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Abstract

This thesis details the use of x-ray photoelectron spectroscopy to monitor in-situ surface
processing of solid surfaces in real-time. The processing methods investigated were
annealing, deposition of thin organic films and exposure to oxygen and hydrogen produced
by in-situ microwave plasmas. Three solid surfaces were investigated; metals, diamond and

zinc oxide.

Clean copper and gold were annealed up to 1000 K while monitoring with real-time XPS. A
temperature-dependent shift of the Cu 2p3/, and Au 4f;/, core-level to lower binding energy
was measured, -1.29 + 0.04 meV / 10 K and -2.36 + 0.01 meV / 10 K respectively. The shift
was identified as being due to a thermal expansion of the lattice. The removal of argon ion
induced damage to the copper surface was monitored in real-time and a critical temperature
of 680 £ 20 K for the removal of the damage was measured. The formation of an interface

between aluminium and copper phthalocyanine was monitored in real-time.

Hydrogen and oxygen terminated (111) natural diamond surfaces were prepared in-situ and
surface reconstruction by annealing up to 1200 K was monitored in real-time. Large
reversible shifts to core-level binding energies were attributed to a surface photovoltage
that was persistent at high temperature on the hydrogen and oxygen terminated surfaces. A
model of the surface photovoltage is given where the bulk resistance of the diamond is

identified as sustaining the photovoltage at elevated temperature.

The zinc oxide (0001) surface was found to have a temperature-dependent core-level
binding energy shift that was fully reversible up to 900 K and symmetric with cooling. The
shift was attributed to a diffusion of oxygen vacancies from the bulk into the sub-surface.
The zinc oxide (0001) surface was found to exhibit different temperature dependence to the
(0001) surface that was fully reversible up to 700 K but not symmetric with cooling. The shift
was attributed to an additional disruption to stabilizing charge transfer between the polar
surfaces. The formation of interfaces between the (0001) surface with copper

phthalocyanine and C60 were monitored in real-time.
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1. Introduction

Understanding solid surfaces has underpinned materials physics for generations and
although surface science today has evolved into the study of solid-liquid and liquid-gas

interfaces [1-4], understanding solid surfaces is as relevant today as it ever has been.

Materials engineers are interested in improving materials and this is often done by some
form of processing. This may be annealing the material, alloying of metals, doping of
semiconductors, reaction of surfaces with activated gases or the addition of thin films. For
the engineer a prior knowledge of the processing is required and this is often supplied by the
surface scientist through extensive investigations with a myriad of techniques, a small
example of which are photoelectron spectroscopy, diffraction and scanning tunnelling
microscopy [5]. However surface science techniques are difficult due to experimental
constraints such as the need to move the solid surfaces outside the vacuum for processing
and between vacuum chambers for measuring, and are also aimed at static surfaces where
measurements are taken before and after surface processing. The effect of exposure to the
ambient is highly important to consider when undertaking surface science and this is
illustrated in Figure 1.1 which shows a metal surface having been exposed to air. A thick
level of contamination has developed consisting of an oxide layer, absorbed water, organic
contamination and adsorbed gases. This level of contamination is a major problem as the
metal surface is completely obscured by the contamination and surface science techniques
will probe the contamination rather than the actual surface. The development of a system
capable of performing surface processing and measuring in the same environment is

therefore required.
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Figure 1.1 Schematic of a sample surface having been exposed to air. Illustration from [6].

A significant improvement would be the ability to perform common surface processes, such
as exposure to activated gasses, annealing and thin-film deposition, in-situ, without
exposure to the ambient, and to couple this with a measurement system that can measure

the surface in real-time during the surface processing.

X-ray photoelectron spectroscopy (XPS) is a technique that is highly suited for measuring
chemical state, energetics and surface morphology of solid surface. Like the majority of
surface science techniques it has been limited in the past to static surfaces, those surfaces
which are unchanging during the measurement, due to the long measurement time. The
recent development of position sensitive electron detectors has brought the measuring
times of the technique into the sub-second regime, and by performing XPS during allowing

surface processing to be monitored in real-time.

Examples of the use of real-time photoelectron spectroscopy may be found in the literature,
mainly by research groups developing position sensitive electron detectors. At Aberystwyth
the technique has been used to investigate the diamond surface by Bushell [7], Roberts [8]

and Evans et al [9, 10]. All have made use of a custom built discrete channel detector,



publications on which may be found by Langstaff and Evans [11-13]. A major contributor to
the real-time photoelectron spectroscopy field has been the group of Paolucci at the
ELETTRA synchrotron radiation source, Trieste, Italy [14], who published one of the first
reports of a real-time measurement on the adsorption of CO onto Pt (111) [15]. The Fadley
group at the Lawrence Berkeley National Laboratory have also published real-time

photoelectron spectroscopy results [16].

This thesis the use of real-time XPS to monitor the surface processing of three solid surfaces;
metals, boron doped diamond and zinc oxide. Metals are the foundation of the materials
industry being used from catalysis to electrical contacts. The measurement of metals at high
temperature and during thin-film deposition is therefore of importance to the materials
engineer. Boron doped diamond has extreme electrical, thermal, mechanical and chemical
properties and has the potential to supersede silicon as the material of choice for electronic
applications [17]. Zinc oxide has been known for decades as a remarkable material for which
new applications are consistently being found [18, 19]. The physics of the polar surfaces of
zinc oxide are yet to be fully understood and measuring the processing of those surfaces
during high temperature annealing and thin-film deposition is attractive to a wide array of

scientists and engineers.

The thesis has been arranged with a section on essential theory underpinning the work, a
description and characterisation of the equipment, three sections for the three materials

under investigation, followed by an overall summary.
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2. Theory

In this section essential theory underpinning the work is presented.

2.1. Ultra High Vacuum

For the study of surfaces a basic requisite is a vacuum environment for two primary reasons;
to prepare and maintain clean surfaces, and to measure electron emission and scattering
from surfaces. Vacuum is measured in terms of the amount of material present in the form
of residual gas molecules. The ideal gas law can be used to relate the amount of material in a
given volume to the pressure with (2.1), where n is the gas density, N the number of gas

molecules, V the volume, P the pressure, k the Boltzmann constant, and T the temperature.

% (2.1)
Pressure is measured in Pascal however the non-SI unit mbar is often used where 100 Pa =1
mbar. By applying kinetic gas theory, where gas molecules are modelled as spheres of finite
diameter within a finite volume, the necessity for vacuum can be demonstrated by
considering the distances molecules can travel without colliding with each other and the
number of molecules colliding with a surface per unit time. The average distance between
gas molecule collisions, or the mean free path is given in (2.2) and the flux of molecules
colliding with a surface, known as the Hertz-Knudsen equation, is given in (2.3), where A is
the mean free path, k the Boltzmann constant, m the molecular mass, T the temperature, ¢

the collision cross-section, F the molecular flux, and P the pressure.

1 kT

=—— 2.2
N (2.2)



F=—8— (2.3)

The mean free path provides an absolute minimum value for the gas pressure for particles to
travel from a sample to a measuring device without being scattered by the residual gas
molecules. For typical distances of 1 m the required pressure would be less than 10 mbar.
The molecular flux on a surface can be used to estimate the time taken for a monolayer of
residual gas to form on a surface (2.4), where ty,_ is the monolayer formation time.

1019

It can be shown with (2.3) and (2.4) that at a pressure of 10° mbar a monolayer of
contamination would form in 1 s provided that all incident molecules stick to the surface
(sticking coefficient of 1). Table 2.1 lists the properties of four vacuum regimes commonly
encountered. For performing surface science experiments the ultra high vacuum regime is
considered a minimum. At base pressure of 10" mbar a sample can expect to be free from
residual contamination for 10* s, or 3 hours, allowing ample time for measuring clean

surfaces after preparation.

Vacuum Regime Piessure Particxle de_r;sity Mean fxree ML :ime
10" (mbar) 10" (cm™) path 10" (m) 107 (s)
Atmospheric 3 25 -8 -9
Low 1 22 -5 -6
Medium -3 19 -2 -3
High -6 16 2
Ultra high -10 12 5 4

Table 2.1 Pressure regimes with typical values for the particle density, mean free path and
monolayer formation time.



