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Abstract

This thesis presents a body of work which advances the use of single crystal hydroger
terminated diamond as a semiconducting material. Surface transfer doping of intrinsic
diamond is investigated, examining the current state of this technology and tiéiding.

New techniques for producing robust, thermally stable surface transfer doped diamond
were achieved through use of transition metal oxides such as:Mo@ \WOs, as
demonstrated experimentally by way of Hall measurement. Through use of thesalsyateri
thermal stability was greatly increased up to temperatures of at led6t J@lachieve this
higher temperature operation, encapsulation of Ma@ \,Os was found to be necessary

in maintaining conductivity of the diamond surface due to suspecethally-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 éstiatn atmosphere is
shown to berequiredfor increased stability. As well as the improvements in stability
offered by these transition metal oxides, sheet resistance of the hydrogen terminatec
diamond surface was also greatly reduced. Carrier densitibglasas ~7.5 x1§ cm?

were observed for Mog&induced surface transfer doping, resulting in a low sheet

resistance of 3 kY / .1

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 removec
through use of this etching strategy. The effects of varied plasma density during hydrogen
terminationwas explored on etched surfacedjich produced higher quality hydrogen

terminated surfacessverified by surface conductivity and AFM measurements.

Finally, incorporation of Mo®@into apreliminaryField Effect Tansistor (FETdeviceon
diamond was attempted. Fabrication techniques to produce a FET device on hydrogen
terminated diamond is shown with preliminary results of M@&dcapsulated devices.
Insights into the fabrication of ohmic and gate contacts, incorporatingzMeQalso

discussed.
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1 Introduction

Solid state electronics is one of the most rapidly advancing figldsoth industry and
research.The drive for ever shrinking devicesnd for higher power and frequency
operation has fuelled interest in a widariety of materials. Of these, diamond has more
recentlydemonstrated serious potential as a semiconductoséoinuield effect transistors

and other such deviceBiamond possesses many properties making it highly appealing for
numerous applications, suchlagh-powerelectronics, 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 ogpaceother wide bandgap semiconductdds. a m o largedandgap

of 5.47 eVenables high operating voltages due to a high electric field breakobhd
MV/cm. The extremely high thermal conductivity of diamodeater than 20 W/cna)so
significantly redices themal constraintsThe robust nature of the diamond material system
makes it most appealing for use in hazardous environmeunth as operation in outer
space.Progress in the development of diamdrased electronic components has been
limited bythe difficulties associated with dopid the materialSurface transfer doping of
diamond offers an alternative to substitutional doping that alleviates the challenges of
i ntroducing Iimpurity dopants into diamon:

In this thesis, primary investigation revolves aroutid stability and performance of
surface transfer doped hydrogen terminated diamadDdapter 2 begins with na
introduction to the diamond material systemda n anal y s i smaoyfusefli a m
properties. Tw fundamentally different doping strategies are presented along with some
important properties of the diamond surfaCaapter 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 presentaayof hydrogen

termination used in the majority of this thesis, followed by experimental workecaing
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surface transfer doping ofliamond. Chapter 7 containsesearch relating to the
conditioning and preparation of diamond surfaces, including etching of the surface and
improvements observed to both roughness and hydrogen termination results. Advance:
made in surface transfer doping are then incorporated ifBTadevice in Chapter 8,
showing preliminary resultsThis 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, diamongossessesnany properties making it useful for
numerous applications. These properties fundamentally derive from the structure and
composition of diamond. In thishapter,the carbon allotrope diamond is discussed in
detail, such as its structure, surface, growth and impomt | 'y t he quest.

potential as a semiconductor.

2.1 Carbon Structures

While isolated the carbon atom consists of electronic configuratiof2$s2p?. This means
it has two coreelectrons surrounding the nucleus in an s orbital and four valence electrons,
two in an s orbital and two in p orbitas illustrated in Egure 2.1. This places carbon as

element 6 o the Periodic Table.

2p
1s 2s

Figure2.1- Electron configuration of an isolated carbon atom.
Cabon when arranged together in s’ bonded configuration forms graphite, the most

energetically stabléorm of carbonat room temperaturg?. In this state threef the four

possible bondingites are satisfied with covalent chemical bonds to neighbooarizpn

2 The Diamond Material System 12



atomsalong a singletwo-dimensional layerleaving the forth electron free to migrate
around the plane and thus making graphite electrically condud@inese planes are held
togetherby weak van der Waals forces which allow layers of graphite to separate or slide
past each othegasily. As a result of thisgraphite is extremely strong in the horizontal
plane while much weaker in the verticehe sp bonding model is shown indure2.2.

C-C bond
° o o ° ° ° .‘
o o o o
o o
Van der Waals : |
bond
) . ® é.. ‘ Carbon atom
® o o o~
o o () ®
[ o

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

Waals forces.

Arranged together in an $jponded configuration forms thearbonallotrope diamond.

Here each of the four outer electrons form strong covalent bonds with neighbouring atoms
with each bond orientated in the directionadietrahedroés corners. The shiblength of

the GC bond and thredimensional stability of the tetrahedral bonding arrangement are
responsible for diamonds extreme material hardBéssThe sp® bonding model ishown

in Figure 23. The crystal structure of diamond is also named afterrttaterial itself. The
diamondstructure 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 othehdt where a corner of the unit cell is origin.
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o o '
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Figure 2.3- Conventional unit cell of spbonded carbon diamond. The cubic lattice

parametero equals 3.5A.

Due to the small size of the carbon attmy can comeelatively closetogether before
experiencig repulsive forces, giving rise toshort GC bond lengti¥-3l. Thisresults in a
overlap of orbitals between adjacent atoms and i6-C bond causedarge energy
separation between the bonding orbitals and the antibonding orbit@lseffect of which
produces a veriarge gap of forbidden energyetween the valence and conduction band
states in bulk diamond.he bandgap of diamond is inéict with a value of 5.4&V ata
temperature 0BOO K. As such diamond is usually considered an insulator or a very wide
bandgapsemiconductol4,

Extremelyhigh thermal conductivity is uncommon amongst semiconduetbese 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 bandgapioweverthe closelypacked carbon atoms and rigid covalent bonding
serves to efficiently transfer atomic vibrations and makes diamond one of the best known
thermally conducting solidgroughly 4 times that of copper or silvewhile also
electrically insulating Likewise, the strenth of the covalent bonds rendeiamond
chemically inert(resistant to all known acids and solvents at room temperasunet)

hardend to the effects of irradiatidi®.
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The typicalunit cell ofdiamond, Fgure 2.3, has a lattice paramemeaured to b&.57 A
at room temperaturand contains the equivalent of 8 carbon atohhe volume density of

atoms for a given unit cell can be found as
LU , 7y N ‘L|J, Ty
oosaﬁm}alQ&—&) PX @ pTT QA

This value of atomic density can be multiplieg the atomic masef carbon to give a
theoretical density fopure diamond of& 3516 kg m'. However, die to thepresenceof
impuritiesand crystal imperfectiorthe measured density pfacticaldiamondwill always

be lower Each atom can be thought of as a sphere with the centre to centre bondllength
between atoms equal to one quarter the cubic body diagonal and therr#ugusfore

equal to oneeighth the diagonal

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

spheres divided by the volume density of atoms.

O0L'O—— 1@ T10r 34%

As a result of this low packing fraction combined with the small ma#iseofarbon atom

diamondsatomicdensity isone ofthe highest of all terrestrial materi&$!.
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2.2 CVD Growth

Chemical Vapour Deposition (CVD) & process used often in the semiaartdr industry

to produce higtguality solid materials of varying thicknegl. CVD growth of diamond

has become a wekstablished area of research and development over the last four decades

due to the usefulness of diamond in many applicatiémssingle crystal diamond single

crystaldiamondsubstrates required from which the new diamond materighisducedoy

epitaxial growth, taking on the same structure and orientation of the substrat€VD

growth process idasedupon the activation ofjaseous reactants, usually hydrogen and

methane K2/CHs), 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

iIs shown inFigure 2.4. While much of the early knowledge into diamond growth has

stemmed from hot filament activatiomost modern systems employ the plasma technique.

One of the main challenges enotered with epitaxial growth aliamondis due tothe

greater thanodynamic sbility of graphite As such a main requirement of diamond

growth is the deposition afp® carbon while suppressing the formation of gpaphitic

bonding This is achieved witthigh levels ofatomic hydrogen as an etchant of rsp

bonded cebon. While this work does not focus on the growth aspect of dianthe

reader

i sThhéeorygytefl Dobamond

Butler for its extensive review of the subj&d.

CH4/H2

1

Microwave
Generator

Filament

N

Q000)

Substrate

—
—

|

CHa/H2

Ill

Chemi cal

= \Heater

lll

Pump

Figure 2.4- Example diagram of common CVD growth changh@eft) hot filament

reactor (right) microwave plasmaeactor.

Heater

lll

Pump
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2.3 Surface Termination

Figure 2.5 illustrates the different surface orientations of diambne.exposedtoms at
the surface o€VD diamondaremost commonlyhose of [001] and [111] orientations due
to the nature of thgrowth process. These tviaces are the slowest growing sswremain
once the other faster growing orientations ce&e. the sameaeason,the randomly
orientated material in polycrystallingliamond is dominated by [001] and111]
orientatiors. The [111]surface is also common due to the dominasfceleavage on the

[111] plane in diamon&9.

