust’. These clusters may again locally alter the surface conductivity, introducing 

further inhomogeneity in electron transport. 

 

Additionally, the observed surface roughness, evident from the topographical variations, could 

impact the accuracy of the four-point probe measurements by affecting the sample-probe 

contact and introducing non-uniform current distribution. Although these variations are small 

relative to the size of the probe. 
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Figure 36 - Collection of SEM images of the surface of the BDD used in Diode 1 and Diode 2  
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Figure 38 -  An SEM image of the top-view P-i-N junction of Diode 2. The pseudo ‘N’ type 
region is much darker than expected. 

Figure 37 - An SEM image of the top-view P-i-N junction of Diode 1. Greyscale step is clearly 
shown. 
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Figure 37 is an SEM image of the P-i-N interface of Diode 1. The contrast arises from the 

change in emission of secondary electron (SE) yield across the surface and hence the dopant 

within the diamond lattice. Highly doped regions exhibit more contrast. 

 

The work function is the defined as the difference in energy between the Fermi level, 𝐸F, and 

the vacuum level, 𝐸)4%, and can be defined by the equation:  

 

 

Previously, in Figure 6, the acceptor and donor levels are presented. The fermi level, 𝐸F, lies 

between these levels and the valence and conduction band, respectively. Therefore, in BDD, a 

p-type material, the fermi level is much further from the conduction band. The difference 

between 𝐸)4% and 𝐸Fis greater, leading to a larger work function. Consequently, the BDD step 

of the device has a lower SE yield, 𝐸F is closer to the valence band, reducing the availability 

of free electrons for SE emission. Hence is darker in shade. The intrinsic layer 𝐸F lies between 

directly the conduction band and valence band and is grey in colour. An intermediate between 

the p-type and n-type layers.  

 

N-type materials typically have a higher SE yield because electrons are more easily excited 

and emitted due to the higher Fermi level being closer to the conduction band. In n-type 

materials there are also more free electrons near 𝐸F which contribute to SE emission, increasing 

the yield. Figure 37, demonstrates the formation of a P-i-N junction through surface imaging 

and SE yield. 

 

Figure 38 is an SEM image across the surface of the P-i-N of Diode 2. The gradient for the 

change in greyscale is similar to before. The p-type layer is very dark due to the lower SE yield 

detected, with a lighter intrinsic layer represented by ‘I’.  The primary difference lies with the 

n-type layer. As previously discussed, the n-type layer of Diode 2 was co-doped with both 

boron and nitrogen. However, the ‘n-type’ layer appears very dark, much like the p-layer. With 

less contrast in image saturation suggesting a smaller band gap difference, compared with 

Figure 37. Indicating that this pseudo ‘n-layer’ in Diode 2 has a large boron concentration with 

respect to its nitrogen concentration. Instead, a less concentrated boron p- (minus) layer was 

formed, supporting the absence of the formation of a D-A-D complex and failure of 

 𝜙 =	𝐸)4% −	𝐸F (4.2) 
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experimental co-doping. If the D-A-D complex was successfully fabricated, then one would 

expect the n-type layer in Figure 38 to appear almost white in colour, with the SE yield similar 

or greater to that of the n-type layer in Diode 1.  

The i-layer could not be seen on any other diodes fabricated as their i-layer and n-layer growth 

was completed in situ and was completely masked by the subsequent n-layer growth. Looking 

forward, it would be valuable to investigate the contrast in greyscale under an applied bias, 

where the built-in potential is varied and observe the manner in which the SE yield changes.  

4.4  Current-Voltage (I-V) characteristics 

4.4.1 Diode 1  

 
In total, five devices were fabricated during this project, with Diode 1 demonstrating the most 

promising performance. It functioned as a working P-i-N junction diode, exhibiting the most 

ideal diode behaviour of all the devices fabricated. As demonstrated by Figure 40 , under 

reverse bias Diode 1 displayed virtually no leakage current, an early indication to excellent 

rectification characteristics. Under forward bias, the I-V response showed a sharp increase in 

current following a threshold voltage of approximately 5.5 V. While not perfectly exponential, 

this sharp rise reflects efficient junction activity and minimal internal resistance. The device 

achieved a maximum current of 1.80 × 10-5 A at 12 V.  

