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In memory of my Grandmother
who taught patience to a stone
sowed flowers in winter

and called me sparrow
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Surprising what you can dig out of books if you read long enough, isn’t it?

Robert Jordan
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Abstract

This thesis presents a body of work which advances the use of single crystal hydrogen
terminated diamond as a semiconducting material. Surface transfer doping of intrinsic
diamond is investigated, examining the current state of this technology and its limitations.
New techniques for producing robust, thermally stable surface transfer doped diamond
were achieved through use of transition metal oxides such as MoOs and V20s, as
demonstrated experimentally by way of Hall measurement. Through use of these materials,
thermal stability was greatly increased up to temperatures of at least 300°C. To achieve this
higher temperature operation, encapsulation of MoO3z and V205 was found to be necessary
in maintaining conductivity of the diamond surface due to suspected thermally-induced
loss of hydrogen termination. Similarly, long term atmospheric stability is shown to
necessitate annealing of the diamond surface prior to oxide deposition and for thinner
layers of oxide, down to 10 nm, encapsulation of the oxide to isolate from atmosphere is
shown to be required for increased stability. As well as the improvements in stability
offered by these transition metal oxides, sheet resistance of the hydrogen terminated
diamond surface was also greatly reduced. Carrier densities as high as ~7.5 x10® cm™
were observed for MoOs-induced surface transfer doping, resulting in a low sheet

resistance of ~ 3 kQ/o.

In parallel to the development of oxide acceptor materials, conditioning of the diamond
surface was explored using Atomic Force Microscopy (AFM). Techniques for smoothing
the surface after mechanical polishing were developed by way of RIE and ICP etching
using both chlorine and oxygen mixtures. Surface roughness down to 2 angstroms was
demonstrated, showing a significant improvement in roughness over mechanical polishing
alone. Similarly, observed defects produced by polishing induced damage were removed
through use of this etching strategy. The effects of varied plasma density during hydrogen
termination was explored on etched surfaces, which produced higher quality hydrogen-

terminated surfaces as verified by surface conductivity and AFM measurements.

Finally, incorporation of MoOs into a preliminary Field Effect Transistor (FET) device on
diamond was attempted. Fabrication techniques to produce a FET device on hydrogen-
terminated diamond is shown with preliminary results of MoO3 encapsulated devices.
Insights into the fabrication of ohmic and gate contacts, incorporating MoQs, is also

discussed.
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1 Introduction

Solid state electronics is one of the most rapidly advancing fields, in both industry and
research. The drive for ever shrinking devices and for higher power and frequency
operation has fuelled interest in a wide variety of materials. Of these, diamond has more
recently demonstrated serious potential as a semiconductor for use in field effect transistors
and other such devices. Diamond possesses many properties making it highly appealing for
numerous applications, such as high-power electronics, radiation detectors, pH sensors and
bioelectronics. These properties, which include radiation hardness and extremely high
thermal conductivity, fundamentally derive from the structure and composition of diamond
itself and often far outpace other wide bandgap semiconductors. Diamond’s large bandgap
of 5.47 eV enables high operating voltages due to a high electric field breakdown of 10
MV/cm. The extremely high thermal conductivity of diamond, greater than 20 W/cm, also
significantly reduces thermal constraints. The robust nature of the diamond material system
makes it most appealing for use in hazardous environments, such as operation in outer
space. Progress in the development of diamond-based electronic components has been
limited by the difficulties associated with doping of the material. Surface transfer doping of
diamond offers an alternative to substitutional doping that alleviates the challenges of

introducing impurity dopants into diamond’s tightly packed carbon lattice.

In this thesis, primary investigation revolves around the stability and performance of
surface transfer doped hydrogen terminated diamond. Chapter 2 begins with an
introduction to the diamond material system and an analysis of diamond’s many useful
properties. Two fundamentally different doping strategies are presented along with some
important properties of the diamond surface. Chapter 3 & 4 contain a review of important
literature and an overview of measurement techniques used in this work. Chapter 5 details
fabrication processes used in the preparation of samples, including the formation of FET
devices and other such measurement structures. Chapter 6 presents a summary of hydrogen

termination used in the majority of this thesis, followed by experimental work concerning

1 Introduction 10



surface transfer doping of diamond. Chapter 7 contains research relating to the
conditioning and preparation of diamond surfaces, including etching of the surface and
improvements observed to both roughness and hydrogen termination results. Advances
made in surface transfer doping are then incorporated into a FET device in Chapter 8,
showing preliminary results. This body of work is concluded in Chapter 9, providing

insights into what has been achieved thus far and the prospect of future work.
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2 The Diamond Material System

As a material of interest, diamond possesses many properties making it useful for
numerous applications. These properties fundamentally derive from the structure and
composition of diamond. In this chapter, the carbon allotrope diamond is discussed in
detail, such as its structure, surface, growth and importantly the question of diamond’s

potential as a semiconductor.

2.1 Carbon Structures
While isolated, the carbon atom consists of electronic configuration 1s2 2s? 2p?. This means
it has two core electrons surrounding the nucleus in an s orbital and four valence electrons,

two in an s orbital and two in p orbitals as illustrated in Figure 2.1. This places carbon as

element 6 on the Periodic Table.

1s 2s

Figure 2.1 - Electron configuration of an isolated carbon atom.
Carbon when arranged together in an sp? bonded configuration forms graphite, the most

energetically stable form of carbon at room temperature (11, In this state three of the four

possible bonding sites are satisfied with covalent chemical bonds to neighbouring carbon
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atoms along a single two-dimensional layer, leaving the forth electron free to migrate
around the plane and thus making graphite electrically conductive. These planes are held
together by weak van der Waals forces which allow layers of graphite to separate or slide
past each other easily. As a result of this, graphite is extremely strong in the horizontal
plane while much weaker in the vertical. The sp? bonding model is shown in Figure 2.2.

C-C bond
o ®
o o ) ®
.Q ® ? ‘..5 ® ®
e o
Van der Waals ' |
bond : g L :
. (] .. . ® ‘. Carbon atom
o o () ®
[ o

Figure 2.2 - Sp? bonded carbon graphite, forming two layers bonded together by van der

Waals forces.

Arranged together in an sp® bonded configuration forms the carbon allotrope diamond.
Here each of the four outer electrons form strong covalent bonds with neighbouring atoms
with each bond orientated in the direction of a tetrahedron’s corners. The short length of
the C-C bond and three-dimensional stability of the tetrahedral bonding arrangement are
responsible for diamonds extreme material hardness 22, The sp® bonding model is shown
in Figure 2.3. The crystal structure of diamond is also named after the material itself. The
diamond structure is shared with many other materials including silicon and germanium. It

is the equivalent of a face centred cubic or FCC lattice with two atoms at each lattice point,

one at the coordinates 0, 0, 0 and the other at —,~, = where a corner of the unit cell is origin.

=
Ll
=
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Unit cell
]

boundary \ """"""""""""""""" .0
O 0o
° o ®
do P o
0. ..
............... '
S ¢ L ao
..................... .

Figure 2.3 - Conventional unit cell of sp® bonded carbon diamond. The cubic lattice

parameter ao equals 3.57 A,

Due to the small size of the carbon atom they can come relatively close together before
experiencing repulsive forces, giving rise to a short C-C bond length 231, This results in an
overlap of orbitals between adjacent atoms and in a C-C bond causes large energy
separation between the bonding orbitals and the antibonding orbitals. The effect of which
produces a very large gap of forbidden energy between the valence and conduction band
states in bulk diamond. The bandgap of diamond is indirect, with a value of 5.47 eV at a
temperature of 300 K. As such diamond is usually considered an insulator or a very wide

bandgap semiconductor 241,

Extremely high thermal conductivity is uncommon amongst semiconductors where there is
typically a lack of conduction band electrons available at room temperature to carry
thermal energy through the material. This effect is bolstered even further in diamond due
to its large bandgap. However, the closely packed carbon atoms and rigid covalent bonding
serves to efficiently transfer atomic vibrations and makes diamond one of the best known
thermally conducting solids (roughly 4 times that of copper or silver) while also
electrically insulating. Likewise, the strength of the covalent bonds render diamond
chemically inert (resistant to all known acids and solvents at room temperature) and

hardened to the effects of irradiation 25,
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The typical unit cell of diamond, Figure 2.3, has a lattice parameter measured to be 3.57 A
at room temperature and contains the equivalent of 8 carbon atoms. The volume density of

atoms for a given unit cell can be found as

8
Atomic Density = = 1.76 x 1023 cm?®
0

This value of atomic density can be multiplied by the atomic mass of carbon to give a
theoretical density for pure diamond of =~ 3516 kg m™. However, due to the presence of
impurities and crystal imperfections the measured density of practical diamond will always
be lower. Each atom can be thought of as a sphere with the centre to centre bond length d
between atoms equal to one quarter the cubic body diagonal and the radius r therefore

equal to one-eighth the diagonal

~ 0.77 A

\/§a0
r =
8

The atomic packaging fraction for the cubic can then be identified by the volume of

spheres divided by the volume density of atoms.

8(§nr3)

ag

APF = ~ 0.34 or 34%

3

As a result of this low packing fraction combined with the small mass of the carbon atom

diamonds atomic density is one of the highest of all terrestrial materials (2.
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2.2 CVD Growth

Chemical Vapour Deposition (CVD) is a process used often in the semiconductor industry
to produce high quality solid materials of varying thickness 271, CVD growth of diamond
has become a well-established area of research and development over the last four decades,
due to the usefulness of diamond in many applications. For single crystal diamond, a single
crystal diamond substrate is required from which the new diamond material is produced by
epitaxial growth, taking on the same structure and orientation of the substrate. The CVD
growth process is based upon the activation of gaseous reactants, usually hydrogen and
methane (H2/CHas), with high hydrogen concentration and normally low amounts of
hydrocarbon. The decomposition of hydrocarbon required is typically achieved by thermal
(hot filament) or plasma activation (DC or RF electrical discharges). An illustration of both
is shown in Figure 2.4. While much of the early knowledge into diamond growth has
stemmed from hot filament activation, most modern systems employ the plasma technique.
One of the main challenges encountered with epitaxial growth of diamond is due to the
greater thermodynamic stability of graphite. As such, a main requirement of diamond
growth is the deposition of sp® carbon while suppressing the formation of sp? graphitic
bonding. This is achieved with high levels of atomic hydrogen as an etchant of non-sp®
bonded carbon. While this work does not focus on the growth aspect of diamond, the
reader is directed to “Theory of Diamond Chemical Vapor Deposition” by Goodwin and

Butler for its extensive review of the subject 2,

CHa/H2 CHa/H2
Microwave
| \l/ | Generator | \L |
Filament l
) 000
Substrate
—~—
[ I_l ]
\Heater Heater
| l | | l |
Pump Pump

Figure 2.4 - Example diagram of common CVD growth chambers, (left) hot filament

reactor (right) microwave plasma reactor.
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2.3 Surface Termination

Figure 2.5 illustrates the different surface orientations of diamond. The exposed atoms at
the surface of CVD diamond are most commonly those of [001] and [111] orientations due
to the nature of the growth process. These two faces are the slowest growing and so remain
once the other faster growing orientations cease. For the same reason, the randomly
orientated material in polycrystalline diamond is dominated by [001] and [111]
orientations. The [111] surface is also common due to the dominance of cleavage on the
[111] plane in diamond 291,

[001]
. . . ......... [0 1 3]
e o o o

( 2 Vacuum

o o o o Q-
[ ) [ ) [ ) [ ) @ - [111]
[ [ [ [ o Q-
e o6 o o o o -
® O o o o o
Bulk< [ ) o o o o e -

@ [ o

® ® Direction
® of growth
[

@ [

[ [

[ [ [ [ [ [

[110]

Figure 2.5 - Vertical cross section of an ideal single crystal diamond with atomic structure

magnified, showing different surface orientations and the primary growth direction.

While a solid material such as diamond may be defined in terms of a base unit cell,
repeated to show its ideal crystal structure, a materials surface represents a transition from
ideal crystal bulk to vacuum in which the periodicity of the structure is broken. In this
sense, the surface can be considered the largest defect present in any solid material. Atoms
at the surface where the crystal structure is terminated will be left with energetically
unsatisfied bonds called “dangling bonds” which result in increased surface energy. In an
ideal crystal, the position of each individual atom is determined by the collective forces

exerted upon it by neighbouring atoms. When the periodic structure is terminated along a

2 The Diamond Material System 17



given plane, these forces are altered and thus the position of atoms at the surface differs in
relation to those of bulk. Reducing the number of dangling bonds minimizes the surface
energy and so atoms at the surface will seek to find new positions which satisfy surface

bonds. This is called relaxation or reconstruction of the surface [219,

For a diamond surface outside of vacuum, atoms provided by available atmospheric
species can further lower the total surface energy by reducing the number of dangling
bonds. Figure 2.6 shows 2D representations of the [001] diamond surface ideally

reconstructed and with both oxygen and hydrogen termination.

Clean Reconstructed

O - Terminated

H — Terminated

Surface Surface Surface
C(001)2x1 C(001) 2 x 1:0 C(001) 2 x 1:H
§+ 6— §— 8+
o0 [ X [ o0
o o ° o (| X o o ®
oo o o oo
e o e o0 e o o
5 5 S
o0 = o o : L Y ) =3
)
e o,° e oo ° e o0,°%"°
o0 . [ X o o0 ®
o [ o | X ] o o o
o0 o0 @ o0
™ Carbon \
Carbon Oxygen Carbon Hydrogen
Atomic Position Atomic Position Atomic Position

Figure 2.6 - Cross sections of a reconstructed [001] diamond surface, terminated with

hydrogen and oxygen.

For a clean non-reconstructed surface, each exposed surface atom exhibits two unsatisfied
dangling bonds. For a clean [001] surface in vacuum these atoms will reconstruct with
neighbouring atoms to form C=C dimers in a 2 x 1 reconstruction symmetry in order to
lower the total surface energy, reducing the number of dangling bonds by a factor of two.
When bonded to oxygen or hydrogen the double bonds of dimers are saturated and thus the

surface energy is further lowered 2111,
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It was observed by Himpsel et al 212 that diamond with a surface termination of hydrogen
exhibited increased electron emission per absorbed photon. This effect was correctly
attributed to Negative Electron Affinity (NEA) of the diamond surface caused by hydrogen
termination. NEA occurs when the vacuum level lies below the conduction band minimum.
In practice, this means electrons which reach the conduction band may escape into vacuum
without experiencing an energy barrier, which explains the observed emission of electrons
by Himpsel. It was further shown that the value of Electron Affinity (EA) is directly
related to the coverage of hydrogen on the surface. In contrast to the effect of hydrogen,
oxygen termination increases the electron affinity to positive values above that of a clean
diamond surface. Figure 2.7 shows energy band diagrams for a clean diamond surface,

oxygen terminated and hydrogen terminated.

Clean Reconstructed O - Terminated H - Terminated
Surface Surface Surface
C[o01]2x 1 C[001] 2 x 1:0 C[001] 2 x 1:H
x=+17eV
X = +0.4 eV 1
¢ 3 Evac ¢ 3 ¢ \
Eq I1=59eV = I1=72¢eV Eq
E, A E, \4 v E, A

Figure 2.7 - Energy band diagrams for the clean diamond surface, terminated with

hydrogen and oxygen.

Partially ionic C (6-) - H (6+) bonds at the diamond surface create a dipole layer causing a
potential drop perpendicular to the surface over a distance equal to the C-H bond length.
This results in a lowering of the vacuum energy level below the conduction band minimum
and grants hydrogen terminated diamond its negative electron affinity of -1.3 eV 23], The
reverse is true for an oxygen terminated surface where C (6+) - O (J-) causes an increased
potential shift resulting in a positive electron affinity of +1.7 eV, 1.3 eV greater than that
of a non-terminated diamond surface. In the case of hydrogen-terminated diamond,
electrons leaving the surface into vacuum do experience a small barrier, illustrated in
Figure 2.8. However, this barrier is roughly 0.4 eV high and less than 0.5 A wide and can

therefore be passed with relative ease via quantum mechanical tunnelling 2141,
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Figure 2.8 - Cross section of hydrogen terminated diamond surface with dipole

electrostatic barrier.

The ionization energy of 4.2 eV for hydrogen terminated diamond is lower than most
commonly used semiconductors and is made possible by the already low electron affinity
of diamond. Silicon, for example, has ionization energy of 5.2 eV despite having a much
smaller bandgap than diamond. Similarly, the reduction in ionisation energy by
hydrogenation is possible only in diamond, for other elemental semiconductors the effect is
to raise the vacuum energy level 2%, Oxygen-terminated diamond produces greater
positive electron affinity due to the electronegativity of oxygen being greater than carbon

on the Pauling scale.

Quantifying hydrogen termination of diamond surfaces is challenging, due to difficulties in
detecting atomic hydrogen. Techniques typically used in the elemental analysis of surfaces,
such as Energy-dispersive X-ray spectroscopy (EDX) or Auger Electron Spectroscopy
(AES), cannot directly detect simple hydrogen bonds. This has led to other, more indirect,
methods of observing the presence of hydrogen in the surface termination of diamond.
Low Energy Electron Diffraction (LEED) has been used to observe patterns of surface
reconstruction that would indicate successful hydrogen termination [2161. Wettability
experiments may also indicate successful surface termination 2171, due to the hydrophobic
nature of a hydrogen terminated diamond surface, and measurements of negative electron

affinity can also confirm hydrogen termination 2181,
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2.4 Substitutional Doping

The process of doping aims to generate additional charge carriers by introducing foreign
atoms into a material’s lattice structure. This can be done by various methods, such as ion
implantation and or during material growth. The process makes use of elements with either
less or more valence electrons than the host material. A dopant element with an abundance
of electrons is called a donor and is used to produce n-type material, while an element with
fewer electrons is deemed an acceptor and used to produce p-type material 1%, Carbon
has four electrons within the valence shell. In diamond, these outer valence electrons come
together to form strong covalent bonds as shown in Figure 2.9. A covalent bond involves
the sharing of electron pairs between two atoms, resulting from the need to satisfy a
balanced state of attractive and repulsive forces between the atoms.

C — C —=— C=—0L/C > -

[ I = NN
C — C — C=— C

| | | | < <
c=¢c=¢0c=¢ ) ) )
| | | | _ _

C = C = C= C e e

Figure 2.9 - 2D representation of the diamond lattice and the covalent bonds between outer

valence electrons.

By implanting an element with one less valence electron, such as boron, a vacancy is
created at the donor’s energy level. This type of dopant is referred to as an acceptor, as the
vacancy can now accept an electron from another atom within the lattice. Shown in Figure
2.10, one covalent bond between the boron atom and a carbon atom is missing or
unsatisfied. A bound valence electron from elsewhere in the lattice with sufficient thermal
energy may move to occupy this vacancy, creating a hole in the valence band without
promoting an electron to the conduction band. The electron occupying this vacancy is now

bound to the boron atom and has far less energy than the conduction band energy. The
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thermal energy required to move a lattice electron into this vacancy is referred to as the

acceptor impurities activation energy.
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Figure 2.10 - 2D representation of the diamond lattice and the covalent bonds between

outer valence electrons doped with a boron atom.

By introducing an atom with one additional electron, such as phosphorus, an extra electron
is introduced within the lattice as illustrated in Figure 2.11. This 5" electron is more
loosely bound to the phosphorus atom and can be referred to as a donor electron. With the
donor electron, the phosphorus atom is negatively charged. However, as this donor
electron is not involved in any covalent bonding the thermal energy required to raise it to
the conduction band is far less than for other bound electrons. This energy requirement is
also referred to as the activation energy. Once in the conduction band the donor electron is
free to move through the lattice while the now positively charged phosphorus ion is fixed
in place. The effect of this donor impurity atom creates an additional electron without a
corresponding hole.
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outer valence electrons doped with a phosphorus atom.

Increasing the presence of dopant atoms in the host material, in general, leads to increased
conductivity due to a higher density of mobile charge carriers. As is discussed further in
Chapter 4, conductivity is the combination of carrier concentration (hole or electron) and
the mobility of these carriers. Increased carrier concentration and or mobility will result in
a greater capacity to conduct electric current. As carbon belongs to group IV of the
periodic table, group Il elements offer intuitive acceptor dopants while group V presents
donors. When implanting dopant atoms, the ideal aim is substitution, replacing a host atom
with a foreign one. In diamond, this proves difficult due to the short interatomic spacing
and strong covalent bonding that gives the material its extreme strength. Alternatively,
interstitial doping is possible where by the dopant is placed between original host atoms.
The carbon atom is relatively small, as such any attempt to implant a significantly larger
atom between the short interatomic spacing results in lattice damage >2°1. The most soluble
dopants found thus far are boron, nitrogen and phosphorus. The most commonly used p-
type dopant is boron, while phosphorus and nitrogen have been used to produce n-type
diamond 221, Figure 2.12 below illustrates the activation energies of these 3 elements
within the diamond bandgap.
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Figure 2.12 - Common donor energy levels represented within the diamond bandgap.

