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Abstract

A P-type intrinsic metal Schottky diode was made by depositing layers of diamond using
chemical vapour deposition. Two different oxygen termination methods were used before
chromium plating to reduce the Schottky barrier height. XPS showed that the oxygen ter-
mination diffuses through the chromium layers, suggesting it has a minimal impact on the
SBH and could negatively impact diode performance. The average work functions of the
chromium and diamond were 4.21 eV and 4.56 eV respectively. After plasma etching, the
diamond was found to be metal like using UPS. It was also found that heat has a negative

effect on the diode’s rectification.



1 Introduction

In the 21st century there appears to be a type of energy
generation and storage for every application. For high
power and low capacity there are supercapacitors([]]. If
more capacity is required, there are lithium-ion batter-
ies and lead acid batteries are still in use due to their
high resiliency, low cost, and low leakage current[2, 3]].
Furthermore, energy storage has been scaled up to help
support the grid, with two examples being pumped hy-
dro storage and flywheels[4]. However, there is a gap in
capability that needs to be filled.

Currently, there are very few options for applications
that require an extremely long life power source. Ex-
amples of these applications include deep space satel-
lites, which require an energy source when too far from
the sun for reliable solar power; remote sensors and
trackers, where connection to the power grid may be im-
possible and battery changes too infrequent for conven-
tional energy storage[6]; and pacemakers, where access
to the device is difficult and invasive[7]].

Figure 1: A photo of a Victory SR 5610 pacemaker pow-
ered by a chemical battery[[8]. This model of pacemaker
is expected to last 6.5 years[9].

Modern pacemakers use ultra long life chemical batter-
ies, such as lithium iodide batteries. These batteries can
last for up to ten years and are a well proven technol-
ogy[7]]. However, they are not ideal due to the difficulty
and invasiveness of changing pacemaker batteries and
the risk of complications[[10]. Zinc air batteries are used
for animal trackers, as they obtain the oxidiser from the
atmosphere keeping them very lightweight[6]. These
battery technologies are all limited by a short lifetime.
Indeed, the limited lifetime of chemical batteries means
they cannot be used in many applications such as satel-
lites, where device lifetimes are measured in decades
[T1]l. In these situations, it might be best to move from
chemical energy storage to nuclear energy.

Some of the very first pacemakers used radioisotope
thermoelectric generators (RTGs) for power. These de-
vices use high activity radioisotopes such as P%3% and
Sr99 to generate heat creating a heat differential which
can be directly converted into electrical power({13]]. How-
ever, their use in pacemakers ceased when chemical re-
placements came on the market due to plutonium’s tox-
icity, but their use in satellites continues[7]. Many satel-
lites and rovers have used RTGs for power when sun-

Figure 2: A radioisotope thermoelectric generator in-
tended for spacecraft[12].

light isn’t plentiful, such as for deep space missions far
from the sun (for example, Voyager 2) or when the sun
isn’t visible due to clouds or shadows (for example, Cu-
riosity). RTGs also have the advantage of a high power
output, which will only reduce around 2% per year.

However, there are significant disadvantages to RTGs.
Firstly, if a radioisotope’s activity is high enough to gen-
erate heat, it is also very dangerous and requires plenty
of shielding. Furthermore, RTGs also have a very
low efficiency of about 7% because they indirectly con-
vert energy from radioactive decay to electricity via heat
[15]]. The problems of low efficiency and high activity
sources compound to make the cost of a spaceflight ca-
pable RTG around a hundred million dollars [16].

Figure 3: A plutonium-238 oxide RTG fuel pellet for
the Cassini mission, glowing red from the alpha radia-

tion[[17]].

A much improved counterpart to RGTs are betavoltaic
cells. Like RTGs, betavoltaic cells harness the energy of
radioisotopes, which allows the technology to have an
extremely high energy density[18]. However, in contras
to RTGs, betavoltaic cells directly convert radioactive
decay particles into electrical energy, making the con-
version far more efficient. This higher efficiency also
means high activity radioisotopes are not required, im-
proving lifetime, cost, and safety of the device. Fur-
thermore, the lack of shielding and cooling fins that are
required for RTGs make the device simpler and lighter.
However, betavoltaic cells are not yet a mature technol-
ogy and there may be many ways in which their effi-
ciency can be increased that have not yet been explored.



In this project I have built P-type intrinsic metal (PIM)
Schottky diodes that work as betavoltaic cells and re-
searched their properties. These were made from both
polycrystalline diamond (PCD) and single crystal dia-
mond (SCD). Two different oxygen termination meth-
ods were used on the diamond before depositing the
metal layer to lower the Schottky barrier height (SBH).
This resulted in four different diodes that were then com-
pared. These diodes were characterised using a num-
ber of techniques to assess their performance as beta-
voltaic cells. In the NanoESCA facility, XPS and a
plasma etcher were used to identify each component of
the intrinsic-metal interface and find their depth. This
facility was also used to map the work function and
Fermi level intensity around this interface. The energy
generation capabilities of the cells were measured using
an electron gun, simulating nuclear decay. These mea-
surements were undertaken to investigate possible im-
provements to the efficiency of the device and lowering
of the Schottky barrier height.

2 Background Theory

2.1 PIN Betavoltaic Cell

A betavoltaic cell is a power source that generates elec-
tricity from a beta radiation (high speed electrons) emit-
ting isotopes using a P-N junction[19]]. These devices
are similar to a solar cell made with a P-type intrinsic
N-type (PIN) diode. In the solar cell, photons interact
with electrons in the intrinsic semiconducting region to
promote them from the valence band to the conduction
band, creating electron hole pairs[20]. Due to the band
structure of the diode, the electrons flow to the P-type
side creating a negative charge, and the holes flow to the
N-type side creating a positive charge. In a diode, elec-
trons cannot flow from P-type to N-type doped semi-
conductor, so instead the electrons have to flow around
a current to balance out the charge, generating a cur-
rent[21].

In a betavoltaic cell, the beta radiation takes the place
of the photons in a solar cell by creating electron hole
pairs in the intrinsic semiconducting region. There are
some key differences though. In photovoltaics the en-
ergy of a single photon is much less than the energy of
a beta particle. This means that for peak efficiency the
semiconductor band gap (F,) for a betavoltaic cell must
be larger than the band gap in a solar cell[22]]. This is be-
cause if the electron-hole pair is exited too far above the
band gap, the excess energy is lost due to thermal relax-
ation[23]]. Another difference with betavoltaics is that
a single beta particle can create multiple electron hole
pairs before it comes to a stop, thus reducing the effi-
ciency penalty from using a semiconductor with a band
gap significantly lower than particle energy[/18]]. This is
in contrast to photovoltaic cells, where a single photon
can only create one electron hole pair.

There are many unique aspects of using a betavoltaic
cell as an energy source. One of them is that the power

output is consistent over a very long period of time[24].
An ideal betavoltaic cell will have a power output pro-
portional to the activity of the radiation source, so with
the right isotope the battery can maintain much of its
power output for tens or hundreds of years, depending
on the isotope’s half-life[18]]. They also have a very high
energy density (10000 Whkg~1), an advantage intrinsic
to nuclear energy[25} 26].