[001]
6 & & - 013
T
e o o o o .
[ & & o o O -
e o o o o
o [ ) o ® e - [11]
® o o o o o
e o o o o o -
® o o o o o
Bulk< o o o o [ "

@ [ 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 asdiamondmay be defined in terms of a base unit cell,
repeated to show its ideal crystal structure, a materials surface represents a transition fror
ideal crystal bulk to vacuum in which the periodicity of the structure is broken. In this
sensethe surface can be cadsred the largest defect present in any solid material. Atoms
at the surface wherthe crystalstructure is terminated will be left with energetically
unsatisfiedbnds cal | ed i da regllinimcgasddsurfadce energylam c h
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 planethese forces are altered and thus the position of atoms at the surfaceinliffer
relation to those of bulkReducing the number of dangling bonds minimizes the surface
energyand so atoms at the surfacdlweek to find new positions whicatisfy surface

bonds.This is caled relaxation or reconstruction of the surfgcé.

For a diamond surface outside of vacuumtoms provided by availableatmospheric
speciescan further lower the total surface energy by reducing the number of danglin
bonds. Figure 2.6shows 2D representations of the [001] diamond surface ideally

reconstrgted and with both oxygen and hydrogen termination.

Clean Reconstructec O - Terminated H1 Terminated
Surface Surface Surface
C(01)2x1 C(001) 2 x 1.0 C(001) 2 x 1:H
1 1 1 1
o0 o0 [ o0
°
o ® ° ® o0 ® o ®
oo o o oo
e o o o0 ® o o
C C
oo =+ o o - o0 S
(@] (@] H
@ o047 e o6 °© e 0,9%¢
o0 . o0 [ o0 ®
o o o o0 o ® o
(| X ) | X @ | X
™ X
Carbon
Carbon Oxygen Carbon Hydrogen
Atomic Position Atomic Position Atomic Position

Figure 2.6- Cross sections of reconstructed [001diamond surface, termated with

hydrogen and oxygen.

For aclean norreconstructed surfaceach exposed surface atom exhibits two unsatisfied
dangling bonds. For a clean [001] surface in vacuum these atoms will reconstruct with
neighbouringatoms to form C=C dimers in a 21xreconstruction 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 tr

surface energy is further lower&d!.
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It was observed bidimpselet all?'2 that diamond with a surface termination of hydrogen
exhibited increased electron emission per absorbed photon. Thid effs correctly
attributed to Negative Electronfffnity (NEA) of the diamond surfaceaused by hydrogen
termination.NEA occurs vinen the vacuum level lies log¥ the conduction band minimum.

In practice this means electrons which reach the conduction band may escape into vacuurr
without experiencing an energy barrier, which explains the observed emission of electrons
by Himpsel It was further shown that the value of Electrorifitdity (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 surfaceFigure 2.7shows energy band diagrams for a clean diamond surface,

oxygen terminated and hydrogen terminated.

Clean Reconstructed O - Terminated H - Terminated
Surface Surface Surface
C[o01] 2 x 1 C[001] 2 x 1:0 C[001] 2 x 1:H
X=+1.7eV
x=+0.4eV 1
e Py Evac
EC A EVBC EC A EC A
Eq | =5.9eV Ey |=7.2eV Eq
E, A E, Y v E, v

Figure 2.7- Energy band diagrams fdhe clean diamond surface, termabed with

hydrogen and oxygen.

Partially ionic C ¢ } - H (d ¥bonds at the diamond surface create a dipole layer causing a
potential drop perpendicular to the surface over a distance equal @HHeond length.

This results in a lowering of the vacuum energy level below the conduction band minimum
and grants hydrogen terminated diamond its negative electron affinity3##V 213, The
reverse is true for an oxygen terminated surface whéeé & O (d } causes an increased
potental shift resulting in a positive electron affinity of +1ek/, 1.3eV greater than that

of a nonterminated diamond usface. In the case of hydrog&rminated diamond,
electrons leaving the surface into vacuum apegience asmall barrier, illustrated in
Figure 28. However,this barrier is roughly 0.4V high and less than 0% wide and can
therefore be passed with relative ease via quantum mechanical tunéfiing

2 The Diamond Material System 19



d- d+ Vacuum

Energy

aoeLnsg

Distance

Figure 2.8 - Cross sectionof hydrogen terminad diamond surface with dipole

electrostatic barrier.

The ionization energy of 4.2V 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 hasionization energy of 5.2 eespite having a much
smaller bandgap than diamon&imilarly, the reduction in ionisation energy by
hydrogenation is @ssible only in diamond, fatherelementakemiconductors the effect is

to raise the vacuum energy levéf®l. Oxygenterminated diamond produces greater
positive electron affinity duéo the electronegativity of oxygen being greater than carbon

on the Pauling scale.

Quantifyinghydrogen terrmation of diamond surfaces challenging, due to difficulties in
detecting atomic hydrogemechniques typically used in the elemental analyssidaces,

such as Energglispersive Xray spectroscopy (EDX) or Auger Electron Spectroscopy
(AES), cannot directly detect simple hydrogen boridss has led to other, more indirect,
methods of observing the presence of hydrogen instittace terminatio of diamond.

Low Energy ElectrorDiffraction (LEED) has beerusedto observepatternsof surface
reconstruction that would indicate successful hydrogen terminatitth Wettability
experiments may also indicate successful surface termiratiyndue to the hydrophobic
nature of a hydrogen terminated diamond surface, and measurements of negative electro

affinity canalso confirm hydrogen terminati¢h'é.
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2.4 Substitutional Doping

The process of doping aims to generate additional charge cdayiensroducing foreign
atoms intoa ma t k’ttice strucfue. Thisan be donéy various methodssuch as ion
implantationandor during material growth. Therocess makes use of elements with either
less or more valence electsihan the host matexii A dopant element with an abundance

of electrons is called @norand is used to producetype material, while an element with
fewer electrons is deemed a@tceptorandused to produce-type material®>*9. Carbon

has fourelectrons within the valere shell. h diamondthese outer valence electrons come
together to form strong covalent boras shown in igure 2.9 A covalent bond involves

the sharing of electron pairs between two atoms, resulting from the need to satisfy a
balanced state of attrage and repulsive forces between the atoms.

[ I = NN
C—C—=—C—C

| | | | < <
c=Cc=Cc=¢ 0 O )
| | | | _ _
C=—C=—C= C e e

Figure 2.9- 2D representation of the diamond lattice and the covalent bohdedreouter

valence electrons.

By implantng anelement with one less valee electron, such as boron, acancy is
creat ed a energyleeel. dhe typerofddepant is referred to aaaeptor as the
vacancy can now accept an electron from another atom within the latticen $héigure
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
promding 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. Th

2 The Diamond Material System 21



thermal energy required to move a lattelectroninto this vacancy is referred to #se
accepto impurities activation energy.

| | | —
C—C—=—C=—=20C . o
| | | —
C— B = C=21~02C

1) ()
| | | |
C—=—C—=—Cc= C - -

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 electror
is introduced within the lattice as illustrated in Figure 2.11. THiseEctron is more
loosely bound to the phosphorus atom and can be referred woasielectron. With the

donor electron, thephosphorusatom 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 elecfftis energy requirement is

also referred to as the activation energy. Once in the conduction band the donor electron i
free to move through the lattice while the now positively charged phosphorus ion is fixed
in place. The effect of this donor impurityoen creates an additional electron without a
corresponding hole.
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Figure 2.11- 2D representation of the diamond lattice and the covalent bonds between
outer valence electrons doped with a phosphorus atom.

Increasing the presence of dopant atoms in the host material, in general, leads to increase
conductivity due to a higher detysiof mobile charge carrier@\s is discussed further in
Chapter 4conductivityis the combination of carrier concentration (hole or electaor

the mobility of thee carriersincreased carrier concentratiandor mobility will result in

a greater cagrity to conduct electric currenAs carbon belongs to group IV of the
periodic table, group Il elements offer intuitive acceptor dopants while gropiesénts
donors. When implanting dopaatoms the ideal aim is substitution, replacing a host atom
with a foreign one. Imliamond,this proves ificult due to the short intatomic spacing
and strong covalent bonding that givike materialits extreme strength. Alternatively,
interstitial doping is possible where by the dopant is placed between ohgistahtoms.
The carbon atom is relatively small, as such any attempt to implant a significandy larg
atom between the short inééomic spacing results in lattice dam&g&. The most soluble
dopants found thus far are boron, nitrogen and gimep. The most commonly used

type dopant is boron, while phosphorus and nitrogen have been used to prdgpee n
diamond®?2Y, Figure 2.12below illustrates the activation energies of these 3 elements
within the diamond bandgap.
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Figure 2.2 - Common donor energy levels represented within the diamond bandgap.

Boron is most commonly used due to its activation energy ofeéd/3While 0.37eV is not

a particularly shallow dopant energy compared with other semiconductors, it is the lowest
known in diamond. By comparispm silicon the ionisation energy of a boron dopant is
0.045eV [222_ Thebestknowndonor is phosphorus with a higher activation ggesf 0.6

eV, making it of less use apart from in high temperature devices. Nitrogen is the most
common inpurity in diamond. Wile impractical for most semiconductor applications due

to its high activation energyhe nitrogen vacancy centre is of gredersst in storing

qubits for quantumamputing applicationg-23.