Boron is most commonly used due to its activation energy of 0.37 eV. While 0.37 eV is not
a particularly shallow dopant energy compared with other semiconductors, it is the lowest
known in diamond. By comparison, in silicon the ionisation energy of a boron dopant is
0.045 eV 2221 The best-known donor is phosphorus with a higher activation energy of 0.6
eV, making it of less use apart from in high temperature devices. Nitrogen is the most
common impurity in diamond. While impractical for most semiconductor applications due
to its high activation energy, the nitrogen vacancy centre is of great interest in storing
qubits for quantum computing applications 2231,

Boron is commonly found in natural diamond, can be implanted or introduced as part of
the gas phase during growth via chemical vapour deposition which will produce boron
doped polycrystalline or single crystal diamond material »24. Hole mobility degrades
significantly as doping concentration increases. Impurity concentrations as high as x10%°
cm will induce a wide impurity band corresponding to a large spread in the energy of
localised impurity centres. This manifests in a transition to hopping conduction, as
impurities begin to cluster and carrier mobility suffers significantly. Above 3.9 x10%! ¢m™
a transition to a metallic state takes place as the acceptor band begins to overlap the
valence band 251, Boron doped diamond at these levels has been shown to exhibit
superconductivity, the first elemental semiconductor to do so [22?61. The transition
temperature depends on the boron concentration and can be as high as 11 K. A potential
solution to the issue of reduced mobility is delta doping. The principle of delta doping is to
incorporate a thin layer of doped diamond into bulk, ideally one atom thick, so that the
wave function of the charge carriers overlaps with that of the intrinsic diamond. Thus, the
introduced charge carriers spend an appreciable amount of time outside of the doped layer
and form conductivity in the intrinsic diamond. However, attempts so far at producing a
boron delta doped layer in diamond have not managed to be much thinner than 2 nm, not
thin enough for the technique to produce any significant number of charge carriers

overlapping into the intrinsic diamond 2271,
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2.5 The Surface Transfer Doping Model

Surface transfer doping of diamond offers an appealing alternative to substitutional doping,
alleviating the problems of introducing foreign dopants into diamonds tight carbon lattice.
Owing to the negative electron affinity produced by a hydrogen terminated surface,
diamond when in intimate contact with a suitable molecular species will develop p-type
surface conductivity. This surface conductivity occurs due to electron transfer from the
diamond valence band to empty acceptor levels provided by an adsorbed surface material,
creating corresponding holes within the diamond which form a 2-dimensional hole gas
(2DHG). The process governing this transfer relies upon the surface species offering
energetically favourable electron states for the diamond valence band electrons to transfer
to. For air-exposed diamond, this exchange is reportedly driven by the redox reaction
2H30" + 2e” = Hy + 2H0, caused by the difference in chemical potential of electrons in
the liquid phase (Ue) and the diamond Fermi level (Ef). While pe is below Ey, electrons will
be transferred from the diamond valence band to the atmospheric layer and thereby reduce
H3O* to Hz and H20 2281, The resultant holes accumulating in the diamond valence band
induces a potential that raises pe until equilibrium is reached as depicted in Figure 2.13.
The reason air exposure incites this effect on hydrogen-terminated diamond was

investigated further by Takagi et al and is discussed in detail in Chapter 3.
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Figure 2.13 - Process of band bending during electron transfer between hydrogen

terminated diamond and atmospheric molecules on the surface.
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An energy band diagram for hydrogen terminated diamond in intimate contact with a solid
surface acceptor material of suitably high electron affinity (qX) is illustrated in Figure
2.14. A negative electron affinity of -1.3 eV combined with the already low ionisation
potential of H-diamond results in strong surface transfer doping potential when in contact
with a material of electron affinity (qX) greater than 4.2 eV. Here the conduction band
minimum (Ec) is positioned below the hydrogen terminated diamond valence band,
providing an energetically favourable energy level within the surface materials conduction
band for the transfer of electrons from the diamond valence band. The upward band
bending on the diamond side will be strong enough to force Ef below the valence band
maximum (Ey), forming a 2DHG within the diamond near the surface. The accumulated
holes are mobile (~ 70 cm?/Vs) parallel to the surface and are confined by the electric field
generated by the interfacial charge separation. As such, this accumulated hole channel
below the diamond surface most likely behaves as a quasi-2DHG with discrete quantum
states [22%, Increasing carrier concentration will deepen the quantum well, bringing holes
closer to the surface and thus possibly lowering mobility due to additional scattering from

sources such as surface roughness and proximity to charge at the interface.
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Figure 2.14 - Process of band bending during electron transfer between hydrogen

terminated diamond and a surface acceptor material.

For air-exposed H-diamond, typical values for areal hole density have been found to vary

between 10'? and 10** cm at room temperature for polycrystalline and single crystal CVD
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films alike 2%, There are several potential candidates as a solid electron acceptor material
on H-diamond. Figure 2.15 shows a diagram with the energy bands of diamond illustrated
with different surface terminations as discussed previously in this chapter. Three high

electron affinity materials and one with much lower electron affinity are also plotted.
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Figure 2.15 - Energy bands for diamond with different surface termination plotted
alongside MoOs, V205, WO3 and SiO; to illustrate the difference between the diamond

valence band and surface material conduction band.

Due to their respective high electron affinities, the transition metal oxides MoO3, V205 and
WO; are anticipated to induce surface transfer doping in diamond 231, This is due to the
EA of each material being greater than 4.2 eV, positioning their conduction band below the
hydrogen terminated diamond valence band. By contrast, SiO, represents a surface
medium that would not be expected to induce surface conductivity on diamond due to its
much lower EA of 0.75 eV 2321, Note that while E. of the transition metal oxides shown
here are also positioned below the valence band of a clean reconstructed diamond surface,
the NEA granted by hydrogen termination is still required to reduce the barrier experienced
by electrons attempting to leave the diamond. This state of surface reconstruction is also

not stable.
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2.6 Metal-Semiconductor Interface

An integral component of any semiconductor device is the ability to make electrical
connections between the semiconducting material and the external. Such connections as to
allow the passage of current into and from a semiconductor are an important area of

research for experimental and real-world applications.

A Schottky barrier is formed when a metal comes into contact with the surface of a
semiconductor. The behaviour of the contact can be described as rectifying or non-
rectifying, depending upon the height of the potential barrier formed. Figure 2.16a shows
an energy diagram for a metal and an n-type semiconductor not in contact. The work
function gq®ny, and qds is shown for the metal and semiconductor respectively, along with

the electron affinity gX of the semiconductor.

Vacuum Level

q(Dm qX q(DS
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q(Pm— X) I ----------------------------------- Er
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Ev
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Figure 2.16a - Energy diagram of a metal and n-type semiconductor not in contact.

When brought into contact with each other the Fermi levels align as electrons diffuse
between the two materials until a balanced state of charge is met, shown in Figure 2.16b.
Once the depletion region is established, which opposes any further flow of electrons from
the semiconductor, the energy required to excite an electron from the metal to the
semiconductor is known as the barrier height qVen. It is the difference between the
semiconductor conduction band minimum and the metal Fermi level at the interface. In
order for electrons to move from the semiconductor to the metal they must overcome the
built in potential qVui, which is the energy difference between the conduction band at the

interface and bulk.
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Figure 2.16b - Energy diagram of a metal and n-type semiconductor in contact after Fermi

level alignment
In Figure 2.17a the semiconductor is now p-type, resulting in an increased value of q®s as

the Fermi level now sits closer to the valence band maximum. The semiconductor’s Fermi

level now sits at a lower energy than that of the metal. Note that gX remains unchanged.
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Figure 2.17a - Energy diagram of a metal and p-type semiconductor in contact

As a metal-semiconductor contact is made, bringing the Fermi levels into alignment,

downward band bending occurs at the interface, illustrated in Figure 2.17b.
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Figure 2.17b - Energy diagram of a metal and p-type semiconductor in contact after Fermi

level alignment

The periodicity of the semiconductor crystal is interrupted at the interface between it and
the metal contact, giving rise to surface states between the two mediums. The quantity and
distribution of these surface states is influenced by various factors such as the
semiconductor doping, quality of the contact and the crystal orientation of the two
materials 2331, If the concentration of surface states is high enough, then the Fermi level
may become ‘pinned’ at certain energies. The amount of charge required to equalize the
Fermi level can be provided by these traps, causing Fermi level pinning due to the density
of states at the surface. As such, the resultant barrier height will be independent of the
metal work function. In the case of hydrogen terminated diamond, the surface termination
leads to a reduction in surface states, making the surface sensitive to metal work function.
High work function metals such as gold will form an ohmic contact on H-diamond,

meaning the IV characteristics of the contact will display linear behaviour 234,

2.7 Chapter Summary

Diamond as a material for electronics has been explored in this chapter. The bonding
configuration of carbon that produces the allotrope diamond was discussed and its
associated properties detailed, such as extreme hardness, thermal conductivity and

resistance to corrosive elements. Many of these appealing properties come from the
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structure of diamond itself, making the material an important area of study. A method of
producing synthetic diamond was presented, as well as strategies known to produce
semiconducting properties in diamond. The challenges of traditional substitutional doping
were explored and an alternative process known as surface transfer doping shown. While
impurity doping of diamond is currently very limited, surface transfer doping shows great
potential through further engineering of the diamond surface and use of surface acceptor
materials. The following chapter contains a literature review of surface transfer doped
diamond, from the discovery of this phenomenon to the present-day status of this
technology.
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3 Literature Review

3.1 Diamond Surface Conductivity

In 1989 Landstrass and Ravi reported a conductivity of 10°® Q' cm™ for CVD diamond
and for single crystal Ila diamond after exposure to hydrogen plasma. Considering the
intrinsic conductivity for diamond is well below this value, hydrogen was clearly closely
related to whatever effect was occurring to lower the surface resistance B, Soon after, it
was shown that annealing the surface to 300°C in air or oxidation of the surface by acid
based solution would remove the observed increase in conductivity 221, Maki et al gave
the first insight into the nature of the increased conductivity by way of Seebeck-effect
measurements and the electrical characterisation of a simple MISFET (metal insulator
semiconductor field effect transistor) based on hydrogen terminated diamond. Their

findings suggested holes within a subsurface layer were responsible for the conductivity
[3.3]

Two years later Kawarada et al demonstrated a FET based on H-diamond, utilising the
surface conductivity by way of two gold pads forming ohmic contacts and an aluminium
gate to form a Schottky contact 4. A cross section of their FET design is shown in
Figure 3.1. For devices based on H-diamond the hydrogen serves a double purpose. Firstly,
as a crucial component of the surface conductivity but also as a means to reduce density of
states at the surface to an extent at which the diamond-metal barrier interface follows the
metal work function. As such, gold with its high work function of 5.1 eV has a low
Schottky barrier of 0.2 eV on H-diamond, whereas aluminium with its work function of 4.2
eV forms a Schottky barrier height of 0.9 eV 23],
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Figure 3.1 — Cross section of a MESFET using a p-type homoeptaxially grown diamond
with an aluminium gate and gold source and drain (1994) 341,

As the reported surface conductivity of H-diamond became more pervasive, various
reported values were established through Hall measurement 36 371 Conductivity of H-
diamond was found to be in the region of 10 to 10° Q™. Typical values for areal hole
density were found to vary between 102 - 10** cm and mobility with values around 30 —
70 cm?/Vs at room temperature for polycrystalline and single crystal CVD films alike.
Mobility was not merely a function of sample quality, but also highly influenced by carrier
concentration; the lower the concentration the higher mobility is ®l. For example, a high

mobility of 335 cm?/Vs has been reported for a low carrier concentration of 7 x10'! cm
[3.9]

The formation and origin of holes involved in surface conduction of H-diamond has been a
topic of debate for a number of years. Initial theories suggested that hydrogen during the
surface termination process would diffuse into the diamond and contribute shallow
acceptor states (3103113121 ‘However, this was contradicted by Grot et al who showed that
removing hydrogen from the surface without attacking the diamond reversed the increased

surface conductivity 32,

Shirafuji and Sugino were the first to propose a hole accumulation layer below the H-
diamond surface as being responsible for the observed surface conductivity B3l Using X-
ray Photoelectron Spectroscopy (XPS) and Kelvin probe techniques they suggested

electrons were transferred from the diamond to acceptor like states at the hydrogen
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terminated surface, resulting in upward band bending, Figure 3.2. This would explain why
after oxidation of the surface by acid based solution conductivity would be lost. Electrical
characterisation of a surface channel FET on H-diamond later supported this theory by
modelling the results with a two-dimensional acceptor layer at the surface extending up to
10 nm into the diamond B4, Ri et al were to demonstrate the surface conductivity relies
upon the atmosphere in which the H-diamond sample is kept 315 3161 Exposure to acidic
vapours would increase surface conductivity, whereas over other solutions it drops. From
these results Ri et al were the first to suggest the reduction of H3O- by electrons from the
H-diamond as the origin of surface conductivity.

FULLY PARTIALLY
HYDROGENATED HYDROGENATED

(a) (b) (c)

OXYGENATED

Figure 3.2 — Energy band diagrams for (a) hydrogen terminated (b) partially hydrogen

terminated and (c) oxygen terminated diamond surfaces, as shown by Shirafuji and Sugino
[3.13]

A vital experiment for the understanding of surface conductivity in H-diamond was
published by Maier et al 17, They placed a hydrogen terminated single crystal diamond
sample in Ultra High Vacuum (UHV) where the conductivity could also be measured via
two-point probe. Hydrogen termination was removed on one half of the sample by electron
bombardment, simultaneously removing surface conduction on that half of the sample.
Further annealing the sample at 410°C for 15 minutes also removed conductivity for the
still hydrogen terminated side. The side with intact hydrogen termination was confirmed
by total photoelectron yield spectroscopy. At this point the sample showed a conductance
below 101° Q' for both sides. Once the chamber was vented and the sample brought into
air, the conductance of the hydrogenated half of the sample rose by 4 orders of magnitude
within the first 20 minutes and reached a value similar to before of 2 x10° Q! after 3 days.
In contrast, the non-hydrogen terminated half of the sample did not exhibit any change in
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conductivity once exposed to air. This result clearly demonstrated both the hydrogen
termination and exposure to air as vital components of the so far observed surface
conductivity in H-diamond. Thus, the existence of acceptor states on the surface must be
facilitated by air borne species. Maier et al went on to develop an electrochemical transfer
doping model that was able to account for nearly all experimental findings concerning
surface conductivity of H-diamond and gave an explanation as to why diamond exhibits
this kind of surface conductivity. His model also identifies the role of hydrogen as a means

to lower the ionisation energy of diamond, allowing the transfer doping to take place.

Once the nature of the surface transfer doping effect on H-diamond was better understood
as being dependant on acceptor states introduced by an atmospheric surface layer, attempts
were made to demonstrate the effect using alternative surface acceptors. The fullerene
molecule Ceo and its fluorinated variants (CeoFx, X = 18, 36, 48) are well known to be
highly oxidising, resulting in a high electron affinity. Strobel et al were the first to
demonstrate fullerene induce surface transfer doping in H-diamond when it is evaporated
onto the surface 318 319 The doping efficiency of CeoFss Was found to be linear i.e. for
each CeoFss molecule adsorbate on the surface a corresponding hole was generated up to a
saturation of around 10%3 cm™ carriers, comparable in magnitude to air induced surface

transfer doping.
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Although the electron affinity of Ceo is measured to be only 2.7 eV B2 Goss et al and
Sque et al showed potential for electron transfer from H-diamond to Ceo using cluster
calculation B2L 3221 |lluystration of Ceo and its fluorinated compositions are shown in

Figure 3.4 alongside relative electron affinity.

Cso CeoF 18 CeoFae

27 eV Electron affinity %

Figure 3.4 - Structure of different fluorofullerenes used to induce surface transfer doping in
H-diamond. Fluorine atoms are represented by the solid spheres outside the Ceo body,

respective electron affinity increases with fluorine count 231

Strobel et al demonstrated an H-diamond substrate annealed in vacuum at which point the
sheet conductivity was below 102 Q1. Depositing Ceo, CeoF1s and CeoFas showed, with
increasing surface coverage, the diamond sheet conductivity rises by six orders of
magnitude and saturates between 5 x10° and 5 x10° Q' B9 Depositing the fullerenes
simultaneously onto an oxygen terminated diamond sample showed no increase in
conductivity, demonstrating the hydrogen termination to be a necessary component while
also observing no transport through the fullerene layer itself. An important result of this
work showed the saturation in conductivity increases with higher electron affinity, with an
order of magnitude difference between Cgo and CeoFss. Due to an EA of 4.06 eV, CeoFas
shows greater doping efficiency than Ceo, in essence a 1:1 ratio between fluorofullerenes

and holes 324,

Dongchen et al further reported on high electron affinity molecules on H-diamond,
investigated by Photoemission Spectroscopy (PES) 2%, The fluorinated derivative of
Tetracyanoquinodimethane (F4-TCNQ) was chosen due to its high EA of 5.24 eV. The
surface transfer doping potential was compared with another organic molecule of relatively
low EA, Copper phthalocyanine (CuPc), at 2.7-2.9 eV. The diamond valence band
maximum (VBM) lies well above the Lowest Unoccupied Molecular Orbital (LUMO) of
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FA-TCNQ, as such electron transfer from the diamond valence band to adsorbed F4-TCNQ
is thermodynamically favourable. This was confirmed by monitoring interfacial charge
transfer during F4-TCNQ deposition, showing upward band bending towards the diamond
surface associated with hole accumulation within the diamond to balance the negatively
charged surface anion molecules. With increasing F4-TCNQ film thickness the change in
work function became larger, attributed to the formation of an interface dipole. This effect
was observed below 3 A thickness, indicating the charge transfer occurs only at the
diamond:F4-TCNQ interface leaving bulk largely un-charged. CuPc on the other hand with
its much lower EA exhibits a LUMO 1.7-1.9 eV above the VBM of diamond. The resulting
barrier should far exceed the thermal energy of electrons at room temperature (~0.026 eV)
and as such surface transfer doping is not expected to occur. This was confirmed by the
absence of band bending during CuPc deposition, indicating no hole accumulation at the
diamond surface. Likewise, no work function shift was observed, as in the F4-TCNQ
results. These organic materials, however, still demonstrated limited stability in air, despite

attempts to encapsulate them [3-261,

A 2013 study by Takagi et al investigated the mechanism for 2DHG formation in hydrogen
terminated diamond when surface transfer doped by air exposure, based on first principle
calculation B271, Hydrogen terminated diamond exposed to NOz, O3, NO and SO, formed
sub-surface conductivity, whereas exposure to N.O, CO, and N had little or no effect.
This relationship between adsorbed molecular species and sheet carrier concentration
within the diamond relies on the electronic structure of isolated molecules, Figure 3.5. The
VBM and conduction band minimum (CBM) of hydrogen terminated diamond with
different surface orientation is shown alongside the Highest Occupied Molecular Orbital
(HOMO) and the LUMO of isolated surface species. The group responsible for electron
transfer (NO2, O3, NO and SO) have a LUMO at or below the VBM of hydrogen
terminated diamond, while the LUMO of N20O, CO: and N falls above this threshold. This
observation agreed with experimental results showing hole carrier density dependence on
the species of adsorbates.