2.2. In-situ processing

In this work three methods of in-situ processing were used; activated gases, thin film

deposition and annealing.
2.2.1. Activated gases

Processing a surface through exposure to a low-pressure gas in-situ will not produce the
desired result in a satisfactory time-frame as ground-state gases are too un-reactive. An
activated gas is much more reactive due to the presence of atomic and excited species. The
production of activated species is therefore required for in-situ gas processing. Processing
with activated gases is extremely varied and examples in the literature include hydrogen [1,
2], oxygen [3, 4] and fluorine [5, 6]. There is also the entire field of Chemical Vapour
Deposition (CVD) of materials [7, 8]. The ability to perform gaseous processing in-situ is
highly advantageous as it allows ultra-clean surfaces to be produced. A method of promoting
molecules into their excited states and forming activated species is therefore required, and a

method of achieving this is with a low-pressure, non-thermal plasma.

A plasma is a state of matter composed of ions and free electrons. Plasmas may broadly
categorised as being thermal or non-thermal depending on the energies (temperature) of
the ions. In a thermal plasma the ions have energies equivalent to several thousand degrees
Kelvin while in non-thermal plasmas the ions have negligible energies. For both cases the

free electrons have high energies.

Two types of electron recombination are of prevalent in non-thermal plasma: radiative and
dissociative recombination [9]. In radiative recombination (2.5) an energetic electron (&) is

captured by an ion (X') producing a neutral excited species (X*). In dissociative



recombination (2.6) a diatomic ion is dissociated into its two constituent atoms by the
capture of an energetic electron. Plasmas therefore contain excited and dissociated species
and therefore may be used to activate gas molecules.
Xt+e —X* (2.5)
XYt+e > X+Y (2.6)
To create and sustain a plasma ions and free electrons have to be continually produced
otherwise all species would eventually become neutral through electron recombination. In
the laboratory the most common method of generating a non-thermal plasma is the hot
filament method where a filament is heated until thermionic electrons are generated, a
proportion of which will have enough energy to dissociate gas molecules and to ionize
molecules and atoms through collisions. The use of this technique requires the filament to
be very close to the sample surface and the entire chamber at an elevated partial pressure
of the desired gas species. The main drawbacks of this method is the low yield of activated
species and deposition of the filament material on the sample surface. A more suitable
method is to use microwave energy to sustain the plasma, provided there is an initial source
of ions and free electrons. The plasma state is sustained by energising free electrons with
microwaves which then collide with neutral molecules producing excited ions. This method
is more suitable since the plasma may be generated remotely from the sample surface

allowing for a cleaner environment with minimal surface damage.



Activated oxygen

Three methods of producing activated oxygen with microwave plasma have been identified
in the literature — the dissociation of molecular oxygen [10], the dissociation of nitrogen and
reacting with nitric oxide [11], and the dissociation of nitric oxide [12]. Using nitric oxide as
the source gas was reported to achieve a more stable flux of active oxygen than oxygen gas

[12] therefore this method was chosen.

Excited nitric oxide systems are very reactive and several complex reactions are possible
[13]. The principal reactions are the dissociation of nitric oxide into atomic oxygen and
atomic nitrogen (2.7), the recombination of atomic nitrogen and oxygen to form diatomic
nitrogen (N,) and oxygen (0,) (2.8 and 2.9), and the recombination of nitric oxide with

atomic nitrogen to form diatomic nitrogen and atomic oxygen (2.10).

NO — N* + O* (2.7)
N+N— N,” (2.8)
0+0— 0, (2.9)
NO+ N — N," + O* (2.10)

The radiative recombination of nitrogen and oxygen produce photons in the VUV, optical
and infra-red. The VUV emission is of great benefit to the production of active oxygen as

diatomic oxygen absorbs VUV radiation and dissociates into active oxygen [14].



2.2.2. Thin films

Depositing one material onto another is a common surface processing method. Usually one
material is a substrate (B) and the other evaporated from a molecular beam source. The flux
from such a source, as given in (2.3), provides a number of molecules per unit time which
may adsorb onto the substrate surface. The single molecules may remain at their adsorption
site or diffuse along the surface, depending on the bonding strength with the substrate, but
may also be lost from the surface through several mechanisms including re-evaporation,
diffusion into the substrate and capture by other single molecules or by traps [15]. The
kinetics of the single molecules determines the nature of the thin film, in particular the

growth mode of the film on the substrate.

In a review in 1958 Ernst Bauer [16] identified three primary thin film growth modes
reported in the literature as illustrated in Figure 2.1. The first is Volmer-Weber (clustered)
growth where no complete layers are formed and the material clusters on the substrate due
to weak bonding between the molecules and the substrate. The second is Frank-van der
Merwe (layer-by-layer) where the material forms complete layers due to strong bonding
between the molecules and the substrate. Thirdly is Stranski-Krastanov growth where layer-

by-layer growth proceeds for a few monolayers followed by cluster growth.

The growth mode is influenced predominately by the surface energy of the substrate (yg),
overlayer (ya) and the interface energy (v*) [15]. Clustered growth of material B on A will
occur if inequality (2.11) is satisfied while layer-by-layer growth of material B on A will occur
if inequality (2.12) is satisfied. Stranski-Krastanov growth represents the transition from

layered growth to clustered growth, therefore (2.11) is satisfied only for the first few layers.

10



The transition is due to an increase in the interface energy as the number of layers increases

due to factors such as the strain and molecular orientation of the growing film.

YB >VatY" (2.11)
Y <YatY’ (2.12)

For inorganic materials there is a major importance on lattice matching, that is matching the
substrate and overlayer crystalline spacing and orientation, to prevent the formation of
lattice defects. Lattice defects introduce non-characteristic energy levels and have inferior
electrical, thermal and mechanical properties. Organic materials, having relatively weak van
der Waals bonding, are less cohesively bonded to the substrate and are able to form

crystalline structure on mismatched lattices without compromising the crystallinity [17].

W% W% m 1<@<2

m% W% W/é 0>2
(a) (b) (c)

Figure 2.1 Three growth modes encountered, with film thicknesses progression from top to
bottom, overlayer dark shaded and sample light shaded. Image a) shows Volmer-Weber
(cluster) growth, b) layer-by-layer growth, and c) Stranski-Krastanov growth. lllustration
from [18].
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Metal phthalocyanines

Metal Phthalocyanine (MPc) have the chemical formula C3;,Hi6NgM, where M is a metal
atom. Traditionally they have been used in the textile industries however their
semiconducting properties have brought these molecules into the forefront of materials
research. The structure, shown in Figure 2.2 (with copper as the metal atom), has four
benzene rings and four pyrrole rings, the pyrrole sharing two carbon atoms with the
benzene. The thirty-two carbon atoms are in two chemical environments; twenty-four in the
benzene configuration and eight in the pyrrole configuration. The eight nitrogen atoms are
in two chemical environments; four in a C-N-C configuration and four in a Metal-N
configuration. The total molar ratios expected in XPS are therefore C / Metal = 32, N / Metal
=8 and C/ N = 4, while the C 1s core-level should contain two chemical componentsina 3 :
1 ratio, and the N 1s core-level two components in a 1 : 1 ratio. Copper Phthalocyanine, used
in this work, has the copper atom in the second oxidative state, bandgap of 2.3 eV [19], work

function of 4.2 eV [20] and p-type characteristic [21].

Buckminsterfullerene

Buckminsterfullerene, also known as C60, is a spherical structure composed of 60 carbon
atoms, illustrated in Figure 2.3, discovered in 1985 by Kroto et al [22]. It was the first of the
family of the fullerenes to be discovered, fullerenes being the fourth carbon allotrope known
(amorphous, graphite, diamond, fullerene). The structure is mathematically known as a
truncated icosahedron and is a collection of 20 carbon hexagons and 12 carbon pentagons,
the carbon being covalently bonded. Having sp® carbon-carbon bonds C60 is highly
conductive, has a bandgap of 2.1 eV [23], work function of 4.7 eV [20] and has n-type

character [24].

12
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Figure 2.2 Copper Phthalocyanine molecular structure. The central copper atom is bonded to
four nitrogen atoms. Image from [25].