Boron is commonly found in natural diamond, can be implanted or introduced as part of
the gas phase during growth wehemical vapour depositiowhich will produce boron
doped polycrystéine or singlecrystal diamond materidf-?4. Hole mobility degrades
significantly as doping concentration increas@spurity concentrations as high as 210

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 significamtlyove 3.9 10*! cm®

a transition to a metallic state takes place as the acceptor band begins to overlap th
valence band??9. Boron doped diamond at these levels has been shown to exhibit
superconductivity, the first elemental semiconductor do so 228, The trangion
temperature depends on the boron concentrainmhcan be as high as 11 K 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 &ick, so that the

wave function of the charge carriers overlaps with that of the intrinsic diaribod,the
introducedcharge carriers spend an appreciable amount of time outside of the doped layer
and form conductivity irthe intrinsic diamond. Howevgeattempts so far at producing a
boron delta doped layer in diamond have nahaged to be much thinner thamrd, not

thin enough for the technique taogduce any significant number aharge carriers
overlaping into the intrinsic diamonid?7.
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2.5 The Surface Transfer Doping Model

Surface transfer doping of diamond offers an appealing alternative to substitutional doping,
alleviatingthe 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 deveige p
surface conductivity. This surface conductivity occurs dueléatrontransfer from the
diamond véence band to empty acceptor levplevided by an adsorbed surface material
creatingcorrespondingholes within the diamonavhich form a 2dimensional hole gas
(2DHG). The process governing this transfer relies upon the surface species offering
energetially favourable eletcon states for the diamond vate band electrons to transfer

to. For airexposed diamondhis exchange iseportedlydriven by the redox reaction
2H;0" + 2e = H, + 2H0, caused by the difference in chemical potential of electrons in
the liquid phase @4} and the diamond Fermi level{fEWhile Leis below E, electrons will

be transferred from the diamond valence band to the atmospheric layer and thereby reduc
HsO* to Hp and HO 228, The resultant holes accumulating in the diamond valence band
induces a potential that raises yntil equilibrium is reache@ds depicted in igure 2.13

The reason air exposuricites this effect on hydrogeerminated diamond was

investigated further byakagiet aland is discussed in detail in Chapter 3.
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Figure 2.B - 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 fowydrogen terminatediamond in intimate contact with a solid
surface acceptor material of suitably high electréimity (gX) is illustrated in kgure

2.14 A negative electron affinityf -1.3 eV combined with the already lownisation
potential of Hdiamond results in strong surface transfer doping potential wheontact

with a material of electron affinity (gqX) greater than 4¥. Here theconduction band
minimum (Ec) is positioned below the hydrogen terminated diamontence band,
providing an energetically favourable energy level within the surface materials conduction
band for the transfer of electrons from the diamond valence Bdrel.upwardband
bending on the diamond sidell be strong enough to forcer Below the valence band
maximum (E), forming a 2DHGwithin the diamondnear thesurface. The accumulated
holes are mobile (~ 70 &ivs) parallel to the surface and are confined by the electric field
generated by the interfacial charge separation. As, ghch accumulated holehannel
below the diamond surface most likely behaves as a-@44G with discrete quantum
stated??3. Increasing carrier concentration will deepen the quantum well, bringing holes
closer to the surface and thus possibly lowenmability due to additional scattering from

sources such as surface roughraestproximity to charge at the interface

EC - [k~
il -1.3 eV Evac
[
f 426V Ec
gXx
EV ‘e_\' --t- e
\V Y Ec
""""""" Ef
Ev
Diamond Surface Diamond Surface
Material Material

Figure 2.14- Process of band bending during electron transfer between hydrogen

terminated diamondna a surfaceacceptor material.

For airexposed Hdiamond, typical values for areal hole density have been found to vary

between 18 and 183 cm? at room temperature for polycrystalline and single crystal CVD
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films alike>2%, There are several potentzdndidates as a solid electron acceptor material
on Hdiamond. Figure 2.15 shovesdiagram with the energy bands of diamond illustrated
with different surface terminations as discussed previously in this chdjtere high

electron affinity materialandone with much lower electron affinity are also plotted.

9 - Diamond Surface Materials
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EC _
— Si0,
2 2+
65
Q
S 44 c
Hydrogen . A N
6 Terminated
Clean — r—
Surface V,0 WO,
8 - Oxygen Mo0; a
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Figure 2.15- Energy bands for diamond with different surface terminatoited
alongside Mo@, V205, WOz and SiQ to illustrate the difference between the diamond

valence band and surface material conduction band.

Due to their respective high electron affiniifse transition metal oxidédoOs, V20s and

WO;3 areanticipated to induce surface transfer doping in diam®# 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 baBg. contrast, SiO; representsa surface
medium that would not be expected to induce surface conductivity on diasoentd its

much lower EA of 0.75 eV?%2. Note that while Eof the transition metal oxides shown
here are also positioned below the valence band of a clean rectatsttisanond 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 alsc

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 betweedhe semiconducting material and tegternal Such connections as to
allow the passage of current into and from a semiconductor are an important area of

researchor experimental ancealworld applications.

A Schottky barrier is formed when a metal comes into contact with the surface of a
semicondudair. The behaviour of the contact can be described as rectifying or non
rectifying, depending upon theigat of thepotentialbarrierformed Figure 2.1@ shows
an energy diagram for a metal aad ntype semiconductor not in contadthe work
function qi m and qisis shown for the metal and semiconductor respectiabdng with

the electron affinity gX offte semiconductor.

Vacuum Level

q b gx q @
Ec
q (mld X) I ----------------------------- Er
Ev
Metal N* Semiconductor

Figure 2.1@- Energy diagram of a metal aneype semiconductor not in contact

When brought intacontact with each other the Fermi levels align as electrons diffuse
between the two materials until a balanced stathafge is met, shown in Figurelgo.

Once the depletion region is establishetiich opposes any further flow of electrons from
the senrconductor,the energy required to excite an electron from the metahe¢o
semiconductor is known as the barrier heigWsn. It is the difference between the
semiconductor conduction band minimum and the metal Fermi level at the interface. In
order for éectrons to move fronthe semiconductor to the methey must overcome the

built in potentialgVyi, which is the energy difference between the conduction band at the

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

level alignment
In Figure 2.1 the semiconductor is ngwtype, resulting in an increased valuegafs as

the Fermi level now sitslose to the valeace band maximum. The semicondu&deermi

levelnow sts at a lower energy than thdttbe metal. Note¢hatgX remains unchanged.
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Figure 2.1a- Energy diagram of a metal apetype semiconductor in contact

As a metalsemiconductor contact is made, bringing the Fermi levels into alignment,

downward bandbending ocars at the interface, illustrated imgkre 2.1D.
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Figure 217b - Energy diagram of a metal apetype semiconductor in contact after Fermi

level alignment

The periodicity of the semiconductor crystal is interrupted at the intebfeiwesen it and
themetal contact, giving rise to surface states between the two mediums. The quantity anc
distribution of these surface states is influenced by various factors such as the
semiconductor doping, quality of the contact and the crystal otiemtaf the two
materials®>33. If the concentration of surface states is hégtough, therthe Fermi level

may become O&6pi nnedleamount a ehargearequiredemegualize thes .
Fermi level can be provided by 8etraps, causing FerméVel pnning due tahe density

of statesat the surfaceAs such the resultant barrier height will be independent of the
metal work functionln the casef hydrogen terminated diamonithe surface termination
leads to a reduction in surface statesking the surface sensitive to metal work function
High work function metals such as goWdll form an cmic contacton Hdiamond

meaning the IV charagtistics of the contact will displdinear behavioul?34.

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 diamwaag discussedand its
associatedproperties detailed such as extreme hardness, thermal conductivity and

resisance to corrosive elements. Many of these appealing properties come from the

2 The Diamond Material System 30



structure of diamond itself, making the material an important area of fuahethod of
producing swythetic diamondwas presentedas well as strategies known to produce
semicondcting propertiesin diamond The challenges of traditional substitutional doping
wereexploredand an alternative process known as surface transfer dsipavgn While
impurity doping of diamond is currentlery limited, surface transfer doping showsagre
potential throughfurther 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 pressntstatus ofthis
technology.
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3 Literature Review

3.1 Diamond Surface Conductivity

In 1989 Landstrass and Ravi reported a conductivity &f 48 cm* for CVD diamond

and for single crystal llaliamond after exposure to hydrogen plasma. Considering the
intrinsic conductivity for diamondas well below this value hydrogen was clearly closely
related to whatever effect was occurring to lower the surface resistadhc®oon afterit

was shownhat annealing the surface to 3Q0in air or oxidation of the suréa by acid

based solutiowould remove the observed increase in conducti¥ity Maki et al gave

the first insight into the nature of the increased conductivity by way of Seelffeck
measurements and the electrical characterisation of a simple MISFET (metal insulator
semiconductor field effect transistor) based loydrogen terminated diamond. Their

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

Two years latelKawaradaet al demonstrated a FET based ordidmond, utilising the
surface conductivity byvay of two gold pad$orming chmic contacts and an aluminium
gate to form a Schottkgontact®4. A cross section fotheir FET design isshown in

Figure 3.1.For devices based ontHamond the ydrogen serves a double purpdsestly,

as a crucial component of the surface conductivity but also as a means to reduce density c
states at the surface to an extent at which the diammatdl barrier interface follows the
metal work function. As suglgold with its high work function of 5.8V has a low
Schottky barrier of 0.2V on Hdiamond, whereas aluminium with its work function of 4.2

eV forms a Schottky barrier height of @9 51,
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Figure 3.1i Cross section of a MESFET usingpetype homoeptaxiallgrown diamond

with an aluminiungate and gold source and drain (1994.