A more recent approach has demonstrated improved stability up to 550°C in air (28
through Atomic Layer Deposition (ALD) of Al.O3 on the H-diamond surface, resulting in
carrier concentration between 8 x10'? — 1.5 x10% cm™. Recently 1 kV operation of FETs
has also been demonstrated using this Al,O3 passivation technique 29, Similarly, AlO3
has been used to encapsulate previously identified NO> surface accepter states, achieving

higher temperature operation 2%, Although this work has yielded very promising device
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performance, the exact mechanism responsible for the hole accumulation of diamond
passivated by Al>Os is still a point of investigation, due to the low EA of AlO3 (~1 eV).
Similar work involving ALD deposition of Al2O3 and HfO. has been explored for use in
MOSFETs 12311,

CBM Vacuum level|

2 LUMO/SOMO

energy (eV)

aol HOMO |

100H 11IH NO, NO N,0
1I0H Oy SO, H,0 CO,

Figure 3.5 - Energy levels for the valence band maximum and conduction band minimum
for H-terminated diamond with 100, 110 and 111 surfaces. HOMO and LUMO is shown

for various atmospheric species 3271,

High electron affinity transition metal oxides for surface transfer doping were first
explored at the University of Glasgow as part of this work. Russell et al demonstrated
molybdenum trioxide (M0oOs) to be a highly effective surface electron accepter material on
H-diamond by way of PES and Hall measurement 321, They showed thermal deposition of
100 nm MoOs resulted in a carrier density increase from 1 x10 to 2.16 x10* cm2, with
clear charge separation across the diamond/MoO3 interface forming a dipole with no
further change beyond 1.6 nm of deposited oxide. This work was quickly followed by a
similar study from Tordjman et al again demonstrating surface transfer doping by MoO3z on
H-diamond B33, In this work varied thicknesses of oxide were observed up to 10 nm
showing saturation of the increased carrier concentration occurring below 5 nm of MoO:s.
As discussed in the later chapters of this thesis, vanadium pentoxide (V20s) is
demonstrated to be another excellent surface transfer dopant of H-diamond with similar
potential to that of MoOsz and a thermal stability upwards of 200°C ex situ B34, A

comparison study was later published by Verona et al investigating several high electron
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affinity oxide materials, Nb2Os, WOs, V20s, and MoOs on H-diamond 351, Due to the
success of these transition metal oxide materials, early H-diamond FET devices have

already been demonstrated using both MoOs and V-Os as surface electron acceptors -3
3.37]

3.2 Chapter Summary

Surface transfer doped diamond is a relatively new technology. Since the discovery of
electrical conductivity in hydrogen terminated diamond, several attempts have been made
to engineer a suitable surface acceptor which could overcome the initial limitations of the
naturally occurring atmosphere exposed layer. This chapter has provided an overview of
major developments in the study of surface transfer doped diamond up to the present.
While still an emerging technology, the prospect of surface transfer doping in diamond
using robust surface acceptor materials, such as high electron affinity oxides, shows great

promise.
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4 Characterisation and Measurement

This chapter covers the various techniques used to characterise and quantify diamond
samples in this work. This includes the theory of Hall effect measurements, used to
measure carrier concentration, carrier mobility and sheet resistance of substrates. Atomic

force microscopy was also used extensively to inspect the diamond surface, detailed here.

4.1 Hall Measurements

The Hall Effect describes a potential voltage difference generated across an electrical
conductor when in the presence of a magnetic field, discovered in 1879 by Edwin Hall (411,
The model consists of a flat, uniform electrically conducting material though which current
can flow. By applying an external magnetic field transverse to the flow of current, charge
carriers are deflected perpendicular to the field. These deflected charge carriers will
accumulate along the materials edge as shown in Figure 4.1. The result is the production of
a potential difference between the two edges, referred to as the Hall VVoltage. This voltage

(Vw) varies proportionally with the applied current and strength of the magnetic field.
The Lorentz force acting upon charge carriers in this magnetic field is expressed by
Fp = q(v X B)
Where Fg is the force on the charge carrier; q is the charge of the electron, v is the velocity

of the charge carrier and B the magnetic field strength. The cross product of the velocity
and magnetic field is taken, resulting in a force vector that is perpendicular to the two.
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Figure 4.1 - Diagram of the Hall Effect with geometry for a semiconductor exhibiting both

electron and hole carriers.
Once the accumulated charge carriers along the materials edge reach saturation i.e. charge
now flows along the material without experiencing a Lorentz force, the balance may be

expressed as

Fg=q(E+vXB)=0 or E,= 1B,

The electric field created in the y-direction is referred to as the Hall Field En, which

produces a voltage across the conductor called the Hall VVoltage Vu

VH = EHW

Where W is the width of the conducting material. Combining these two equations gives

W v, B, or Vy=v,WB,
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For a p-type semiconductor the drift velocity can be written as

e L
Yax = op = (ep)(Wd)

Jx

Ly

wd

Where p is the carrier concentration, e the electronic charge and Jx the drift current density.

Combining the previous two equations gives

Iy WB,
H™ (epywa)

Solving for the hole concentration p therefore gives

_ LB,
T edVy

p

_ IkBg

epd

For an n-type conductor both Vyand the carrier concentration n can be solved as

_ LB,
~ edVy

The majority carrier mobility p can now be calculated from the current density J

] = epliy Ey

In this example we are using a p-type conductor. Converting current density to current over

dimensions and electric field to voltage over length gives

I epupV
wd L
Therefore
1L
Mo = epVWd
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For an n-type material, the equation is

IL
enVIWWd

Un =

The van der Pauw (VDP) method is a technique which makes use of the Hall effect to
electrically characterise a given material, independent of its geometry so long as the
sample retains a flat surface and is roughly 2-dimensional i.e. significantly thinner than it is
wide 21, The VDP method was first proposed by Leo J. van der Pauw in 1958 and can be

used to accurately determine:

e Resistivity of the material
e Sheet charge carrier concentration
e Mobility of the majority charge carrier

e Type of majority charge carrier (holes or electrons)

The basic principle utilises four ohmic contacts of equal spacing on the material surface,
producing a symmetrical measurement structure as illustrated in Figure 4.2. Due to the
symmetry of the design if a current is passed between two contacts such as 1 and 2, the
corresponding voltage across 3 and 4 will give rise to a resistance that is symmetrical
around the structure. Typically, the four contacts are made around the edge of the sample.
However, by electrically isolating around the design multiple structures can be made on the

same sample.

Figure 4.2 - Example numbering of VDP contacts.
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Using Ohm's law

% V.
R=-23_ 14

Ly I

Where the channel thickness is known, using the van der Pauw equation resistivity p is

then given by

p mt V43 Q ] Qcm

= ——|—+
2xIn(2) LI, Iy
If the channel thickness is unknown, then sheet resistance psheet can be defined as

Psheet = P/t Q/square

To measure the Hall Coefficient, current is applied between two non-adjacent contacts and
the potential voltage difference measured between the two remaining contacts while a
magnetic field, B, is acting perpendicular to the sample surface. This potential difference is
the Hall VVoltage.

q(v X B) =qE

This relates the electric field E to the magnetic field B and the carrier velocity v. The

charge of a carrier is denoted by g.
Current can be expressed as:
[ = gntWv
where n is the carrier density and W the separation between the two non-adjacent contacts.

This assumes a constant carrier distribution and velocity throughout the active layer. An

illustration of the Hall effect when applied in a VDP configuration is shown in Figure 4.3.
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Figure 4.3 - Hall effect as applied in a VDP configuration.

The Hall Coefficient Ry can then be calculated as:

R 1 Wyt
H_qn_IB

Where V4 is the measured Hall voltage, Vu = EW. If the thickness of the active layer is not

known then the sheet Hall Coefficient can be expressed as:

Ry Vy
RHS = - = 75
t IB
Sheet carrier concentration nsheet can then be calculated from the measured sheet Hall

coefficient Rus in units cm™.

Nsheet = ! cm
sheet —
qRHs

When the thickness is known, carrier concentration can be expressed in bulk as:

1

-3
n= cm
qtRHs
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Hall mobility p is calculated from the measured values of sheet resistivity psneet and sheet
Hall Coefficient Rusheet. The thickness of the active layer is not required to determine Hall

mobility.

RHs
Ps

Ug =

All Hall measurements carried out in this work were performed using a Nanometrics
HL5500PC Hall measurement system. This four-probe system equipped with
micromanipulators is rated as capable of measuring resistivity ranging from 0.1 mQ/o to 1
MQ/o. The fixed magnet with field reversal has a strength of 0.32 T nominal to £1% with
uniformity over 25 mm diameter from the magnet centre. As such this Hall kit is suitable
for samples up to 25 mm in diameter. The system used in this work comes with an
interchangeable heated stage ranging from room temperature to 300°C either in ambient
atmosphere or in a vacuum of ~ 60 mTorr, allowing high temperature Hall measurements

in-situ. An image of the standard measurement stage is shown in Figure 4.4.

‘ Observe £SD Precautions
& Refer to Operating Manual.

Figure 4.4 — Image of the Nanometrics HL5500PC Hall measurement system.
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Using a VDP structure the carrier concentration, mobility and thus resistivity of an

arbitrary flat sample can be determined if the following conditions are true:

e The contacts are on the circumference of the sample active region

e The contacts are sufficiently small relative to the active region

e The sample active region is electrically continuous i.e. no electrically isolated areas
within the active region

e The electrically active region is of uniform thickness

Two of the most common VDP geometries employ a square or a circle, however cross

formations can also be effective 2. Figure 4.5 shows some common VDP designs.

® )
® o o o
® 1@
Circle Clover leaf Square Rectangle Cross

Figure 4.5 — Common designs of VDP test structures. Black dots illustrate the

measurement contact p0| nts.

Contact size and placement can have significant effects on the accuracy of measurements.
Ideally, contacts would be infinitely small and introduce no error. However, this is not
practical as voltages required to drive a current between such contacts would be extremely
high and not realistic. Designs such as the cross and clover leaf somewhat overcome this
by isolating the contacts from the active region, using four separated paths to the centre
and allowing for larger contacts. For a non-square substrate, moving contacts to the
midpoint along the edges rather than the corners will also work. R. Chwang et al examined
several sizes of both square and triangular shaped contacts on square samples by
electrolytic tank experiment and calculation (4!, Figure 4.6 shows the VDP design.
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Figure 4.6 — Square sample with triangle ohmic contacts formed on the corners, R.
Chwang et al.

Their results show the use of triangular contacts for a square VDP design produces
reasonable accuracy depending on the contact size. For example, if the contact edge size
is 1/8 the sample edge the Hall correction factor is less than 10%. This provides a good
measurement setup for square samples in cases where more intricate VDP designs are less
practical due to processing requirements, material, time constraints etc. For the cross and

clover leaf designs shown in Figure 4.5, less than 1% error is possible 41,

4.2 Transmission Line Measurement

Transmission Line Measurement or Transfer Length Measurement (TLM) is a technique
used to determine the contact resistance (R¢) between a metal and semiconductor €1, The
method employs a series of ohmic metal contacts fabricated in line with increasing gap size
between each contact, presented in Figure 4.7. In this example five square contacts are
spaced apart by 1 - 4 um gaps. Each gap represents a network of resistances that are
illustrated in Figure 4.8. Here, R1 and R2 represent the contact resistance between the metal
and semiconductor and in theory these values should be equal. The resistance between
these contacts, Rs, is determined by the conductivity of the substrate for a given gap size.
Increasing or decreasing the distance between contacts will vary the value of Rs, while Ry
and Rz should remain the same. As such, each gap can provide a value which when plotted
against distance can be used to ascertain not only the contact resistance Rc, but also the

substrate sheet resistance per unit area (Rs). An example plot is shown in Figure 4.9.
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Figure 4.9 - Plot of resistance with gap distance from a typical TLM structure.
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Here, the gradient of the line yields the sheet resistance of the substrate (/o). The
negative x-axis intercept represents 2 times the transfer length (Lt). Extrapolating the trend
line backwards to the point where gap size equals zero (y-axis intercept) provides the total

contact resistance, 2R, for both contacts.

4.3 Atomic Force Microscopy

In both fabrication and sample characterisation a method of accurate surface profiling is
desirable to view surface topology, roughness and also deposited film thickness. Atomic
Force Microscopy (AFM) is a branch of Scanning Probe Microscopy (SPM) in which
three-dimensional profiles are formed using a physical probe to scan the target material
471, The AFM process makes use of a small cantilever equipped with a sharp pyramidal
shaped probe located at the tip, often made from silicon. This probe is moved across the
surface in a raster like pattern while a feedback mechanism measures the vertical
displacement of the cantilever tip caused by changes in the surface. This is achieved by
reflection of a laser off the reverse side of the cantilever and monitored by a photodiode
array. The differential feedback from the laser is then used to form a topographical height
map of the surface. To minimise damage to both the tip and the material being scanned,
modern AFMs are equipped with a tapping mode in which the cantilever oscillates at a
high frequency in order to “tap” the surface rather than be in constant contact. Figure 4.10

shows an illustration of an AFM setup.

Sensor

Cantilever

Figure 4.10 - Illustration of an AFM setup.
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The AFM technique, while capable of sub-nm resolution, is primarily limited by the
physical dimensions of the probe tip and its ability to conform to the topology of the
surface being scanned. For example, attempting to measure a deep narrow trench in which
the probe cannot fit as the pyramidal shape of the probe will prevent the apex reaching the
bottom and into corners. As such AFM is generally more suited to height measurements
rather than lateral distances and is not capable of mapping over hanging features. As well
as the measurement of features such as film thickness, roughness values can also be
extracted from the assessed profile independent of sample topology. The average
roughness (Ra) is the arithmetic mean of the ordinate values Z within the sampling length.

When Z is taken over a discrete number of measurement points, Ra can be expressed as:

N
1
Ra=y ) 7%
i=l

Here N is the number of measurement points in a given sampling length L. This is
illustrated graphically in Figure 4.11. The centre line is the trace that the probe would
measure according to its movement along a perfectly flat surface. If the regions below the
centre line are placed above it, the Ra value is then the mean height of the resulting profile.

Centre Line

Length

Figure 4.11 - Graphical derivation of Ra.
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Since Ra is an average over a given sampling length the resulting value is less influenced
by the presence of infrequent features on the surface, such as dirt or scratches. The
measured value of Ra does not give any information as to the shape of the surface and as

such it is possible to obtain similar Ra values for very different profiles.

The value Rq is the root mean square of the ordinate values Z for a given sampling length

and is expressed as:

Unlike Ra, Rq grants additional influence to the numerically higher measured values of
surface height and thus is more representative of a sample with less frequent features.
While Rq can be skewed by anomalies foreign to the sample surface such as dirt, it is more
representative of a surface with features such as pillars. Rq also has an advantage in that
phase effects from electrical filters are negated and is often more useful for assessing the
optical quality of a surface. The difference between Ra and Rq mathematically is exampled

below.

_Zl‘l‘ Zz+ Z3+"'ZN
B N

Ra

I3+ Z5+ 25+ 7%
Rq = N

4.4 Chapter Summary

Techniques used in this work for the characterisation and measurement of hydrogen
terminated diamond have been detailed. Primarily, Hall measurement is employed to
inspect surface conductivity of substrates and the quality of surface termination is also
indirectly verified by measurement of surface conductivity, due to an inability to directly
detect hydrogen termination. TLM measurements serve to quantify surface conductivity
while providing additional information with regards to contact resistance of metal contacts.

A Dbranch of microscopy, AFM, is also detailed as a means to profile diamond surfaces
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with sub-nanometre precision. The following chapter presents fabrication processes for
various measurement structures employed in this work, with particular attention to the

fabrication constraints imposed by the hydrogen terminated diamond surface.
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5 Fabrication

In this chapter, fabrication details for the formation of devices and measurement structures
on hydrogen terminated diamond are presented. Primarily, van der Pauw designs for Hall
effect measurements made up the majority of electrical test structures produced. However,
structures for determining contact resistance, gate leakage and FET devices were also

made following processing details described in this chapter.

5.1 Electron Beam and Photo Lithography

In modern fabrication technology, the primary means of creating micro and nano-scale
features are both photo and electron beam lithography . Photolithography is a process
by which the target substrate is coated with a photosensitive compound known as resist.
The photo-resist weakens under ultraviolet radiation to the point at which it can be
selectively removed in a solution. By coating a surface with resist (typically spun on to
generate a conformal coating) and placing a mask on top; the resist can be exposed to pre-
determined patterns. This is often referred to as contact lithography as the mask contacts
the resist. After exposure to light, developing the sample in a solution removes the exposed
areas of resist leaving behind the design embossed in unexposed resist. This technique can

achieve resolutions on the microscopic scale. The process is illustrated in Figure 5.1.

An alternative process is electron beam lithography. Here electrons are used in place of
light to pattern radiation sensitive resist, weakening exposed areas in a similar way to
photolithography. Unlike photolithography there is no mask, instead an electron beam is
precisely controlled by software and writes the pattern with raster style movement.
Photolithography is considerably cheaper to implement than the complex systems required
for controlled electron beam exposure. It is also much faster and more suited to mass
producing multiples of the same pattern. However, for patterns which may be frequently

altered the need to produce a new mask each time is impractical. The most significant
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distinction between both methods is ultimately the minimum feature size that can be
achieved. Photolithography is limited by the minimum feature size attainable to that of the
light’s wavelength and diffraction effects from the masking material, while electron beam

lithography can achieve nanometre precision 511,

Light

A

“— Sample

Figure 5.1 — Illustration of photolithography, selectively exposing a resist coated sample to
light through a patterned mask.

One of the most common uses of resist once patterned by photo or electron beam
lithography is to fill the exposed (patterned) areas with a chosen material. This is achieved
by a process known as “lift-off”, in which any remaining unexposed resist is removed in a
solution after deposition of the desired pattern material. This material is often, but not
limited to, metal. To create a “lift-off” profile, the resist consists of two layers, a layer
directly on the substrate surface which is more susceptible to radiation topped with a
thinner layer less susceptible to radiation. After lithography and subsequent development
in a solution to remove the exposed resist, an overhang profile is formed as shown in

Figure 5.2.

2" layer Resist 4% 2041

1%t layer Resist 12% 2010

Figure 5.2 - Example cross section of a sample coated with resist after patterning.
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This overhang becomes vital when depositing the desired material from which the pattern
is to be formed, illustrated as metal in Figure 5.3. Due to the height of the resist and the
overhang profile the deposited metal does not form a continuous film, resulting in regions

where a wet chemical solution may access the resist and remove it.

v 2

Metal Metal
2" layer Resist ¢¢ 4% 2041
1t layer Resist | Metal | 12% 2010

Figure 5.3 - Example cross section of a metallised sample.

As remaining resist is removed in a solution the deposited metal on top is also removed or
“lifted-off”. The result leaves behind only deposited metal in the desired pattern, Figure
5.4.

| Metal |

Figure 5.4 - Example cross section after lift-off.

The process of lift-off can be influenced in several ways. Perhaps most importantly, the
thickness of the deposited material must not exceed the profile formed by the resist as
illustrated in Figure 5.3. Otherwise the deposited material will form a continuous film over
the lift-off profile and prevent a wet solution from accessing the resist. In cases where the
deposited material nears the thickness limit of what can be successfully lifted-off by the
resist profile being used, a feature known as “flags” will often form whereby additional
material is left behind at the edges of the deposited pattern. This flagging effect also occurs
when using an unoptimized resist bi-layer and or inadequate development process for the

exposed resist.
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5.2 Metallisation and Oxide Deposition

Thin films of material can be deposited by a variety of techniques, such as thermal and
electron beam evaporation, sputtering and atomic layer deposition. The majority of
material deposition performed in this work made use of electron beam and thermal
evaporation systems built by Plassys, models MEB 400S and 400. These systems contain
multiple crucibles for in-situ evaporation of different materials, suitable for substrates up to
150 mm with a cryo-pumped main chamber and load lock that reaches pressures of ~1 x10
" mbar. The 400S is used for the deposition of various metals and makes use of an electron
beam source. The beam created by the electron gun is magnetically focused onto a target
made of the desired deposition material, scanning in a raster pattern to generate localised
heating and achieve a temperature at which the material sublimates. The Plassys 400 is
equipped with a resistive element for thermal evaporation and is used exclusively for oxide
materials to avoid metal/oxide contamination, illustrated in Figure 5.5. The deposition
material is placed in a tungsten “boat” clamped between two electrodes. The material for
deposition can be heated by passing a current through the boat, generating resistive heat
with relatively precise control. For both systems, the thickness of the deposited film is
monitored with a quartz crystal by measuring the resonant frequency of the crystal as
evaporated material coats it.

Plassys 400S Plassys 400
Heater — s
| |/I I\|
— Stage — —1
Substrate /
<> =~ Shutter <>\
O , Quartz crystal

1
Electron !
1
beam .

Electrode - ' %
N

|:|Magnet

Figure 5.5 - Diagrams illustrating the Plassys 400/400S evaporation tools.
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5.3 VDP & TLM Formation

Due to the sensitivity of the hydrogen terminated diamond surface, a layer of gold is firstly
deposited onto the sample by electron beam evaporation. This metal layer protects the
surface from subsequent processing steps which may disrupt the hydrogen termination.
With the gold sacrificial layer in place, resist can then be spun on the sample for electron
beam lithography. Alignment markers are written around the gold layer and a subsequent
level of lithography is used to define isolation areas. The gold is selectively etched in these
isolation regions using a solution of potassium iodide, leaving behind sections of gold from
which ohmic contacts will be formed. At this stage, the isolation regions are exposed to O
plasma, replacing the hydrogen termination with oxygen. This removes the negative
electron affinity in these areas and prevents surface transfer doping, effectively removing
surface conductivity. The resist used in most of this work consists of a bi-layer 12% 2010
and 4% 2041 PMMA, baked for a minimum of 20 minutes at 120°C. This bi-layer works
well both as a mask and for lift-off. The gold structures are then etched again to expose
what are to be the active conduction regions between ohmic contacts. The process is

illustrated in Figure 5.6.