Figure 2.3 Buckminsterfullerene molecule, also known as C60. lllustration from [26].

13



2.3. Photoelectron Spectroscopy

Photoelectron spectroscopy is a technique that may be used to determine orbital ionization
energies, chemical composition, compound stoichiometry, work function and overlayer
thickness and morphology. The principle of the technique is that by measuring the spectrum
of photoelectrons emitted from a material due to the photoelectric effect the electronic
energy levels may be directly determined. Photoelectrons may be emitted from open
electron shells (valence electrons) or from closed electron shells (core-level electrons), and
in this work focus is given to the core-level electrons only. Core-levels appear in a
photoelectron spectrum as discrete lines the position and intensity of which are of interest.
The lines exhibit an energy shift, known as a chemical shift, that is related to the chemical
environment of the atom, giving additional lines at higher and lower energy to the main line,

which may be used to determine the chemical environment of the atom.

Two basic components are required for photoelectron spectroscopy; a high energy (>1 keV)
photon source to irradiate a sample and produce photoelectrons (photoelectric effect) and
an electron analyser to measure the spectrum of the emitted photoelectrons. The sample
and electron analyser must be in vacuum to avoid scattering of the photoelectrons by

residual gas molecules and for maintaining a clean sample surface.

Figure 2.4 shows a material with a core-level, Fermi level and vacuum level and a
spectrometer with a Fermi level and vacuum level in electrical contact with the material. The
core-level has an ionization energy defined as the energy required to remove an electron
from that level into the vacuum. By considering conservation of energy any electron
removed from the core-level will have a kinetic energy equal to the difference between the

photon energy and the ionization energy. This is given in (2.13) where hv is the photon

14



energy, Ex the electron kinetic energy, Es5 the core-level binding energy and ¢y the work
function of the material. Because the Fermi level is aligned between the material and
spectrometer (2.14) may be written. By combining (2.13) with (2.14) an expression for the
binding energy of the core-level may be written that is independent of the material work
function, and this is given in (2.15). By measuring the kinetic energy of the photoelectrons

reaching the spectrometer (Ey’) the core-level binding energies may be directly measured.

hv — Ex = EEF + oy (2.13)
EEF = hv — B} — s (2.15)

Ex hv E¢

Evac
o] Y

Er —_——_———— e ——— —
VAC - Spectrometer
Eg Eg
4
Core-level
Material

Figure 2.4 Energy level alignment between a material and spectrometer. The material has a
work function of ¢y and a core-level in a sample has a binding energy of Eg’ relative to the
vacuum level and E;™ relative to the Fermi level. The spectrometer has a work function of
¢ds. A photon of energy hv has removed an electron from the core-level into the vacuum
where is has a kinetic energy E¢ in the sample and Ey’ in the spectrometer.

15



2.3.1. Binding energy

The binding energy of a core-level may be understood when the total energy of the atom
before and after absorption are considered, as illustrated in Figure 2.5. A ground state
neutral atom is said to be in an initial state and has a total energy equal to the initial state
energy, Einiial. After absorption of a photon the atom has a total energy equal to the initial
state energy plus the photon energy, hv, as given in (2.16). Following the emission of a
photoelectron (which carries away energy as kinetic energy, Ex) the atom, now an ion, is said
to be in a final state and has a total energy known as the final state energy, Esina. The total
energy of the ion and the photoelectron may be written as (2.17), and through conservation
of energy (2.16) must be equal to (2.17). The binding energy of the core-level is then
understood as being the difference between the initial and final state energies, as given in
(2.18). When considering a solid rather than an atom (2.18) must be modified by subtracting

the work function from the RHS, giving the same expression as (2.15).

N\ 7w

a) Einitial b) Einitial + hv c) Efinal + Ex

Figure 2.5 Photoemission process with total energies given; a) neutral atom before photon
absorption; b) excited neutral atom after photon absorption, c) ion and a photoelectron.

Einitial + hv (2.16)
Efinal + Ex (2.17)
Eg = Efinal — Einitia1 = hv — Eg (2.18)
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The initial and final state energies therefore influence the binding energies of core-levels,
and perturbations to those energies result in the chemical shift. Models of binding energies
have been developed and a discussion may be found by Hiifner [27] and by Martensson and
Nilsson [28]. The current understanding is that the binding energy has two main

contributors; the orbital energy (€) and the relaxation energy (Egeiax), as given in (2.19).

Ep = —& + ERelax (2.19)

The orbital energy is the energy associated with the core-level orbital, which may be
calculated from quantum mechanics, and is the same for the neutral atom and the ion. The
equivalence of the neutral atom and ion orbitals is an approximation often referred as the
frozen orbital theory. The relaxation energy is the energy associated with the ion re-
distributing charge due to the presence of the core-hole. If the relaxation energy were zero
then the binding energy would simply be equal to the negative of the orbital energy, and this
result is known as Koopmans’ theorem, i.e that the binding energy may be directly

calculated.

Variations to the initial state energy are generally changes to the chemical environment of
the atom such as chemical bonding and stoichiometry. Other examples include whether the
atoms being measured are in the bulk or at the surface of the material and if the material is
alloyed. An additional initial state effect is that of thermal expansion. A material measured at
two different temperatures would have a different inter atomic spacing and thus the orbital
energy would be different resulting in a different binding energy. A chemical shift in
proportion to the fractional change in distance is therefore expected, as given in (2.20),
where 6x/x represents the fractional length change, a the linear thermal expansion
coefficient and AB the temperature change. The effect is discussed by Hifner [27] who
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noted that a shift to lower binding energy is expected. Such a shift has been observed for
aluminium [29] and copper [30], however a shift to higher binding energy has been reported
for the group | and Il metals [31]. A general model of the effect has been presented by Riffe
et al [31] and agreement was found for most of the group | and Il elements (with the
exception of lithium), however the predicted values for aluminium were inaccurate leading

to the conclusion that the model required refining.

ox
<= a(AB) (2.20)

It is also necessary to consider how the deposition of a material on a surface may cause a
chemical shift in the substrate and the overlayer due to charge transfer between the
overlayer and substrate. For the overlayer a shift is expected due to charge transfer to occur
during the first monolayer of overlayer material, and such a shift is known as band-bending.
For a metallic substrate no shift is expected to substrate core-levels however for a
semiconductor substrate the presence of adsorbate energy levels at the interface may result

in significant charge transfer resulting in a shift.

A change in the secondary electron cut-off may occur, usually due to a change to the surface
work function or due to band-bending change in the overlayer. A change to the work
function represents a change to the vacuum level of the surface, and to correctly determine

this the changes to the band-bending in the overlayer must be considered.
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2.3.2. Auger effect

Following the photoemission process the ion (with a core-hole) is energetically unstable and
may become more stable through either x-ray fluorescence or through the Auger process.
Fluorescence is simply the filling of a core-hole with an electron from a higher energy shell
with the emission of a photon. In the Auger process the core-hole is filled by an electron
from a higher shell, however energy is released by the emission of an electron from another
shell. The atom therefore self-ionizes (becoming doubly ionized in the process). The ejected
electron is known as an Auger electron and its kinetic energy is given by (2.20) where Eg is
the kinetic energy, Ec the binding energy of the core-hole level, Ez the binding energy of

transiting electron level, and Ec the binding energy of the Auger electron level.

Ex = Ec —Eg — E¢r (2.21)

When labelling Auger electrons the convention is to use x-ray notation; first noting the core-
hole level, second noting the transiting electron level, and third noting the Auger level. For
example KL;L,3 refers to a transition where a core-hole was created in the K shell, an
electron from the L; shell filled the core-hole, and an Auger electron was emitted from the
L,3 shell. Transitions where the core-hole is filled by an electron from the same shell are
known as Coster-Kronig transitions (such as L;L; 3M; transitions) [32]. The photon emission
and Auger processes are competitive and the Auger yield is dependent on the atomic
number; lighter atoms favour Auger emission while heavier elements favour photon

emission.
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2.3.3. Inelastic scattering

Photoelectron spectrum of core-levels have additional intensity to lower kinetic energy and
this is due to photoelectrons scattered during travel through the solid. A characteristic
length, known as the electron attenuation length (EAL), may be defined where the
probability of scattering drops by e™ [27]. The EAL is dependent on the photoelectron energy
and on the properties of the solid and is of the order of nanometres. Workers have collected
values for EALs across a range of kinetic energy values for a variety of materials and collated

tables are available [33].