As the reported surface conductivity of Hliamond became more pervasive, various
reported values were established through Hall measuréiferit!. Conductivity of H
diamondwas found to be in the region of 4@ 10° Y1 Typical vdues for areal hole
density werdound to vary between 19- 103 cm? and nobility with values aroun®0 i

70 cnf/Vs at room temperature for polycrystalline asidgle crystal CVD films alike
Mobility was not merely a function of sample quality, but also highlyueficed by carrier
concentrationthe lower the concentration the higher mobility®8. For example, &igh

mobility of 335 cni/Vs has beemeported for dow carrierconcentration of 7 ¥0' cm?
(3.9

The formation and origin of holes involved in surface conduction-digdfhond has beem

topic of debate for a number of years. Initial theories suggested that hydrogen during the
surface termination process would fdffe into the diamondand contribute shallow
acceptor statd$10 312313 However,this was contradicted b@rot et alwho showedhat
removing hydrogen from the surfaegthout attacking the diamon@versed the increased

surface conductivit{?2.

Shirafuji and Sugino were the first to propose a hole accumulation layer below the H
diamond surface as being responsible for the observed surface condictvitysing X -
ray Photoelectron Spectroscop)RS and Kelvin probe techniques they suggsebt

electrons were transferred from the diamond to acceptor like states at the hydroger
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terminated surface, resulting in upward band bendigure 3.2 This would explain why
after oxidation of the surface by acid based solution conductivity would betElestrical
characterisation of a surface channel FET oedi&inond later supported this theory by
modelling the results with a twdimensional acceptor layer at the surface extending up to
10 nm into the diamon& 4. Ri et alwere to demonstrate the surface conductivity relies
upon the atmosphere in which thedidmond sample is kept'® 1€ Exposure to acidic
vapours would increase surface conductivity, whereas ather solutions it drops. From
these results Ret al were the first to suggest the reduction @DHby electrons from the
H-diamond as the origin of surface conductivity.

FULLY PARTIALLY
HYDROGENATED HYDROGENATED OXYGENATED

(a) (b) (c)

Figure 3.21 Energy band diagrams for (a) hydrogen terminated (b) partially hydrogen

terminated and (c) oxygen terminated diamondas@d$, as shown by Shirafuji and Sugino
[3.13]

A vital experiment for the understanding of surface conductiiityH-diamond was
published byMaier et al 317, They placed a hydrogen terminated single crystal diamond
sample inUltra 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 dat®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 10* Y for bothsides. 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 magnitud
within the first 20 minutes and reachadalue similar to before of 218°Y ! after 3 days.

In contrast, the nothydrogen 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
condudivity in H-diamond. Thusthe existence of acceptor states on the surface must be
facilitated by air borne species. Mardral went on to develop an electrochemical transfer
doping model that was able to account for nearly all experimengih@s concening
surface conductivity of Hliamond and gave an explanation as to why diamond exhibit
this kind of surface conductivity. Hrmodel also identifies the rotd 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-draimond was better understood
as being dependant on acceptor states introduced dynaspheric surface layer, attempts
were made to demonstrate the effasing alternative surface acceptorBhe fullerene
molecule Go and its fluorinated variant@CeoFx, X = 18, 36, 48)are well known to be
highly oxidising, resultingin a high electronaffinity. Strobel et al were the first to
demonstrate fulleren@duce surface transfer doping inrdiamondwhen it is evaporated
onto the surfac&!® 319, The doping efficiency of &Fss was found to be linear i.e. for
each GoFss moleculeadsorbaten the surface a corresponding hole waseratedip to a
saturation of around ®cm? carriers, comparable in magnitude to air induced surface

transfer doping.
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Figure 3.3- Comparison between experiment and simulation of thediwensional

conductvity of hydrogenterminated diamond as a function abCoveraged38l,
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Although the electron affinity of & is measured to be only 2&V 20 Gosset al and
Squeet al showed potential for electron transfer fromdidmond to & using cluster
calculation ¥2% 3221 ||lystration of Go and its fluorinated congsitions are shown in

Figure 3.4alongside relative electron affinity.

Cso CeoF 18 CeoFae

Electron affinity

Figure 3.4 Structure of different fluorofullerenassed to induce surface transfer doping in
H-diamond. Fluorine atoms are represented by the solid spheres outside, thed{

respective electron affinity increases with fluorine cdtifi

Strobelet aldemonstrated an-diamond substrate anneal@dvacuum at which point the
sheet conductivity was below 19Y 1. DepositingCso, CsoF1s and CsoF4s showed with
increasing surface coverggthe diamond sheet conductivity rises by six orders of
magnitude and saturates between By%and 5 10° Y1 319 Depositingthe fullerenes
simultaneously am an oxygen terminated diamond sample showed no increase in
conductivity,demonstrating the hydrogen termination to be a necessary compdniknt
also observing naransport through the fullerene layieself. An important result of this
work showed the saturation in conductivity increases with higher electron affinity, with an
orderof magnitude difference betweerso@nd GoFss. Due toan EA of 4.06eV, CeoFas
shows greater doping efficiency thamo@n essenca 1:1 ratiobetween fluorofullererse

and hole 324,

Dongden et al further reported onhigh electron affinitymoleculeson Hdiamond,
investigated by Photoemissiompé&troscopy(PES) 2% The fluorinated derivative of
Tetracyanoquinodimethan&4-TCNQ) was chosen due to its high EA of 5&d. The
surface transfer doping potential wasmpared wittarotherorganic molecul®f relatively
low EA, Copper phthalocyanine (CuRcat 2.72.9 eV. The diamondvalence band

maximum (VBM) lies well above thé.owest Unoccupied Molecularrbital (LUMO) of
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FA4-TCNQ, as such electron transfer from the diamond valence band to adsofBENE4

is thermodynamically favourable. This was confirmed by monitoring interfacial charge
transferduring F4TCNQ depositionshowingupward band bendingwards the diamond
surface asociated with hole accumulatiomithin the diamond to balance the negatively
charged surface anion molecules. With increasingd EAQ film thicknessthe change in
work function became largeattributed to the formation of anterface dipole. This effect
was observed below A thickness, indigting the charge transfer occurs only at the
diamondfF4-TCNQ interface leaving bulk largely tohargedCuPcon the other hand with
its much lower EA exhibits a LUMO 1-.7.9eV above the VBM of diamond-he resulting
barrier should far exceed the thermal energy of electrons at room temperature €¥).026
and as such surface transfer doping is not expected tw. ddus was confirmed by the
absence of band bendiniyring CuPc depositigrindicating no hole accumulation at the
diamond surfacelLikewise, no work function shift was observed, as in theT2NQ
results.These organic materialsowever still demonstratetimited stability in air, despite

attempts to encapsulate th&rf.

A 2013study by Takaget alinvestigated the mechanidior 2DHG formationin hydrogen
terminated diamonavhensurface transfer dopdaly air exposurgbased on first priciple
calculation®®?”, Hydrogen terminated diamond exposed tooNG, NO and S@formed
subsurface conductivity, whereas exposure #NCQ and N had little or no effect.

This relationship between sorbed moleculasspecies and sheet carrier concentration
within the diamondelies on the electronidrsicture of isolated moleculesigkre 3.5.The

VBM and conduction band minimum (CBM) of hydrogen terminated diamond with
different surface orientation is shown alongside Highest Occupied Molecular Orbital
(HOMO) and the LUMO of isolated surface species. The group responsible for electron
transfer (NQ, Oz, NO and S@ have a LUMO at or below the VBM of hydrogen
terminated diamond, while the LUMO of®, CQ and N falls above this threshold. This
observation agreed with experimental results showing hole carrier density dependence ot
the species of adsorbates.

A more recentapproach has demonstrated improved stability up t@@&50 air 1328
throughAtomic Layer Deposition(ALD) of Al20s on the Hdiamond surface, resulting in
carrier concentration betweenx@027 1.5 x10" cm?. Recently 1kV operation of FETs
has also been demonstrated using thigDApassivation techniqué?d. Similarly, ALOs
has been usetd encapsulate previously identified N6urface accepter states, achieving

higher temperature operatiéit?. Although this work has yielded very promising device
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performance, the exact mechanism responsible for the hole accumulation of diamond
passivéed by AbOs is still a point of investigatigndue to the low EA of AD3 (~1 eV)

Similar work involving ALD deposition of ADs and HfQ has been explored for use in
MOSFETS?1,

CBM Vacuum level|

2 LUMO/SOMO

energy (eV)

aol HOMO |

100H 111H NO, NO N,0
1I0H O, SO, H,0 CO,

Figure 3.5- Energy levels for the valence band maximum eoxduction band minimum
for H-terminated diamond with 100,10 and 111 surfaces. HOM&nd LUMO is shown
for various atmospheric speciés’.

High electron affinity transitionmetal oxides for surface transfer doping were first
exploredat the University of Glasgovas part of this workRussellet al demonstrated
molybdenum trioxide (Mog) to bea highly effective surface electron accepter material on
H-diamond by way of PES and Hall measurent&tft They showed thermal deposition of
100 nm MoGQs resulted in a carrier density increase from1D'3to 2.16x10" cni?, with
clear charge separation across the diamondAvVio@rface forming a dipolewith no
further change beyond 1.6 nm of deposited axides work was quickly followed by a
similar study from Tordjmaet alagain demonstrating surface transfer doping by MwO
H-diamond®33. In this work varied thicknesses okide were observed up to Ifn
showingsaturation of the increased carrier concentradiccurringbelow 5nm of MoOs.