Using Equation 1.2,  and the estimated concentrations of the n- and p layers as shown in 2.0.1 

Diode Structure I: an acceptor concentration, Na,  of 1 × 1022 cm-3, a donor atom concentration, 

ND, of 1 × 1017 cm-3 and an intrinsic carrier concentration, ni , of 1 × 1027 cm-3 across the 

depletion zone [106]. This calculation returns a built-in voltage of 5.41 V. The observed 

threshold voltage of 5.5 V is close to the theoretical built-in potential. This suggests that the 

metal contacts were of good quality, with minimal voltage drop outside the depletion region. 

The result is a diode with efficient charge transport and a sharp turn-on characteristic, behaviour 

consistent with an ideal diode. Such performance suggests that Diode 1 could be highly 

effective in betavoltaic applications, where efficient charge collection is critical. Moreover, the 

high threshold voltage offers potential advantages in high-power, high-temperature and high 
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frequency device applications, such as high-electron-mobility transistors (HEMTs) and metal-

oxide-semiconductor-field-effect transistors (MOSFETs) [108, 109]. 

Figure 39 - The natural logarithm of the rectification ratio at a given potential difference for 
Diode 1. 

Figure 40 - Initial Diode 1 I-V response, the potential difference ranging from -12 to 12 V 
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Figure 39 shows the natural logarithm of the rectification ratio. At a bias of 12 V this value 

reaches 5.74, corresponding to the current density being approximately 311 times greater in the 

forward direction compared to the reverse. However, given that the potential difference was 

flat in the reverse direction, if the increase in current in the forward direction was exponential, 

taking the natural logarithm as in Figure 39 would produce a linear fit of y = x. Therefore, 

although having decent rectifying properties, the fabricated diode does not fit the Shockley 

diode equation. 

Following the initial characterisation, the metal contacts were damaged and had to be reapplied. 

The I-V characteristic was then measured again as shown by Figure 41. There are three distinct 

changes. Firstly, the voltage range was extended from -20 to 20 V. Second, the peak current 

through the system increased by an order of magnitude, reaching 6.00 × 10-4 A at 20 V, which 

may reflect improved contact quality. Third, under reverse bias, a leakage current began to 

appear.  

Hu notes that there is nothing inherently destructive about this junction breakdown [26]. 

In heavily doped samples, Zener breakdown occurs due to large magnitude of electric field 

over a physically thin depletion region. Under reverse bias, the strong electric field applies a 

force onto electrons, causing the electrons to tunnel from the valence band to the conduction 

band. In contrast, Avalanche breakdown occurs in lightly doped junctions, where the depletion 

region is wider [27]. A phenomenon known as impact ionisation occurs; electrons transversing 

through the depletion zone gain enough kinetic energy due to the applied internal electric field, 

moving from the valence band to the conduction band. Another electron-hole pair is created. 

Thus, further increasing the electric field and creating a snowball effect, hence avalanche 

[25, 27]. In Diode 1, although the device is heavily doped, the depletion zone is thick at 0.5 µm 

(the width of the intrinsic layer) which would suggest that both Avalanche and Zener contribute 

to the breakdown voltage and therefore an increase in current in the reverse direction.  If the 

potential difference were to be applied beyond 20 V under reverse bias, one would expect a 

sharp negative gradient. With a magnitude comparable to the expected gradient under forward 

bias. However, this breakdown voltage is not necessarily a negative of the device. If controlled 

there are many applications in which this is useful. 
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Figure 42 - The natural logarithm of the rectification ratio at a given potential difference for 
Diode 1 after the ohmic contacts were reapplied 

Figure 41 - Diode 1 I-V response with reapplied ohmic contacts, measured from -20 V to 20 V. 
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4.4.2 Diode 2 

 

Figure 43 - Diode 2 I-V response with a linear best-fit line calculated.  

Figure 43 shows the ohmic response of Diode 2, the flatlining at the extremities highlights 

where the device reached a compliance of 1.05 A for the Keithley 2401 at a -4 V and -4 V. 

Using Equation 4.2,  the gradient of the linear best-fit gave a calculated resistance of  4 Ohms. 

The device showed no rectifying properties.  

 

Diode 2 explored the theory of co-doping, a secondary aim of this project. The reactor 

conditions followed on from previous work in the Diamond Laboratory by B. Nutbrown [84]. 