Au Deposition Spin Resist
(Shadow mask) «—

L2 2 R

H-Diamond H-Diamond

Isolation Etch and O, Plasma Active Region Etch

v

HH HHUHHHUHHH

OO0 HH HHHHIHTHMHHOO

H-Diamond H-Diamond

Figure 5.6 - Illustration of VDP fabrication on hydrogen terminated diamond. After
deposition of gold using a shadow mask, resist is spun and the gold etched with potassium
iodide to reveal regions to be isolated with O. plasma. The active region between ohmic

contacts is then etched to form a working atmospheric VDP.
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Wet etching gold in this manner to form ohmic contacts prevents the diamond surface from
being exposed to resist which can be difficult to fully remove 2. Exposure of the
diamond surface to potassium iodide (KI2) has shown no detrimental effect with regards to
observed surface conductivity, whereas attempts to remove resist history from the surface
using O2 or SFe plasma disrupted the hydrogen termination. Figure 5.7 shows images of a
lithographically defined VDP structure consisting of ohmic contacts overlapped by bond
pad metal. These pads are made up of titanium capped with gold to provide a more robust
probing solution. Here the active region in the centre of the four contacts remains covered
in gold and has not yet been etched. Figure 5.8 shows the same group of VDP structures
after etching of the gold covering the active region. The resist has not yet been removed,
showing the lithographically defined window. At this stage the resist is then removed in an

acetone bath kept at a temperature of 50°C and later rinsed in isopropanol.

] |
’ r ‘ Bondpad

Ohmic contact

Active
region

Figure 5.7 — Electron beam defined VDP structures. The active region in the centre of each

structure has not yet been etched.

Figure 5.8 - Completed electron beam defined VVDP structures.
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During fabrication of designs requiring multiple levels of lithography, often active region
wet etching with Kl> would result in incomplete removal of the gold film as illustrated in
Figure 5.9. The appearance of the gold after etching suggests masking of the metal by
another medium, preventing full removal with the Kl, solution. The most likely
explanation is incomplete removal of the resist used in lithography 52, After each
consecutive layer of lithography, it is essential to thoroughly remove residual resist from
the gold surface to prevent accumulation of a mask on the gold which prevents successful
wet etching. This masking effect is more prone to occur after each successive level of

lithography.

Figure 5.9 — Optical 3D images of a VDP structure fabricated on diamond, taken using a
Bruker ContourGT Optical Profiler. Top image shows an incomplete active region etch.

Image below shows a properly etched active region.
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As discussed in Chapter 4, a streamlined van der Pauw structure can be prepared avoiding
these lithography and fabrication steps by applying silver to the corners of a sample,
roughly forming four symmetrically spaced contacts % 541 This is illustrated in Figure
5.10.

Ag contact /ﬁ.“z{!ﬁﬁﬁf Ic" ﬂ‘l‘
vV [

r [
[ I Hydrogen

/ / ﬂ—éf/ terminated

|
[
| I Diamond surface

Figure 5.10 — Diagram of a diamond sample with silver applied to corners, forming a VDP

test structure.

For the purpose of making ‘large area’ ohmic contacts to H-diamond silver contacts show a
sufficiently low resistance and linear response 1. Use of this simplified VDP structure
minimises the risk of incurring contamination on the diamond surface using standard
processing techniques such as exposure to resists, solvent chemicals and electron beam.
Removal of hydrogen termination has previously been reported after exposure to electron

beam, though at much higher doses than used in this work 51,

Figure 5.11 — Image of a 3 mm? diamond sample with silver applied to corners, forming a
V/DP test structure.

5 Fabrication 68



5.4 FET Gate Definition

So far, the use of a gold sacrificial layer, lithography and Kl, wet etch has been discussed
for the fabrication of structures on diamond with minimal exposure of the hydrogen
terminated diamond surface to the various processing steps. Structures such as a VDP and
TLM have good tolerance when it comes to undercut produced by the gold wet etch. For
FET devices, however, the source to drain gap is determined by this undercut. FET
devices fabricated in this work were formed by electron beam lithography, a patterning
technique discussed previously in this chapter. Producing a sub 500 nm gate length on
diamond with a controlled source drain gap first required process development. For
development purposes, a 4.5 mm? diamond sample was first coated with 80 nm gold by
way of electron beam evaporation at a chamber pressure of 2 x10® mbar. The sample was
then coated with the same PMMA bi-layer discussed previously and patterned by electron
beam lithography. Figure 5.12 shows two microscope images of the gate pattern used. Here
the resist has been developed and the gold wet etched with Kl,. Optimising the etchant
concentration and temperature allowed for precise control of the undercut. Using a 10:1
H>O:KI> mixture with a solution temperature of 60°C resulted in a uniform 2 pum undercut
when submerged for 30 seconds (Figure 5.12a). Reducing this time to 15 seconds resulted
in a ~1 pum undercut creating a ~2 pum source drain gap depending on the gate length
(Figure 5.12b). For structures in which the undercut is undesirable, such as TLM gaps, a
short etch time of 10 seconds was found to produce an undercut of < 1 um while still

clearing out the 80 nm gold.

a) b)

Gate

Gate
~ 2 um ~1 um
undercut undercut

Figure 5.12 — Electron beam defined gates with contact pads on Au coated diamond.
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The same resist profile used to etch the source-drain gap is also used to lift-off the gate
metal. While writing the gate itself, the contact pad for probing (which connects to the
gate) is also written. Due to the gate pad being significantly larger in area than the gate
itself, two different sets of parameters when writing with electron beam are used, namely
exposure dose and beam spot size. Figure 5.13 - shows a gate after deposition and lift-off

using an 80 nm thick gate stack consisting of titanium, platinum and gold.

Damaged gate

Figure 5.13 — Electron beam defined gate with contact pad after metalisation and lift off.

The gate dose was 1600 uCem with a beam spot size of 8 nA and a Variable Resolution
Unit (VRU) of 10. The contact pad which the gate connects to was written with a dose of
1500 pCem’?, spot size 32 nA and a VRU of 32. Here the gate appears damaged, likely due
to a poor lift-off resist profile as a result of inadequate exposure dose. Figure 5.14 shows

another gate after lift-off using the same resist bi-layer and gate metal thickness.

Figure 5.14 — E-beam defined gate with contact pad after metalisation and lift off.
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Here the gate dose has been increased to 2100 pCem™ with an 8 nA spot size and a VRU
of 10. Optical (5.14a) and Scanning Electron Microscope (SEM) (5.14b) imaging showed a
well defined gate after lift-off. From the SEM image the gate length measures to be
approximately 225 nm. The ohmic contacts formed by the source-drain wet etch prior to
deposition of the gate metal show a rough, uneven profile. This phenomenon was
commonly observed using a slower Kl etch at room temperature. Increasing the etch rate
with a less dilute solution and higher temperature of 60°C produced a smoother edge to the
gold contacts. Figure 5.15 below shows a rendered AFM scan of a transistor gate
combining both the optimised gate lithography and optimised gold wet etch, which
resulted in smoother gold side walls and a well-defined gate. This is important for the
source drain gap to minimise field concentrations at points along the uneven edge. Further
optimisation to reduce the sidewall roughness is likely possible, but was not explored
further in this work.

2.5 um

0.8

Figure 5.15 - 5 um by 2.5 um AFM render of an ebeam defined gate combining both the
optimised dose and Au wet etch.

5.5 Chapter Summary

Formation of devices and structures which exploit the surface properties of hydrogen
terminated diamond were discussed. A specific approach to fabrication on H-diamond is
required as result of the hydrogen termination itself, which is easily degraded or even
removed by exposure to various fabrication techniques typically used. The formation of

both ohmic and gate contacts are shown, as well as the producion of van der Pauw
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measurement structures. The following chapter contains the bulk of research presented in

this thesis, utilising fabrication and measurement techniques discussed thus far.
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6 Surface Acceptor Results

Since the establishment of the surface transfer doping model for hydrogen terminated
diamond exposed to ambient air, researchers have sought means of replacing the naturally
occurring surface adsorbates with alternative electron acceptors. Some alternative materials
are explored in this chapter, as mentioned previously in Chapter 3, including measurements
of stability with time and at elevated temperatures. Issues that arose concerning sourcing of
consistent, high quality hydrogen terminated diamond material used for this work is also

discussed.
6.1 Hydrogen Termination

A mixture of hydrogen and oxygen termination is most common for naturally occurring
diamond, due to earth’s atmosphere 1. CVD grown diamond is usually left H-terminated
due to the presence of hydrogen in the chamber to suppress graphitic formation. Grown
CVD diamond typically exhibits high levels of surface roughness and is usually then
polished which in turn removes any H-termination. Perhaps the earliest method of
terminating diamond with hydrogen is described by Emanuel in 1873 and involves
mechanical polishing of diamond using olive oil as a lubricant 2, Later it was observed
using Low Energy Electron Diffraction (LEED) that diamond surfaces polished in this
manner exhibit H-termination, the olive oil acting as the source of hydrogen. This method
of H-termination however is not particularly consistent or repeatable. An important 1993
paper by Ando et al outlined a method of hydrogen termination by way of heating the
diamond substrate and exposing it to a gas mixture containing hydrogen and an inert
carrier 31, This work explored the importance of substrate temperature in relation to
achieving maximum hydrogen termination at ~900°C, starting with an oxygen terminated
surface. It is however important to avoid any graphitic formation on the surface at such

temperatures, a process affected by vacuum pressure.
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In Chapter 2 and 3, the importance of hydrogen termination in diamond surface
conductivity was explored. Unfortunately, the resources required for the hydrogen
termination of diamond were not readily available for the duration of this thesis, resulting
in a reliance on collaborative parties. While the author is exceptionally grateful for these
efforts, the lack of in-house control over this process greatly limited the scope by which
this process could be understood and optimised. In this work hydrogen termination of the
diamond surface was carried out in collaboration with the University of Paris 13 and
Cardiff University. Both sources of H-termination differed in approach, process details

outlined in the table below.

Cardiff Paris
Pressure 95 mbar 66 mbar
Power 3 kw 2.1 kW
Temperature 600°C 600°C
Time (minutes) 5 30

Table 6.1 — Process details of two hydrogen termination procedures used to H-terminate

diamond samples in this chapter.

Both sources of H-termination used a purpose-built CVD diamond reactor with microwave
plasma capability. Cardiff opted for a higher power process at 3 KW with a short exposure
time of 5 minutes. The reasoning behind this high power and short time was to try to
minimise damage to the diamond surface while still producing good hydrogen coverage.
Conversely, the process at Paris made use of a much longer exposure time of 30 minutes
with a lower power of 2.1 kW. Substrate temperature for both processes was maintained at
roughly 600°C and measured by pyrometer. H-terminated samples arriving back at
Glasgow were then given a solvent clean in acetone followed by IPA using an ultrasonic
bath to remove any contaminants accrued during transit. Verifying the quality and
consistency of hydrogen termination is challenging, due to the difficulty in detecting
atomic hydrogen. Techniques often used to detect hydrogen termination, such as Scanning
Tunnelling Microscope (STM) and LEED were not available 64 5°1. As such, the hydrogen
termination of diamond samples in this work was primarily quantified by surface

conductivity measurements.

It is essential to maintain a clean and somewhat consistent surface prior to any attempts at

hydrogen termination. ldeally, the crystal plane would be atomically smooth with no

6 Surface Acceptor Results 74



imperfections or impurities. However, due to available polishing and growth technologies
this was not possible. The simplest bond that a diamond surface carbon atom can form is to
hydrogen 66 The resulting polar surface will be rapidly polluted via airborne
contaminants -or contact with other materials- which bond strongly to the surface. This sort
of surface contamination cannot be removed by basic chemical solvents such as acetone,
but rather require aggressive acid cleaning at high temperatures to ensure a clean surface.
Therefore, a two-step cleaning process was established, based upon a process developed by
the ISDD Optics; Detector and Electronics Group at ESRF, illustrated in Figure 6.1.

“Dirty” sample Step 1 Acid Solution
Containment

I
2 22 / vesse
Hot Plate

Step 2 ( Triple Rinse

]

Figure 6.1 - Process flow of diamond acid cleaning.

Firstly the sample is placed in a mixture of freshly prepared aqua regia HNO3z:HCI 1:1,
which is then placed on a hotplate and allowed to boil for >10 minutes. Once cooled the
sample is removed from the solution and triple rinsed in DI water. This process removes
any metal trace contaminants from the surface, as well as any hydrocarbon and oxygenated
compounds. Next the sample is placed in a mixture of H2SO4:HNO3z 3:1 and boiled
(~240°C) for >10 minutes, again triple rinsed in DI water. This last step removes any
lingering particle matter from the highly polar surface and leaves it oxygen terminated,
ready to be hydrogen terminated via microwave plasma. This acid cleaning process is
particularly important after polishing, to remove graphitic contaminants and other matter
used in the polishing process. After cleaning, samples were inspected optically and by
AFM.
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To illustrate the variation seen in surface conductivity between samples in this work after
hydrogen termination, an overview of Hall measurements for 13 H-terminated CVD

diamond samples doped by air exposure are shown in Table 6.2.

Sample Polish Termination Sheet resistance Carrier Mobility

source source Q/o concentration /cm? cm?/Vs
A E6 Paris 8700 1 x108 69
B E6 Paris 71750 1.2 x10%? 71
C E6 Paris 39490 1.8 x10*? 86
D E6 Paris 58270 2.7 x10%? 40
E SP Paris 16030 1.0 x10% 39
F DPS Cardiff 17320 1.3 x10 28
G DPS Cardiff 15750 1.1x10% 38
H DPS Cardiff 14990 1.1x10% 38
| DPS Cardiff 25180 5.8 x10*? 43
J DPS Cardiff 19340 6.3 x10*? 51
K DPS Cardiff 22920 1.4 x10% 26
L DPS Cardiff 15980 1.2 x10%2 32
M DPS Cardiff 12840 2.6 x10*? 18

Table 6.2 - Compiled Hall measurements of 13 single crystal hydrogen terminated

diamond samples exposed to air.

Each sample was prepared at different intervals over the duration of the author’s PhD and
vary in source of polishing, hydrogen termination and growth. All single crystal CVD
diamond substrates listed were supplied by Element Six (E6). Samples A - D were scaife
polished by E6 and sample E by Stone Perfect (SP), which were subsequently hydrogen
terminated at the University of Paris 13. Samples F - M were polished by Diamond Product
Solutions (DPS) and H-terminated at the University of Cardiff. All polished samples -
despite polishing source- showed variable mobility coupled with widely varied carrier
concentration. No clear relationship between surface roughness and mobility/carriers after
polishing was observed. However, samples with the smoothest surfaces polished by DPS
(~ 0.4 nm Ra) tended to exhibit the lowest mobility. Variation in carrier concentration will
be impacted by hydrogen coverage of the surface and the composition of atmospheric
adsorbates, in accordance with the surface transfer doping model discussed in Chapter 2.
The presence and concentration of surface defects, introduced during growth and

polishing, are possible factors in poor surface conductivity. The majority of electrical
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measurements for surface transfer doped H-diamond shown in this chapter vary
substantially between samples likely due to inconsistent hydrogen termination and or other
variation in surface quality between samples. In Chapter 7, the conditioning of the
diamond surface is explored and some preliminary results show varied parameters during
the hydrogen termination process can yield large improvements in surface conductivity and
surface roughness. This work to improve the hydrogen termination and surface
conditioning was performed somewhat in parallel to and after the surface acceptor work
done in this chapter. As such, all samples in this chapter were polished and hydrogen
terminated as described in section 6.1.

6.2 Surface Transfer Doping

6.2.1 Air

Air exposure has traditionally been used as a surface acceptor medium for hydrogen
terminated diamond 671 as explored in Chapter 3. Generally, all hydrogen terminated
diamond samples in this work are first characterised with air exposure. This not only
provides a starting point for subsequent measurements during experimentation but also
gives an indication of hydrogen termination and or substrate quality. However, it should be
noted there was no control over the composition of atmospheric species on the sample
surface, relying on spontaneous adsorption when exposed to air. Therefore, variation in air
doping between samples is likely without a more systematic study to control environmental
conditions. To observe the general stability of air induced surface conductivity, a CVD
diamond sample was polished and exposed to air after hydrogen termination, details of

which can be found in Table 6.3.

VENDOR ORENTATION POLISH SOURCE TERMINATION SOURCE SIZE
E6 [100] DPS Paris 3 mm?

Table 6.3 — Details of a CVD diamond sample used for air induced surface transfer doping

experiments.

This sample was characterised using a Nanometric Hall measurement system (detailed in
Chapter 4) over a period of 17 days as shown in Figure 6.2. To minimise disruption of the

surface adsorbates, a VDP structure was formed by applying silver to the sample corners, a
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method discussed in Chapter 5. Over time the hole carrier concentration can be seen to
fluctuate around 1.1 x10™ cm with a deviation of approximately 5%. Sheet resistance
shows a similar deviation of 4.6%. The sample was at all times stored in the same location
within a class 10,000 clean room with a consistent room temperature in the range of 21.6-
22.2°C and typical humidity of 45% +/- 1% RH. While the source of this variation is
unclear, it is likely attributed to instability in the composition of atmospheric species on the
sample surface which are responsible for generating carriers within the diamond. Poor
thermal stability of air doping is well documented [©81, very little literature currently exists
on the general stability of air doping over extended periods of time in a controlled

environment.

To inspect the impact of elevated temperature on air-exposed H-diamond, Hall
measurements were performed on two H-diamond samples doped by air exposure from
room temperature to 300°C (Figure 6.3). One sample was measured in ambient
atmosphere, while the other was measured in a low vacuum of 60 mTorr. For the air-doped
sample measured in ambient atmosphere, increasing temperature above 200°C caused sheet
resistance to increase above 1 x10” Q/o due to rapidly decreasing carrier concentration
leading to the sample becoming unmeasurable. Hall measurements for the air-doped
sample measured in a low vacuum showed significantly improved thermal stability
compared to the one measured in atmosphere. However, a steady decrease in carrier
concentration was still observed resulting in a sheet resistance increase of ~81%. Mobility
for the sample measured in vacuum increases with increased temperature as carrier density
decreases, however for the sample measured in ambient atmosphere the mobility decreases
with increased temperature. Figure 6.4 shows sheet resistance for these two samples up to
300°C with the cool down period returning the stage to room temperature and
measurements taken 5 days after with the chamber vented. Repeat measurements
performed after the atmosphere exposed sample was cooled back down to room
temperature in air indicated the substrate permanently retained this unmeasurably high
sheet resistance. A much ‘slower’ degradation in sheet resistance was observed with
increased temperature for the sample measured in vacuum as attributed to the absence of
air. Subsequently, this sample retained a decreased but measurable level of conductivity at
300°C. The substrate was then cooled back down from 300°C to room temperature in the
same low-vacuum environment while measurements of sheet resistance were periodically
taken during the cooling process. Little change in the sheet resistance was observed during

this cool-down process.
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Figure 6.2 - Hall measurements over time for an air exposed H-diamond sample.
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Figure 6.3 - High temperature Hall measurements up to 300°C for two air exposed H-

diamond samples, one in ambient atmosphere and the other in vacuum.
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The measurement system was then vented once the substrate had reached room
temperature and the sheet resistance measured periodically for 5 days with the substrate
exposed once again to ambient atmosphere. An immediate and notable reduction in sheet
resistance (~50%) was observed following re-exposure to air. This decrease continued for
~ 21 hours following re-exposure of the sample to air before saturating for the remainder
of the measurement period. Surface transfer doping in H-diamond using ambient air as a
surface acceptor is well known to exhibit poor thermal stability. Previous work has
demonstrated that annealing H-diamond in high vacuum at ~ 400°C removes any
conductivity that is attributed to previous exposure to air 88, In this work, it was also
found that the conductivity in the H-diamond returned after it was once again exposed to
ambient air at room temperature. The recovery in conductivity observed following re-
exposure to air indicated that the increase in sheet resistance observed at 400°C under
vacuum was attributed to desorption of atmospheric species from the H-diamond surface
rather than removal of hydrogen. Experiments at higher temperatures in this work
indicated that a temperature of at least 700°C is required for desorption of the chemisorbed
hydrogen in high vacuum. Conversely, H-diamond was found to begin to lose hydrogen
from the surface when heated in ambient air at much lower temperatures closer to ~200°C
(681 due to oxidation of the surface. These findings agree well with the results shown here,
whereby the degradation in conductivity observed at elevated temperatures is due to a
combination of partial oxidation of the diamond surface as well as desorption of adsorbed
atmospheric species. For the sample measured in ambient atmosphere, oxidisation of (and
hence partial removal of hydrogen from) the diamond surface most likely resulted from
heating of the substrate up to 300°C in ambient air. Therefore, the conductivity did not
recover when the substrate was re-exposed to ambient air. Conversely for the sample
measured in vacuum, the degradation in conductivity observed up to 300°C was
substantially reduced in comparison and recovered substantially if not completely when re-
exposed to ambient air. These results suggest that the surface hydrogen coverage remains
mostly intact during heating in a low vacuum of 60 mTorr and the observed increase in
sheet resistance was predominantly attributed to partial removal of surface acceptor species
during heating.
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Figure 6.4 — High temperature sheet resistance measurements up to 300°C for two air

exposed H-diamond samples, one in ambient atmosphere and the other in vacuum.