As discussed in the later chapters of this thesmnadium pentoxide @ODs) is
demonstrated to banother excellent surfactransfer dopant of 4diamond with similar
potential to that of Mo®and athermal stability upwards of 200 ex situ B34, A

comparison study was later published by Verehal investigating several high electron
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affinity oxide materials, NbOs, WQs, V20s, and MoQ on H-diamond®®33, Due tothe
success of these transition metal oxide matergdsly H-diamond FET devices have

alreadybeen demonstrated using both Ma&hd \LOs as surface electron accept&d®
3.37

3.2 Chapter Summary

Surface transfer doped diamond is a relatively meehnology Since the discoverpf
electricalconductivity in hydrogen terminated diamond, several attempts have been made
to engineer a suitable surface acceptor which could overcome thelimitations 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 feram®ping in diamond

using robust surface acceptor materials, such as high electron affinity oxides, shows grea

promise.
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4 Characterisation and Measurement

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

forcemicroscopywas 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 Edwih'Hall
The model consists of a flat, uniform electrically conducting material though which current
can flow. By applying an external magnetic field transverséhtoflow of currentcharge
carriers aredeflected perpendicular to the fiel@hese deflected charge carriers will
accumulate along theaterials edge as shown ilgkre 4.1. The result is ¢hproduction of

a potential differencdetween the two edgeseferred to ashe Hall Voltage. This voltage

(Vn) varies proportionally with the applied current and strength of the magnetic field.
The Lorentz force acting upon charge carriers inrtiagnetic field is expressed by

O Nnu o
WhereFsg is the force on the charge carrigfis the charge of the electronis the velocity

of the charge carrier ari8l the magnetic field strength. The cross product of the velocity
and magnetic field isaken resulting in a force vector that is perpendicular to the two.
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Hall Magnetic Field

Voltage B
+

Figure4.1- Diagram of the Hll Effectwith geometry for a semiconductexhibitingboth

electron and hole carriers.
Once the accumulated charge carriers along the materials edge reach saturation i.e. char

now flows along the material without experiencing @dntz force, the balance may be

expressed as

The electric field created in thedjrection is referred to as the Hall Field;,Bwhich

produces a voltge across the conductor called Hl VoltageVH

w Ow

WhereWi s the width of the conducting materi@lombining these two equations gives
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For ap-type semiconductor the drifelocity can be written as

VR VR

0 O , ‘O
Qn QAnwaQ wQ

Wherep is the carrier concentratipathe electronic charge addthe drift current density

Combining the previous two equations gives

Solving for the hole concentratigtherefore gives

.

" QB
For an ntype conductor boty and the carrier concentratiorcan be solved as
Q¢

@ Q

| ~
5|9

The majority carrier mobilityt can now be calculated from the current density

0 QfO

In thisexamplewe are using a-type conductorConvertingcurrent density to current over

dimensions and electric field to voltage over length gives

O Qf w o 9
®Q 0 0
Therefore
‘ 00
QN ow'Q
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For an ntype material, the equation is

‘00
Q¢ wwQ

The van der Pauw (VDP) methasl a techniquevhich makes usef the Hall effectto
electrically characterisea given material, independent of its geometry so long as the
sample retains a flat surface and is roughtiriensional i.e. significantly thinner than it is
wide (42, The VDP method was first proposed by Leo J. van der Pauw in 1958 and can be

used to acurately determine:

Resistivity of the material
Sheet charge carrier concentration

Mobility of the majority charge carrier

= =/ =4 =4

Type of majority charge carriengles or electrorn)s

The basic principle utilises four ohmic contaofsequal spacingn the mateal surface,
producing a symmetrical measurement structure as illadtriat Fgure 4.2. Due to the
symmetry of the design if a current is passed between two contacts such as 1 and 2, th
corresponding voltage across 3 and 4 will give rise to a resistaates symmetrical
around the structurd@.ypically, the four contacts are made around the edge of the sample.
However, by electrically isolating around tlesignmultiple structures can be made on the

same sample.

Figure 4.2- Example mmbering of VDP contacts
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Using Ohm's law
v @ W
O O

Where the channehickness is known, using theaw der Pauw equatiomsistivity } is

then given by

" 0w W Ycm

CoOX 0 O
If the channel thickness is unknown, then sheet resisjanecean be defined as
" " 70 Y/ squi
To measure the Hall Coefficient, current is applied betweemtweadjacent contacts and
the potential voltage difference measured between the two remainitgctsowhile a
magnetic field B, is acting perpendicular to the sample surface. This potential difference is
the Hall Voltage

no 6 A0

This relatesthe electric fieldE to the magnetic field and the carrier velocity. The

charge of a carrier is denoted dpy
Current can be expressed as:
O NeEdwo
wheren is the carrier density and/ the separation between the two ramjacent contacts.

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

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 R canthen be calculated as:

v P wO
ne 06
Where \; is the measured Hall voltagen¥ EW.If the thickness of the active layer is not

known then the sheet Haloefficient can be expressed as:

Y W
0 ‘00

Sheet carrier concentratiamneet can then be calculated from the measured sheet Hall

coefficientRusin unitscm?.

. Y cm
3 _r']'Y

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

¢ P cm?

o
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Hall mobility €4 is calculated from the measur values of sheet resistivifyheetand sheet
Hall CoefficientRnsheet The thickness of the active layer is not required to determine Hall

mobility.

Y

All Hall measurements carried out in this work were performed usiitNar@gometrics
HL5500PC Hall measurement systenthis fourprobe system equipped with
micromanipulators is rated aapable of measuringsistivityr angi ng f rtoim 0.
MY T . 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 suchHtllkit is suitable

for samplesup to 25 mm in diameter. The system ds@ this work comes with ra
interchangeabl&eated stage ranging fromom temperature to 380 either in ambient
atmosphere or in a vacuum of ~ 60 mTorr, allowing high temperature Hall measurements

in-situ. An image of the standard measurement stagaisrsin Figure4.4.

‘ Observe £SD Precautions
& Refer to Operating Manual.

Figure 4.4i Image of theNanometrics 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 conditionsraee

1 The contacts are on the circumfece of the sample active region

1 The contacts are sufficiently small relative to the active region

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

1 Theelectrically 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 effectile!. Figure 4.5 shows sont®mmonVDP designs.

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

Figure 45717 Common designs of VDP test structureBlack dots illustrate the

measurement contact points.

Contact size and placement can have significaeceffon the accuracy of measurements.
Ideally, contacts would be infinitely smadind introduce no error. ddvever, this is not
practical as voltages required to drive a current between such comtadtsbe extremely

high andnot realistic. Designs sucls @ghe 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 contact$:or a norsquare substrate, moving contacts to the
midpoint along the edges raththan the corners widllsowork. R. Chwanget al examined
several sizes of both square and triangular shaped contactgjuane ssamples by
electrolytic tank experiment and calculatiéfi. Figure 4.6 shows the VDP design.
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Figure 4.61 Squaresample with trangle ohmic contacts formed on the corners, R.
Chwanget al

Their results show the use of triangular contacts for a square VDP dasiduce
reasonable accuracy depending on the contact size. For example, if the contacteedge siz
Is /8 the sample edge thgall correction factor is less than 10%his provides a good
measurement setup for square samples in cases where more intricate VDP designs are le
practical due to processing requirements, material, time constraintoetihie coss ad

clover leaf designs shown ingere 4.5, less than 1% error is possibte

4.2 Transmission Line Measurement

Transmission Line Measurement or Transfer Length Measurement (TLM) is a technique
usedto determine the contact resistarfBg) between a metal and semicondudtst. The
methodemploys a series @hmicmetal contactfabricatedn line with increasing gapize
between each contagiresented irFigure 4.7 In this example five square contacts are
spaced apart by 14 pum gaps.Each gap represents a network of resistances that are
illustrated in Figure 4.8. HereRnd R represent the contact resistance between the metal
and semiconductor and in theory these values should be equal. The resistance betwee
these contacts, Ris determined by the conductivity of the substrate for a given gap size.
Increasing or decreasingettlistance between contacts widlry the value of B while Ry

and R shouldremain the same. As such, each gap can provide a value which when plotted
agains distance can be used to ascertain not only the contact resistarimg R® the

substratesheet resistance per unit areg) (Rn example plot is shown in Figure 4.9.
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Figure 4.7- TLM pattern withincreasinggap distances
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Figure 4.8 The TLM gap transistor network
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Figure 4.9 Plot of resistance with gap distance from a typical TLM structure.

4 Characterisation and Measurement 56



Here, the gradient of the line yields the sheet resistance of the sulfstrate ThHe
negative xaxis interceptepresents 2 timdbe transfer length (). Extrapolating the trend
line backwardgo the point where gap size equals zeraXis intercept) provides the total

contact resistance, 2Ror both contacts.

4.3 Atomic Force Microscopy

In both fabrication and samptiharacterisatiora method of accurate surface profiling is
desirable toview surface topology, roughness aaldo depositedfilm thickness. Atomic
Force Microscopy AFM) is a branch of Scanning Probe Microscopy (SPM) in which
threedimensional profilesare 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
shapedprobe located tathe tip, often made from silicon. This probe isvad across the
surface in a rast like pattern while afeedback mechanismmeasures the vertical
displacement of the cantilever tip caused by changes in the surfécg.is achieved by
reflection of a laer 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 surfacelo minimise damage to both the tip and the material being scanned
modern AFMs are equipped with a tapping mode in which the cantitsotliates at a
high frequency in order to At apOoFigurk410s ur

shows an illustration of an AFM setup.

Sensor

Cantilever

Figure 4.10 lllustration of an AFM setup.
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The AFM technique, while capable of snim resolution, is primarily limited by the
physical dimensions of the probe tip and its ability to conform to the topology of the
surface being scanneldor example attempting to measure a deegrow trench in whib

the probe cannot fasthe pyramidal shape of thprobewill preventthe apex reachintpe
bottom andinto cornes. As such AFM is generally moreiited to height measurements
rather than lateral distancaad is not capable of mappioger hanging featres.As well

as tle measuremenof featuressuch as film thicknessoughnessvalues canalso be
extracted from the assessed profile independentsavhple topology. The average
roughnesgRa) is the arithmetic mean of the ordinate values Z within the sampling length.