However, the metallic response of Diode 2 as shown by Figure 43, suggests that the formation 

of an n-type co-doped layer was unsuccessful. This theory is emphasised by the SEM data in 

the previous section. Instead, a P+iP- structure was fabricated, with a high varied boron 

concentration throughout the device and a low concentration of nitrogen in the n-type layer. 

Upon reflection the nitrogen flow rate of 1.1 sccm was insufficient. A higher flow rate would 

have been necessary to increase the overall nitrogen concentration and therefore  donor 

incorporation within the layer. 
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Furthermore, the contamination within the CVD reactor should have been further investigated 

before any growth conducted. Understanding the amount of boron within the reactor and 

therefore the ratio of boron-to-nitrogen is critical for the formation of D-A-D complexes. 

 

In the future, the implementation of plasma diagnostics will be important for the success of 

experimental co-doping. Techniques such as optical emission spectroscopy can be used to 

measure the gas phase concentrations of activated species within the plasma and near the 

substrate surface [110]. Additionally, spatially resolved in situ spectroscopic measurements can 

be utilised to show the distributions of activated species and accurately measure substrate 

temperatures [111]. Further increasing the understanding of the growth conditions and 

environment.  

 

Experimental co-doping was not further explored, partially due to being a secondary aim and 

due to the decommissioning of the back reactor, which limited experiments that required boron 

doping.  
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4.4.3 Diode 3 

 

The resultant I-V response for Diode 3 was similar to Diode 2 with a metallic response, but 

with a higher resistance of 1.72 × 103 Ohms.  Diode 3 was grown on free-standing Element Six 

boron doped PCD and was the only diode that did not have a laboratory grown BDD p-type 

layer.  Initially the exceedingly high resistance and ohmic nature of Figure 44 was believed to 

be due to poor contact adhesion of the silver DAG onto the diamond surface. However, after 

further investigation, the Raman measurements of the industrially grown BDD revealed a lower 

concentration of boron than expected in the topside as shown by Figure 45. It also revealed that 

the backside of the substrate showed little to no evidence of doping as shown by Figure 46. 

This suggests that the bulk (substrate) of the device, rather than the p-i-n junction, dominated 

the flow of current which led to an observed ohmic response with high resistance.  

 

Raman spectra of the boron doped PCD substrate of Diode 3 indicated the presence of  

intrinsic diamond at the backside and less heavily doped, more graphitic carbon on the surface. 

As previously discussed, the 1550 cm-1 band is evidence of amorphous, sp2 hybridised carbon 

(the G-band) [95]. The characteristic 1332 cm-1 band of diamond is prominent within Figure 

45, and not obscured nor red shifted by the broad 1200 cm-1 band formed in heavily boron 

Figure 44- Diode 3 I-V response with a linear line of best-fit calculated 
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doped samples. Moreover, the broad band at 500 cm-1 has a low relative intensity, and there is 

no ‘U-shaped Valley’ shape as shown previously in Figure 34. This supports the conclusion 

that the boron concentration is below  1 × 1020 cm-3 [99], implying non-metallic characteristics 

of the p-type layer. Furthermore, in Figure 46 only the characteristic 1332 cm-1 single phonon 

peak of sp3 hybridised carbon in diamond is present, suggesting the base of the substrate is 

intrinsic diamond.  

 

Taken together, these observations provide justifications for a higher resistivity of the BDD 

substrate, leading to a higher resistance response which dominated the p-i-n junction and 

hindered its function. Ultimately limiting the performance of the device. Confirmation of this 

resistivity prediction could be achieved through the application of four-point probe and Hall 

measurements of the substrate material. 
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Figure 46 - Raman spectrum (excitation wavelength 514 nm) for the backside of the Element 
Six BDD. 

Figure 45 - Raman spectrum (excitation wavelength 514 nm) for the topside of the Element 
Six BDD used as a growth substrate for Diode 3. 
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4.4.4 Diode 4 

Diode 4 was created to be an exact replica of Diode 1. The only difference was that Diode 4 

was fabricated with its n-type layer grown in situ compared to the ex-situ n-type layer growth 

of Diode 1. The overall response of the I-V plot in Figure 47 demonstrates a characteristic 

diode shape and is comparable to the initial Diode 1 measurements as shown in Figure 49. 

Therefore, an early conclusion could be made that Diode 4 proved the results and modus 

operandi of Diode 1 could be replicated. Reinforcing the validity and reproducibility of the 

pseudo vertical P-i-N junction diode structure. 