The main disadvantage of betavoltaics is the very low
power output, in the range of tens of microwatts, which
is far too low for most applications[27]]. For GPS re-
ceivers, even low power optimised devices have a power
consumption many times higher than can be generated
with current betavoltaics[28|]. Until massive improve-
ments can be made, the solution to this is to power more
complicated circuits in short pulses from energy stored
in a supercapacitor. Using this method, in conjunction
with high quality components, a power hungry GPS mod-
ule can send out a location ping every few hours. Even
with the low power output, there are a few applications
that betavoltaics can directly power in their current state
such as medical devices, small satellites, and micro elec-
trical mechanical systems (MEMS)[24, 26].

The high cost of nuclear material in betavoltaic cells is
a significant barrier to their widespread adoption. Typi-
cal isotopes used as a beta radiation source include H?,
Sr90, Y90 Ni63 and C14[26, 29 [30]. The cost for
some of these is very high, with the cost tritium (H?>)
being over $25,000 per gram and even the compara-
tively cheap irradiated graphene still needs to be refined,
which itself is an expensive process[31}(32].

The final hurdle for the use of betavoltaics relate to the
laws controlling the ownership and sale of nuclear mate-
rial. According to British law, any reasonably sized beta
emitter would be considered “in scope” nuclear mate-
rial, which means it is controlled by the most stringent
nuclear material regulations and therefore would require
a permit to sell and store[33]]. Getting these permits or
licences can be slow and will therefore delay betavoltaic
devices from coming to market[34]]. These restrictions
can also limit the amount of radioactive material used,
and therefore the power output of the cells[22]].

2.2 Semiconducting Diamond

The semiconductor used in my betavoltaic cells is dia-
mond. Diamond is usually seen as an insulator, but insu-
lators and conductors are only differentiated by the size
of the band gap. At the energy scale of betavoltaics, dia-
mond acts as a semiconductor. To make a useful device
from a semiconductor it is necessary to dope it. P-type
doped diamonds can be found in nature and were first
discovered in 1952[35]]. The reported properties that
differentiated it from other diamonds were UV phos-
phorescence and a high conductivity[36]]. This naturally
doped diamond was boron doped diamond (BDD). This
is the most common P-type diamond in use today due
to its relatively shallow accepter level and high electron
mobility[37]]. For this reason it is the P-Type dopant
used in this project.



The indirect band gap of diamond is 5.4 eV and the
smallest direct band gap is 7.3 eV. This corresponds to a
photon wavelength of 230 nm and 170 nm respectively,
which falls into the UVC band[38},|39]]. While this is far
lower than the average energy of a beta particle emit-
ted from tritium or carbon-14 (18.6 keV and 50 keV re-
spectively), it is much larger than the band gap of other
semiconductors, allowing a more efficient absorption of
beta radiation[40, 41]].

Another advantage of the use of diamond in betavoltaic
cells is that it is a very radiation hard material, experi-
encing only insignificant changes in properties after a
very large dose of radiation[42]. When compared to
other semiconductors, such as silicon, diamond is two
to three times more radiation hard[43]. Furthermore, di-
amond is very physically hard and strong, being many
times harder than other semiconductors[44]. This re-
duces the risk of damage to the cell. Diamond is also
stable at very high temperatures, allowing the cell to ex-
ist in extreme environments[44]].

An additional reason to use diamond is the ability to
incorporate the beta radiation source with the cell, as
carbon-14 is a beta emitter[41]. By having the cell and
carbon-14 be one contiguous diamond, it becomes diffi-
cult if not near impossible to isolate the radioactive ma-
terial, lowering the chance of misuse by bad actors. This
reduces the risk of legal liability and can make it easier
to get the device registered[33]]. Carbon-14 can be ac-
quired from reprocessing irradiated graphite (i-graphite)
waste sourced from graphite moderated nuclear reac-
tors[45]]. The UK alone had 86,000 tons of i-graphite
as of 2014, meaning there is plenty for mass produc-
tion[46]].

Conversely, a major disadvantage with using diamond
as a semiconductor is the fact that there is no viable N-
type dopant diamond. N-type diamond usually has low
electrical quality and often suffers from uneven doping
and lattice damage[47]. It took until the late 90’s for any
N-type diamond that could conduct at room temperature
to be synthesised by adding phosphorous to the reactor
when growing the diamond[48]]. Other possible N-type
dopants have been found to be inviable for a number
of reasons; nitrogen doped diamond doesn’t conduct at
room temperature due to a high activation energy, and
lithium ions irrevocably damage the diamond’s struc-
ture[49]]. Diamond betavoltaics are therefore limited to
PIM (P-type Intrinsic Metal) cells, which are Schottky
diodes. Unfortunately, Schottky diodes have a major
disadvantage compared to conventional diodes, specif-
ically the much higher leakage current[50]. This leak-
age current would usually be insignificant, but as be-
tavoltaics have a very small current output of around
1 pA, this leakage current is proportionally a much larger
problem(S51].

2.3 Conventional and Schottky Diodes

In an extrinsic semiconductor, dopants add electron do-
nors at an energy (Ep) just below the conduction band
(N-Type) or, for electron accepters (£ 4), just above the

valence band (P-Type). Due to thermal excitation, these
electrons and holes are promoted into their respective
bands[52]]. The density of ionised donors (Ng) and ac-
cepters (V) relates to the unionized concentrations of
the dopants (Np and N4) and temperature (7") follow-
ing the equations|I]and [2] respectively.

Np

+ _
ND - 1-|—gDe(EF*ED)/ka (1

- Ny
A~ ]_—|—gAe(EA*EF)/ka

2)

Where k; is Boltzmann’s constant, Fr is the Fermi
level and g is the ground state degeneracy, which is two
for donors and four for accepters[352]. In most conven-
tional semiconductors dopants are almost fully ionized
at room temperature, therefore for most calculations we
use the approximations N, ~ Np and N, ~ Ny.
This lack of control of the density of conducting parti-
cles is a great improvement over the carrier concentra-
tion in intrinsic semiconductors, shown in the following
equations:

Eo—E
n = Ngexp (—CkaF> 3)
Er — Ey
- N _ZE TV 4
p veXp( T > 4

Where n and p is the negative and positive charge car-
rier density, No and Ny is the density of states in the
conduction and valence band, E¢ is the energy levels of
the bottom of the conduction band, and Ey is the energy
levels of the top of the valence band.

The aforementioned band structure of a diode is form-
ed by the excess electrons in the N-type semiconductor
flowing into the P-type semiconductor and the excess
holes in the P-type semiconductor flowing into the N-
type semiconductor[53]]. This diffusion continues until
the Fermi level is completely flat, creating a charge dis-
tribution across the junction, shown in ﬁgureE} It is this
charge distribution that bends the electronic bands.