When Z is taken over a discrete number of measurement g@mtan be expressed as:

Y @

C:|o

Here N is the number ofmeasuremenpoints in a given sampling lengtih. This is
illustrated graphically in igure 4.11 The centre line is the trace that the probe would
measure according to its movement along a perfectly flat sutfade regions below the
centre line are placed above it, the Ra value is then the meggiit of the resulting profile.

CentreLine

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 influence
by the presence ohfrequentfeatures on the swate, such as dirt or scratchdhe
measured value of Ra does not give any information as to the shape of the andaas

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

ThevalueRq is the root mean square of the ordinate values Z for a given sampling length

and is expressed as:

~ ¢ p

0

Unlike Ra, Rggrantsadditional influence to the numerically higher measured values of
surface height and thus is more repreative of a sample with leseequentfeatures.

While Rq can be skewed by anomalies foreign to the sample surface such as dirt, it is mor
representive of a surface with features suahpillars. Rq also has an advantage in that
phase effects from electrical filteese negated and is often more useful for assessing the
optical quality of a surfacdhe difference between Ra and Rq mathematicalyasnpled

below.

Y @

Y

4.4 Chapter Summary

Techniques used in this work for the characterisation and measurement of hydroger
terminated diamond have been detailed. Primarily, Hall measurement is employed to
inspect surface conductivity aubstrates and thguality of surface termination is also
indirectly verified by measurement of surface conductivity, due to an inability to directly
detect hydrogen tenination. TLM measurementserve to quantify surface conductivity
while providing additional information witlmegards to contact resistanmfemetd contacts

A branch of microscopy, AFM, ialso detailed as a nams to profile diamond surfaces
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with subnanometre precision. The following chapter presents fabrication processes for
various measurement structures employed in this weitk particular aention to the

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

In this chapterfabricationdetailsfor the formation oflevices and measurement structures

on hydrogen terminated diamond gresentedPrimarily, van der Pauw designs for Hall
effect measurements made up the majority of electrical test structures produced. However
structures for determining comtaresistance, gate leakage afET devices were also

made following processing details debed in thischapter.

5.1 Electron Beam and Photo Lithography

In modern fabrication technology, the primary means of creating micro andsnal&o
features are both photo and electron beam lithogr&ghyPhotdithographyis a process
by which the targesubstre is coated witha photosensitivecompound known as resist.
The photeresist weakensunder ultravioletradiation to the point at which it can be
selectivelyremoved in asolution. By coating a surfacevith resist(typically spun on to
generate a conformal coatingind placing a mask dop; the resist can bexposed to pre
determinedpatterns This isoften referred to as contact lithographg the mask contacts
the resistAfter exposure to light, &veloping thesamplein a solutionremoves thexposed
areas ofesist leaving behind the desigmbossed in unexposed residtis technique can

achieve resolutiongn the microscopic scal&€he proces is illustrated in lgure 5.1

An alternative process is electrtbeam lithography. Here electrons are used in place of
light to pattern radiation sensitive resist, weakening exposed areas in a similar way to
photdithography. Unlike photiithography there is no maskstead arelectron beam is
precisely controlled by software and writes the patterth waser style movement.
Photdithography is considerably cheaper to implement than the complex systems required
for controlled electron beam exposure. It is also much fastemand suited to mass
producing multiples of the same patteHowever, 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 minimumufeasiz that can be
achieved. Photihography is limited by the minimum feature size attainable to that of the
lightés wavelength and diffraction effects from the masking material, while electron beam

lithography can achieve nanometre precistdh

Light

L

“— Sample

Figure 5.17 Illustration ofphotolithography selectively exposing a resist coated sample to
light through a patterned mask.

One of the most commonses of resist once patterned by photo lecteon beam
lithography is to fill the exposed (patterned) areas with a chose@rial. This is achieved
by a procesknowmna s -0 F f 6t ang remaimingcuhexposed resist is removed in a
solution after deposition of the desired pattern material. Thigrmahkis often, but not
limited to, metalT o cr eabef @ ,fnd medistt domsists of two layers,|ayer
directly on the substrate surfagéhich is more susceptible to radiation topped with a
thinner layer less susceptible to radiation. Afirography and subsequent development
in a solution to remove the exposed resist, an overhangepisfilormed a shown in

Figure 52.

2" layer Resist 4% 2041

1stlayer Resist 12% 2010

Figure 52 - Example cross section of a sample coated with resist after patterning.
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This overhang becomes vital when depositing the desired material frarh thie pattern
is to be brmed, illustrated as metal ingare 53. Due to the height of the resist and the
overhang profile the deposited metal does not form a continuous film, resoltiegions

where a wet chemical solutionay access the resestd remove it

v 2

Metal Metal
2" Jayer Resist ¢ ¢ 4% 2041
1stlayer Resist | Metal | 12% 2010

Figure 53 - Example cross section of a metallised sample.

As remaining resist is removed in a solution the deposited metal on top is also removed ol
Al i-6t ed. Tlkaees bekirgl wihlyt deposited metaltie desired pattern,idgure
54.

| Metal |

Figure 54 - Example coss section after |Hoff.

The process of lifoff can be influenced in several wayerhaps most importantly, the
thickness of the deposited matemalst not exceed the profile formed by thesist as
illustrated in Figureés.3, Otherwise the deposited material will form a continuous film over
thelift -off profile and prevent a wet soloth from accesing the resist. In casegere the
deposited material nears the thickness limit of what can be successfullyofiftey the

resist profile being usea feature knownsa A f | ags 0 wihdrdby additionaln  f
material is left beimd atthe edges of the depositpdttern. This flagging effect also occurs
when using an unoptimized resistladyer andor inadequatalevelopmenprocess for the

exposed resist
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5.2 Metallisation and Oxide Deposition

Thin films of material can be depositeg a variety of techniques, such as thermal and
electron beam evaporation, sputtering and atomic layer depositidre majority of
material deposition performed in this work made use ole&ron beam and thermal
evapration systems built by PlassysodelsMEB 400S and 400These systems contain
multiple crucibles foin-situ evaporation of different materials, suitable for substrates up to
150mmwith a ayo-pumped main chambandload lockthat reaches pressures~dfx10

" mbar The 4009s used for the deposition of various metatsl makes use of afeetron

beam source. The beam created by the electron gun is magnetically focused onto a targe
made of thedesireddeposition meerial, scanning in a rast patternto generate localised
heating and achieve a temperature at which the material sublima&e®lassys400 is
equipped with a resistive element for thermal evaporation and ieuskively for oxide
materials to avoid metal/oxide contaminatialfustrated in Figure 5.5 The deposition
materi al is placed in a tungstTheamaterdalofat o
deposition can be heated by passing a current through the boat, generating resistive he
with relatively precise controlFor bothsystems,the thickness of the deposited filis

monitored with a quartz crystal hyeasuring theaesonantfrequency of the crystas
evaporated material coats it

Plassys 408 Plassys 400
Heater — s
- —
| — Stage/"? —
Substrate/
O 1 O 1
<> =~ Shutter <>
O , ~ Quartzcrystal

1

Electron !
1
beam .

Electrode - ' %
N

|:|Magnet

Figure 5.5 Diagrams liustrating the Plassys 400/40@8aporation tools.
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5.3 VDP & TLM Formation

Due to thesensitivity of the hydrogen terminated diamond surfadayer of goldis firstly
deposited onto the samply electron beam ewaporation This metal layer protects the
surface from subsequt processing steps which mdigrupt the hydrogen termination.
With the gold sacrificial layer in placeesist can then be spun on the sample lecteon
beam ithography. Aignment markersre writtenaround the goldayer anda subsequent
level of lithography is used to defineaktionareas The gold isselectively éched in these
isolation regions using solution ofpotassium iodiddeaving behind sections gbld from
which ohmic contactwiill be formed. At thisstagethe isolation regions are exposed to O
plasma, replacing the hydrogen termination with oxygerhis removes the negative
electron affinity in these areas and prevents surface éradeping, effectively removing
surfaceconductivity. The resist useth most of this workconsists of a biayer 12% 20@Q
and 4% 2041 PMMA, baked for a minimum of 20 minutes af@20his bilayer works
well both as a mask and for Héff. The goldstructures are then etched again to expose
what are to be the active conduction regions between ohmic contacts. Tess pso

illustrated in kgure 5.6

Au Deposition Spin Resist
(Shadow mask) «—

L2 2 R

H-Diamond H-Diamond

Isolation Etch and @Plasma Active Region Etch

v

HH HHUHHHUHHH

OO HH HHHHIHTHUHHOO

H-Diamond H-Diamond

Figure 5.6- lllustration of VDP fabrication on hydrogen terminated diamond. After
deposition ofgold using a shadow mask, resist is spun andytie etched withpotassium
iodide to reveal regions to be isolated withh glasma. 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 rem&# Exposure of the
diamond surface tpotassium iodid€Kl2) has shown no detrimental effegith regards to
observed surface conductivity, wheredtemptsto remove resist history from the surface
using Q or Sk plasma disruptethe hydrogen terminatiorfrigure 57 shows images of a
lithographically defined VDP structure consisting of ohmic castaverlapped by bond

pad metal. These pads are made up of titanium capped with gold to provide a more robus
probing solution.Here he active region in the centre of the four contaetsains covered

in gold andhas 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 tke lithographicallydefined window At this stage the resist is then removed in an

acetone bath kept at a temperature §€C58ndlaterrinsed in isopropanol

Bondpad

Overlap

Ohmic contact

Active
region

Figure 5.71 Electronbeam defined VDP structures. The active region in the centre of each

structure has not yet been etched.