 

Under forward bias, Diode 4 exhibits a slight knee in the I-V curve at approximately 7 V. Above 

this voltage, there is a steep increase in current through the device, albeit not exponential. At 

20 V, a maximum current of 8.34 × 10-5 A was recorded. The maximum rectification ratio was 

also recorded at 20 V, with a value of 9.11. However, at this point under reverse bias the diode 

begins to break down and a sudden decrease in reverse current is observed. Therefore, taking 

the rectification ratio at 20 V may not be an accurate representation of the full electrical 

response and rectifying behaviour of the diode. Additionally, the logarithmic plot of the 

rectification ratio as shown in Figure 48 was poor. Highlighting a non-linear trend which was 

again inconsistent with Shockley-type diode behaviour. Figure 49 is the comparison of the 

initial Diode 1 measurements against Diode 4. Diode 1 was superior in the reverse direction 

but in the forward direction, Diode 4 outperformed Diode 1 until 12 V. As these two devices 

were identical, the discrepancy in I-V response can be attributed to the wiring and ohmic 

contacts. This figure also revealed a threshold voltage for Diode 4 appears anonymously low 

at approximately 2 V compared to the value of 5.5 V compared with Diode 1 and the calculated 

built-in voltage of 5.4 V. 

 

Figure 50 shows the two diodes being compared again, after the reapplication of the ohmic 

contacts of Diode 1, the device clearly outperforms Diode 4. In Diode 1, the application of new 

metal contacts led to an unexplained increase in the order of magnitude. Similar behaviour is 

predicted for Diode 4, although the device was not explicitly tested with new contacts. 
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Figure 48 - The natural logarithm of the rectification ratio at a given potential difference 
for Diode 4. 

Figure 47 - Diode 4 I-V response, the potential difference ranged from -20 to 20 V. 
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Figure 50 - I-V comparison of Diode 1 to Diode 4. Diode 4 is flat compared to Diode 
1 which now measures current to order of magnitude higher 

Figure 49 - I-V comparison of the initial Diode 1 measurements compared to Diode 
4 
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4.4.5 Diode 5 

 

Diode 5 was designed to repeat the success of Diode 1 and 4 but with two key distinguishing 

modifications: an increased intrinsic layer thickness (depletion zone) and oxygen termination 

before subsequent diamond growth. To achieve a thicker intrinsic layer, the growth time was 

increase from 40 to 80 mins, effectively doubling its size. Additionally, the p-type layer 

underwent oxygen termination before the in situ intrinsic and n-type layer growth. This process 

aimed to reduce lattice vacancies and increase surface homogeneity.  Despite these changes, 

the I-V response as shown in Figure 51 of Diode 5 was very poor and showed no diode 

characteristics. This was attributed to the inadequate surface contacts and the contamination of 

silver DAG across the device surface. As previously discussed, when not applied properly, the 

silver DAG had adverse effects on the movement of current through the pn junction. Due to 

time constraints, it was not possible to re-sputter or reapply the metal contacts. However, the 

shape of the I-V curve closely resembles diodes with poor or disconnected ohmic contacts as 

which were not included in this thesis. 

 

The response of the I-V curve also bears resemblance to a filament lamp, suggesting that heat 

dissipation at higher powers increased resistance and lead to further deformation of surface 

contacts. To fully assess the impact of oxygen termination on sequential diamond growth as 

well as investigating how depletion layer thickness influences device behaviour and charge 

collection, further measurements with new ohmic contacts are required.  
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Figure 51 - Diode 5 I-V response, the noisy response is primarily due to the poor application 
of the wires and metal contacts 

4.4.6 Surface contacts and Silver Contamination  

 
Throughout this project, surface contacts were a limiting factor for all diodes. The manual 

process of applying silver DAG to form ohmic contacts between the metal contacts and the 

wires was difficult to replicate. This often led to weak ohmic contacts and irreproducible 

results. Moreover, the organic polymer within the silver DAG began to dry up and deform 

overtime, further reducing electronic performance. The reapplication of wires was time 

consuming and often required the metal layer to be completely removed. In some instances, it 

was possible to just reapply the silver DAG without the aqua regia cleaning step. However, 

cleaning of the surface with just acetone led to silver migration on the surface as shown in 