6.2.2 Molybdenum Trioxide as a Surface Acceptor

As discussed in Chapters 2 & 3, several high electron affinity transition metal oxides are
expected to be capable surface electron acceptors on hydrogen terminated diamond. Owing
to its electron affinity of ~6.9 eV, MoOs has a conduction band minimum more than 2.8
eV below the hydrogen-terminated diamond valence band maximum, making electron
transfer from the diamond to MoOs energetically favourable ©°l. To investigate the
potential doping efficiency of MoOs on H-diamond, Hall measurement was performed on a
van der Pauw test structure. To remove the possibility of electron beam exposure effecting
the hydrogen termination, a simplified VDP formation utilising silver contacts was used as

described in Chapter 5. Details of the substrate used can be found in Table 6.4.

VENDOR ORENTATION POLISH SOURCE TERMINATION SOURCE SIZE
E6 100 DPS Paris 3 mm?

Table 6.4 — Details of a CVD diamond sample used for MoO3 induced surface transfer

doping experiments.

After VDP formation, 100 nm of MoOs was deposited onto the sample by thermal

evaporation using the Plassys 400 evaporator described in Chapter 5. While 100 nm of
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oxide is in theory likely thicker than necessary to induce surface transfer doping at the H-
diamond interface, this thickness was initially chosen to mitigate possible external
environmental effects on the oxide film. Table 6.5 below shows results both before and

after MoOs deposition.

Sheet Resistance  Mobility  Sheet Carrier Concentration
kQ/o cm?/Vs fem?
Before I_\/I_oOs, 17 08 1.3 x10%3
Deposition
After MoOs 6 17 6.6 x1013
Deposition

Table 6.5 - Van der Pauw measurements prior to and post MoO3 deposition.

The results show a carrier concentration increase of roughly 400% compared to
atmosphere induced surface transfer doping, when using MoOs. Subsequently, sheet
resistance was reduced by ~67% and mobility fell ~40%, following a commonly reported
relationship between carrier density and mobility in surface transfer doped diamond 6],
The sample was repeatedly measured for 17 days post MoOs deposition and showed
gradual degradation to the improvements seen, shown in Figure 6.5.

The origin of the degradation observed with time for MoO3 encapsulated H-diamond may
likely be attributed to sensitivity of the oxide layer to atmosphere; MoOsz has been shown
to be highly sensitive to air exposure resulting in a decrease of Work Function (WF) due to
partial reduction at the oxide surface 1. This decrease in WF is consistent with a
reduction in carriers based upon reduced band bending at the diamond:oxide interface.
Arun Kuruvila et al performed a similar study whereby surface transfer doping of graphene
using 5 nm thick layers of V20s and MoOs were inspected for the fabrication of light
emitting diodes ®12. Their findings also show similar degradation in surface transfer
doping of MoOs and V.0Os after exposure to air and note a greater stability of V20s
compared to MoOs. Their work showed prolonged air exposure of MoOsz can lead to a
reduced WF of 5.1 eV, a significant reduction from 6.9 eV. Therefore, the degradation in
surface transfer doping by MoOs over time seen here is believed to be at least partly
attributed to exposure to atmosphere.
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Figure 6.5 - Hall measurements taken over 17 days for a MoO3z encapsulated H-diamond

sample.
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However, atmospheric adsorbents on the diamond surface prior to encapsulation could also
be related to this effect prompting the need for their removal in-situ before deposition.
Interestingly, Hall mobility remained largely stable for the MoOz doped sample over the

17-day period despite the degradation seen in carrier concentration.

MoOs deposition on H-diamond was repeated with a 200°C in-situ anneal prior to
deposition, to observe the potential effects on doping stability after annealing the diamond

surface prior to oxide deposition. Details of the sample used are shown in Table 6.6.

VENDOR ORENTATION POLISH SOURCE TERMINATION SOURCE SIZE
E6 100 E6 Paris 4.7 mm?

Table 6.6 — Details of a CVD diamond sample used for MoOs induced surface transfer

doping with a 200°C in-situ anneal.

VDP formation was performed using electron beam lithography with 80 nm thick gold
contacts, as described in Chapter 5. The anneal of 200°C in-situ was performed in Plassys
400 immediately prior to deposition, maintaining a stage temperature of 200°C for one
hour. The sample was returned to near room temperature (~27°C) in vacuum before
deposition commenced. Notably, the anneal of 200°C resulted in no visible damage to the
gold contacts. Additionally, Chapter 8 contains preliminary results showing improved

contact resistance after annealing. Table 6.7 shows results both before and after MoOs

deposition.
200°C anneal Sheet Resistance ~ Mobility ~ Sheet Carrier Concentration
kQ/o cm?/Vs lem?
Before I_\/I_003 71 70 1.2 x10%2
Deposition
After M(?O3 14 43 1 x10%3
Deposition

Table 6.7 - Van der Pauw measurements prior to and post MoOs deposition with a 200°C

in-situ anneal of the diamond surface prior to deposition.

Here the starting values for surface conductivity exhibited a substantial difference in air
induced surface transfer doped carrier concentration and mobility when compared to the

previous sample. While unclear why, this difference may be attributed to inconsistent
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hydrogen termination, the composition of atmospheric species on the surface or processing
variation between samples. After MoOz deposition with a 200°C in-situ anneal, sheet
resistance was reduced from 71 to 14 kQ/o with a carrier density increase from 1.2 x10%2
to 1 x10™ cm. Due to the already low starting value of carrier concentration an increase of
roughly 760% after MoOs deposition was observed, however the after value of 1 x10%® cm-
2 induced by MoOs is relatively close to typical values seen for air exposed H-diamond
surfaces. Degradation of carrier concentration was observed over the first 3 days while
exposed to atmosphere at a rate similar to what was seen with the previous sample that
received no anneal, indicating the 200°C anneal had little or no effect in reducing the
degradation. Sixty-nine hours after deposition of MoOs and subsequent exposure to
atmosphere, 50 nm of SiN was deposited to encapsulate the MoO3 film via ICP CVD with
the parameters: SiH4/N: at a flow rate of 7.2/6 sccm, 100 W coil power and a pressure of
4.3 mTorr at room temperature. This approach was taken to determine if encapsulating the
MoOs film from atmosphere would prevent further degradation. At ninety-five hours, the
carrier concentration and sheet resistance stabilise at 5.5 x10' cm? and 25 kQ/o
respectively with no further degradation observed, as plotted in Figure 6.6. Mobility
increased slightly to 46 cm?/Vs. A measurement directly after SiN deposition would have
been ideal, however was not possible at the time due to laboratory access. It is therefore
unknown if the measurement taken at 95 hours would have shown the same results if taken
directly after SiN deposition. The apparent continued decline in carrier concentration prior
to the 95-hour mark may be attributed to surface moisture being encapsulated by the SiN
and thus absorbed between the time of SiN deposition and the sample stabilising. Also
possible is the nature of the ICP CVD process when forming the SiN layer may have
damaged the H-diamond:oxide interface somehow, reducing the systems doping capability.
Structural stress may also have been introduced by the SiN film, though it’s unclear what

effect this would have on the MoOs induced charge transfer.

Another H-diamond sample was prepared to investigate MoOz deposition on H-diamond,
increasing the anneal temperature to 300°C in-situ. Details of the sample used can be found
in Table 6.8.

VENDOR ORENTATION POLISH SOURCE TERMINATION SOURCE SIZE
E6 100 E6 Paris 4.7 mm?

Table 6.8 — Details of a CVD diamond sample used for MoO3 induced surface transfer

doping with a 300°C in-situ anneal.
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Figure 6.6 - Hall measurements taken over 17 days for a MoO3z encapsulated H-diamond

sample with a 200°C in-situ anneal of the diamond surface prior to deposition. At 69 hours,

50 nm SiN was deposited on top of the MoOs film.
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A VDP structure was formed using silver contacts on the sample corners and the in-situ
anneal increased to 300°C to evaluate the impact of higher anneal temperature on doping

efficiency and stability. Results before and after MoOs deposition are shown in Table 6.9.

300°C anneal Sheet Resistance ~ Mobility ~ Sheet Carrier Concentration
kQ/o cm?/Vs fem?
Before MoOs
Deposition 58 40 2.7 x10%2
After MoOs 12 28 1.9 x10%3
Deposition

Table 6.9 - Van der Pauw measurements prior to and post MoOsz deposition with a 300°C

in-situ anneal of the diamond surface prior to deposition.

A low starting carrier concentration for air induced surface transfer doping resulted in a
large increase of roughly 600% after MoO3 deposition with an after value of 1.9 x10% cm-
2. close to the previously seen value of 1 x10% cm induced by MoOs. Hall measurements
were taken over a 17-day period, as plotted in Figure 6.7. Stability was improved over time
when compared to previous MoOs doping experiments. With a 300°C anneal prior to
deposition, sheet resistance increased by 9% after 17 days, by comparison without
annealing the sheet resistance increased by 12% over the same period and for the same
film thickness. If the degradation seen is caused by atmospheric molecules on the diamond
surface, then the higher in-situ anneal temperature may be the cause of this improved
stability due to desorption of atmospheric species from the diamond surface prior to MoOs

deposition 2,

The anneal temperature in-situ prior to MoOsz deposition was then increased to 400°C for
another H-diamond substrate. Details of the sample used are shown in table 6.10.

VENDOR ORENTATION POLISH SOURCE TERMINATION SOURCE SIZE
E6 100 E6 Paris 4.7 mm?

Table 6.10 — Details of a CVD diamond sample used for MoO3 induced surface transfer

doping with a 400°C in-situ anneal.
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Figure 6.7 - Hall measurements taken over 17 days for a MoO3z encapsulated H-diamond

sample with a 300°C in-situ anneal of the diamond surface prior to deposition.
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The VDP test structure was formed using silver contacts on the sample corners. Notably,
silver appears to be robust at 400°C showing no visible damage or large increase in
resistance while probing, as indicated during Hall measurements. Likewise, 400°C in
vacuum should according to the previous high temperature Hall measurements for air
doped H-diamond (and per the literature) be sufficient to fully desorb any atmospheric
species from the diamond surface in vacuum without disrupting the hydrogen termination

(681 Results before and after MoOs deposition are shown in Table 6.11.

400°C anneal Sheet Resistance  Mobility  Sheet Carrier Concentration
kQ/o cm?/V/s lcm?
Before MoOs
Deposition 16 39 1x10%
After MOO3 7 36 3 XlOlS
Deposition

Table 6.11 - Van der Pauw measurements prior to and post MoOsz deposition with a 400°C
in-situ anneal of the diamond surface prior to deposition.

After MoOg3 deposition, carrier concentration was seen to increase from 1 x10® to 2.5 x
10" cm. Mobility decreased from 39 to 36 and as such sheet resistance fell from 16 to 7
kQ/o. Continued Hall measurements over a period of 17 days are plotted in Figure 6.8.
These results show a significant improvement in the stability of the surface transfer doping
diamond:oxide system resulting from the use of a 400°C in-situ anneal prior to oxide
deposition. The resultant doping is also substantially more stable with time than that
observed for air-exposed H-diamond without MoOs encapsulation. These results suggest
that degradation in the transfer doping mechanism seen previously is predominatly related
to encapuslation of residual adsorbed material under the oxide layers rather than exposure
of their outer surface to atmosphere. However, given the reported atmospheric sensitivity
of these oxide films, their encapsulation (with, for example, inert dielectric layers) may be

essential to ensure longer term stability, particularly for films thinner than 1200 nm.
To evaluate the thermal stability of MoOs encapsulation compared to air-exposed H-

diamond, Hall measurements were performed on the same sample shown in Figure 6.8,

increasing the stage temperature in steps from 23-300°C. This is plotted in Figure 6.9.
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Figure 6.8 - Hall measurements taken over 17 days for a MoO3z encapsulated H-diamond

sample with a 400°C in-situ anneal of the diamond surface prior to deposition.
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Figure 6.9 — High temperature Hall measurements in ambient atmosphere up to 300°C for a
MoOs encapsulated H-diamond sample with a 400°C in-situ anneal of the diamond surface

prior to deposition.
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The results show doping efficiency of MoOs decreases with elevated temperatures in
ambient atmosphere, upwards of 150-200°C. Higher than 200°C sheet resistance begins to
rise sharply and the degradation remained after cooling back down to room temperature.
Hall measurements following the same temperature profile were repeated for another H-
diamond sample coated with 100 nm MoO3z with 400°C in-situ annealing prior to
deposition. This sample however was measured in a vacuum of 60 mTorr as opposed to
ambient air. Following this, the sample was then coated with ~600 nm hydrogen
silsesquioxane (HSQ) to encapsulate the MoOs film and measured again up to 300°C in
ambient atmosphere. Details of this sample can be found in Table 6.12.

VENDOR ORENTATION POLISH SOURCE TERMINATION SOURCE SIZE
E6 100 DPS Paris 3 mm?

Table 6.12 — Details of CVD diamond sample used for MoOs induced surface transfer

doping with a 400°C in-situ anneal at variable temperatures vacuum and in air.

In contrast to the MoOs encapsulated sample measured in ambient atmosphere (Figure
6.9), high temperature measurements in vacuum showed significantly improved stability
with relatively small degradation seen in sheet resistance (Figure 6.10). This observed
stability despite falling carrier density is due to increasing mobility, maintaining a mostly
steady sheet resistance up to 300°C. After cooling down to room temperature and venting
the chamber, HSQ was used to encapsulate the MoOs film. The HSQ layer was spun at a
speed of 2000 rpm and baked on a hot plate for 2 minutes at 80°C resulting in a ~600 nm
thick layer. Hall measurements taken before and after applying the HSQ showed no change
in conductivity of the H-diamond surface. With MoO3:HSQ encapsulation, the sample was
measured from room temperature up to 300°C in ambient atmosphere to compare with
previous measurements in vacuum and atmosphere without encapsulation of the MoOs
film. Isolating the MoOgz from atmosphere with HSQ showed significant improvement in
stability at temperatures up to 300°C (Figure 6.10), however greater degradation occurred
compared to measurements in vacuum. Figure 6.11 shows sheet resistance measurements
for MoOs in ambient atmosphere, vacuum and with HSQ encapsulation in ambient
atmosphere including the cool down period in which the stage is returned to room

temperature.
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Figure 6.10 — High temperature Hall measurements in vacuum up to 300°C for a MoOs
encapsulated H-diamond sample with a 400°C in-situ anneal of the diamond surface prior

to deposition.

6 Surface Acceptor Results 94



—&— Sheet Resistance MoO3 —O— Sheet Resistance MoO3 (vacuum)

—¥— Sheet Resistance MoO3 (HSQ) —o— Temp (Celsius)
1.E+08 350
1.E+07 )| 300
G)
= 1 250 ~
S 1.E+06 0
e o
© 1 200 5
£ 1E+05 T
5 )
3 1150 &
o S
5 L1.E+04 2
4] 1 100
<
%)
1.E+03 1 50
1.E+02 0

0 10 20 30 40 50 60 70 80

Time (Minutes)

Figure 6.11 — Sheet resistance measurements up to 400°C with cool-down period for MoO3

surface transfer doped samples and an air induced surface conductivity sample.

After returning the measurement system to room temperature, the air exposed MoOs3
sample did not recover any of its lost surface conductivity, indicating a lasting change to
the diamond:oxide surface transfer doping system. While the diamond substrate is unlikely
to be effected by an elevated temperature 300°C, the surface hydrogen termination and or
oxide stoichiometry is possibly more sensitive. When heated in vacuum the surface
conductivity induced by MoOsz remains largely stable up to 300°C with only a slight
increase in sheet resistance after cooling down. While the vacuum used here was relatively
low due to limitations of the equipment, measurements in ultra-high vacuum may further
prevent the observed drop in carrier density. Measurements for the 600 nm HSQ
encapsulated MoOz doped sample measured in ambient air show degradation is still
observed after cooling down, with sheet resistance roughly doubled, however the effect is
vastly reduced compared to that of un-encapsulated air exposed MoOz measurements.
While 600 nm HSQ may not be sufficient to prevent complete loss in conductivity, these
results suggest a robust form of encapsulation would preserve the surface transfer doping

mechanism induced by MoO3 at high temperatures.
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Figure 6.12 - X-ray diffraction patterns of MoOs films after Hall measurements. The
reflections marked with asterisks originate from the silver contacts on the sample corners.

X-ray diffraction studies were carried out on the samples used in Figure 6.11 to identify
any potential changes in the MoO3 film structure associated with heating of the substrates
up to 300°C in both ambient air and low vacuum. This was done in collaboration with Dr
Alexey Ganin of the School of Chemistry at The University of Glasgow. All diffraction
experiments were carried out ex-situ after the Hall measurements were completed. Figure
6.12 shows the normalised diffraction pattern for the MoO3z coated H-diamond samples. As
a base line comparison, diffraction measurement of a bare un-encapsulated diamond
substrate is also plotted. The reflections marked with asterisks originate from the silver
contacts and were used as internal standard for normalisation of the intensity of the
evaluated samples. There was a significant difference in the intensity of MoOz peaks
indicating that the crystallinity of the films changes depending on the conditions during
high temperature measurements. For the sample measured in ambient atmosphere, only 00l
reflections associated with an orthorhombic MoOj3 a-phase %31 were observed indicating
that the MoOs film was highly oriented along c-axis of the film. Similarly, the diffraction
pattern of the sample measured in low vacuum displayed only 00l reflections of a-phase
suggesting a strongly oriented film. However, the intensity of the reflections is
significantly lower than compared with the sample measured in ambient air, which is
indicative of lower crystallinity. Protecting MoO3 with HSQ still yields a crystalline film,
although lacking strong preferred orientation as evident by additional reflections which are

still attributed to the a-phase. These results suggest increased crystallinity of the MoOs3
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film occurs independently of exposure to ambient atmosphere during high temperature
measurements and is likely not related to loss in surface transfer doping for atmosphere

exposed films.

So far all surface transfer doping experiments utilising MoOs as a surface electron acceptor
have used 100 nm thick films. As mentioned previously, 100 nm was initally chosen to
mitigate the effects of external enviormental factors and is likely significantly thicker than
what should be necessary to achieve full charge transfer across the diamond:oxide interface
(691 To investigate the effects of using a thinner oxide, three nomically intentical H-
diamond samples were prepared for Hall measurement with silver contacts, details of the

samples in Table 6.13 below.

VENDOR ORENTATION POLISH SOURCE TERMINATION SOURCE SIZE
E6 100 DPS Paris 3 mm?

Table 6.13 — Details of three nominally identical diamond samples used for different film
thicknesses of MoOs induced surface transfer doping with in-situ annealing prior to
deposition.

MoOs was deposited on each sample with a 400°C in-situ anneal prior to deposition, using
the oxide thicknesses 10, 30 and 100 nm. Figure 6.13 shows Hall measurements over a
period of 43 days with trend line for these three different thicknesses of MoOs on H-
diamond. Carrier density for these samples was significantly higher than seen previously
for MoOs doped H-diamond, due to an improved hydrogen termination process discussed
in the next chapter. Sheet resistance measurements for 100 nm MoOs appear very stable
over the measurement period, as is consistent with previous results showing the importance
of a 400°C anneal prior to deposition. However, 10 nm of oxide shows gradual degradation
in carrier density and increased sheet resistance after 10 days, continuing over the same
period despite the 400°C in-situ anneal performed. Carrier density similarly degraded for
the 30 nm film over time, however at a much slower rate. As discussed previously, MoO3
has shown to be sensitive to air exposure, lowering the oxide work function. These results
suggest films of MoOs when used to surface transfer dope H-diamond will degrade over
time when exposed to air, with a delayed effect depending on thickness of the oxide film.
As such, appropriate passivation of the MoOs film is neccesary, especially for use in actual
devices such as a FET where thinner oxide is likely desirable to reduce seperation between

the gate and sub-surface 2DHG, allowing for better control of the channel.
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Figure 6.13 - Hall measurements taken over a period of 36 days for three different
thicknesses of MoO3z on H-diamond, 10, 30 and 100 nm. The diamond surface was

annealed at 400°C in-situ prior to deposition of oxide.
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6.2.3 Vanadium Pentoxide as a Surface Acceptor

Studies of MoOs as a surface acceptor on hydrogen terminated diamond first took place at
The University of Glasgow, showing great success as shown in the previous section. In
continuation of this work, other transition metal oxides were experimented with. V20s
possesses an electron affinity of ~6.3 eV, theoretically high enough induce surface transfer
doping in H-diamond as discussed in Chapter 2 12 6141 |n replication of the original
MoOs experiment, 100 nm V»0s was thermally deposited onto a hydrogen terminated
CVD diamond sample with no prior annealing of the diamond surface. Details of the

sample used can be found in Table 6.14.