The photoelectron intensity is therefore a function of depth from the surface and for
emission normal to the surface may be written as (2.22), where | is the measured intensity, Iy
the intensity for an infinitely thick sample, d the depth and A the EAL. From (2.22) the
analysis depth of XPS may be evaluated; 65% of the photoelectron intensity will originate
within A of the surface, 85% from < 2\, and 95% from < 3A [34]. 3\ is therefore considered
the standard analysis depth for photoelectron spectroscopy and is also of the order of

nanometres, resulting in the high surface sensitivity.
[ =1,e-4/M (2.22)

The EAL may be determined by the overlayer method where the photoelectron intensity is
measured for a clean surface and with an overlayer of known thickness. The rate of material
deposition may be included into (2.22) giving (2.23), where r is the rate in nm/s and t the

time in seconds, giving a relationship between photoelectron intensity and coverage.
1 (I) ( r)t (2.23)
n(—|)={—-= .
A
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2.3.4. Photon source

For a photoelectron spectrum to correctly represent energy levels the photon source must
consist of a single narrow energy (monochromatic). If a broad or continuous distribution
were used then photoelectrons with a range of energies would be produced from each

energy level and severely impair interpretation of the spectrum.

It should also be evident that the deepest energy level accessible is determined by the
photon energy, with higher photon energies permitting the excitation of deeper levels. The
shallowest electrons are the valence electrons and have binding energies in the range of
zero to 25 eV. The remaining electrons, those in closed electron shells, are collectively

termed core-electrons, and may have binding energies up to several keV.

It is therefore desirable to have a photon source with an energy of at least 1 keV that is
intense and has a narrow linewidth. Such a photon source may be obtained by passing a
continuous spectrum of light through a monochromator. At present the only continuous
light source with sufficient emission in the x-ray region is synchrotron radiation [35],
however synchrotron radiation is generally provided at a central facility and is not suitable

for laboratory use.

For a laboratory based photon source characteristic x-ray radiation emitted by atoms may be
used since this is both intense and has a narrow linewidth. Table 2.2 gives the x-ray emission
lines of suitable materials. Characteristic x-ray emission may be obtained through the
creation of core-holes in a material and this may be done by irradiating a material with high
energy electrons. Such a source is known as an x-ray tube and is a regularly used for

laboratory based photoelectron spectroscopy. In addition to characteristic radiation an x-ray
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tube will also produce a continuous background due to the rapid deceleration of the
electrons. The background is characterised by a sharp cut-off at high energy determined by
the maximum kinetic energy of the incident electrons, as in (2.24), where Eay is the high
energy cut-off, e the electronic charge and Vg the accelerating voltage. For electrons with
energies greater than a few keV the background tends to be in the x-ray region of the

spectrum.

Emax = eV (2.24)

The background may be removed by passing the light through a monochromator. This also
narrows the linewidth, for example the linewidth of aluminium Ka x-rays may be reduced
from 0.9 eV to 0.4 eV with a monochromator. A consequence of using a monochromator is a

large loss in intensity therefore this is not suitable for real-time XPS.

Element Energy (eV) FWHM (eV)
Mg 1253.6 0.7
Al 1486.6 0.9
Si 1739.6 1.0
Cr 5417.0 2.1

Table 2.2 Selected characteristic x-ray emission lines. Data taken from [34].
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2.3.5. Electron analyser

Over the years different techniques have been used to measure electron spectrum including
time of flight, deceleration in an electric field, or orbit change in a magnetic field [27]. The
use of electric fields was first described by Purcell [36], and several analyser designs have
been manufactured including Cylindrical Mirror (CMA), Cylindrical Deflection (CDA) and

Hemispherical Sector (HSA). Today the HSA is the most widely used analyser design.
Hemispherical Sector Analyser

The HSA is based on two hemispheres, separated by a distance of the order of 1 cm, that are
electrically isolated. At one end of the hemispheres is an entrance plane containing an
entrance slit, while on the opposite side is an exit plane. The 180° geometry of the HSA
provides perfect focus of electrons from the entrance slit to the exit plane without

distortion, making it superior to other analyser designs [37].

Outer

hemisphere \

/ Inner \‘\
hemisphere

Exit plane

Entrance plane
and entrance slit

Figure 2.6 Schematic of an analyser. The main body of the analyser is composed of two
hemispheres, inner and outer. Three electron paths are shown successfully traversing the
hemispheres from the entrance slit to the exit plane.
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Photoelectrons are collected and retarded by a lens and are focused onto the entrance slit.
The voltages applied to the two hemispheres result in electrostatic dispersion of the
electrons and only those having the correct trajectory will traverse to the exit plane. The
energy of those electrons following a perfect trajectory through the analyser is known as the
pass energy, and this is given by (2.25) where AE,. is the electron pass energy, q the
electron charge, AV the voltage difference between the hemispheres, R, and R; the outer
and inner hemisphere radii and k the analyser constant [34]. This is shown schematically in
Figure 2.6 where a beam of electrons incident on the entrance slit is dispersed by the
potential applied to the hemispheres. Three trajectories are shown representing perfect
trajectory and those offset in energy by an amount determined by (2.25).

RiR;

AEpass = (—q)AV (m) = (—qkAV (2.25)

Along the exit plane the electron energy window is dispersed in energy along one axis and
angularly dispersed along the orthogonal axis [37], the energetic dispersion being
determined by the electron pass energy. A relationship between electron energy and
position along the exit plane is given by (2.26), where AEy represents kinetic energy, D the

dispersion in eV/mm, and Ax distance along the plane.
AEgx = D(Ax) (2.26)

For determining the electron energy spectrum it is necessary to count the number of
electrons as a function of energy. Originally this was done by having an exit slit mounted in
the centre of the exit plane, in line with the entrance slit, and to have an electron counter
mounted behind the exit slit. For a given set of analyser voltages only electrons of a known

energy could traverse to the electron counter. Thus by varying the analyser voltages the
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electron energy distribution could be measured. However such an approach is inefficient
since all electrons with trajectories outside the exit slit are lost. Since the actual energy of
those electrons is known through (2.32), workers realised that is would be possible to place
additional exit slits and detectors either side of the central exit slit. Some analysers are
available in this configuration, for example the VG ESCALAB Mk3 has three exit
slits/detectors, while the SPECS Phoibos MCD-9 detector has nine [38]. However this is still
not very efficient, and a new approach, that of measuring spectrum across the entire exit

plane using position sensitive detectors, is now used.

Position sensitive detectors

Position sensitive detectors (PSD’s) allow for spatially resolved electron counting at the
analyser exit plane [39]. Four classes of PSD are noted in the literature; discrete channel,
coincidence array, charge division and optical image detectors, the first and last of which will

be discussed.

Discrete channels are a series of collecting channels positioned along the exit plane, each
channel being connected to discriminator and pulse counting hardware, that directly count
the number of incident electrons. Such a detector was demonstrated by Manning et al [40]
that had 40 channels and was followed by Gori et al [41] who produced a detector with 96
channels. Further increases in the channel density becomes difficult due to the associated
hardware and cross-talk between the channels. By incorporating the channels and pulse
counting hardware as part of a single assembly much of the noise and geometric difficulties

is addressed. Nambu et al [42] and Langstaff et al [43] reported on 768 channel detectors.
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The optical image method is an indirect method relying on the conversion of electrons to
photons using a phosphorescent screen and imaging the screen with a Charge Coupled
Device (CCD). The phosphor screen/CCD configuration has an advantage over the discrete
channel method in that it may measure the exit plane in two dimensions allowing the energy

and angular distribution of the electrons to be determined, and was used in this work.