The depletion widths in the N-type and P-type sides of
the junction (z,, and ;) can be found using the follow-
ing equations:

T = 265%i NA (5)
" g Np(Nas+ Np)
2€5 Vi Np
Tp = (6)
b \/ g Na(Na+ Np)

Where q is the charge of an electron, € is the permittiv-
ity in the semiconductor, and V}; is the built-in voltage.

The built-in voltage is created by the charge distribu-
tion and can be calculated using the following equation:

qvbi = Eg - Cn - Cp (7)

Where Ej is the band gap, ¢, is the difference between
the conduction band and Fermi level (E'r)in the N-type
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Figure 4: Two diagrams showing the space-charge dis-
tribution at a PN junction demonstrating the overall neu-
tral charge and the relationship between dopant density
(N) and depletion width (x). The two scenarios shown
are when (a) accepter and donor density are the same
and (b) when accepter density is higher that donor den-
sity.

semiconductor and ¢, is the difference between the Fer-
mi level and the valence band in the P-type semiconduc-
tor. To find the Fermi energy (Er) of an extrinsic semi-
conductor we can assume that most charge carriers in an
extrinsic semiconductor are from doping, and therefore
we can assume that equations|[I]and [2] are roughly equal
to equations[3|and ] respectively. This assumption gives
us the following equations:

N Ec —Ep\ _ Np
cexp| — ka ~ 1 -‘rgD@(EF_ED)/ka
(®)
N Er—Ey\ _ Na
vexp | — ka ~ 1 +9A6(EA7EF)/]€1,T
€)

Which can be solved to find the Fermi energy.

Tp =0 Zn

Figure 5: A diagram of the band structure of a PN junc-
tion with the P-type semiconductor on the left, the N-
type semiconductor on the right, and the interface at
= 0.

Bands bend a little differently in a Schottky diode when
compared to a conventional diode. In a Schottky diode

there is an intrinsic semiconductor and a metal and,
much like a PN junction, the Fermi energy in the semi-
conductor will move to match the Fermi energy in the
metal. This will create a charge distribution inside the
semiconductor that bends the bands and creates a barrier
in energy between the Fermi level in the metal and the
conducting band in the semiconductor[52]]. This barrier
can be calculated using the work functions of the metal
and semiconductor (¢,,), and the electron affinity of the
semiconductor (X, /p)-

The work function of a material is the amount of en-
ergy it takes to remove an electron from its surface[54].
When modelling semiconductors the requirement of the
electron being removed from the surface is ignored, mak-
ing it possible to model the bulk of the material. In these
situations the work function is defined as the difference
in energy between the vacuum level and the Fermi level.
The electron affinity is similarly defined as the differ-
ence in energy between the vacuum level and the con-
duction band.

At the metal-semiconductor interface all charge carri-
ers in the metal are ¢,,, below the vacuum level. This
charge distribution bends the bands in the semiconduc-
tor until the semiconductor work function at the inter-
face is the same as the metal work function. However,
the charge distribution doesn’t change the electron affin-
ity (as shown in figure[3)) and therefore the barrier charge
carriers have to overcome is defined by the following
equations:

®Bn = Pm — Xn (10)
¢Bp = Eg - (¢m - Xp) (11)

Where ¢ g, and ¢ g, are the Schottky barrier heights for
N-type and P-type semiconductors respectively. This
barrier is shown in figure 6]

Xp
E.
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Figure 6: A diagram of the band structure of a Schottky
junction with an (a) N-type semiconductor and a (b) P-

type



The depletion region inside the semiconductor of a Sc-
hottky junction can be found using the following equa-

tion:
265 k‘bT>
Ty /p = Vi — —
/P \/qND/A ( ’ q

Using figure[f]it is also clear that the built-in voltage in
a Schottky diode is:

(12)

¢B — (¢

For both N and P-type Schottky diodes. Because the
charge carrier density in a metal is significantly higher
than in a semiconductor, the depletion region inside the
metal of a Schottky diode is so small it is considered
insignificant and is therefore not calculated.

qVei = 13)

2.4 Diamond CVD

Natural diamonds formed on earth originate in the upper
mantle or in meteor impacts, where there is a very high
temperature and high pressure environment[55]]. These
conditions are replicated by the high pressure high tem-
perature (HPHT) technique for manufacturing diamonds
to create conditions where the sp® form of carbon is the
dominant phase[56]. This method was the main way of
producing diamonds until the 1980s and was commonly
used for mechanical applications such as for lapping grit
and in jewellery.[57] However, the lack of control of
crystal size and material shape using HPHT means a
different technique is needed for other potential appli-
cations of diamond[58|,|59].

Chemical Vapour Deposition (CVD) is when a mate-
rial is grown on a hot surface from reactants in the gas
phase[60]. Using CVD to deposit diamond thin films
was first described in a 1962 patent where a seed crystal
of diamond (substrate) was heated in a methane atmo-
sphere, growing both diamond and graphite[61]]. The
patent claimed that the reason for any diamond growth
instead of the much more stable graphite was because
the reversible reaction between the diamond and methane
“reaches equilibrium faster”, something that is now kno-
wn to be false. This misunderstanding of the process
meant that a significant amount of graphite was still de-
posited, so the end product had little use[62].

Adding hydrogen to the gas mixture was found to be
the solution to this issue, as it would preferentially etch
away the graphite over the diamond[63]]. Over time this
repeated deposition and etching of carbon will slowly
grow a diamond film as the graphite is etched away faster
than it can be grown. This allows for very controlled
growth of high purity polycrystalline and single crystal
diamond. it is also possible to grow layers of doped di-
amond by adding a gaseous compound containing the
dopant to the chamber. Diamond CVD requires a vac-
uum capable chamber that can dissipate heat fast. In-
side this chamber there needs to be a method for heating
up the substrate as well as the gas just above it. There
are many different diamond CVD techniques that all
aim to achieve similar conditions required for diamond

growth[59]. The technique I've used to create the beta-
voltaic cell is Microwave Plasma CVD.
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Figure 7: A diagram of the type of diamond microwave
CVD reactor used in this project[|64].

In Microwave Plasma CVD, a high power microwave
source is focused onto the growth substrate. This cre-
ates a sufficient energy density to maintain a ball of
plasma just above the substrate, which both heats up the
substrate and the gas, allowing diamonds to grow[65]].
The microwave antenna is moved and the shape of the
waveguide is altered to focus the plasma ball. This al-
lows the plasma ball to be kept away from the walls of
the chamber, protecting the chamber walls from the heat
and corrosiveness of the plasma. It also allows the sub-
strate and gas to be heated separately by changing the
height of the plasma ball. A diagram of the specific re-
actor design used in this project is shown in figure[7}

2.5 The Schottky Barrier Height and Oxy-
gen Termination

The Schottky barrier is the feature in a Schottky diode
that rectifies current. Its height directly corresponds to
both the ability of the diode to rectify, reverse leakage
current, and the forward bias resistance[66]]. To tune
these properties for a specific application, the Schottky
barrier height (SBH) can be easily changed[67]]. The
work function and electron affinity are highly dependent
on the surface/interface of the metal/semiconductor, and
therefore so is the SBH. By terminating the surface of
the diamond before adding the metal, we can achieve an
ideal SBH for our device.