Figure 52. As a result, leakage currents and unpredictable IV characteristics occur when biases 

are applied. 
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Figure 52 – An optical microscope image of [A] the wire and silver DAG [B] Pt/Pd metal 
contacts [C] Silver migration on the diamond surface, outside of the Pt/Pd contacts  

 

During the fabrication of Diode 1, the primary target used in the AGAR high resolution sputter 

coater was silver (Ag), this target was routinely switched to Pt/Pd for the device sputtering. It 

was hypothesised that the background silver atoms within the sputter coater may have 

contaminated the Pt/Pd ohmic contacts creating a more homogenous contact with the silver 

DAG. This led to Diode 1 having superior electrical performance, with residual silver 

unintentionally enhancing the contact performance.  

 

To investigate this issue, a control piece of silicon was masked in an identical way to samples 

before sputtering. Prior to sputtering with Pt/Pd, a two-minute sputter using a silver target to 

model silver contamination within the chamber was undertaken. This control was then 

subjected to EDS analysis to check for potential cross-contamination within the sputtering 

chamber. Figure 53 shows the results of EDS analysis, revealing a small yet significant Ag 

signal of ~0.1% atomic concentration. While the percentage is low, the presence of a visible 

Ag peak in the spectrum suggests that even trace levels of contamination could affect the 

composition and electronic behaviour of the ohmic contacts. To further investigate this, future 

work would involve the fabricating diodes using Ag contacts instead of or in conjunction with 

Pt/Pd, assessing if this improves device performance. 

 

A

B
C
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Figure 53 - EDS Spectrum from silver contamination investigation, measurements taken using 
the JSM-IT300 SEM kit from JEOL. 

 

5 Conclusions and Future Work 

 5.1 Conclusions 

In this project, microwave enhanced plasma CVD (MWCVD) was successfully utilised to grow 

and fabricate five devices from PCD substrates. The primary objective, the fabrication and 

evaluation of a working P-i-N junction diode was achieved through the fabrication of Device 

Structure I. This was then reproducibly grown and I-V characteristics evaluated.  Two devices, 

Diode 1 and Diode 4, demonstrated functional diode behaviour, validating the fabrication 

methodology. The initial measurements of Diode 1 produced a rectification ratio of 

approximately 311, observed at 12 V. Upon remeasurement following reapplication of the 

metal contacts, a maximum forward current of 6 × 10⁻⁴ A at 20 V was achieved. The threshold 

voltage was estimated to be approximately 5.5 V, aligning well with the theoretical built-in 

potential of 5.4 V and suggesting minimal voltage drop outside the junction. This is evidence 

of efficient charge collection and near-ideal diode behaviour. 
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The secondary aim, investigating boron and nitrogen co-doping to achieve an n-type diamond 

layer at room temperature, was also investigated briefly. Although preliminary results were 

inconclusive due to insufficient nitrogen flow (1.1 sccm), the approach remains promising. 

Further investigation into reactor conditions and in situ optical emission spectroscopy are 

required to understand the plasma composition and growth environment. 

 

The tertiary aim involved assessing the performance of industrially sourced BDD substrates, 

as used in Device Structure II. Raman spectroscopy and electrical measurements showed that 

the boron concentration was lower than reported by industry. These findings helped qualify the 

poor performance of Diode 3, underscoring a possible future challenge in the scaling-up of the 

manufacturing process.  

 

Furthermore, the boron concentration of the p-type layers of in-house grown diamond was 

accurately determined using both Raman spectroscopy and four-point probe measurements. 

The growth of heavily boron-doped p-type diamond with resistivities comparable to literature 

was achieved reproducibly. 

 

Overall, this work established a repeatable method for fabricating a diamond P-i-N junction 

diode using MWCVD. The devices demonstrated promising I-V characteristics and provided a 

foundation for further exploration of P-i-N junction diodes and their application in betavoltaics.  

 

 

5.2 Future work 

 

To extend this project an immediate priority is to test the best-performing devices, Diode 1 and 

Diode 4, as betavoltaic cells.  Measurements would be conducted using a  

Ni-63 beta source, with factors such as total conversion efficiency and total power output to be 

qualitatively assessed. In parallel, the recently constructed Kimball electron beam (E-beam) 

would be employed to simulate tritium beta decay. 