The CCD, invented by Boyle and Smith [44], is a two dimensional array of metal-oxide-
semiconductor (MOS) capacitors that accumulate charge in proportion to the intensity of
incident light. Photons with energies greater than the band-gap of silicon (1.1 eV) produce
an electron-hole pair which dissociates with the electron being accumulated. At the end of
each row of is a measurement capacitor, amplifier circuit and an analogue to digital
converter. Following exposure to light each row of capacitors transfers the charge to the
next capacitor resulting in the measurement capacitor being filled. The charge is then
converted into a voltage, amplified and converted into a digital signal. By repeating this
transfer of charge each capacitor in the array can be read and converted into a digital signal.
The photons generated by the phosphorescent screen are thus digitally encoded by the CCD,
allowing the electron distribution across the exit plane of the analyser to be determined.

Each capacitor represents a pixel and thus CCDs are specified by the number of pixels.

Amplification

Due to the low number of electrons produced by the photoemission process some form of
amplification is required prior to the phosphor screen that is capable of preserving the
spatial distribution of the electrons. This is provided by a Micro Channel Plate (MCP), a high-

density collection of Channel Electron Multipliers (CEMs) [39].
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CEMs are thin glass tubes lined with electron emissive material that have a potential
difference of several kV applied between the two ends. A single electron entering the tube
will collide with the side and cause the emission of several additional electrons, each of
which will then collide with the sides and produce more electrons, resulting in a gain. By
housing CEMs with a typical spacing of 12.5 um [45] in an assembly electron amplification is
achieved in which the spatial distribution is preserved. A typical MCP may have a gain of 10%,
however further gain may be achieved by combining MCPs in stages, with two stages

producing a overall gain of 10° and three stages for an overall gain of near 108 [45].

Operating mode

An electron analyser with a CCD may be used in two modes for measuring photoelectron

spectrum; scanning and snapshot modes.

Scanning mode is recording the electron intensity at each pixel of the CCD while changing
the analyser voltages from a start to an end point, the start and end voltages corresponding
to the energy range of interest. Each pixel will record a photoelectron spectrum having an
energy offset to each other that is determined by the spatial position of the pixel, as given in
(2.32) for the exit plane of the analyser. By using matrix algebra methods all the individual
pixel spectrum may be combined to produce and overall spectrum by correct consideration
of the energy offset between the pixels, and this is typically automatically done by the CCD

hardware/software.

Snapshot mode is where the analyser voltages remain fixed giving an electron energy
window of several electron volts wide on the CCD and the spectrum is given by the intensity

recorded by each pixel of the CCD. This mode of operation was first suggested by Manning et
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al [40] and allows spectrum with a comparable resolution to scanning mode to be measured

in an instant (the time limited by the integration time of the CCD).

AEg = —C(Ad) (2.27)

For a snapshot spectrum a relative binding energy scale may be written with (2.27) where
AEg represents binding energy, C the dispersion and Ad the pixel number. This equation has
been introduced in (2.26) in a slightly different form where the dispersion at the exit plane
was given in terms of eV/mm rather than eV/pixel and the energy scale was in kinetic energy

rather than binding energy.

Resolution

A perfect electron analyser would measure a delta distribution when mono-energetic
electrons are incident, however as with all measuring apparatus there is a measuring
resolution. For the HSA the resolution is given by (2.28) where AE is the resolution, Ep the

pass energy, w the entrance slit width and Ry the mean hemisphere radius.

w
AE = EPZ_RO (228)

The MCP/CCD will also have a measuring resolution corresponding to the minimum number
of pixels/channels recording a signal when a narrow beam of electrons is incident. The Point
Spread Function (PSF) of the MCP/CCD is due to the amplification process, conversion of

electrons to photons and to adjacent pixels incorrectly registering a charge.

The linewidth of the photon source also limits the measuring resolution. By adding the

analyser resolution to the photon linewidth in quadrature an expression for the overall
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resolution is given (2.29), where AE,, is the analyser resolution and AEpht is the light source

linewidth.
1/2
Atotal = (AEezm + AEShoto) (229)

It can be shown that in addition to the resolution the individual contributions affect the line-
shape. The analyser has a Gaussian line-shape, the energy level a Lorentzian, and the photon
source is either Gaussian for a monochromator, Lorentzian for x-ray gun. As a result the
core-level spectrum measured are a convolution of Gaussian and Lorentzian line-shapes,

known a Voight line-shape [27, 46].
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2.3.6. Quantification

Photoelectron spectroscopy allows the concentration of different atomic species present in

a sample to be determined due to the unique photoionization cross-section of energy levels.

It should be obvious that the number of photoelectrons excited from a particular energy
level in a single atom is dependent on the number of photons incident onto the atom and
the photoionization cross-section of the energy level. For a homogeneous sample the
number of photoelectrons excited is a product of the number of atoms with an identical
energy level. There is an additional dependency on the electron attenuation length and the
transmission of the spectrometer. Therefore for a sample consisting of a species i with a
concentration N;, the number of photoelectrons produced from an energy level x is given by
(2.30), where J is the photon flux, N; the concentration of species i, o the photoionization
cross-section of energy level x, T the transmission function of the spectrometer, A the
electron attenuation length, E, the kinetic energy of the photoelectrons, x the energy level of

interest and hv the photon energy.

[(Eg, x) =J(hv) * N; - o(hv,x) - T(Ey) - A(Eg) (2.30)

By defining a sensitivity factor that encompasses the photoionization cross-section, electron
attenuation length and analyser transmission, the percentage of atomic species present in
an analysis volume may be expressed with (2.31), where x is an atomic species, A, the atomic
concentration of species x, I, a photoelectron intensity from an energy level in species x, and
Sx the sensitivity factor for the said energy level. For correct use of (2.31) a single energy

level for each species is chosen, typically the most intense photoelectron intensity.
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_ IX/SX

Ay = 1009 2.31

For multi-species compounds the molar ratios are known via a chemical formula (R; : ... : R,
for n chemical species). For example the formula of Copper Phthalocyanine, C3;NgCu
(hydrogen being undetectable in XPS) would be expressed in molar ratio form as 32 : 8 : 1.
The atomic concentration of species x would then be calculated using (2.32), and directly

compared to that determined by XPS.
n -1
R;
x = Z— X 100% (2.32)
i=1 Ry

For example the percentage of nitrogen expected in an XPS spectrum of CuPc would be :

A —(32+8+1)_1x100‘V = 19.5%
N — 8 8 8 0 — . 0

Quantitative analysis by XPS is extremely powerful as chemically shifted components may be

guantified allowing bonding configurations to be identified.
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2.3.7. Charging effects

Since photoelectron spectroscopy is a charge-oriented technique electrostatic charging
effects may be observed. The most common effect is positive charging, where binding
energies are reported erroneously high, and this is often observed for insulators. The
mechanism is due to an in-balance in the number of electrons leaving the sample (as
photoelectrons) to the number of electrons entering the sample, leading to a build-up of
holes in the sample. Samples are required to be in Ohmic contact with ground to allow a
flow of electrons (referred to as the sample drain current) to replenish the electrons lost
through photoemission. The positive charge constitutes an additional barrier for the
electrons, leading to a reduction in their kinetic energy, and hence an increase in their
apparent binding energy. Samples with poor Ohmic contacts (rectifying contacts), low doped

semiconductors, and insulators, are prone to charging.

A less common effect which is limited to semiconductors is surface photovoltage charging.
This effect is due to the dissociation of electron-hole pairs in the semiconductor depletion
region and the accumulation of either electrons or holes at the sample surface, with the
reduction of surface band-bending and an apparent flat band surface. For p-type
semiconductors an accumulation of electrons at the surface occurs leading to erroneously
low binding energies being reported. For n-type semiconductors an accumulation of holes at
the surface occurs leading to erroneously high binding energies being reported. The effect is
proportional to the number of electron-hole pairs that are dissociated, and this is
proportional to the number of photons irradiating the sample. High flux sources

(synchrotron or flood x-ray sources) are therefore likely to produce this effect.
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The photovoltage effect was modelled by Hecht [47] and was successfully used to clarify
contradictory results on semiconductor-metal barrier heights in the literature. For a p-type
semiconductor the effect is illustrated in Figure 2.7. In panel 1 a photon creates an electron-
hole pair in a semiconductor with some surface band-bending, the magnitude of which is
known as the barrier height for the holes. The electron-hole pair is then dissociated in the
semiconductor depletion region, the electron driven by the electric field to the surface and
the hole driven to the bulk. The accumulation of electrons at the surface results in the
situation in panel 2 where the bands are flattened. However the presence of electrons at the
surface attracts holes from the bulk as depicted in panel 3. Providing the holes have enough
thermal energy to overcome the barrier all the surface electrons are removed through
recombination. The effect is generally a low-temperature effect as the holes are unable to
overcome the barrier at low temperature. Panel 5 depicts the electrical circuit analogy of the

situation, where a current source, diode and resistance are in parallel.