VENDOR GRADE ORENTATION POLISH TERMINATION SIZE
SOURCE SOURCE
E6 Optical 100 DPS Cardiff 3 mm?

Table 6.14 — Details of CVD diamond sample used for V20s induced surface transfer

doping with no in-situ anneal prior to deposition.

Hall measurements were extracted via the simplified VDP method as described previously,
employing silver contacts on the sample corners. Table 6.15 shows results both before and

after V>Os deposition with no annealing of the diamond surface.

No anneal Sheet Resistance ~ Mobility  Sheet Carrier Concentration
kQ/o cm?/Vs fcm?
Before V20 15.8 37.6 1.1 101
Deposition
After V205 5.2 221 5.5 x10%%
Deposition

Table 6.15 - Van der Pauw measurements prior to and post V2Os deposition with no prior
annealing of the diamond surface.

After deposition sheet resistance fell from 15.8 to 5.2 kQ/o, as carrier density increased
from 1.1 x10'% to 5.5 x10% cm and mobility decreased from 37.6 to 22.1 cm?/V/s. The
improvement seen here is very similar to that of MoOs without annealing, showing a small
difference of ~400 Q in comparison. Figure 6.14 shows Hall measurements over 17 days

for the same V.05 coated H-diamond sample.

6 Surface Acceptor Results 99



8000

7500

7000

6500 —&— Sheet Resistance

6000
5500 MH———H—"_'——_.

5000

Sheet Resistance (Q/o)

4500

4000 Il Il Il Il Il Il Il

Time (Days)

7E+13

6.5E+13

6E+13

5.5E+13

j
J

5E+13 —h-
4.5E+13

4E+13 —— Carrier Concentration

Carrier Concentration (cm-2)

3.5E+13

3E+13

1 3 5 7 9 11 13 15 17

Time (Days)

40

30 |

25

20

15

Mobility (cm2.V-1.s1)

10 r —m— Mobility

O 1 1 1 1 1 1 1
1 3 5 7 9 11 13 15 17

Time (Days)

Figure 6.14 - Hall measurements taken over 17 days for a V2Os encapsulated H-diamond

sample with no prior annealing of the diamond surface.
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Measurements over time show a gradually increasing sheet resistance, as carriers decrease
and mobility remains largely unchanged. An accelerated rate of degradation was observed
however for MoOs encapsulation in comparison with V20s, without prior annealing of the
diamond surface. Both MoOz and V20s have been shown to also induce transfer doping in
thin film graphene structures 8121 in which the doping efficiency and the stability in air of
V205 outperformed that of MoQs [¢1% 612 6151 Thjs agrees with results seen here,

suggesting V20s may provide a more robust transfer doping solution.

Depostion of 100 nm V205 on H-diamond was then performed with a 1 hour 400°C in-situ
anneal of the diamond surface prior to deposition. Similar to the experiments performed
using MoOs, this was done to investigate the effect on stability of surface conductivity

induced by V.05 encapsulation. Sample details can be found in Table 6.16 below.

VENDOR GRADE ORENTATION POLISH TERMINATION SIZE
SOURCE SOURCE
E6 Optical 100 DPS Cardiff 3 mm?

Table 6.16 — Details of CVD diamond sample used for V20s induced surface transfer

doping with in-situ annealing prior to deposition.

Hall measurements were extracted using the silver contact method as described previously,
employing contacts on the sample corners. Table 6.17 shows results both before and after

V205 deposition with annealing of the diamond surface prior to deposition.

400°C anneal Sheet Resistance  Mobility ~ Sheet Carrier Concentration
kQ/o cm?/Vs fcm?
Before V20 25.2 42.8 5.8 x10%2
Deposition
After V205 7.9 18.3 4.3 x1013
Deposition

Table 6.17 - Van der Pauw measurements prior to and post V.Os deposition with surface

annealing.

After V20s deposition, sheet resistance was reduced from 25 to 8 kQ/o. Carrier density

increased from 5.8 x10'? to 4.3 x10% cm and mobility decreased from 43 to 18 cm?/Vs.
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Figure 6.15 - Hall measurements taken over 17 days for a V2Os encapsulated H-diamond

sample with a 400°C in-situ anneal of the diamond surface prior to deposition.
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Compared to the previous V20s result with no surface annealing, sheet resistance for this
sample is 4 kQ higher. However, the initial value in air of 25 kQ/o indicates the hydrogen
termination of this sample may have been inferior. Figure 6.15 shows Hall measurements
taken over a period of 17 days for this sample. Similar to the results for MoOs3, annealing
the diamond surface substantially reduced degradation in carrier concentration over time
for the V20s doped H-diamond. This sample with a 400°C pre-anneal and V:0s
encapsulation was then used for high temperature Hall measurements in ambient
atmosphere after the initial 17-day measurement period, increasing the stage temperature in
steps from 23-300°C and then back to room temperature shown in Figure 6.16.

The results show doping efficiency of V.0s decreases with elevated temperatures in air,
upwards of 150-200°C. Higher than 200°C sheet resistance begins to rise sharply and the
degradation seen is lasting after cooling down to room temperature. Sheet resistance
measurements following the same temperature profile were repeated for another H-
diamond sample coated with 100 nm V20s with 400°C in-situ annealing prior to
deposition. This sample was measured following the same temperature profile up to 300°C
in a low vacuum of 60 mTorr after which it was coated with 600 nm HSQ to encapsulate
the V205 film and measured again up to 300°C in ambient atmosphere. Details of this

sample can be found in Table 6.18.

VENDOR GRADE ORENTATION POLISH TERMINATION SIZE
SOURCE SOURCE
E6 Optical 100 E6 Cardiff 3 mm?

Table 6.18 — Details of CVD diamond sample used for V20s induced surface transfer

doping high temperature measurements with in-situ annealing prior to deposition.

Figure 6.17 shows the measurements for V>0s from room temperature up to 300°C in
vacuum and encapsulated with HSQ. Similar to results seen for MoOs (Figure 6.10),
measurements in vacuum showed significantly improved stability with relatively small
degradation compared to V20s measured in ambient atmosphere. This observed stability
despite falling carrier density is due to increasing mobility, maintaining a mostly steady
sheet resistance up to 300°C. Following the same process as in Figure 6.10, HSQ was used
to encapsulate the V2Os film. The HSQ layer was spun at a speed of 2000 rpm and baked

on a hot plate for 2 minutes at 80°C resulting in a ~600 nm thick layer.
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Figure 6.16 - High temperature Hall measurements in air up to 400°C for a V20s
encapsulated H-diamond sample with a 400°C in-situ anneal of the diamond surface prior

to deposition.
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encapsulated H-diamond sample with a 400°C in-situ anneal of the diamond surface prior

to deposition.
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Hall measurements taken before and after applying the HSQ showed no change in
conductivity of the H-diamond surface. With the V.05 film encapsulated by HSQ, the
sample was measured from room temperature up to 300°C in ambient atmosphere to
compare with previous measurements in vacuum and in ambient atmosphere without
encapsulation of the oxide. Isolating the V.Os from atmosphere with HSQ showed
significant improvement in stability at temperatures up to 300°C (Figure 6.17), however
greater degradation occurred compared to measurements in vacuum. Figure 6.18 shows
sheet resistance measurements for V.Os in ambient atmosphere, vacuum and with HSQ
encapsulation in ambient atmosphere including the cool down period in which the stage is

returned to room temperature.

After returning the measurement system to room temperature, the air exposed V205 sample
did not recover any of its lost surface conductivity. This behaviour is near identical to that
of MoQOg, suggesting the diamond surface termination to be the common factor in observed
conductivity loss at high temperatures. The V20s sample encapsulated with HSQ showed
similar degradation to that of MoOz with HSQ. These results suggest that adequate
encapsulation of the oxide with a robust material will prevent conductivity loss at
temperatures up to 300°C. In this instance the relativily small degradation seen in the
HSQ:oxide samples may be due to the thickness or material of the capping layer being
insufficent to completely isolate the sample from atmosphere. Likewise, the VDP structure
employed here using the sample corners as contacts may leave the film edges exposed

resulting in incomplete encapsulation of the oxide.

Like MoO3, XRD measurements were performed on the samples used in Figure 6.18 to
inspect any thermally induced structural change to the V20s films (Figure 6.19). In contrast
to the XRD measurements performed on MoOs films, only reflections associated with the
silver contacts are visible in these results. Therefore, the V205 films appeared to remain
amorphous after heating to 300°C in air, vacuum and with HSQ encapsulation in air. These
results suggest V205 is substantially less structurally sensitive to the effects of elevated
temperatures in both vacuum and atmosphere when compared with MoO3 films of the
same thickness. XRD results after applying high temperatures suggest there is little
correlation between any thermally-induced physical modification to the oxide films and the

electrical results achieved for both MoO3 and V20s.
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Figure 6.18 - Sheet resistance measurements up to 400°C with cool down period for V205
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Figure 6.19 - X-ray diffraction patterns of V.Os films after Hall measurements. The
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To investigate the effects of using thinner oxide V20Os films, three nomically intentical H-
diamond samples were prepared for Hall measurement with silver contacts following the
same process used for MoOs (Figure 6.13). Details of the samples used are shown in table
6.19.

VENDOR GRADE ORENTATION POLISH TERMINATION SIZE
SOURCE SOURCE
E6 Optical 110 DPS Cardiff 3 mm?

Table 6.19 — Details of three nominally identical diamond samples used for different film

thicknesses of V205 with in-situ annealing prior to deposition.

V05 was deposited on each sample with a 400°C in-situ anneal prior to deposition, using
the oxide thicknesses 10, 30 and 100 nm. Figure 6.20 shows Hall measurements over a
period of 38 days with trend line for these three different thicknesses of V.05 on H-
diamond. Sheet resistance measurements for 30 and 100 nm thick V20s appear largely
stable over the measurement period, as is consistent with previous results showing the
importance of a 400°C anneal prior to deposition. However, 10 nm of oxide shows gradual
degradation in carrier density and increased sheet resistance after roughly 17 days,
continuing over the same period despite the 400°C in-situ anneal performed. As shown
previously for MoOs, V20s appears to be sensitive to air exposure. These results suggest
films of V205 when used to surface transfer dope H-diamond will degrade over time when
exposed to air, with a delayed effect depending on thickness of the oxide film. However,
here 30 nm thick V.0s demonstrated improved stability compared to 30 nm thick MoOs, as
Is consistent with previous results suggesting V2Os to be less impacted by atmosphere than
MoOs. Regardless, appropriate passivation of the oxide film appears neccesary for

consistent long term performance.
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Figure 6.20 - Hall measurements taken over a period of 36 days for three different
thicknesses of V205 on H-diamond, 10, 30 and 100 nm. The diamond surface was annealed

at 400°C in-situ prior to deposition of oxide.
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6.2.4 Tungsten Trioxide as a Surface Acceptor

A promising transition metal oxide that should induce surface transfer doping on H-
diamond is tungsten trioxide (WOs), due to its high electron affinity of 5.1-6.4 eV [6:11. 6161
A hydrogen terminated diamond sample was prepared with silver contacts on the corners
following the VDP formation method described in Chapter 5. Details of the sample used
can be found in Table 6.20.

VENDOR GRADE ORENTATION POLISH TERMINATION SIZE
SOURCE SOURCE
E6 Optical 100 DPS Cardiff 3 mm?

Table 6.20 — Details of CVD diamond sample used for WOs3 induced surface transfer
doping with no in-situ anneal prior to deposition.

As previous results have shown the importance of removing atmospheric adsorbates from
the diamond surface, a 400°C in-situ anneal was performed prior to deposition of 100 nm
WO3 by the same thermal evaporation outlined in Chapter 5. Hall measurements taken

before and after WO3 deposition are shown in Table 6.21.

400°C anneal Sheet Resistance  Mobility ~ Sheet Carrier Concentration
kQ/o cm?/Vs fcm?
Before WOs 16 32 1.2 103
Deposition
After WOs 8.9 23.8 3 x10%3
Deposition

Table 6.21 - Hall measurements prior to and post WOs deposition with a 400°C in-situ

anneal of the diamond surface prior to deposition.

After WO3 deposition sheet resistance decreased from 16 to 9 kQ/o, as carrier
concentration increased from 1.2 x10% to 3 x10'® cm™ and mobility fell from 32 to 24
cm?/Vs. Hall measurements taken over 17 days for this sample are plotted in Figure 6.21.
These preliminary results for WO3 induced surface transfer doping on H-diamond suggest
WOs, while capable as an electron acceptor material, is far less stable in atmosphere than

either MoOs or V205 for an equivalent film thickness of 100 nm.
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Figure 6.21 - Hall measurements taken over 17 days for a WO3 encapsulated H-diamond

sample with a 400°C in-situ anneal of the diamond surface prior to deposition.
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To examine the stability of varied WOs3 film thickness, two nominally identical samples
were prepared using silver contacts on the sample corners. Details of the samples used can
be found in Table 6.22. Figure 6.22 shows Hall measurements over a period of 32 days
with trend line for these three different thicknesses of WO3 on H-diamond, 10, 30 and 100

nm.

VENDOR GRADE ORENTATION POLISH TERMINATION SIZE
SOURCE SOURCE
E6 Optical 100 DPS Cardiff 3 mm?

Table 6.22 - Details of three nominally identical diamond samples used for different film
thicknesses of WO3 induced surface transfer doping with in-situ annealing prior to

deposition.

Sheet resistance measurements for all three thicknesses of WOs; showed gradual
degradation over the time period measured. Rate of loss in carrier density was roughly the
same for each thickness of oxide, in contrast to the MoOs and V20s results where thicker
oxide was observed to be more stable with time.
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Figure 6.22 - Hall measurements taken over a period of 32 days for three different
thicknesses of WO3 on H-diamond, 10, 30 and 100nm. The diamond surface was annealed

at 400°C in-situ prior to deposition of oxide.
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6.3 Chapter Summary

Experimentation of surface transfer doping on hydrogen terminated diamond for three
different high electron affinity transition metal oxides demonstrated excellent
improvements in surface conductivity and stability. Both MoOz and V20s with in-situ
annealing of the diamond surface prior to deposition showed superior stability over time in
comparison to air induced surface conductivity, however preliminary trials using WOs3
showed poor stability despite prior annealing of the diamond surface. The thermal stability
of MoOs and V205 as surface transfer dopants shows vastly greater potential with
appropriate isolation of the oxide from atmosphere. The same improvement in carrier
density was achieved for thicknesses down to 10 nm for each oxide; MoO3, V20s, and
WOs. However, WOz likely requires in-situ encapsulation of the oxide to retain maximum
charge transfer. The ability to incorporate thinner oxide layers is an important factor when
designing FET devices. While the surface transfer doping potential of MoO3 and V20s are
similar, V205 appears to be more robust both over time and in elevated temperatures up to
300°C. Temperature effects for WOz on H-diamond were not investigated due to time
constraints, sample availability and the apparent inherent instability of the transfer doping

oxide.
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7 Diamond Surface Conditioning

After CVD growth of diamond, substrates are typically polished due to extensive
roughness of the surface as mentioned in Chapter 6.1 ["1l. The most common diamond
polishing technique is to hold the diamond sample against a high-speed rotating wheel
coated with diamond powder, called a scaife wheel 721, All samples polished in this work
were done so in this way and performed by external sources. Many factors, such as the
rotation speed of the wheel, balance of both the wheel and the holding mechanism,
composition of diamond powder etc., can cause significant variation in quality and
appearance of a polished sample. The transfer doping mechanism used to generate charge
carriers in hydrogen terminated diamond occurs at the interface between the diamond
surface and an adjacent material, as discussed in Chapter 2. This process is likely
influenced by increased values of surface roughness, polishing induced crystal damage and
reduced hydrogen coverage which may impact the electrical performance 3. Bulk
dislocations can occur during crystal growth, while surface damage may occur from
polishing ["4l. In this chapter methods of etching the diamond surface are investigated with
the aim of providing greater control over surface topology, roughness and the removal of
potential sub-surface damage caused during polishing.

7.1 Chlorine Etching

A 4.5 mm? CVD diamond sample of orientation [100] provided by Element Six is shown
in Figure 7.1 after a high temperature acid clean, described in Chapter 6. This 5 um AFM
scan shows the surface which has also been polished by E6. This presentation with distinct
polishing grain is typical of samples polished by scaife wheel, showing the direction of the
wheel’s rotation following the grain. The scan shows an average surface roughness (Ra) of
0.74 nm with the route mean squared (Rq) of the surface being 1 nm. Despite a high
temperature acid clean, what appears to be contaminants are still present on the surface. In
this instance Rq is significantly higher due to the apparent surface contaminants, while Ra

will average out these tall “pillar” like features.
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Height 1.0 ym

Figure 7.1 - 5 um AFM scan of a CVD diamond surface after polishing. Image Ra 0.74 nm
and Rq 1 nm.

A process for removal of diamond layers by way of Reactive lon Etching (ICP) using Cl» +
Ar was developed, based on work done at the University of Strathclyde "1, The ICP
parameters used were as follows; chamber pressure 5 mTorr, stage temperature 20°C, coil
power 400 W, Cl, Flow Rate 40 sccm and Ar Flow Rate 25 sccm. Etch rate for this recipe
was measured as approximately 10 nm per minute using a NiCr mask, in close agreement
with C. L. Lee et al ["®. The etching mechanism of diamond using Ar + Cl; plasma is

reported to be:
C + Cl; — CClx.

Ar ions sputter the diamond surface enabling the reaction of chlorine with carbon atoms to
form the volatile etch product CClx. The sample in Figure 7.1 was subjected to 10 minutes

of ICP etching using the above recipe, results of which are shown in Figure 7.2.

Mo

Height | T.0 im

Figure 7.2 — 5 um surface scan after 10 minutes ICP Cl; + Ar etching. Image Ra 0.47 nm
and Rq 0.64 nm,
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After 10 minutes etching the surface Ra was reduced from ~0.6 nm to ~0.5 nm. Notably
there was also a large reduction in the appearance of tall “pillar” like features, possibly
indicating isotropic etching (where the etch is not completely unidirectional) or a faster
etch rate of these surface features. Figure 7.3 shows the same sample after a further 240
minutes of ICP etching. To prevent a build-up of etch product in the chamber the process
was done in cycles of 10 minute intervals with a 2-minute N2 purge of the chamber

between etching.

Figure 7.3 — 5 um surface scan after 250 minutes ICP Cl2 + Ar etching. Image Ra 0.34 nm
and Rq 0.42 nm,

After a combined 250 minutes of ICP etching with Ar + Cl the surface Ra was further
reduced to ~0.3 nm with an Rg of ~0.4 nm. As well as lowering surface roughness, the
reduction in delta between Ra and Rq for this sample shows the isotropic smoothing effect
of the Ar + Cl, etch. Peaks and troths are widened and reduced in depth, resulting in a
flatter surface over the same area and complete removal of surface contaminants like those
seen in Figure 7.1. The etch rate of 10 nm per minute for this recipe is not optimised,
resulting in extensive etch times. Further work could be done to improve upon this etch

rate, taking care to maintain the surface smoothing effect.
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7.2 Oxygen Etching

As in the previous section, Figure 7.4 below shows a polished sample from E6 after high
temperature acid cleaning. This surface scan exhibits an Ra of ~0.5 nm and an Rq of ~0.9
nm. Again, tall pillar like features can be seen on the surface further increasing the delta
between Ra and Rq.

Height 1.0 um

Figure 7.4 - 5 um AFM scan of a CVD diamond surface after polishing. Image Ra 0.53 nm
and Rq 0.93 nm.

Reactive lon Etching (RIE) using a mixture of Ar + O> was explored as an additional etch
step after etching with Ar + Cl [ The motivation for this O, etch was to remove any
possible Cl> contamination of the diamond surface and to also improve etch rates if the
surface roughness was not adversely effected. Figure 7.5 shows the sample after 240
minutes of Ar + Cl, etching, following the same recipe as in the previous section. A 3D

render of the surface is also shown for illustrative purposes.
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Height Sensor 1.0 ym

Figure 7.5 — Surface AFM scan of a polished CVD diamond sample with values Ra 0.36

nm and Rq 0.45 nm. 3D render of the surface topology is shown.