Figure 5.8- Completed electroheam defined VDP structures.
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During fabrication of designs requiring multiple levels of lithograpiften ative region

wet etching with Ki would result in incomplete removal diggold film as illustrated in
Figure 5.9. The appearance of the gold after etching suggests masking of the metal by
another medium, preventing fulemoval with the Kl> solution. The most likely
explanation is incomplete removal of the resist used in litggr 2. After each
consecutive layer dithography,it is essential to thoroughly remove residual resist from
the gold surface to prevent accumulation of a mask on the gold which prevents successfu

wet etching. This masking effect is more prone touocfter each successive level of

lithography.

Figure 5.91 Optical 3D images of a VDP structure fabricated on diamond, taken using a
Bruker ContourGTOptical 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 dstreamlinedran der Pauvstructurecan be prepareavoiding
these lithography and fabrication stepg appying silver to the corners of a sample,
roughly forming four symmetrically spaced contsé&? 54, This is illustrated in Figure
5.10

Ag contact /7

Hydrogen
terminated
Diamond surface

Figure 5.10° Diagram of adiamond sample with silver applied to corners, forming a VDP

test structure.

For the purpose of maki n-diamindslverzentadsrsieow &
sufficiently low resistance and linear respofisé Use of this simplified VDPstructure
minimises the sk of incurring contamination othe diamond surface using stkard
processing techniques such egosure to resistsolventchemicals and electron beam.
Removal of hydrogen termination has previously been reported after exgoselectron

beam, though at much highgwoses than used in this wdrk.

\!ft.

3 mm

Figure 5.11i Imageof a 3 mn? diamond sample with silver applied to corners, forming a
VDP test structure
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5.4 FET Gate Definition

So far the use of a gold satidial layer, lithography and klwet etchhas been discussed

for the fabrication of structures on diamond with minimal exposure of the hydrogen
terminated diamond surface to the various processing steps. Structures auébRsnd

TLM have good tolerance whéncomes to undercut produced by the gold wet etch. For
FET devices, however, the source to drain gap is determined by this und&teut.
devices fabricated in this work were formbd electron beam lithography, a patterning
techniquediscussed previouslin this chapter. Producing sub 500nm gate length on
diamond with a controlledsource drain gap first required process development. For
developmenpurposesa 4.5mn¥ diamond samplevas first coated with 8@m gold by

way of dectronbeam &aporation fia chamberpressure of X10° mbar. The sample was

then coated with the sanRMMA bi-layer discussecgreviouslyand patterned bglectron

beam lithographyFigure5.12 shows two microscope images of the gate pattern used. Here
the resist has been developed andgblel wet etched with Kl Optimising the etchant
concentration and temperature allowed for precise control of the undercut. &Jsing
H>O:Kl> mixture with a solution temperature of 8D resulted in a uform 2 pm undercut
when submergetbr 30 seconds (Fige 5.1239. Reducing this time to 15 seconds resulted

in a ~1 um undercut creating a ~2 pum source drain gap depending on the gate length
(Figure 5.128. For structures in which the undercut is undesirable, such as TLM gaps, a
short etch time of 10 seconds was fouo 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° Electronbeam defined gates with contact padsharcoateddiamond.
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The same resist profile used to etch the sedraen gap is also used to Hdff the gate
metal While writing the gate itself, the contact pad for prob{mgnich connects to the
gatg is also written.Due to the gate pad being siigantly larger in area than the gate
itself, two differentsets of parameters wh writing with electron beam atesed, namely
exposuredose andeam spot sizéigure 5.13- shows a gate after depasit and liftoff

usingan80 nm thick gate staakonssting of titanium platinumand gold

Damaged gate

Figure 5.13 Electronbeam defined gate with contact pad after metalisation and lift off.

The gate dose was 1680C c?mith a beanspotsize of 8 nAand aVariable Resolution

Unit (VRU) of 10. The contact pad which the gate connects to was written with a dose of
1500e C c?pspotsize 32 nA and a VRU of 32. Here the gate appears danagdygdue

to a poor liftoff resist profile as a result of inadequate exposure dogare 5.14shavs

another gate afterftroff using the same resist-laiyer 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 210@?with an 8 nA spot size and a VRU

of 10. Optical(5.14a) and ScanningElectronMicroscope (SEM}5.14) imaging showea

well defined gate aftelift-off. From the SEM imagehe gate length measures to be
approximately 225 nmrhe ohmic contacts formed blget sourcedrain wet etch prior to
deposition of thegate metal show a rough, unevernofile. This phenomenon was
commonly observed using &wer Kl etch at room temperature. Increasing the etch rate
with a less dilute solution and higher temperatureO8€&roduced a smoother edge to the
gold contacts.Figure 5.15below shows a rendered AFM scan of a transistor gate
combining both the optimised gate lithography and optimigeldl wet etch which
resuled in smoothergold side wallsand a weldefined gat. This is importantor the
source drain gap to minimise field concentrationgaants alonghe uneven edgéurther
optimisation to reduce the sidewall roughness is likely possihle was nb explored

further in this work.

2.5 um

0.8

Figure 5.15 5 um by 2.5um AFM render of a ebeam defined gate combining both the

optimised dose and Au wet etch.

5.5 Chapter Summary

Formation of devicesand strutures which exploit the surface properties of hydrogen
terminated diamongvere discussedA specific approach téabrication on Hdiamond is
requiredas result ofthe hydrogen termination itselfwhich is easily degraded or even
removed by exposure tearious fabrication techniques typically usedheTformation of

both ohmic and gate contacése show, as well ashe producion of &n der Pauw
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measurement structuteghe following chaptecontains the bulk of researghnesented in

this thesis, utilising fabrication and nsegement techniques discussed tfans
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6 Surface Acceptor Results

Since the establishment of the surface transfer doping model for hydrogen terminated
diamond exposed to ambient,agsearchers have sought means of replacingaheally
occurringsurface adsorbates with alternatalectron acceptors. Some alternative materials
are explored in this chapter, as mentioned previansBGhapter 3including measurements

of stability with time andit elevated temperaturdssues that arose concerniisgurcingof
consistent high qualityhydrogen terminated diamond maternigled for this works also

discussed.
6.1 Hydrogen Termination

A mixture of hydrogen and oxygen termination is most common for naturally occurring
di amond, due t ofleCyb growd diamard ia assigyhleftitéeminated

due to the presence of hydrogentl® chamber to suppress graphfacmation. Grown

CVD diamond typically exhibits high levels of surface roughness angsuslly then
polished which in turn removes any-tefrmination. 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 lubrié&&t Later it was observed
using Low Energy Electron iBraction (LEED) that diamond surfaces polished in this
manner exhibit Hermination, 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 Andcet 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 iner
carrier 183, This work explored the importance of substrate temperature in relation to
achieving maximurhydrogen termination at ~980, 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, thémportance of hydrogen termination in diamond surface
conductivity was exploredUnfortunately, the resources required for the hydrogen
termination of diamond were not readily available for the duration othlesis resulting

in a reliance on collaborative parties. While thehor is exceptionally grateful fahese
efforts, the lack of irhouse control over this process greatly limited the scope by which
this process could benderstood and optimisedn 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 Hermination differed in approach, process details

outlined in the table below.

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

Table 6.1i Process details of two hydrogen terminatmoceduresised to Hterminate

diamond samples in thihapter.

Both sources of Hermination used purposebuilt CVD diamond reactor with microwave
plasma capability. Cardiff optefidr a higher power process ak®/ with a short exposure

time of 5 minutes. The reasoning behind this high power and short time viastto
minimise damage to the diamondirface while still producing good hydrogen coverage.
Conversely, the process at Paris made use of a much longer exposure time of 30 minute
with a lower power of 2.1 kW. Substrate temperature for both processes was maintained a
roughly 600C and measuredy pyrometer.H-terminated samplesrriving back at
Glasgowwerethengiven a solvent clean in acetone followey IPA using an ultrasonic

bath to remove any contaminants accruddring transit. Verifying the quality and
consistency of hydrogen terminatias challenging, due to the difficyltin detecting
atomic hydrogenTechniques often used to detect hydrogen termination, sustaasing
Tunnelling MicroscopeSTM) and LEEDwere not availabl€# 851, As suchthe hydrogen
termination of diamond samples in this work was primarily quantified by surface

conductivity measurements.

It is essential to maintain@dean andsomewhat consistent surfapggor to any attempts at

hydrogen terminatianideally, the crystal plane would be atomically smooth with
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imperfections or impurities. élvever due to available polishing and growth technologies
this was not possible. The simplésind that a diamond surface cambatom can form is to
hydrogen 66l The resulting polar surface will be rapidly polluted via airborne
contaminantsor contact with other materialeshich bond strongly to the surface. This sort

of surface contamination cannot be removed by basic chemical solvents such as aceton
but raher require aggressive acid cleaning at high temperatures to ensure a clean surface
Therefore, a twestep cleaningrocess wasstablishedbased upon a process developed by

the ISDD Optics; Detectand Electronics Group alSRF, illustrated in igure 61.