—___° N
1. 2 — 2, -
Nl o i
Iphmcr
_—“\ @
4. 5. DI
S L ——
Rbarrier(T)

Figure 2.7 Representation of the Hecht photovoltage mechanism. 1) Creation of an electron-
hole pair and separation of charges in the depletion region, 2) electron accumulation at the
surface causes flattening of the bands, 3) hole current drawn from the bulk neutralises the
electrons, 4) equilibrium situation at room temperature, 5) circuit.
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Several semiconductor systems have been reported to exhibit surface photovoltage effect.
Synchrotron radiation measurements of gallium phosphide [48], zinc selenide [49] and zinc
sulphide [50], ultraviolet radiation measurements on silicon [51] and diamond [52], and non-
monochromatic Mg Ka measurements on gallium nitride [53] have all revealed surface
photovoltage of up to 1.5 eV depending on the experimental conditions. Importantly silicon
was shown to have a completely saturated photovoltage (flat bands) at 20 K with high UV
flux or at 50 K with mild UV flux, revealing the maximum surface photovoltage shift is equal
to the true barrier height. Similarly diamond was shown to have a small surface
photovoltage at 300 K which increased rapidly with decreasing temperature, reaching 0.6 eV
at 170 K. The gallium nitride results with Mg Ka are more significant since the surface
photovoltage is sustained even at high temperature, with p-type GaN exhibiting a
photovoltage up to 600 K. The data reveals the Fermi level to shift by 1.5 eV during cooling
from 600 K to 300 K at a rate of 55 meV / 10 K, with no sign of approaching saturation value.
Since the barrier height on GaN is known to be 2.55 eV there is a possible 1.05 eV shift
remaining. The authors report that the Hecht model was unable to account for the surface
photovoltage persisting above 300 K since the thermal energy should be enough to
overcome the barrier. They note that an unidentified mechanism is sustaining the

photovoltage at high temperature.
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3. Instrumentation

In this section details of the instruments used in this work is presented.

3.1. Vacuum system

The vacuum system consisted of three stainless steel chambers; an analysis chamber, a
preparation chamber, and a fast load-lock; each isolated from each other with a UHV hand-
valve, and a gas-line system. A schematic of the system is presented in Figure 3.1 and a

photograph in Figure 3.2.

The analysis chamber was pumped by an ion pump and a titanium sublimation pump (TSP)
and had a base pressure of around 1x10*° mbar. The chamber was equipped with a twin
anode x-ray gun, electron analyzer, rear-view LEED unit, a double k-cell for depositing CuPc
and C60 and an aluminium k-cell. The k-cells had were collimated and shuttered and were
positioned to avoid contamination of the analyser lens and x-ray head. A photograph of the

sample stage during real-time XPS annealing is given in Figure 3.3.

The preparation chamber was pumped by a turbo pump and TSP filaments and had a base
pressure of 5x107*° mbar. The chamber was equipped with an ion gun, mass spectrometer

and a silver k-cell.

The load-lock was pumped by a turbo pump and had a base pressure of 5x107 mbar. A
magnetic arm was attached for moving samples between chambers. A flange with a Hoke
Gyrolock %-inch pipe fitting was attached to the load-lock, above which a stainless steel
plate, into which a second Y%-inch pipe fitting had been fastened, was attached. A Pyrex glass

capillary was set between the pipe fittings, with Teflon ferrules to form a vacuum seal, which
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reached within 20 mm of the sample surface. The capillary served as a gas inlet and as a

principle component of the in-situ microwave plasma source. A tungsten filament was

included for sample heating.

A system of % inch stainless steel piping was used to connect gas bottles to the vacuum
system. The gas-lines were pumped by a turbo and rotary pump for quick evacuation and a

high vacuum base pressure. The lines were connected to the glass capillary via a needle-

valve for pressure control.

ANALYSIS PREPARATION LOAD-LOCK
CHAMBER CHAMBER
; % ) Needle valve
0‘9 ® ] Gas bottles /
_®_D regulators
Turbo Turbo
pump pump
lon pump
Rotary Rotary
pump pump

Exhaust

Figure 3.1 Chamber arrangement with pumping components. The gas-line system is on the
right-hand side, connected to the load-lock.

39



Figure 3.2 Photograph of the equipment

X-rays

Electrons

Figure 3.3 Photograph of the sample stage, x-ray gun and electron analyser during a real-
time XPS heating cycle. The sample may be seen at the centre of the image. The x-ray flux
and photoelectron signal is indicated.
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3.2. X-ray source

A VG XR3E2 twin anode x-ray source operated at 20 mA, 15 kV, provided non-
monochromatic x-rays of either 1253.6 eV at 0.7 eV line-width from magnesium or 1486.6

eV at 0.9 eV line-width from aluminium.

The x-ray anode to sample distance was determined by measuring the sample drain current
as a function of x-ray emission current at two x-ray gun positions, and the data is presented
in Figure 3.4. By considering the x-ray flux to be proportional to the inverse square of the
distance the ratio of the gradients of the data at the two x-ray gun positions gives the
relative flux change, giving (3.1), where m represents the gradient. From this relationship the

value of ris found to be 76.9 £ 5.9 mm.
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Figure 3.4 Drain current measured on (111) diamond with Mg anode, 15 kV, for varying
emission currents, at two linear drive settings.
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3.3. Electron Analyser

The electron analyser was a SPECS Phoibos 100 with a mean hemisphere diameter of 100
mm and spacing of 50 mm. The 1.5 kV power supply was used and the Large Area lens mode.
A 3 mm entrance slit was used for all work with no exit slits and the iris aperture was used at

the 10 mm setting (+ 3° acceptance).

A 640 x 480 pixel PixelFly CCD detector was used in conjunction with a P43 phosphorescent
screen and 40 mm double micro-channel plate (MCP) operating at 1.4 kV. The CCD had a 12-
bit analogue-to-digital converter allowing 4095 levels of intensity. A schematic of the exit
plane, MCP and CCD detector is shown in Figure 3.5. The exit plane had an usable area of 40
mm x 20 mm which in conjunction with the CCD allowed 477 pixels across the energy

dispersive direction for snapshot spectrum.

Software

A computer running Microsoft Windows XP was used to run software for controlling the
electron analyser and communicating with other instruments and collecting data. The
analyser was supplied with control software, known as SPECSLAB2, that facilitated full
control of the analyser and CCD detector for performing conventional scanned spectra. For
analysis of the photoelectron spectroscopy data CasaXPS was used, allowing core-level

component fitting, background subtraction, satellite subtraction, and quantification.
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Figure 3.5 Schematic of the exit plane of the analyser, the exit plane shown in red, the MCP

in blue and the CCD image in green. Energy and angular directions have been indicated.
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Figure 3.6 Data flow in the real-time photoelectron spectroscopy measurements.
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For performing real-time spectroscopy software was written in-house with assistance from
Dr. D. P. Langstaff, Aberystwyth University, using National Instruments LabView for
controlling the analyser, acquiring data from the CCD and several instruments and writing
output data files. Additional software allowed data to be acquired from a pressure gauge
and nine thermocouples and to control a programmable power supply unit that supplied
power for the sample heater and the k-cells. Figure 3.6 shows the data flow during a real-

time photoelectron spectroscopy experiment.

The output of a real-time spectroscopy experiment is a single file which contained the
experimental variables (time, pressure, nine temperatures, heater current, heater voltage)
and the snapshot spectrum. Files were composed of 14 columns of experimental variables

and 477 columns of CCD pixel intensities, with each row representing one measurement.

The intensity measurements were converted into VAMAS files which could then be
sequentially fitted in CasaXPS. The fitted spectrum data was then combined with the

experiment variables in OriginLab Origin Pro 8 for analysis.