Hydrogen and oxygen termination change the work fu-
nction and electron affinity of both doped and undoped
diamond[68]]. The oxygen termination for diamond is
especially important as unterminated and hydrogen ter-
minated diamond have a negative electron affinity. This
means that, referring back to equation [0} the SBH of an
N-type Schottky diode would be much larger than an op-
timal SBH. Oxygen terminated diamond has a positive
electron affinity and therefore does not have this prob-
lem. So, by oxygen terminating the diamond the perfor-
mance of the diode could be significantly improved.



Different types of oxygen termination can have varied
effects on election affinity and work function[69]]. This
is because these techniques do not have the same levels
of coverage and can form different species of oxygen.
In my devices, two kinds of oxygen coating techniques
were used: UV ozone oxygen coating and a relatively
new molecular O, method that uses heat to desorb sur-
face species and then exposes the surface to pure oxy-
gen[70].

2.6 Betavoltaic Cell Design

The cells described in this report were grown in layers
on top of an intrinsic diamond substrate. The ohmic
contact was preserved by masking the end of wafer with
a piece of diamond before depositing the intrinsic and
metal layers. A top down and side view diagram of the
devices can be seen in figure [8] The thickness of the
P-type BDD should be ~ 2 pm, the intrinsic diamond
layer should be ~ 6 ym, and the chromium plating is
~ 80 nm.

-

(@ (b)

Figure 8: A (a) top down and (b) side view of the be-
tavoltaic cell design. White is the pre-made intrinsic
diamond substrate, blue is the P-type BDD, yellow is
intrinsic diamond, gray is chromium, and red is a layer
of oxygen termination.

Figure[9]shows how the band structure changes through
the diode. To find the depletion widths we first need to
find the carrier densities. The boron concentration in the
P-type layer is ~ 5 x 102! ¢m ™3 and usually we would
assume the boron to completely ionise, but as the energy
level of boron in diamond is fairly deep (F4 — Er =
0.373 eV’) we have to use equation [2| to find N, [71].
Using the assumption that T = 298 K (25°C), I calcu-
lated that N; ~ 6.14 x 10'%. All following calculations
were done assuming the same temperature.

To find the built-in voltage (V3;) for the P-type - in-
trinsic junction we need the Fermi level position in both
materials. For intrinsic diamond we can assume Eg to
be in the centre of the band gap ((; = Er — By =
2.7¢eV) but for P-type we have to solve equation [J] for
Er using the approximation Ny ~ 10*° em=3[72]. 1
found Er had moved down ~ 1.2eV meaning ¢, =
Eyv — Ep ~ 1.5€V. Using equation[7]it was calculated
that gV; = 1.2¢eV.

To find the depletion widths at the P-type - intrinsic
junction the carrier density of both materials must be
known. The carrier density in the intrinsic material can
be assumed to be the undoped electron density in the
conduction band n, which can be calculated using equa-
tion [3] Using this equation and the density of states

in the conduction band N ~ 10?° I calculated that
n = 2 x 10726 cm~3. Using equations [5 and [6] with

the substitutions Ny = N, and Np = n I calcu-
lated 7, ~ 1.6 x 107*"m and z; ~ 1.9 x 10'* (rel-
ative permittivity €, = 5.7)[73]. Given these are re-

spectively much smaller and larger than physically pos-
sible, it is clear that the P-type-intrinsic and intrinsic-
chromium junctions cannot be modelled in isolation.
The electron affinity of undoped diamond is —1.1eV
for a clean surface and 1.9eV after oxygen termina-
tion. Using equation|[TT]and given that the work function
of chromium is 4.6 eV, the theoretical barrier heights
(¢Bp) were found to be —0.2eV and 2.8 eV for clean
and oxygen terminated diamond respectively|74]. Due
to how deep the depletion of the P-type intrinsic junc-
tion is into the intrinsic semiconductor, we can assume
the effective Fermi energy at the intrinsic-metal inter-
face is the same as in the P-type material. Therefore,
we can use the assumption that ¢ ~ ¢, and equation
to find that ¢V; = —1.7e¢V and 1.3 eV for clean and
oxygen terminated diamond respectfully. When calcu-
lating built-in voltage for a P-type Schottky junction, a
negative V3¢ means the junction will act more like an N-
type junction as shown in figure[6p. The positive built-in
voltage for the junction when using oxygen termination
allows for a conventional P-type Schottky junction as
shown in figure [6p. This is preferred as it allows the
holes to flow directly to the P-type side of the junction.

2.7 Characterisation Techniques

The first instrument used to characterise the cells is the
LEXT Confocal Laser Scanning Microscope. This is an
optical microscope that can capture image data at differ-
ent focus points and combine them so the entire image is
in focus. It also uses a laser to create a height map of the
sample. This is done by moving the focal point of the
laser up and down. The intensity of the reflected laser
light will reach a maximum when the focal point is at the
surface. Multiples of these images and height maps can
be taken at precise positions using the motorised stage
and stitched together.

Most of the characterisation of the betavoltaic cells was
done in the NanoESCA system. This system contains
one chamber that has XPS and a plasma etcher. The
plasma etcher slowly removes chromium from the sur-
face nanometres at a time, while the XPS continuously
captures spectra in specific binding energy ranges where
components of interest have features. This means the
composition of the material can be measured as a func-
tion of depth for many slices of a sample. This also al-
lows the position of the components of the diode around
the chromium interface to be identified.

The main measurement instrument in the NanoESCA
system is energy-filtered photoelectron emission micro-
scopy (EF-PEEM). This operates by ejecting electrons
from the surface of the sample by UV photoemission.
These electrons are filtered by energy and focused by
two charged hemispheres onto a charged coupled device
(CCD) giving a 2D array of electron energy spectrums.
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Figure 9: A band diagram showing the bending of the bands in the betavoltaic cells. Left to right there is P-type
BDD, intrinsic diamond, oxygen terminated intrinsic diamond, and chromium. As electron hole pairs are generated
by beta particles in the intrinsic section, electrons flow to the chromium and holes flow to the BDD.

This can be used to generate a map of the work function
and Fermi level intensity. By using an unfocused beam,
a UPS spectrum of the full image can be also be taken.
These measurements were taken at both the etched and
unetched area of the samples to compare the results of
the intrinsic diamond and chromium coating.

The final characterisation was done using an electron
gun to simulate the betavoltaic cell being exposed to
beta radiation. This is done in a vacuum chamber to
avoid the electrons being absorbed into the air.

3 Experimental

Semiconducting diamond was grown on SCD and PCD
substrates acquired from Element 6. The two SCD sub-
strates were used as is. These substrates had dimensions
of 6.8mm x 3.3mm X 0.2mm and the face ori-
entation was 110. The PCD originally had dimensions
10mm x 10mm x 0.5 mm. This substrate was diced
using a laser cutter into two PCD substrates that were
the same length and width as the SCD substrates.
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Figure 10: Diagram of a diamond unit cell with crystal
directions labelled|[/75]).