After 240 minutes of Ar + Cl; the surface is significantly smoother with an Ra of ~0.4 nm
and an Rq of ~0.5 nm. Again, the large reduction in delta between Ra and Rq is due to the
removal of tall surface features common after scaife polishing. Also, the grain of the
surface has been widened as seen previously. This sample was then etched a further 8
minutes with Ar + Oz to examine the effects of O2 plasma on the already smoother
diamond surface after Cl, etching ["®l. The RIE parameters used were as follows; chamber
pressure 20 mTorr, stage temperature 22°C, RF power 200 W, O, Flow Rate 40 sccm and
Ar Flow Rate 10 sccm. Etch rate for this recipe was measured as approximately 25 nm per
minute using a S1818 resist mask, a rate significantly faster than the Ar + Cl> recipe.
Figure 7.6 shows the same sample after 8 minutes of Ar + O2 etching, removing

approximately 200 nm from the top surface.
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Figure 7.6 — Surface AFM scan of an 8 minute Ar + O etched CVD diamond sample with

values Ra 0.36 nm and Rq 0.46 nm. 3D render of the surface topology is shown.

After etching with Ar + O the sample Ra and Rq remained largely unchanged, indicating
the smoother surface first achieved with Cl. etching can be maintained while removing
further surface layers with Oz plasma. Figure 7.5 and 7.6 include 3D renders of the
associated surface AFM scan. Significant difference in surface topology can be seen
despite the similar values for Ra and Rg. While Cl, plasma appears to have an isotropic
effect of etching and widening the existing polishing grain, O2 plasma mottles the surface

completely removing existing surface features.

Due to the improved etch rate using Ar + Oz, this process becomes more viable for etching
the diamond surface while using a masking material. Figure 7.7 shows an optical image of
a CVD diamond sample after O, plasma was used to etch a pattern into the diamond
surface. In this instance the sample identification number, university name and NEDDS
(Nano-Electronic Diamond Devices and Systems) group logo was patterned with
photolithography prior to etching. An AFM scan with step depth of approximately 206 nm

is shown.
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Figure 7.7 - Optical image of a CVD diamond sample, embossed with sample name via
photolithography defined etching. Step etched into a CVD diamond substrate ~206 nm
deep using an 8 minute Ar + Oz RIE etch.
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7.3 Etching and Hydrogen Termination

To investigate the potential benefits of etching the diamond surface post polish and prior to

hydrogen termination, three nominally identical CVD diamond samples were hydrogen

terminated after being etched for various durations. These samples were provided

unpolished by E6 with (100) surface orientation and were 3 mm? in size. Figure 7.8 below

shows a 5 um scan of the diamond surface after high temperature acid cleaning.

Height Sensor 1.0 ym

Figure 7.8 — Unpolished CVD diamond sample with an Ra of 3 nm and Rq of 9.6 nm.

16.6 nm

-68.1 nm

Large vacancies in the diamond surface can be seen, with typical depth of roughly 130 nm

depending on location measured. This illustrates the need for polishing to provide a level

surface. All three samples were then polished together using a scaife polishing wheel by an

external company called Stone Perfect. The samples, designated C1, 2 and 3 are shown in

Table 7.1 below alongside roughness values after polishing. Typical Ra values after

polishing range from approximately 0.6 to 0.7 nm. Figure 7.9 shows AFM scans for these

samples after polishing.

Sample Polish Ra (nm) Rq (hm)
C1 Scaife 0.71 0.88
C2 Scaife 0.68 0.85
C3 Scaife 0.63 0.88

Table 7.1 — Samples C1-3 roughness values after polishing by Stone Perfect.
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Height Sensor 1.0 ym
Figure 7.9 — AFM scans of C1-3 after polishing by Stone Perfect.
These samples were then etched using ICP with the Ar + Cl2 recipe described earlier in this

chapter. Etch time was varied for the three samples, removing approximately 600 nm, 3

um and 4.2 um respectively. Roughness values after etching are shown in Table 7.2.

Sample | Etch depth Ra (nm) Rq (nm)
C1 600 nm 0.43 0.56
C2 3 Hm 0.40 0.54
C3 4.2 um 0.33 0.41

Table 7.2 — Samples C1-3 roughness values after Ar + Cl> etching.
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Surface Ra of the samples was reduced to between approximately 0.3 to 0.4 nm for the
same scan area, with the lowest Ra produced by C3 after 4.2 um of etching. AFM scans

after etching are shown in Figure 7.10.

C1
etched A
~ 600 nm Sg%

2.1 nm

c2
etched
~3um

C3
etched
~4.2um

Figure 7.10 — AFM scans of C1-3 after Ar + Cl; etching.

An increase in grain width was observed across all three samples, becoming more
pronounced as etch depth increases. A progressive reduction in surface roughness is seen
as etch time increases, with C3 showing the least amount of tall peak like features on the
surface. All three samples were then hydrogen terminated in Cardiff following the
parameters outlined in Chapter 5. Roughness values after hydrogen termination are shown
in Table 7.3.
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Sample | H-termination Ra (nm) Rq (nm)
C1 Cardiff 0.42 0.52
C2 Cardiff 0.33 0.4
C3 Cardiff 0.33 0.42

Table 7.3 - Samples C1-3 roughness values after hydrogen termination at Cardiff.

After hydrogen termination Ra was largely maintained for all three samples, ranging from

approximately 0.3 to 0.4 nm. Figure 7.11 shows AFM scans for these samples after

hydrogen treatment.

C1
H-terminated

G2
H-terminated

3 p
H-terminated g

Figure 7.11 - AFM scans of C1-3 after hydrogen termination in Cardiff.

Height Sensof-

1.0 um
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Hall measurements were then performed on these samples to ascertain the quality of
hydrogen termination after etching of the surface. Silver contacts were applied to the
sample corners following the method outlined in Chapter 5. Measurements of sheet
resistance, carrier concentration and mobility are shown in Table 7.4 for each sample. This
includes values with the diamond surface exposed to air and after encapsulation with 100

nm MoOs using a 400°C in-situ anneal process established in Chapter 6.

Sample Approx. Sheet Resistance Mobility Sheet Carrier
(doping) Etch depth kQ/O cm?/V/s Concentration cm
C1 (air) 600 nm 19.8 26.5 1.19 x10%
C2 (air) 3 um 84.5 4.21 1.75 x10%3
C3 (air) 4.2 um 36.5 11.3 1.52 x10%

C1 (MoOs) 600 nm 16.6 16.6 2.27 x10%

C2 (Mo0Os) 3um 322 6.15 3.153 x101

C3 (Mo03) 4.2 um 12.8 12.8 3.788 x101

Table 7.4 — Hall measurements for samples C1-3 after hydrogen termination.

Measurements while exposed to air and after deposition of 100 nm MoO3 are shown.

With the diamond surface exposed to air, C1 showed the lowest sheet resistance at ~20
kQ/o with C2 showing the highest at ~85 kQ/o. All three samples showed relatively
similar carrier concentrations ranging from ~1.2 to 1.5 x10*3 cm. As such, large variation
in carrier mobility was responsible for the significant differences in sheet resistance
between samples. C1 showed the highest mobility with the lowest carrier density,
following a commonly observed trend for surface transfer doped H-diamond [77: 7€,
Likewise, C2 showed the lowest mobility with the highest carrier density. Electrical
comparison of samples doped by air exposure is somewhat unreliable, due to the
spontaneous nature of surface adsorbent accumulation on the diamond surface [,
Likewise, composition of these surface acceptors is difficult to control. Therefore, 100 nm
MoOs was deposited on all three samples simultaneously with a 400°C in-situ anneal. After
MoOs deposition, all three samples showed significantly lower sheet resistance as is
consistent with previous results [®l. The observable range in carrier concentration seen
extended to ~2.3 - 3.8 x10*® cm™ and follows a trend of increasing carrier density with

increased etch depth. After MoO3 encapsulation, C1 still showed the highest mobility and
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C2 the lowest despite disproportional changes in carrier density between samples. These
results suggest etching of the surface may improve charge transfer to a surface acceptor
material, however in this case mobility was low possibly due to increased scattering

somehow caused by the etch [,

An additional three E6 CVD diamond samples were scaife polished by an external
company called Diamond Product Solutions (DPS). These samples were nominally
identical with a size of 3 mm? and surface orientation of [100]. The samples were then
etched, this time the Ar + Cl> step was followed by a Ar + O etch to a combined depth of
roughly 3.4 um. Each sample was then hydrogen terminated in Paris following the process
outlined in Chapter 6. However, to investigate improving the termination process the
plasma power density was varied for each sample. These three samples are designated Al,
2 and 3 and the power used was 1.5, 2.1 and 2.6 KW respectively. Table 7.5 shows
roughness values for these samples after polishing, ranging from ~0.7 to 0.9 nm Ra. Figure

7.12 shows AFM scans of the diamond surface after polishing.

Sample Polish Ra (nm) Rq (hm)
Al Scaife 0.71 0.89
A2 Scaife 0.92 1.2
A3 Scaife 0.85 1.0

Table 7.5 — Roughness values for diamond samples A1-3 after polishing.

Polishing done by DPS showed a significantly different surface topology with no visible
grain typical of scaife polishing. The reason for this unusual presentation is unclear, as
DPS do not share specific details of their polishing process. One possibility is the use of a
specific variation in the composition of diamond dust in the polishing process to avoid
surface damage. Differences in rotation speed and or applied force could also produce a
surface with less visible polishing features. The surface after polishing by DPS still shows

sub-nanometre roughness with no large surface vacancies seen in unpolished samples.
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Height Sensor 1.0 ym

Figure 7.12 — AFM scans of A1-3 after polishing by Diamond Product Solutions.

The samples were then etched to a depth of ~ 3 um using the Ar + Cl. process detailed

earlier in this chapter. Roughness values for each sample are shown in Table 7.6 below.

Sample | Etched (Cl,) Ra (hm) Rq (nm)
Al ~3pum 0.42 0.53
A2 ~3 um 0.44 0.55
A3 ~3 um 0.44 0.56

Table 7.6 — Roughness values for diamond samples A1-3 after etching with Ar + Cl».
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After etching surface roughness average was reduced to roughly 0.4 nm for all three
samples with relatively small difference between Ra and Rq. AFM scans for these samples

are shown in Figure 7.13.

A1
etched
~3um

A2
etched
~3um

A3
etched Fasees

Figure 7.13 — AFM scans of Al-3 after Ar + Cl etching to a depth of roughly 3 pum.

The surface topology for these samples after etching with Ar + Cl, differs from what was
seen previously using this process. While Ra and Rq values remain similar, the surface
appears more uniform due to the absence of polishing features. However, some of the
initial polishing features can still be seen. These samples were then etched again to a depth
of roughly 400 nm using the Ar + O process detailed previously. Roughness values for
each sample are shown in Table 7.7 and Figure 7.14 shows AFM scans of the surface after

etching.
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Sample | Etched (O2) Ra (nm) Rq (nm)

Al ~ 400 nm 0.21 0.26
A2 ~ 400 nm 0.21 0.26
A3 ~ 400 nm 0.24 0.3

Table 7.7 — Roughness values for diamond samples A1-3 after etching with Ar + Oo.

A1
etched
~ 400 nm

A2
etched
~ 400 nm

A3
etched
~ 400 nm

Height Sensor 1.0 ym

Figure 7.14 — AFM scans of Al-3 after Ar + Oz etching to a depth of roughly 400 nm.

After further etching with Ar + O, surface Ra was reduced to roughly 0.2 nm with small

difference between Ra and Rq indicating a very smooth profile. Surface features formed

after polishing, as can be seen in Figure 7.12, are completely removed. These samples

demonstrated the smoothest surfaces produced thus far.
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Each sample was treated with hydrogen plasma in Paris, as noted in Chapter 6. Previously,
the hydrogen termination process at the University of Paris 13 used a plasma power density
of 2.1 kW. To investigate the effect of varying this parameter, sample Al was treated with
a lower power of 1.5 kW, for sample A2 the usual power of 2.1 kW and for A3 a higher
power of 2.6 kW. All samples were treated for the same duration of 30 minutes. Table 7.8
shows roughness values for these samples after hydrogen termination using the varied

powers.

Sample H-termination Ra (nm) Rq (nm)
Al Paris (Low) 0.21 0.31
A2 Paris (Med) 1.2 1.6
A3 Paris (High) 1.3 1.6

Table 7.8 — Roughness values for diamond samples A1-3 after etching with Ar + Oo.

Using the lower power, sample Al showed no difference in Ra with a small increase in Rq.
Whereas samples A2 and A3 showed significantly increased values of roughness using the
higher power hydrogen treatment. Interestingly, both samples A2 and A3 exhibited very
similar values of roughness despite A3 receiving a higher power treatment than A2. Figure

7.15 shows AFM scans for each sample after hydrogen treatment.
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Figure 7.15 - AFM scans of samples A1-3 after hydrogen termination at the University of
Paris 13.

After hydrogen treatment using the varied power process, surface topology varied
significantly between samples. Al remained largely unchanged with slight roughening of
the surface. In contrast, samples A2 and A3 show significant roughening with the
formation of visible pits on the surface. In comparison to the previous hydrogen
termination experiment shown in Figure 7.11, the hydrogen termination process for these
samples done in Paris used a 30 minute exposure time, significantly longer than the 5
minutes used in Cardiff. Despite the high-power process used in Cardiff, no pits formed on
the surface as seen here. As such both exposure time and power density appear to influence
pitting of the surface after hydrogen termination. The nature of these pits is discussed in

the following section.
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Hall measurements were taken for each sample after hydrogen termination, employing
silver contacts on the sample corners. Electrical properties in air and after deposition of
100 nm MoOs are shown in Table 7.9. Prior to oxide deposition, samples were annealed at
400°C in-situ for 1 hour.

Sample Termination  Sheet Resistance  Mobility Sheet Carrier
(doping) Power (KW) kQ/o cm?/VVs  Concentration /cm?
Al (air) 15 100 - -
A2 (air) 2.1 20.8 26.6 1.13 x10'3
A3 (air) 2.6 10 56.4 1.1 x10%3

Al (MoO3) 1.5 10 15.4 4 x10%3

A2 (Mo03) 2.1 6.16 25.7 3.9 x10%3

A3 (Mo03) 2.6 4.56 31.1 4.4 x108

Table 7.9 — Hall measurements for samples Al1-3 after hydrogen termination using varied
power. Measurements while exposed to air and after deposition of 100 nm MoO3 are

shown.

With the diamond surface exposed to air, A3 exhibited the lowest sheet resistance of 10
kQ/o, half that of A2. Results when doped by air for the high and medium power samples
A3 and A2 differ primarily in mobility, as both samples showed near identical carrier
concentration. Sample Al demonstrated an unmeasurable carrier density/mobility and an
extremely high sheet resistance of ~100 kQ/o in air. The reason for this is unclear and may
be due to the lower power treatment being insufficient to terminate the surface with
hydrogen. However, results with the diamond surface exposed to air can be highly variable
due to the uncontrolled composition of atmospheric adsorbents [7l. After deposition of
MoQs, all three samples showed a large reduction in sheet resistance as seen previously
(78] A3 maintained the highest surface conductivity of the three samples, with both the
highest carrier density and mobility. Sample A2 showed similar numbers with a sheet
resistance roughly 26% higher than A3. Sample Al, however, demonstrated a vast
reduction in sheet resistance with a final value after MoOs encapsulation of 10 kQ/o.
Carrier density for A1 was near identical to A2, but with a lower mobility of ~15 cm?/Vs.
This vast improvement in surface conductivity for A1 while encapsulated with a solid
controlled transfer dopant suggests relativity good hydrogen termination of the diamond
surface. It is also possible that the anneal of 400°C prior to deposition benefited the

conditioning of A1’s surface. The anneal may have helped desorb matter from the diamond
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surface that disrupted charge transfer between the diamond valence band to an adjacent
material. Due to the low power hydrogen termination process and thus minimal etching of
the surface, as seen in Figure 7.15, samples A2 and A3 may have avoided this problem. In
summary, results after deposition of a controlled surface electron acceptor material suggest
increased power density during hydrogen termination can yield large improvements in
surface conductivity for etched diamond samples. This may be due to improved hydrogen
termination of the surface and or etching of the surface during hydrogen treatment. By
comparison, sheet resistances as low as 1 kQ/o have been reported for hydrogen
terminated diamond in a 20,000-ppm NO2 environment "1 and elsewhere 2.7 kQ/o after

MoOj3 deposition 7191,

7.4 Surface Pitting

As can be seen in the previous section, Figure 7.15, diamond when hydrogen terminated by
a microwave plasma can often develop pits on the surface. A CVD diamond sample
acquired from and polished by Element Six was cleaned in boiling acid, a process

described in the previous chapter. Figure 7.16 shows an AFM scan of the sample surface.

Height 1.0 um

Figure 7.16 - AFM surface scan of a diamond sample after scaife polishing and acid
cleaning. Ra 0.51, Rq 0.72.

After cleaning, the surface exhibits a distinct grain indicating the direction of the scaife
wheel as is typical of scaife polishing. The Ra value for this 5 pm scan was ~0.5 nm with
an Rqg value of ~0.7 nm. For a surface topology like this, the Rq value will usually be

higher than the Ra value as Rq accounts more for troughs and or peaks. Figure 7.17 shows

7 Diamond Surface Conditioning 136



the same sample after hydrogen treatment of the surface in Paris, following parameters

described in Chapter 6.

Height 1.0 um

Figure 7.17 - AFM surface scan of a diamond sample after scaife polishing and hydrogen
termination. Ra 3.5, Rq 4.7.

Etch pits of slightly varying size and depth can be seen to have formed on the surface,
increasing the image Ra to greater than 3 nm. This is a persistent phenomenon seen on
hydrogen terminated diamond samples [+ 711, After hydrogen termination, the diamond
surface often exhibits etch pits. Figure 7.18 shows a cross section of a pit taken from

Figure 7.17, which has formed after hydrogen termination.
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Figure 7.18 — Cross section of a pit on the surface of a hydrogen terminated sample.

Approximate depth of 16 nm and width 461 nm.

A cross sectional analysis of five different pits showed an average depth of 18 nm and
width of 451 nm. Figure 7.19 shows a 3D render of the same AFM scan shown in Figure

7.17. An inverted 3D render is shown underneath, illustrating the shape of the pits.
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Figure 7.19 — 3D render of the hydrogen terminated diamond surface after pit formation,

inverted render shown to illustrate pit shape.

The etching of pits on the surface of diamond after hydrogen treatment is a known
phenomenon; work by M. Naamoun et al showed defects at the surface can be revealed by
H2/O2 etching with relatively low amounts of oxygen "4l They also found these defects
present as pits in the form of hollow inverted pyramids. Their work concluded two main
sources of these pits; firstly, crystal dislocations at the surface introduced by polishing and
secondly, dislocations that originate from defects in the bulk of the material. These non-sp®
bonded defects at the surface are susceptible to etching by hydrogen plasma. Defects such
as dislocations and stacking faults are common in both synthetic and natural diamond 12,
For CVD diamond films grown on High Pressure High Temperature (HPHT) substrates,
defects in the HPHT substrate have been shown to translate into the grown CVD film.
Gaukroger et al demonstrated HPHT substrates with surface damage would produce
dislocations in grown CVD films 12 and Martineu et al found stacking faults in HPHT

diamond substrates would result in a higher density of dislocations I3,

7 Diamond Surface Conditioning 138



Figure 7.20 — 5 um surface AFM render after hydrogen termination.

Figure 7.20 shows an AFM scan and 3D render of a polished E6 CVD diamond sample
after hydrogen termination in Paris. The polishing grain of the surface can clearly be seen,
as well as etched pits following the grain indicating damage caused by polishing. Etch pits
caused by bulk dislocations can be reduced by acquiring higher quality diamond substrates
with less defects. Whereas polishing induced defects can potentially be reduced by etching
the surface after polishing, a process explored previously in this chapter. After initial
observations of this pitting effect post hydrogen termination, attempts were made to reduce
or remove these etch pits with Ar + Cl> etching. This chemistry was selected as it has
previously shown to have a smoothing effect on the diamond surface. Figure 7.21 shows
another hydrogen terminated diamond sample with surface pits similar to that shown in
Figure 7.20. This sample was provided and polished by E6, hydrogen terminated in Paris

and acid cleaned prior to AFM inspection.
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Height 1.0 um

Figure 7.21 — AFM scan of a diamond surface after high temperature acid cleaning. Ra
0.64, Rq 0.96.

Again, the hydrogen plasma treatment revealed surface damage caused by polishing.
Figure 7.22 shows the same sample after 30 minutes of Ar + Cl, etching following the

process recipe detailed earlier in this chapter.

Figure 7.22 — 5 um surface scan after 30 minutes Cl; + Ar etching. Ra 1.2, Rq 1.7.
Selected region, Ra 0.46, Rq 0.64.

Presentation of pits remained largely unchanged, however the edges of pits became less
defined due to the smoothing effects of Ar + Cl, etching. Figure 7.23 shows this sample
after a further 240 minutes Ar + Cl; etching.
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Height 1.0 um

Figure 7.23 — 5 um surface scan of after 240 minutes Cl, + Ar etching. Ra 0.39, Rq 0.59.