The snapshots were fitted in CasaXPS with a GL(30) line-shape (Voight function having a 30%
Lorentzian contribution) with a Shirley background [1]. The fit parameters were smoothed
with an adjacent-averaging algorithm; the peak positions smoothed with a 5 point average,

the widths with a 20 point average, and the intensities with a 20 point average.
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Energy scale

For scanned spectrum the analyser binding energy scale was calibrated by referencing to the
standard values of Cu 2ps/, and Au 4f;,, core-levels, 932.66 eV and 84.00 eV respectively. A
copper sample with a gold wire pressed into the surface was sputter-annealed and a survey
spectrum of the as-loaded and clean surface are presented in Figure 3.7 left hand panel a)

and b) respectively, along with the core-levels in the right hand panel.

The dispersion at the exit plane in eV/pixels was determined by measuring the peak position
of a narrow core-level with different values of applied bias (causing known energy shifts).
The gradient of a linear fit of applied bias against peak position gives the dispersion
constant, which are listed in Table 3.1, along with the maximum energy window measurable.
A binding energy scale was established for each snapshot spectrum settings by comparing a

snapshot spectrum to a scanned spectrum of a core-level and applying (2.34).

938 936 834 932 930 928 0926
I R NN BT

Cu?2p

P Cu 2p E_=93266 eV. ¥ oo
Cu LMM .“ 1.21 eV
N %
Au 4f ghost AN Cu 3p ;
b) ,/  CuBpghost S —
S
’

E_ =84.00eV
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) 4
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Binding Energy (eV)
Figure 3.7 Calibration sample. Spectrum shown in left hand panel are a) as-loaded, b)

sputtered. Spectrum shown in right hand panel are Cu 2ps3/; and Au 4f, fitted by a single GL
component and double GL component respectively, with a Shirley background.
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Pass energy Dispersion + 0.5 Maximum energy
(eV) (meV / pixel) window (eV)
100 35 16.7

60 22 10.5
40 14 6.7
20 7 9.5

Table 3.1 Values of the energy dispersion determined in the applied bias method for various
pass energies.

Resolution

Using (2.35) the resolution of the analyser (mean diameter 100 mm and 3 mm entrance slit)
at 100 eV and 20 eV pass energy is calculated to be 1.5 eV and 0.30 eV respectively. The x-
ray source has a linewidth of 0.7 eV and using (2.36) the resolution at 100 eV and 20 eV pass

energy is 1.66 eV and 0.76 eV respectively.

The effect of changing the pass energy on the width and intensity of snapshot spectrum was
measured for a narrow and intense core-level. Figure 3.8 shows snapshots of the C 1s core-
level of diamond at four pass energy values, each spectrum having been normalised in
intensity. A shift to higher pixel number is observed with decreasing pass energy; this is a
property of the analyser and prohibits comparison of energies measured at different pass
energies unless a correction factor is applied. The intensity (determined from the area) and
width of the snapshots as a function of pass energy are presented in Figure 3.9. The intensity
values have been normalised to the intensity of 100 eV pass energy. The widths are
expressed both in terms of pixels and in energy. At 40 eV pass energy the FWHM of the
snapshot spectrum (1.5 eV) was found to be slightly broader than the FWHM of the same

core-level measured by scanning at 20 eV pass energy (1.4 eV).
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Figure 3.8 Snapshot spectrum of C 1s of diamond measured with different pass energy.
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Figure 3.9 Intensity and width of snapshot spectrum; panel a) gives the intensity variation,
panel b) the width in number of pixels and energy, and panel c) the same core-level

measured in scanning mode with 20 eV pass energy.
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3.4. Sample stage and sample holder

The sample stage was constructed around a Boraelectric® heater (boron nitride with
graphitic tracks) measuring 24 mm x 34 mm. The faceplate, shown in Figure 3.10, left hand,
was 0.3 mm tantalum with two 1 mm tantalum wires spot-welded onto the back as guide

rails for the sample holders. A photograph of the sample stage is given in Figure 3.11.

An insulated wire attached to a vacuum feedthrough on the manipulator allowed for drain
current measurements and biasing of the sample. A thermocouple was bolted to the front of

the faceplate to directly measure the temperature.

The sample holder was made out of 0.125 mm molybdenum and a schematic is shown in
Figure 3.10, right hand. Samples were held onto the sample holder by sliding underneath a

molybdenum template that was held under the foldable sides.

15 mm
. 25 mm . } i
I 1
/
27 mm
35 mm 22 mm :|: 11 mm
~N

Figure 3.10 Drawings of the faceplate (left) and the sample holder (right). The faceplate had
a 3 mm orthogonal turn to act as an end-stop for the sample holders. Two tantalum wires on
the reverse that act as guide rails are shown in grey.
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Figure 3.11 Photograph of the stage assembly. Foreground is the faceplate, followed by the
Boraelectric® heater (white). First heat shield can be seen above and below the heater. Top
left and bottom right are the heater power wires, with ceramic insulation. Bottom left is the
faceplate thermocouple, while the ceramic insulation of the second thermocouple can be
seen above the top left heater connector.
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Figure 3.12 Temperature-time profile of heating cycles used in this work. The rate of cooling
was found to be linear between high temperature and 570 K. Below 570 K the cooling
became exponential.
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Standardised annealing cycles were used in this work through programmed current profiles
on the computer controlled PSU. Figure 3.12 shows the temperature-time profile of the
annealing cycles used in the work. Table 3.2 lists the heating parameters (rate of change of
temperature, heater current and voltage) during the heating part of the cycle, and Table 3.3

the rate of change of the temperature during cooling to 680 K.

Heating cycle
Maximum Peak heater Rate of change
sample .
temperature TIITIE Current | Power Sample Heater
(K) (min) (A) (W) tempefatclure pow_er1
(K min™) (W min™)
570 16.7 1.7 20.1 34.2 1.2
680 25.0 2.4 339 27.2 1.4
920 33.3 4.5 102.1 27.6 3.1
960 36.7 5.0 125.7 26.2 34
1040 41.7 6.0 172.7 25.0 4.1
1200 46.7 8.0 3104 25.7 6.7

Table 3.2 Heating cycles parameters used in this work; the time taken to reach maximum
temperature from room temperature, the heater current and power at maximum
temperature, and the rate of change of sample temperature and heater power above 680 K.

Cooling to 570 K
Maximum
sample Sample
Time temperature
temperature )
(K) (min) | rate of change
(K min™)
680 2.7 48.0
920 6.0 59.4
960 7.0 56.4
1040 8.5 55.8
1200 10.3 58.2

Table 3.3 Cooling parameters between high temperature and 570 K where the temperature
change was linear. Below 570 K the change become exponential.
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3.5. In-situ microwave plasma source

An in-situ microwave excited plasma source was built to generate active oxygen and active
hydrogen for surface processing. The source was adapted from a system used by Dr. S. Evans
of the University of Wales, Aberystwyth [2], and is similar to other systems reported in the

literature [3, 4].

The plasma source was created around the glass capillary set into the load-lock chamber of
the vacuum system. A brass microwave was held in the centre of the unit by two micro
manipulators capable of movement in orthogonal directions, with the capillary running
through an opening in the cavity. A tuning stub allowed the resonance frequency of the
cavity to be adjusted, and an air inlet allowed compressed air to be used for cooling as the

unit dissipated a large amount of heat when in operation.

Microwave power was provided by an EMS200 Mark Il Microtron at 2.45 GHz with a
maximum output of 200 W. A reflected power meter was connected between the generator

and the cavity to aid tuning of the cavity which was done by adjustment of the tuning stub.

The resonance cavity was 100 mm from the sample and the capillary 25 mm from the
sample. This modification is different to that reported by Evans [2], and later Raftery [5], due
to the closer proximity of the cavity to the sample and the guiding action of the capillary for

the gas molecules.