A layer of BDD was grown on all four substrates. This
growth was done for an hour at 130 torr with hydro-
gen, methane, and diborane (the boron source) flowing
into the chamber at 300 scem, 12.5 scem, and 0.7 scem
respectively.
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2mm at the end of all the samples were masked off
with another diamond film and an undoped, intrinsic di-
amond layer was grown on the unmasked section. This
growth was done for three hours with the pressure at
130 torr, hydrogen flow at 300 sccm, and methane flow
at 12.5 scem.

One of each single crystal and polycrystalline sample
was oxygen terminated using the molecular O2 method
in the NanoESCA facility. Both samples were loaded
into the NanoESCA UHV chamber and annealed at 700
°C for one hour. After the samples had cooled for half
an hour they were moved to a separate chamber where
they were exposed to O at a pressure of 0.01 mbar for
5 minutes. These samples were then metal coated with
~ 84 nm chromium using evaporative coating.

After oxygen termination, both the molecular O, ter-
minated samples were analysed using the LEXT Laser
Scanning Microscope. A height map of the diodes was
created and stitched images of the two diodes were taken.

The other two samples were oxygen coated using UV
ozone. First the samples were hydrogen terminated in
a CVD reactor for 5 minutes at 130 torr with 300 scem
of hydrogen. After the plasma was stopped the sam-
ples were kept in a hydrogen environment for a fur-
ther 5 minutes. These samples, along with an intrin-
sic diamond test sample, were then put in a chamber
where UV generated ozone flowed over them for half
an hour. These samples were then metal coated with
chromium using evaporative coating using same method
as the molecular O samples.

All four samples along with the test sample were load-
ed into the NanoESCA UHV chamber. With the test
sample going first to calibrate the etch rate, the plasma
etcher was used to thin an area of the chromium contact
while XPS readings were regularly taken at binding en-
ergy ranges associated with chromium, oxygen, and car-
bon. The etch continued until the carbon XPS peak was
high enough to confirm the etch pit had made it through
the chromium. EF-PEEM images and UPS spectra were
then taken of inside and outside the etch pit.

After being taken out of NanoESCA, the PCD ozone
sample was tested using the electron gun. Probes were
positioned onto the chromium and the P-type area and
an IV curve was measured for an electron energy range



0 — 20 eV at an emission current of 0.01 mA.

4 Results and Discussion

4.1 Diode Dimensions and Features

(b)

Figure 11: Top down stitched images of the (a) SCD
and (b) PCD molececular Oy samples taken before be-
ing loaded into NanoESCA.

3D LEXT scans were taken of both the molecular Oy
samples after chromium was deposited. Top down im-
ages of these scans are shown in figure[T1] In the im-
age of the SCD sample the P-type masked off area is on
the right and the chromium contact is the long rectan-
gle on the left and vice versa for the SCD sample. The
masked off P-type area on the SCD sample is stained
brown because it experienced high heat from the mask
during the intrinsic diamond growth. This heat causes
a thin layer of graphitic carbon to form that is brown
colour. Graphitic carbon is also very soft so is easily
scratched, which explains the scratches on the graphitic
area in figure[TTh.

For both samples the masked area is at an angle as the
mask was a scrap diamond wafer balanced on the end by
hand. This means that the area masked off is not consis-
tent between samples. Near the edge of the masked off
section on the SCD molecular O sample there is a line
indicating a ridge in the intrinsic diamond. This ridge is
due to a short, failed growth of the intrinsic layer. After
the growth failed the mask had to be replaced; this left a
ghost of the first growth similar to double exposure on a
camera.

Using the laser height map the width of the intrinsic
diamond layer (as shown in figure [8p) was found by
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comparing the height of the masked off area and the un-
masked area. The widths were found to be 6.7 um and
8.3 um for the SCD and PCD molecular Oy samples
respectively. The widths of the ozone terminated sam-
ples should be the same as their respective molecular Oz
counterparts for both SCD and PCD. This is because the
two samples of the same crystal structure were paired up
when growing the diamond and were always in the mi-
crowave CVD chamber at the same time. The widths
of the metal layer couldn’t be measured using this tech-
nique as the LEXT does not have high enough resolution
to measure heights in the range of 84 nm, the estimated
thickness of the chromium layer.

4.2 Oxygen Termination Effects

The main aim of this research was to investigate the ef-
fects of different oxygen termination techniques on two
different crystal structures of diamond. Before other
measurements were taken the chromium was etched
away while XPS spectra were taken as described in sec-
tion[2.7} The XPS intensity of the features correspond-
ing to oxygen, chromium, and carbon over multiple etch
cycles is shown in figure [[2] The etch pit reaches the
chromium-diamond interface when the carbon XPS sig-
nal intensity is rising and the chromium signal inten-
sity is falling. The expectation was that the oxygen de-
posited during termination would stay at the chromium-
diamond interface.

However, figure [T2] shows that the peak oxygen inten-
sity is reached far before the etch pit reaches the chromi-
um-diamond interface, for all samples. This means that
the oxygen was no longer at the diamond-chromium in-
terface. The most likely reason for this is that the oxy-
gen has migrated through the chromium due to the chro-
mium’s amorphous structure and oxidised it. Due to this
the theory of oxygen termination lowering the Schot-
tky barrier height could not be tested. This may mean
that using oxygen termination for this purpose does not
work, although more research needs to be undertaken to
confirm this. Furthermore, it is likely that the oxygen
has adversely affected the performance of the diode, as
oxidised chromium will have a lower conductivity. This
could be tested in future research by depositing an amor-
phous chromium film on oxygen terminated and unter-
minated diamond and then comparing the conductivity.

A weakness of this data is that the number of etch cy-
cles are not comparable between samples, as the etch
rate varied considerably between samples. Even two
subsequent etches on the same sample could be at a dif-
ferent etch rates. Due to charging, the test sample did
not provide sufficient etch rate calibration. Therefore,
the etch cycle axis is in arbitrary units. This means that
only general trends can be used to draw conclusions.
These spectra were also analysed by taking the peak in-
tensity for each feature and normalising the intensities
to a percent for their minimum value. This along with
the limited noise removal means the intensity axis is also
in arbitrary units.

Figure [T2] shows a low intensity carbon signal for the



Figure 12: The XPS peak intensity for chromium
(gray), oxygen (red), and carbon (yellow) over suc-
cessive plasma etch cycles. The samples are (a) PCD
molecular O, (b) PCD ozone, (¢), SCD molecular O,
and (d) SCD ozone.

first few etch cycles in all samples. This is from or-
ganic surface adsorbates and dust that fell onto the sam-
ple in the time between metal coating and loading into
NanoESCA. The chromium signal also starts at a low
intensity for all etches. Again, this is due to the ef-
fect of contamination from aforementioned surface ad-

sorbates|[76].
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Figure 13: XPS oxygen peaks for the (a) SCD molecular
O4 and (b) SCD ozone sample.