Comparably to the work of Shimaoka et al., the diode would be characterised under electron 

beam irradiation [75]. The device would be exposed to electron energies ranging from 5 keV 

to 20 keV, allowing for a controlled investigation of charge collection in conditions analogous 

to tritium emission. If the tritium E-beam tests are successful, the electrical performance of the 
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device could also be studied, having been subject to high temperature gas loading via the 

recently commissioned tube furnace. Deuterium, another isotope of hydrogen,  would likely be 

used instead of tritium to avoid the safety risks and regulatory challenges associated with 

handling radioactive materials. This substitution enables safe experimentation while still 

yielding valuable insights applicable to tritium systems. 

 

Another key focus is the optimisation of the metal contacts.  In this work, Pt/Pd was used to 

make ohmic contacts with the diamond surface but many other metals such as Ag, Au, Pt, Pd 

and Al can all be sputtered to create metal contacts. Yuan et al. investigates the contact 

properties of Pt, Pd and Au electrodes on the same hydrogen terminated diamond surface [112]. 

The paper concludes that the Pd/H-diamond made good ohmic contact before annealing and 

was the only contact that’s sheet resistivity remained stable at high temperature. These findings 

are especially relevant if temperature dependent I–V measurements are revisited in future 

experiments. Initial attempts to conduct high-temperature measurements in this work were 

unsuccessful due to burning of silver DAG and therefore have been removed from this thesis.  

 

In the same vein, while silver DAG was used in the initial prototypes, it exhibited poor adhesion 

which led to inconsistent I-V characteristic responses. The manual application process also 

made reproducibility challenging. Exploring new techniques, such as the creation of van der 

Waals metal-semiconductor junctions for reproducible I-V characterisation. In which, 

atomically flat metal surfaces are laminated onto semiconductor surfaces, without direct 

chemical bonding [113], creates an interesting avenue for future work.  

 

In terms of structural characterisation, destructive analysis techniques may provide further 

insight into the device and understanding of the P-i-N junction. SEM could be used to confirm 

layer thickness by imaging the diode cross-section. Additionally, secondary ion mass 

spectroscopy (SIMS) to destructively measure the concentration of the dopants within the bulk 

of the material. This is particularly important for the n-type layer, whereby accurate 

measurement of nitrogen concentrations was not conducted during this project. Instead, it was 

predicted based on literature and similar experiment in the diamond laboratory that preceded 

this project.  

 

At the University of Bristol, the NanoESCA facility is a state-of-the-art surface-sensitive 

system, that allows one to gain insight into the surface electronic properties of a material. 
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The best diodes could be analysed by photoemission electron microscopy (PEEM) mapping 

local variations in work function and electron emission across the surface.  Alternatively,  X-

ray photoelectron spectroscopy (XPS) can be undertaken to better understand the elemental 

composition and electronic states of both the  n-type and p-type layers. 

 

Looking even further ahead, the long-term goal is to optimise the doping process to reliably 

achieve high-conductivity n-type diamond layers at room temperature. One possible avenue  

involves replacing molecular nitrogen with ammonia (NH3) as the nitrogen source in MWCVD. 

The weaker N–H bond in ammonia, compared to the triple bond in N₂, may facilitate more 

efficient activation and incorporation of nitrogen into the diamond lattice, which may be 

particularly applicable to experimental co-doping. However, this would require a new 

dedicated ammonia gas line or potentially even require funding for a new MWCVD reactor. 

 

Alternatively, phosphorus doping may offer a more direct path to n-type conductivity. 

Phosphorus introduces a shallower donor level (0.6 eV) compared to nitrogen (1.7 eV). A 

possible future experiment could involve replicating the work of Shimaoka et al., but with the 

addition of an intrinsic layer fabricating a P-i-N junction. This work would also include the use 

of single crystal diamond (SCD) substrates rather than PCD, providing more dopant control 

and an overall reduction in grain boundary effects on electrical properties. However, this would 

also require infrastructure changes, with the installation of a new dedicated gas lines into the 

MWCVD reactor and possibly even changes to the reactor design. Ohtani et al. demonstrated 

a more focussed gas flow, with through holes directly below the substrate, leading to an 

increase in the incorporation efficiency of phosphorus into diamond and a reduction deposition 

of phosphorus onto reactor walls [56]. This work could also be extended to other dopant species 

such as boron or nitrogen. 
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