G5ANID&¢E Step 1 Acid Solution

N

Containment

/
2 2 2 ves:el .
| I ot Plate

Step 2 Triple Rinse

DI water

Clean sample/ T\/\j T\/\j

]

Figure 6.1- Process flow of diamond acid cleaning

Firstly the sample is placed in a mixture fogshly prepared aquagia HNQ:HCI 1:1,

which is then placed on a hotplate and allowed to boil id)¥ 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 oxygenate
compounds. Next the sample is placed in a mixtdireH£5Qs::HNO3 3:1 and boiled
(~240°C) for >10 mnutes, again triple rinsed in DVvater. This last step removes any
lingering particle matter from the highly polar surface and leaves it oxtggerinated,

ready to behydrogen terminated via microwave plasmidis acid cleaning process is
particularly important after polishing, to remove graphitic contaminants and other matter
used in the polishing procesafter cleaning, samples were inspected optically and by
AFM.
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To illustrate the variation seen in surfamenductivity between sampl@s this work after
hydrogen terminationan overviewof Hall measurement$or 13 H-terminated CVD

diamond samples doped by air exposaaneshown in @ble 6.2

Sample Polish Termination Sheet re§istance Carrier Mobility

source source K concentration fcn?  cmé/V's
A E6 Paris 8700 1x10%3 69
B E6 Paris 71750 1.2x10* 71
C E6 Paris 39490 1.8x10"2 86
D E6 Paris 58270 2.7 X102 40
E SP Paris 16030 1.0x10"3 39
F DPS Cardiff 17320 1.3x10"3 28
G DPS Cardiff 15750 1.1x10% 38
H DPS Cardiff 14990 1.1x10% 38
I DPS Cardiff 25180 5.8 x10'? 43
J DPS Cardiff 19340 6.3x10% 51
K DPS Cardiff 22920 1.4x10% 26
L DPS Cardiff 15980 1.2x10'? 32
M DPS Cardiff 12840 2.6x10% 18

Table 6.2- Compiled Hall measurements of Ingle crystal hydrogen terminated

diamond samples exposed to air.

Each sample was prepared at different intervals over the duration of thedaithDrand

vary in source of polishing, hydrogen termination and grovdh.single crystal CVD
diamond sultsateslisted were supplied by Element S{E6). SamplesA - D were scaife
polished by E6 and samplelly Stone PerfecfSP) which were subsequently hydrogen
terminated at the University of Paris BamplesF - M were polished bypiamond Product
Solutiors (DPS) and Hterminated athe University of Cardiff All polished samples
despite polishing soureeshowedvariable mobility coupled with widey varied carrier
concentration. N clear relationship between surface roughness and mobilityfsaafter
pdishing was observed. divever samples with the smoothest surfapelished by DPS

(~ 0.4nm Ra)tended to exhibit the lowest mobility. Variationgarrier concentration will

be impacted byhydrogen coverage of the surface and the composition of atmaspher
adsorbatesin 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 conductivibe majority of electcal
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measurements for surface transfer dopedlidtnond shown in this chapter vary
substantially between samplidsely due to inconistent hydrogen termination armd other
variation in surface qualitybetween samplesn Chapter 7, the conditioning of the
diamond surface is explored and some preliminary teshlowvaried parameters during

the hydrogen termination process can yield large improvements in surface conductivity and
surface roughnessThis 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 hydroge
terminated as described in sect@®f.

6.2 Surface Transfer Doping

6.2.1 Air

Air exposure has traditionallpeenused as a surface acceptor medium for hydrogen
terminated diamond®”, as explored in Chapte3. Generally, all hydrogen terminated
diamond samples in this work are first characterised with air exposhig.not only
provides a starting point for subsequent measurements during experimentation but alsc
gives an indication of hydrogen terminatiandor substratguality. However, it should be

noted there was no control over the composition of atmospbpecies on the sample
surface, relying on spontaneous adsorption when exposed to air. Therefore, variation in ai
doping between samples is likely without a more systematic study to control environmental
conditions.To observethe general stability of ainduced surface conductivity, @vD
diamond sample was polished aexiposed to air after klyogen termination, details of
which can be found indble 6.3

VENDOR  ORENTATION POLISH SOURC TERMINATION SOUR! SIZE
E6 [100] DPS Paris 3 mn?

Table 6.31 Details of a CVD diamond sample used for air induced surface transfer doping

experiments.

This samplewvas characterised using a Nanometric Hall measurement system (detailed in
Chapter 4pver a peod of 17 days as shown in Figure 6Id minimise disaption of the

surface adsorbates VDP structure was formed by applying silver to the sample corners, a
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method discussed in Chapter@ver time the hole carrier concentration can be seen to
fluctuate around 1.k10" cni?2 with a deviation ofapproximatef 5%. Sheet resistance
shows a similar deviation of 42%. The sample was at all times stored in the same location
within a class 10,000 clean room with a consistent room tempenattirerange of 21.6
22.2C and typical humidity of 45% +/1% RH. While the source of this variation is
unclear, it is likelyattributed to instability in the composition of atmospheric species on the
sample surface which are responsible for generatingecarwithin the diamondPoor
thermal stability of air doping is wellodumented®d, very little literaturecurrentlyexists

on the general stabilityfoair doping over extended periods of time in a controlled

environment.

To inspect the impact of elevated temperature onexposed Fdiamond, Hall
measurements were performed twro H-diamond samples doped by air expostioen

room temperature to 300 (Figure 6.3). One sample was measured in ambient
atmosphere, while the other was measured in a low vacuum of 60 Rdote airdoped
sample measad in ambient atmospheliacreasing temperature above 2D@aused sheet
resistance to increase above<10’ Y/ due to rapidly decreasing carrier concentration
leading to the sample becoming unmeasurablagl measurements fothe airdoped
sample measad in a low vacuum showedignificantly improved thermal stability
compared tothe one measured in atmosphekowever, a steady decrease in carrier
concentration s still observedesulting in a sheet resistance increase of ~8détility

for the sampleaneasured in vacuum increases with increased temperature as carrier density
decreases, however for the sample measured in ambient atmosphere the mobility decreas
with increased temperature. Figurd 8hows 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 measuremen
performed after the atmosphere exposed samplas cooled back down to room
temperature in air indicated the substrate permanently retained this unmeasurably higt
sheet resistance. A much o6ésl owerd degr a
increased temperature fire sample measured in vacuas attributed to thebsence of

air. Subsequently, this sampletained a decreased but measurable level of conductivity at
300°C. The substrate was then cooled back down fromG®@ room temperature in the
same lowvacuum environment while measuremeuoitsheet resistance were periodically
taken during the cooling procedsttle change in theheet resistance was obserdeding

this cootdown process.
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Figure6.2- Hall measurements over time for an air exposetidtihond sample.
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Figure 6.3 - High temperture Hall measurements up to 3G0for 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 roo
temperature and the sheet resistance measured periodically for 5 days with the substra
exposed once again to ambient atmosphere. An immediate and notable reduction in shee
resisance (~50%) was observed followingaeposure to air. This decrease continued for

~ 21 hours following reexposure of thesample to air before saturatifgy the remainder

of the measurement perio8urface transfer doping in-#iamond using ambient aisa
surface acceptor is well known to exhibit poor thermal stability. Previous work has
demonstrated that annealing-diamond in high vacuum at ~ 4@ removes any
conductivity that is attributed to previous exposure tol®fr In this work, it was also
found that the conductivity in the-Biamondreturned after it was once again exposed to
ambient air at room temperature. The recovery in conductivity observed following re
exposure to air indicated that tiecrease in sheet resistancbserved at 40C under
vacuum was attributed to desorption of atmospheric species from-denténd surface
rather than removal of hydrogen. Experiments at higher temperatures in this work
indicated that a temperature of at least°@i8 required for desorption of theashisorbed
hydrogen in high vacuunConversely, Hdiamond was found to begin to lose hydrogen
from the surface when heated in ambient air at much lower temperatures closer’®@ ~200
(681 due to oxidation of the surface. These findings agree well with the rekatig herge
whereby the degradation in conductivity observed at elevated temperatures is due to
combination of partial oxidation of the diamond surface as well as desorptaaisaied
atmospheric species. Ftire sample measured in ambient atmosphedaelisation of (and
hence partial removal of hydrogen from) the diamond surface most likely resulted from
heating of the substrate up to 800in ambient air. Therefore, the camtivity did not
recover when the substrate wasemposed to ambient air. Conversely tbhe sample
measured in vacuumthe degradation in conductivity observed up to °800wvas
substantially reduced icomparisorand recovered substantially if not complgtwhen re
exposed to ambient air. These results suggest that the shyfdtogen coverage remains
mostly intact during heating ia low vacuumof 60 mTorrand the observed increase in
sheet resistance was predominantly attributed to partial remouatfats acceptor species
during heating.
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Figure 6.4 7 High temperture sheet resistance measurements up t6C30&r two air
exposed Hliamond samples, one in ambient atmosphere and the other in vacuum

6.2.2 Molybdenum Trioxide as a Surface Acceptor

As discussedn Chaptes 2 & 3, several high electron affinity transition metal oxides are
expected to be capable surface electron acceptors on hydrogen terminated diamogd.
to its electronaffinity of ~6.9 eV, MoOs has aconduction band minimurmore than 2.8
eV below the hydrogeterminateddiamond valence band wienum, making electron
transfer from the diamond to Mo® energeticallyfavourable®9. To investigate the
potential doping efficiency of M@z on H-diamond, Hall measurement was jpenied on a
van der Pauw test structuieo remove the possibility of electron beam exposure effecting
the hydrogen terminatiogra simplified VDP formation utilising silver contacts was used as

described in Chapter Betails of thesubstrataised can be fond in Table 6.4

VENDOR ORENTATION POLISH SOURC TERMINATION SOURC SIZE
E6 100 DPS Paris 3 mn?

Table 6.41 Details of a CVD diamond sample used for Ma@duced surface transfer

doping experiments.

After VDP formation 100 nm of MoQ@ was deposited onto the sample by thermal

evaporation using the Plassys 400 evaporator described in Chapter 5. While 10 nm
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