In order to confirm that the oxygen had oxidised the
chromium, a more detailed analysis of the XPS spectra
was undertaken as shown in figure [I3] This shows the
oxygen XPS peak at its highest intensity for two sam-
ples. The main oxygen peak is from a metal oxide at
530 eV and there is no detectible carbonate peak. This
corroborates the theory that the oxygen has completely
left the chromium-diamond interface. Secondary peaks
include hydroxides at 532 eV and nitrates at 533 eV.
These secondary peaks have intensities relative to the
main peak of 10% and 1% for molecular Os, and 20%
and 5% for ozone. This could indicate that the molecu-
lar O, method creates a cleaner surface with fewer im-
purities than the ozone method.

It is likely that this oxidation affected data acquisition
for the SCD ozone sample. In figure [T2d the XPS in-
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tensity graph for the SCD ozone sample is particularly
noisy and the etch rate is significantly more inconsis-
tent than the other measurements. This is because, un-
like the other samples, the SCD ozone charged from the
plasma etcher. This meant that XPS readings could only
be taken when the plasma etcher was off. This sam-
ple also charged when the EF-PEEM was used, mean-
ing it was impossible to capture work function maps,
Fermi level intensity maps, or UPS spectra of this sam-
ple. Therefore, after XPS no more analysis of this sam-
ple was undertaken in NanoESCA. When taken out of
the NanoESCA facility, a resistance reading of this sam-
ple read as an open circuit, even up to the max setting
of 200 M 2. My conclusion is that the oxygen from the
ozone termination has completely saturated the chrom-
ium layer, turning it into a layer of chromium oxide and
making it completely electrically insulative.

This oxidation could be a problem with future devices
that use this method of chromium deposition, as they
could absorb oxygen from the air and become unusable.
To prevent this a possible solution could be to anneal the
chromium after deposition. This will grow the crystal
structure of the chromium and reduce the porosity of
the metal. Further research needs to be done to confirm
if this or other methods could prevent further oxidation.

4.3 EF-PEEM Data

Using NanoESCA EF-PEEM images were taken over
a range of electron energies of both the diamond etch
pit and the chromium. These images were processed to
generate work function maps. The wide work function
map in figure [T4]shows the work function gradient from
the diamond etch pit to the chromium and that the work
function of the diamond etch pit (¢4) is higher than that
of the chromium (¢.). This observation is confirmed by
the more precise, smaller work function maps that can
be seen in figure [[5] From these maps it is clear that
the work function of the chromium is consistently lower
than the work function of the diamond underneath for
all measured samples.
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Figure 14: A wide angle work function map of the PCD
molecular O sample showing the gradient between the
diamond etch pit on the left and chromium on the right.
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Figure 15: The work function maps of the etch pit (left)
and chromium (right) for the samples (a) SCD molecu-
lar O5, (b) PCD molecular Os, (c) and PCD ozone. The
red outline shows the areas that were averaged to find
the work function.

In figure[T3] the work functions were found by averag-
ing the areas bordered in red. These areas were chosen
because the work function was consistent within the bor-
ders. These average values are compared with standard
work function values from literature in table [l When
compared to the literature, it looks like the chromium
and diamond data has been swapped, but after carefully
checking all the metadata files I can confirm this data is
correctly labelled([77][74]. One possible explanation for
the different work function in the chromium is afore-
mentioned oxidation from the oxygen termination dif-
fusing into the chromium. This hypothesis is supported
by research that has found that the work function of
chromium can reduce by up to 1.2 eV after the forma-
tion of a thick oxide layer[78]).

There are three possible explanations for the differ-
ences between my measurements for diamond work fun-
ctions and the diamond work function reported in liter-
ature[77]. Boron may have diffused from the P-type di-
amond through the intrinsic diamond layer making this
diamond lightly boron doped and therefore P-type dia-
mond. P-type diamond has a higher work function due
to the lower Fermi energy([68]. Alternatively, the work
function in this area may have been heavily affected by
the P-type diamond underneath. The depletion region of

| Sample Name [ ¢q (€V) [ ¢ (€V) [ Ay (V) ‘

SCDmol Oy | 4.54 4.14 0.40
PCD mol O, | 4.42 4.18 0.24
PCD ozone 4.73 4.33 0.40
Literature 4.15 4.60 —0.45

Table 1: Average work functions of the regions in figure
|'1§| bordered in red, their differences, and the compara-
ble work functions from literature. The diamond work
function is from Mackie et al. and the chromium
work function is from Wahlin [[74]).

the P-type-intrinsic junction extends far into the intrin-
sic material, as shown previously in section [2.6] This
means that the band structure of the diamond, and there-
fore the work function, is bent to be same as the P-type
diamond and would be almost indistinguishable from P-
type diamond. Finally, the plasma etcher itself may have
affected the electronic structure of the diamond, some-
thing that is discussed in detail in section .4}
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Figure 16: Multiple work function maps of the PCD
molecular Oy sample stitched together, with the dia-
mond etch pit on the left and chromium on the right. The
overlapping images allow the parabolic error in mea-
surements to be corrected for to show a more accurate
image.

The stitched image shown in figure [I6] highlights an
issue with work function maps of polycrystalline dia-
mond. At the grain boundaries there are massive peaks
and troughs in the work function due to the angle of the
surface and shadows from the plasma etcher and UV
lamp. Values for work function in specific areas can
be found by averaging over a crystal face and avoiding
the boundaries, as shown in figure [I[5] General trends
are harder to show as it is challenging to separate real
trends from noise. In figure[T7]a Gaussian blur was ap-
plied to the graph to help with this readability challenge.
Although there are still some significant spikes it shows
that the work function transition between diamond and
chromium is gradual.

4.4 UPS and Fermi Surface Intensity

UPS spectrums were taken at the same locations as the
EF-PEEM work function maps in figure[T3|for both mol-

13



» B
N »
S el

Work Function (eV)

>
w
vl

4.30 1, . .
0 50 100

150 200 250 300

X Position (um)

350

Figure 17: A one dimensional slice through the centre
of figure [T6] showing the work function change when
moving from the diamond etch pit to the chromium. A
Gaussian blur has been applied to this graph for ease of
reading.

ecular Oy samples; these spectrums are shown in fig-
ure [T8] In the chromium spectrums, the Fermi edge at
0 binding energy is clearly visible. There is a peak at
~ 1.5eV, which is consistent with metallic chromium.
There is also a noticeable peak at ~ 6¢eV; this is as-
sociated with chromium oxide and is another piece of
evidence that corroborates the earlier data of oxygen dif-
fusing into the chromium(79].
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Figure 18: The UPS spectra of the etch pit (left) and
chromium (right) for the samples (a) SCD molecular O2
and (b) PCD molecular O, obtained when illuminated
with Hel radiation (21.22 eV).