Surface Ra is significantly reduced to ~0.4 nm. Additionally, pits are widened and reduced
in depth. Figure 7.24 below shows a 1 um AFM scan of a pit on this sample prior to any

etching. A 3D render is shown for illustration.

Height 200.0 nm

Figure 7.24 — 1 um surface scan of a surface pit after hydrogen termination.
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Shown in Figure 7.25 is a pit on the same sample after a combined 270 minutes of Ar + Cl
etching. Scan size was increased from 1 um to 1.7 um due to the pit becoming wider, the

scale of the Z axis is kept the same for visual comparison with Figure 7.24.

Height 330.0 nm

Figure 7.25 - 1.7 um surface scan of a pit after 270 minutes Ar + Cl; etching.

While the pits are not completely removed, further etching with Ar + O2 would likely
result in a relatively flat surface as demonstrated earlier in this chapter. This shows a
possible strategy of etching away defects at the surface with hydrogen plasma followed by

Ar + Cl etching to flatten the surface after removal of defects.
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7.5 Chapter Summary

This chapter has primarily focused on the condition of CVD single crystal diamond
surfaces after mechanical polishing. In parallel to work done in Chapter 6, techniques for
etching diamond surfaces were developed using both RIE and ICP, removing several
microns from the top surface and reducing roughness to values as low as 2 angstroms. The
ability to pattern diamond surfaces, using this etching process, was also demonstrated.
Polishing defects revealed by exposure to hydrogen plasma were inspected by AFM and
removed by etching the diamond surface. Hydrogen termination experiments, varying the
hydrogen plasma density, were carried out on pre-etched diamond surfaces and the
resulting conductivity of the surface quantified by Hall measurement. The results
demonstrated greatly reduced sheet resistance when combined with a surface transfer
doping oxide such as MoOs, compared to that seen previously. The next chapter details
preliminary work investigating the incorporation of a surface transfer doping oxide into a

hydrogen terminated diamond device.
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8 Incorporation into FET Devices

So far, the work outlined in this thesis has centred around the diamond surface transfer
doping model. Investigations of hydrogen termination, surface acceptor material and their
associated stability have been shown. Topology of the diamond surface has been studied
and methods for improving roughness have been developed. The end goal of these
individual components is to incorporate the advances they offer into actual electronic
devices. In this chapter, fabrication of test structures looking at contact resistance, gate
leakage and finally a basic DC FET device is shown. This work was done in parallel to that
of Chapter 7, as such the improved hydrogen termination process detailed there was
unfortunately not employed for substrates in this chapter. The FET device fabricated here
serves only as a preliminary test, attempting to incorporate a surface transfer doping oxide

into a gated device.

8.1 TLM & Gate Measurements

Transmission Line Measurement or Transfer Length Measurement (TLM) is a technique
used to determine both the contact resistance between a metal and semiconductor and the
sheet resistance of the substrate. The method employs a series of ohmic metal contacts
fabricated in line with increasing gap distance between each contact, as discussed in
Chapter 4. Figure 8.1 shows TLM structures fabricated on a hydrogen terminated diamond
substrate, each contact is 100 um wide gold with a film thickness of 80 nm and was
defined by electron beam lithography. Firstly, a sacrificial layer of gold 80 nm thick was
deposited onto a hydrogen terminated diamond substrate. After spinning and patterning
resist on top of the gold layer, a wet etch is used to selectively etch around the contacts, a

process described in Chapter 5.
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Figure 8.1 - TLM structures on H-diamond. Gap sizes from left to right; 1, 2, 3 and 4 pm.

To investigate the effect of both a 400°C anneal and deposition of MoO3s on the ohmic
contact resistance, TLM measurements were performed before MoOs encapsulation (with
the H-diamond surface exposed to air) and after. Details of all samples used in this chapter

are shown in Table 8.1 below.

VENDOR ORENTATION POLISH SOURCE TERMINATION SOURCE SIZE
E6 110 DPS Cardiff 4.5 mm?

Table 8.1 — Origin and preparation details of CVD diamond samples used in this chapter.

Measurements from three TLM structures with the sample surface exposed to air and with
MoOs encapsulation are plotted in Figure 8.2. TLM measurements when doped by air for
this sample showed an average contact resistance of 33 Q.mm and a sheet resistance of 12
kQ/a. The sample was then annealed at 400°C for 1 hour in-situ and allowed to cool down

to roughly room temperature prior to deposition of 100 nm thick MoOs.
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Figure 8.2 — Averaged resistance measurements of three TLM structures before and after a

400°C in-situ anneal and encapsulation with 100 nm MoOQs.

As shown previously in Chapter 6, this in-situ anneal is required to desorb atmospheric
species from the diamond surface. The results after MoO3 deposition showed a greatly
reduced contact resistance down to 9 Q.mm and reduced sheet resistance of 7 kQ/a. While
the reduction in sheet resistance after MoO3z deposition was both expected and consistent
with results observed from prior Hall measurements, the vast improvement in contact
resistance from 33 to 9 Q.mm was not. The explanation for this reduction in contact
resistance by way of a 400°C anneal was unclear, yet may be due to modification of
potential atmospheric adsorbates encapsulated under the gold. Investigation of this nature
prior to use of MoO3z has been limited due to disruption of air doping by elevated
temperatures. However, both the ohmic contact and sheet resistance were reduced
following the MoO3z encapsulation process using a 400°C in-situ anneal stage as is required
to remove atmospheric species from the diamond surface and prevent a reduction in the
oxide work function at the oxide:diamond interface. Figure 8.3 shows an IV plot for a 1

um gap before and after MoOs3 encapsulation.
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Figure 8.3 — IV measurement for a 1 um gap before and after encapsulated with 100 nm
MoOs.

Gate test structures were fabricated on hydrogen terminated diamond to investigate the
effects of both a 400°C in-situ anneal and deposition of 100 nm MoOs on a gate contact.
The test structures were defined by electron beam lithography, using a sacrificial gold layer
80 nm thick and wet etching to form a circle with 100 um diameter. Keeping the same
resist profile used for wet etching, 20 nm aluminium, 20 nm platinum and 40 nm gold were
then deposited and lifted-off, a process described in Chapter 5, to form a circular gate
contact surrounded by a ohmic metal contact. As discussed in Chapter 3, aluminium forms
a Schottky contact on hydrogen terminated diamond due to its low work function [,
Platinum served as a buffer layer to prevent mixing of the other two metals during the
anneal stage. An optical image of the test structure is shown in Figure 8.4 and details of the
diamond substrate used are shown in Table 8.2. IV measurements were performed on the
gate test structure before and after deposition of 100 nm MoO3 using a 400°C in-situ

anneal for 1 hour prior to encapsulation. The results are shown in Figure 8.5.

Prior to the 400°C anneal and MoOs deposition process, a typical IV characteristic is
achieved for the gate test structure when exposed to air as shown in Figure 8.5. This
includes a very pronounced increase in gate leakage current for gate voltage < -1.5 V.
Following a 400°C anneal of the test structure and encapsulation with 100 nm MoOs, the
peak gate current is reduced approximately four orders of magnitude compared to its pre-

encapsulation value (at V = -2V). While the exact mechanism for reduction in gate leakage
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is unclear, it is possibly attributed to the 400°C anneal. Previous work suggests an oxide
forms under the Al gate contact, possibly due to the presence of oxygen on the diamond
surface prior to deposition 2. It is possible the resistance of this oxide layer is improved

post anneal.

Figure 8.4 - Optical image a gate diode test structure. The central circular gate contact is
100.
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Figure 8.5 - IV measurements showing gate leakage vs applied gate voltage for the gate
diode.
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8.2 FET Measurements

Basic DC FET devices were fabricated on hydrogen terminated diamond in an attempt to
incorporate the enhancements in surface conductivity and stability achieved with MoO3
encapsulation. VDP and TLM test structures were also included on the same sample to
inspect contact resistance and sheet resistance of the substrate. The design was fabricated
by electron beam lithography. Ohmic contacts were formed from 80 nm thick gold using a
wet etch process outlined in Chapter 5. Isolation of the surface was achieved by exposing
the diamond surface to Oz plasma and verified by probing two predefined ohmic contacts
which yielded no measurable current. Bond pads consisting of 20 nm titanium and 100 nm
gold were then designed to overlap the ohmic contacts for more robust probing. The source
drain gap was defined by a controlled wet etch to be ~2 um wide, a process also detailed in
Chapter 5, and the gate consisted of 20 nm aluminium, 20 nm platinum and 40 nm gold.
The sample was then encapsulated with 100 nm MoO3 after being annealed for 1 hour at

400°C in-situ. Figure 8.6 below shows a 3D optical render and optical image of a

completed transistor with a 425 nm gate length and a width of 25 pum.

Figure 8.6 - 3D render taken using a Bruker ContourGT Optical Profiler (left) and optical

microscope image of a completed FET device on H-diamond (right).
Test structures and devices were measured before and after MoOs encapsulation for

comparison purposes. Initial 14Vq measurement of a FET device doped by air exposure is

shown in Figure 8.7 and an 14Vg plot is shown in Figure 8.8.
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Figure 8.7 - Output characteristics for a 425 nm Ly FET.
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Figure 8.8 - Transfer characteristics for a 425 nm Lg FET.

The device was measured with a drain voltage from 0 to -10 V and a gate voltage from -2.5
to 1.5 volts in steps of 0.5 and exhibited good modulation of the channel with low gate
leakage current. However, the maximum Iq for this device was low, ~18 mA/mm compared
to typical values of 150 - 300 mA/mm reported elsewhere B3l This low drain current is
likely attributed to poor hydrogen-termination which would result in reduced carrier
concentration and mobility. Unfortunately, as discussed in Chapter 6, the dependency on
external collaboration for this fundamental processing stage limited control and
understanding of the hydrogen termination. The slope of the linear region and not quite
saturation of drain current indicates a large value of Ron, suggesting high sheet and contact

resistance. The threshold voltage appears to be roughly between 0 and -0.5 V, however the
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range of gate voltage applied was not extended beyond this to avoid damaging the device
prior to MoOs deposition. Similarly, the drain voltage was not extended beyond -10 V to
avoid irreversible damage attributed to breakdown. Due to the relatively large gate length
of 425 nm, the device is off at 0 V gate voltage and hence shows enhancement mode
operation. This is caused by the formation of a depletion region large enough to fully
deplete the channel at zero gate bias. Measurable gate current was seen at Vgs = 0 V,
however beyond 4 V drain bias there was no notable gate leakage. Figure 8.9 shows 14V4
measurement of the same FET after encapsulation with 100 nm MoOs and Figure 8.10
shows an adjacent FET on the same substrate.
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Figure 8.9 - Output characteristics of the FET shown in Figure 8.7 after an in-situ anneal of
400°C and encapsulation with 100 nm MoOs.

The 14Va response of devices following MoOs deposition varied substantially, but it
appeared the gate contact had been damaged in some way in each case. Figure 8.9 shows a
small amount of gate modulation with a significantly increased maximum lg current of ~60
mA/mm. Figure 8.10 shows an adjacent device that demonstrated little to no gate control
with an even higher maximum Iq current of ~120 mA/mm. This observed difference in
drain current between Figure 8.9 and 8.10 suggests modification of the H-diamond:gate
interface perhaps caused by the 400°C anneal. Direction of the gate current has also
reversed, peaking at a drain bias of -10 V. Optical inspection of the sample at this stage

showed no visible damage or otherwise visible abnormality of the devices.
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Figure 8.10 - Output characteristics of an adjacent FET after an in-situ anneal of 400°C and

encapsulation with 100 nm MoO:s.

Hall measurements were taken both before and after MoOs encapsulation, shown in Table
8.2.

Sheet Mobility Sheet Carrier
400°C Resistance cm?/Vs Concentration /cm?
kQ/o
Before MoO; 478 106 1.2 102
Deposition
After MoOs
Deposition 11.6 39.4 1.4 x10%
(resist history)

Table 8.2 - Hall measurements taken before and after MoOs encapsulation.

With the sample doped by air exposure, a sheet resistance of 48 kQ/o was measured with a
mobility of 106 cm?/Vs and a carrier concentration of 1.2 x10'? cm™. After annealing in-
situ for 1 hour at 400°C and deposition of 100 nm MoO3 the same VDP showed a sheet
resistance of 12 kQ/o with a reduced mobility of 40 cm?/Vs and an increased carrier
concentration of 1.4 x10* cm™. It should be noted however, the VDP active region prior to
oxide encapsulation was exposed to PMMA resist. This was unavoidable due to the
sequence of fabrication steps required when both etching the gold and depositing a gate
metal. The resist residue left could not be removed without disrupting the surface hydrogen

termination.
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TLM measurements were performed before and after MoOs encapsulation, as shown in
Figure 8.11. Measurements with the diamond surface doped by air exposure exhibited an
average contact resistance of 90 Q.mm and a high sheet resistance of 48 kQ/o, in close
agreement with Hall measurements taken prior to MoOs encapsulation. After an in-situ
anneal and MoO3 deposition, TLM measurements showed an average contact resistance of
28 Q.mm and a high sheet resistance of 27 kQ/o. This sheet resistance was more than
double that shown by Hall measurement. However, as with the VDP active region, the
TLM gaps were exposed to resist history which will likely hamper proper contact between
the oxide and H-diamond surface.
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Figure 8.11 - Resistance measurements of TLM structures on an air exposed sample,

showing each gap size.

The integration of MoOs into FETs has been demonstrated to be beneficial to the ohmic
contact and diamond encapsulated regions of devices as expected from the results shown in
this chapter and Chapter 6. Although previous results suggest that the gate contact is not
degraded by deposition of MoO3 utilising a 400°C in-situ anneal, operation in the gate
region of the device is found to change dramatically after MoOz deposition. The
encapsulation of a metal/semiconductor interface with a dielectric material should in
principle not alter the intrinsic operation of the gate interface. However, detailed
capacitance-voltage characterisation is likely required to explore the full impact of both
oxide encapsulation and the 400°C anneal on the gate contact. After electrical

characterisation, the sample with FET devices was recycled using the high temperature
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acid cleaning process described in Chapter 6 to remove metal and oxide from the diamond
surface. Figure 8.12 shows surface fluorescence of this sample taken using a

DiamondView imaging tool after cleaning.

Figure 8.12 - DiamondView imaging after recycling. Fabricated pattern is visible, despite

optical microscope inspection showing a clean surface.

The orange fluorescence is typical of CVD grown diamond. Strong phosphorescence in the
form of the fabricated pattern can be seen. This phenomenon has never previously been
observed for diamond samples recycled by acid cleaning after fabrication, however
previous samples fabricated with gold, titanium and aluminium were also not annealed at
400°C for 1 hour. This suggests the metal contacts may have diffused into the diamond
during the 400°C annealing stage. Titanium carbide (TiC) contacts have been reported to
form at temperatures as low of 400°C given a long enough anneal 4. This is consistent
with improvements seen previously in contact resistance after annealing and may explain

the gate behaviour seen in devices after MoO3z deposition.
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8.3 Chapter Summary

Preliminary results incorporating the transition metal oxide MoOgs into a FET device has
been presented. From lessons learned previously in Chapter 5 & 6, this entailed the use of a
high temperature anneal to maximise performance potential. A systematic approach,
investigating the addition of MoOs and its effects on individual components of a FET was
taken. Deposition of MoOs with an in-situ anneal was found to not only improve
conductivity of the surface, but also reduce contact resistance of gold on hydrogen
terminated diamond. A basic DC FET was fabricated and exhibited typical transistor like
behaviour despite low conductivity of the substrate due to poor hydrogen termination.
After deposition of MoO3z with an in-situ anneal, the drain current of devices was
significantly increased as is consistent with previous results. However, the gate contact was
degraded in some form resulting in little to no modulation of the channel. This appears to
be a consequence of the 400°C anneal prior to MoOsz deposition. As such, it is likely
necessary that the maximum acceptable thermal budget of FET devices fabricated on H-
diamond is increased before incorporating both MoOz and V20s when using a high
temperature anneal. This may be possible through use of a different gate metal or inclusion
of a dielectric material under the gate. Alternatively, removal of adsorbents from the
diamond surface prior to oxide deposition without the use of a high temperature anneal

may be a solution.
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9 Conclusions and Future Work

The success of surface transfer doped hydrogen terminated diamond for use in electronics
has primarily been hindered by issues of stability. The biggest achievement of work
presented in this thesis has been to significantly advance the efficiency and stability of
transfer doped diamond through the use of alternative surface passivation techniques. A
systematic study of three high electron affinity transition metal oxides, MoOs3, V.05 and
WO3 deposited on hydrogen terminated diamond revealed vastly superior thermal and
atmospheric stability over previous methods involving diamond surfaces doped by air
exposure. Verified by Hall measurement, these oxides significantly reduce sheet resistance
to values as low as ~ 3 kQ/o by boosting carrier densities up to ~7.5 x10% cm. Hall
measurement of thicknesses down to 10 nm showed initially stable transfer doping for all
three surface acceptor materials tested. Longer term stability of carrier density was shown
to necessitate annealing of the diamond surface in-situ prior to oxide deposition for MoO3
and V20s, due to sensitivity of the material to atmosphere. Similarly, encapsulation of
these oxides is recommended, especially for thinner layers to prevent degradation. High
temperature operation was demonstrated up to at least 300°C with MoO3z and V.05 when
suitably isolated from air, a significant improvement over air exposed diamond surfaces

which begin to lose carriers at temperatures as low as 50°C.

This process of transfer doping couples itself intimately with the surface of diamond. As
such, parallel investigation into the conditioning of diamond surfaces produced techniques
for removing surface defects produced by polishing damage and improving material
roughness. This was achieved by both RIE and ICP etching, using tailored gas mixtures
based on oxygen and chlorine. The quality of hydrogen termination for diamond surfaces
etched in this way was also explored, showing increased plasma density during the
termination process produced superior surface conductivity when coupled with a transition

metal oxide such as MoQs.
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Preliminary work incorporating the improvements offered by MoOs into a hydrogen
terminated diamond FET was shown. The deposition process developed for MoO3 involves
the use of a 400°C anneal to maximise stability, as such the effects of this anneal were
initially investigated for both ohmic and gate contacts. Initial IV measurements indicated
no negative consequence and for ohmic contacts showed improved contact resistance. The
FET device produced displayed typical transistor like behaviour including modulation of
the channel with the diamond surface doped by air exposure. Drain current was relatively
low due to high sheet resistance likely caused by poor hydrogen termination. Results after
deposition of MoOs with prior annealing of the substrate demonstrated significantly
increased drain current as expected. However, modulation of the channel was almost

completely lost, possibly due to effects of the anneal on the gate:diamond interface.

Surface transfer doped diamond for electronics is an emerging technology, with much
work still to be done. Continued study and development of optimal hydrogen termination
on single crystal diamond is fundamental. Ideally, this would include measurement
capabilities to detect and quantify the quality of surface termination. Study of surface
reconstruction can indicate termination species, while XPS measurement of negative
electron affinity will confirm the presence of a hydrogen terminated surface. While
hydrogen is difficult to detect, analysis of an oxygen terminated surface or lack thereof
may also indicate successful hydrogen termination. Hall measurements of carrier density
and mobility measurements could also be coupled with measurements of surface roughness
and defect profiles to explore the effect of surface conditions on carrier transport within the
diamond. This will produce new insights into the optimisation of surface transfer doped
diamond, specifically preparation and hydrogen termination of the diamond surface for
optimal performance. Contact resistance may be reduced by improving the hydrogen
termination process, reducing density of states at the surface. Greater insights into the
formation of a 2DHG in diamond will be gained through investigation of the diamond

surface and the impact of roughness and crystal orientation.

Future endeavours to produce a FET device which incorporates transition metal oxides
such as MoOs must first deal with the issue of adsorbents on the diamond surface. If
removed by high temperature annealing, as shown here, the device design must allow for
an appropriate thermal budget. This is further complicated by choices of MESFET (Metal
on Semiconductor) or MISFET (Metal Insulator Semiconductor) design, placing the
surface acceptor material under the gate or not. Coupled with a greater understanding of

the hydrogen terminated diamond surface, fabrication techniques can be further developed
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to maintain optimal surface conditions, such as intact hydrogen termination and minimal
surface contamination. As part of this process, both ohmic and gate contacts can be
examined and improved upon. Effects of annealing contacts would be characterised and
incorporation of transition metal oxides used to boost performance and stability over
previously reported devices. Successful devices can also be tested for use in harsh
environments, such as varied temperatures and exposure to radiation. Previous results have
shown encapsulation of MoO3z and V.05 to be necessary for optimal stability. As such,

robust encapsulation materials such as SiN and Al>Oz should also be examined.
Despite the challenges presented by working with the hydrogen terminated diamond

surface, significant advances are being made. Improvements to surface preparation and

specifically tailored device designs will inevitably unlock diamonds potential.
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