The diamond UPS spectrums for both the SCD and
PCD samples have very similar features. There is a
peak at ~ 8 eV that has been observed in other diamond
spectral[80]. The unexpected feature of these spectra is
the tail stretching all the way to the Fermi level, almost
looking like this diamond has Fermi edge. Although the
shape is not consistent with a Fermi edge, there is a sig-
nificant intensity at the Fermi level, implying that this
diamond is conductive. This Fermi level intensity is also
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shown in figure [T9] as although the intensity is much
higher in chromium, there is still intensity at the Fermi
level that indicate conductive materials. This Fermi in-
tensity map also proves that the UPS tail in figure [T§]is
not due to left over chromium, as there is still significant
Fermi surface intensity away from the grain boundaries
on the crystal faces.
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Figure 19: The Fermi surface intensity maps for the etch
pit (left) and chromium (right) of the PCD molecular O2
sample.

The initial conclusion from these results is that the pla-
sma etcher has caused some graphitic carbon to form on
the surface of the diamond and that causes the conduct-
or-like UPS spectra. However, this was disproved by the
Raman spectrum of the SCD molecular Oy sample sh-
own in figure 20} This spectrum shows the characteris-
tic diamond peak at 1332 cm ™! but no graphitic feature
at 1575 cm~'[81]. The current conclusion is that the
Fermi level intensity is caused by amorphous diamond.
Although the Raman spectrum is not a perfect match,
the small hump at ~ 1200 ¢ ~! has been recorded be-
fore as a signature of amorphous diamond[82]. This
could also be another explanation for the strange work
function of the diamond as a conductive and amorphous
diamond surface would have a lower Fermi level and
therefore a larger work function.
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Figure 20: A Raman shift spectrum taken of the dia-
mond inside the etch pit of the SCD molecular Oy sam-
ple. The slow rising towards 2000 cm ™! is caused by
background level light from monitors in the room.

Irrespective of why the tails in figure [I8] occur, their
presence means that it is impossible to determine the
Schottky barrier height from the data I have obtained.



To calculate the Schottky barrier height using XPS the
position of the valance band maximum relative to the
Fermi energy is required; this is found using UPS[67].
The valence band maximum in a UPS spectrum is were
the lowest binding energy feature intersects the noise
floor. As the diamond surface acts like a conductor after
plasma etching, the valence band feature seems to be at
or above the Fermi level. As this is not representative of
semiconducting diamond the Schottky barrier height is
unobtainable.

4.5 Carbon XPS Spectra

Once the etch pits for all samples had reached the dia-
mond, XPS spectra were taken of the carbon peak. Th-
ese are shown in figure 21} All these spectra were mod-
elled using the semi-empirical Shirley background mod-
el and the Gaussian-Lorentzian sum peak model with
the Lorentzian component set to 25%. The aforemen-
tioned charging of the SCD ozone sample meant that
charge compensation was necessary. This compensa-
tion is not perfect so all the peaks for this sample are
shifted down by ~ 0.61 eV and therefore this sample is
not included in the following data.

.........................

............................

Figure 21: XPS spectra of the intrinsic diamond in the
etch pit after the chromium was removed. The samples
are (a) PCD molecular Os, (b) PCD ozone, (c), SCD
molecular O, and (d) SCD ozone.

There are two main peaks almost equal in intensity at
binding energies of ~ 284.30eV and ~ 285.52¢€V.
These peaks have been previously identified as corre-
sponding to sp? bonded carbon and sp® respectively
[83]. The percentage ratio of sp?:sp> is 54%:46%. This
is more evidence indicating that the plasma etcher has
created a surface of amorphous diamond. The refer-
enced paper by Jackson and Nuzzo [83[] was explicitly
analysing amorphous “diamond-like” carbon when they
observed these signals. In this paper, amorphous dia-
mond was created by bombarding the surface with ar-
gon ions. This is similar to the operation of the plasma
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etcher used in NanoESCA where xenon ions are acceler-
ated towards the sample to remove material. Therefore,
my hypotheses that the metal-like diamond band struc-
ture originates from amorphous diamond is in line with
previous research.

Two other features are present in the carbon XPS spec-
tra. The first is a peak at ~ 283.20 eV, which has an
area that varies significantly between samples. This fea-
ture corresponds to chromium carbide and therefore the
varying areas are probably due to differing amounts of
remaining metal[84]. The second is a peak at ~ 287.26
eV’; a very small feature that previous research has iden-
tified as an sp? satellite peak but could also be from ni-
trogen contamination[83} |85]].

4.6 Power Generation

The power generating capabilities of the PCD ozone
sample as a betavoltaic cell were tested using the elec-
tron gun. By setting the election energy and current it
is possible to simulate exposure to beta particle emitting
radioactive sources and estimate the electronic response.
The I-V curves during these tests are shown in figure
[22] There is a clearly asymmetric current response to
voltage showing that the device is acting as a diode, al-
though this response seems to lessen once electron beam
energy increases. The difference between the maximum
and minimum current also increases, which indicates a
lower resistance for the ohmic component of the curve.
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Figure 22: The I-V curves of the PCD ozone betavoltaic
cell when being exposed to an electron beam emitting
0.01mA of electrons at energies ranging from QeV
(blue) to 20 eV (yellow).

The actual power generated by the cell is shown in
figure 23] The peak power generation quickly rises to
~ 9uW at 2eV but then steadily decreases. This is
unexpected, as a higher electron energy should create
more electron hole pairs. Higher energy electrons will
have a higher penetration depth, which could mean the
electrons pass through the intrinsic diamond and deposit
their energy in the P-type diamond underneath. How-
ever, this does not seem feasible as computational mod-
elling of the electron gun indicates the 6 pm thick intrin-
sic layer is sufficient to absorb electrons up to 20 eV.

A hint of the most likely reason for reduced power
at higher electron energies can be seen in figure 23h.
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Figure 23: (a) The P-V curves of the PCD ozone be-
tavoltaic cell when being exposed to an electron beam
emitting 0.01 mA of electrons at energies ranging from
0eV (blue) to 20eV (yellow), focused on the ranges
where energy is generated. (b) The peak powers of the
data shown in part subfigure (a) over the same range.

The power curves for higher electron energies are ini-
tially the same as their lower energy counterparts, but
the higher energy curves start reducing in power at lower
voltages. This indicates that there is a similar produc-
tion of electron hole pairs, but the rectifying ability of
the diode is reduced. This would explain the reduc-
ing asymmetry of figure[22]as electron energy increases.
This would also explain the lower resistance of the di-
ode’s ohmic region, as the less diode-like the device is,
the more conductive it is.
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Figure 24: The estimated resistances for the PCD ozone
betavoltaic cell when exposed to different energy elec-
tron beams at an emission current of 0.01 mA. These
resistances were found by taking the gradients of the I-
V curves in figure 22]between —20 V and —15 V.

All this evidence combined would indicate the reason
the cell is acting less diode-like is because it is heating
up. As the temperature of the diode increases, more of
the boron accepters in the P-type diamond get ionised
and if enough are ionised the diamond’s conduction will
be metal-like. This means the diode is becoming a regu-
lar, symmetrical conductor as it heats up. This is corrob-
orated by the graph of resistances at varying electron en-
ergies shown in figure 24] demonstrating that the resis-
tance has an inverse exponential relationship to the elec-
tron energy. Because the current carrier density has an
exponential relationship with temperature (as shown in
equation [2)) and the resistivity is inversely proportional
to carrier density, resistance should have an inverse ex-
ponential relationship to temperature and therefore elec-
tron energy. This simple model matches up with the
trend shown in figure 24}
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This relationship between temperature and power gen-
eration is unlikely to be a problem with these devices
when in use. When testing with the electron gun, the
sample is in a vacuum chamber with very little way for
heat to dissipate from the sample. In real world applica-
tions the diode would to be cooled by ambient air, while
in high temperatures applications lower dopant levels
can be used. It could also be possible that lower dopant
levels would lead to higher efficiency at ambient temper-
atures, but more research in this area needs to be done
to test this theory.

To prove this theory, temperature sensors could be add-
ed to the inside of the electron gun chamber. This would
confirm whether the temperature of the diode is increas-
ing. If the diode is indeed heating up cooling could be
added to the electron gun platform to make temperature
a controlled variable and test if it is causing the reduc-
tion in rectification.

5 Conclusion

The original goal of this project was to investigate pos-
sible efficiency improvements in diamond betavoltaic
cells by terminating the diamond with oxygen to re-
duce the Schottky barrier height for electrons. Two dif-
ferent oxygen termination methods were used for com-
parison. The discovery oxygen easily diffuses through
chromium when deposited with evaporative deposition
meant that neither method was found to be effective.
Furthermore, oxidised chromium could reduce the ef-
ficiency of the cell because of it’s low conductivity. Al-
though these results need to be confirmed with future
research, my results would suggest that this method for
reducing Schottky barrier height is ineffective and other
avenues should be explored. Further research also needs
to be undertaken to prevent chromium from oxidising
when exposed to the atmosphere. It is possible that
annealing the chromium immediately after deposition
would reduce its amorphous character and therefore ox-
idation.

My work function results (table[T) show that the work
function of the diamond in my devices was greater than
the work function of the chromium. This is inconsistent
with previous research and I have discussed a few dif-
ferent theories as to why this might be the case. More
research needs to be done to determine why the appar-
ent work functions are different from published litera-
ture. However, This is of lower importance as I believe
that research into the other unanswered questions in this
report will link back to this anomaly.

I found that characterizing polycrystalline diamond fi-
Ims in the NanoESCA facility is challenging due to an-
omalies at the grain boundaries. When performing fu-
ture research this could be mitigated by focusing on sin-
gle crystal devices and creating automated tools for fil-
tering out the noise at grain boundaries.

The main observation that requires future investigation
is the strange conductivity of the diamond etched area.
Not knowing what is causing this effect could negatively



impact the performance of future devices. Unexpectedly
high conductivity in diamond could also hinder future
research by causing faulty or failed measurements. Fo-
cused research into the phenomenon is required to pre-
vent this and there could be many benefits to being able
to control the effect. Highly conductive diamond might
even open up opportunities for new, unthought-of de-
vices.

A particularly intriguing observation was the effect of
electron energy on betavoltaic power generation. I ob-
served that the higher the electron energy, the lower the
diode’s rectification. This reduction of rectification ham-
pered the current generation at higher voltages. This,
in combination with the reduction in resistance, leads
me to hypothesise that the higher electron energies are
heating up the diode. The diode cannot dissipate this
heat as it is in a vacuum chamber and is thermally iso-
lated from the outside. An increased temperature would
ionise more of the boron accepters in the P-type dia-
mond, thus reducing the built-in voltage and the diode’s
rectification.

If confirmed, this would be a very important result given
that many diamond-based electrical devices are planned
to be incorporated into spacecraft or fusion reactors, en-
vironments with wide ranging and high temperatures.
This could also have major implications for future be-
tavoltaic cell designs. The significance of the drop in
performance might also signify lower dopant densities
could increase rectification even at lower temperatures.
I am excited about the possibility of future research in-
vestigating some of the unanswered questions raised in
this report and how my findings could affect future de-
vices.

Appendices

Acronym List
* XPS — X-ray Photoelectron Spectroscopy
* SBH - Schottky Barrier Height
* UPS - UV Photoelectron Spectroscopy
* RTG - Radioisotope Thermoelectric Generator
¢ PCD - Polycristaline Diamond
* SCD - Single Crysal Diamond
* PIM — P-Type Intrinsic Metal
* PIN — P-Type Intrinsic N-Type
* MEMS - Micro Electrical Mechanical Systems
* BDD - Boron Doped Diamond
e UV - Ultra Violet

* GPS - Global Positioning System

e PN - P-Type N-Type

¢ CVD - Chemical Vapour Deposition

HPHT - High Pressure High Temperature
e UHV - Ultra High Vaccume
¢ EF-PEEM - Energy-Filtered Photoelectron Emis-
sion Microscopy
Symbol List
* B, — Semiconductor Band Gap
e Ep — Electron Donor Energy Level
e E 4 —Electron Accepter Energy Level
* N}, - Ionised Donor Density
* N —Ionised Accepter Density
e Np — Donor Density
* N4 — Accepter Density
e T — Temperature
¢ kp — Boltzmann’s Constant
e Er —Fermi energy
* g — Ground State Degeneracy
* n — Intrinsic Negative Charge Carrier Density
* p — Intrinsic Positive Charge Carrier Density
¢ N¢ — Density of states in the Conduction Band
e Ny — Density of states in the Valence Band

e E¢ — Energy Level at the bottom of the Conduc-
tion Band

* Ey —Energy Level at the top of the Valence Band

* z,, — Depletion Width in an N-Type Semiconduc-
tor

* x, — Depletion Width in a P-Type Semiconductor
* ¢ —The Charge of an Electron

* ¢; — The Permittivity of a Semiconductor

* V44 — Built-In Voltage

* (, — Fy — Er in an N-Type Semiconductor

* ¢, — Er — E¢ in a P-Type Semiconductor

* ¢,, — The Work Function of an N-Type Semicon-
ductor

* ¢, — The Work Function of a P-Type Semicon-
ductor

* UVC-UV light in the C energy band of 100-280 nm
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* xn — The Electron Affinity of an N-Type Semi-
conductor

Xp — The Electron Affinity of a P-Type Semicon-
ductor

¢m — The Work Function of a metal
¢ — The Schottky Barrier Height
E\qc - Energy Level of the Vacuum

¢; — The Work Function of an Intrinsic Semicon-
ductor

X: — The Electron Affinity of an Intrinsic Semi-
conductor

¢i — Ev — EF in an Intrinsic Semiconductor

¢; — The Work Function of an Intrinsic Semicon-
ductor with Oxygen Termination

xi — The Electron Affinity of an Intrinsic Semi-
conductor with Oxygen Termination

x; — Depletion Width in an Intrinsic Semiconduc-
tor
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