It was expected that the plasma would emit UV photons due to the emission lines of the
gasses being used [6]. UV radiation is a direct hazard to the skins and eyes but also an in-
direct hazard through the production of ozone by interaction of 185 nm photons with

atmospheric oxygen [7]. Since Pyrex glass does not transmit below 310 nm [8] only long
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wave (UVA) photons were emitted and consequently no ozone was produced during
operation of the unit. To filter out the remaining UVA photons the unit was encased in a
sheet of transparent plastic which did not transmit below 400 nm. Figure 3.13 is a

photograph of the unit while being used.

Figure 3.13 Microwave plasma source in operation. The resonance cavity is at the centre of
the image with the Pyrex capillary (with glowing plasma) set through the middle. The orange
tubing is the cooling air supply. The load lock loading window can be seen at the top-right.

Oxygen plasma was created with a pressure of 4 x 10” mbar of nitric oxide, 100 W of

microwave power with 5 W of reflected power was used.

Hydrogen plasma was created with a pressure of 4 x 10 mbar of hydrogen gas, 120 W of
microwave power and 5 W of reflected power. The radiative heating filament was operated
at 30 W (white hot) in a base vacuum of 6 x 10® mbar, ensuring at all times the sample

surface was not exposed to the filament (only the back of the sample holder).
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3.6. Sputter ion gun

A Physical Electronics model 04-131 sputter ion gun was used to argon ions sputter samples
and was positioned approximately 5 cm from the sample. The angle of the sample relative to
the sputter gun could be adjusted between normal and glancing incidence allowing control
of the sputtering rate. A partial pressure of 5x10 mbar argon was required for sufficient ion

production.
3.7. Thin film materials

Silver wire was 99.99%, 0.5 mm diameter from Advent Materials and Aluminium was
99.999%, 1.0 mm diameter also from Advent Materials. The evaporation rate of silver was
determined with a quartz crystal oscillator at three K-cell heater powers to provide high and
low evaporation rates. Figure 3.14 shows the coverage against time with linear fits giving the
evaporation rates. The geometry factor is a correction for the substrate distance from the

cell compared to the crystal oscillator distance.

Geometry factor=2

r, =2.62 nnt/ min
g 4 r2=‘|_1ﬂnm!min

r,=0.32 nm{ min
=1.31 nm/ min
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Figure 3.14 Silver rate determined from a crystal oscillator. The geometry factor reflects the
difference in distance between the sample stage and the crystal.
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The organic materials used were provided by Sigma Aldrich; CuPc (CAS 147-14-8, Aldrich
546683-2G, >99% dye content) and C60 (CAS 99685-96-8, Sigma-Aldrich 572500-500MG,

99.9% sublimed).

CuPc was evaporated onto a silver substrate followed by evaporation of C60 onto the CuPc
film. A survey spectrum of CuPc and C60 is presented in Figure 3.15. For the CuPc the atomic
concentration is given in Table 3.4, the C 1s, N 1s and Cu 2p3/, core-levels in Figure 3.16 and
the fitting parameters in Table 3.6. For the C60 the C 1s core-level is presented in Figure 3.17

and the fitting parameters in Table 3.5.

The chemical composition of the CuPc film is exactly as expected for the chemical structure
of CuPc. Component fitting of the C 1s core-level reveals two chemical environments with a
satellite structure giving four peaks in all, while the N 1s core-level was fitted with a main
component and a satellite peak. The relative intensity of the components is the same as
reported by other workers on the CuPc molecule [9, 10], revealing the molecule to remain

intact after thermal evaporation.

The C 1s core-level of C60 was fitted with a single peak and the plasmon structure was fitted
with numerous peaks similar to the measurements of Leiro et al [11] who based their
component fitting on theoretical calculations of the C60 molecule by Enkvist et al [12]. The
component fits are surprisingly similar; the relative positions, width and intensities are all in
agreement. The measurement reveals the C60 film retains the fullerene character following
thermal evaporation. A small nitrogen core-level is observed at a binding energy of 400 eV in
the C60 survey spectrum, due to insufficient coverage to fully attenuate the CuPc film

substrate.
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Figure 3.15 Survey spectrum of the two organic compounds; a) CuPc and b) C60. The Cu
LMM structure is labelled 1, 2, 3 in the CuPc spectrum.
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Figure 3.16 CuPc core-levels; a) Cu 2ps/;, b) N 1s,and c) C 1s
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Figure 3.17 C60 C 1s core-level. Inset is the plasmon region.

Concentration (%)
Element
Calculated Measured + 1.0
C 78.0 78.5
N 19.5 19.5
Cu 2.4 2.5

Table 3.4 Component fitting parameters for the C 1s and N 1s core-levels of copper
phthalocyanine.

Component Binding Energy (eV) | FWHM Lineshape | . Rela.tive
Absolute | Relative | (eV) intensity (%)
1 285.05 - 1.10 GL(84) 100
2 287.05 2.00 1.10 GL(60) 4.6
3 287.95 2.90 1.10 GL(60) 1.5
4 288.80 3.75 1.10 GL(60) 4.7
5 289.85 4.80 1.10 GL(60) 3.4
6 291.05 6.00 1.65 GL(60) 7.8
7 292.55 7.50 1.54 GL(60) 3.1

Table 3.5 Component fitting parameters for the C 1s core-level of C60.
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Binding Energy (eV) Concentration (%) C-N Ratio
FWHM | .
Peak | Component (eV) Lineshape
Absolute | Relative Component | Total | Component | Total
C-C 284.35 0 1.09 GL(68) 52.9
C-C satellite 286.12 1.77 1.09 GL(66) 7.3
C1ls 80.2 3.01
C-N 285.66 1.31 1.12 GL(58) 16.1
4.05
C-N satellite 287.69 3.34 1.12 GL(58) 3.9
C-N / C-N-Cu 854.61 0 1.19 GL(63) 18.2
N 1s 19.8 -
C-N satellite 852.89 1.72 1.19 GL(63) 1.6

Table 3.6 Component fitting parameters for the C 1s and N 1s core-levels of copper phthalocyanine.
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4. Metals

In this section details of the investigations into the surface processing of metals is presented.

Of particular interest is the effect of annealing and the formation of organic interfaces.

4.1. Introduction

There is much interest in the surfaces of metals and their oxides due to their use as catalysts;
gold [1], titanium dioxide [2], oxides [3] being examples. Metals are also used universally as
electrical contact materials, with gold and copper most widely used. Alloyed metals are
extremely important due to their electrical, thermal and mechanical properties [4] but also

due to their use as catalysts [5, 6].

Metals are typically polycrystalline being composed of many small crystals known as grains.
The size of the grains and the boundaries between the grains are important in determining
the physical properties of the metal. Metals that are composed of a single crystal have
superior mechanical, electrical and thermal properties compared to polycrystalline metals.
However single crystal metal require energetically demanding methods as the Czochralski
process for production and are therefore used only for the most demanding applications,

such as turbine blades [7].

Annealing a metal may alter the surface by the removal of adsorbed species, diffusion of
species from the bulk into the surface and surface structure reconstruction, and is therefore
expected to alter the chemical and electronic properties of the surface. Metal surfaces may
be modified with organic semiconductor thin-films, for example C60 has been shown to
passivate aluminium, preventing oxidation [8]. Organic semiconductors may also be used to

create electronic devices and their interfaces with metal surfaces are of interest. Organic
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based devices show great promise for cheaper, flexible, low power-consumption and low
weight electronic devices [9]. An important example is photovoltaic devices, where
conversion of sunlight into electrical power is possible with organic semiconductors, first
reported in 1986 [10]. Presently copper [11] and tin [12] phthalocyanine are among the most
promising organic semiconductor materials. Knowledge of the effects of the surface
processing of metals is therefore essential for the optimization of applications such as
catalysis and X-ray Photoelectron Spectroscopy (XPS) may be used to provide this

information.

XPS has been extensively used to probe metal surfaces and a review of investigations into
single crystal surfaces may be found in Woodruff and Delchar [13]. Studies of the surface
processing of metals have relied on measuring the surface before and after processing,
rather than during the actual process. The ability to perform XPS during the surface
processing of metals is highly desirable as it offers a probe of chemistry and energetics
during the processing. Such real-time information is useful to reliably determine optimum

processing conditions and times.
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4.2. Experimental

Three metal surfaces were investigated; copper (9 mm x 17 mm x 0.75 mm) and gold (11
mm x 7 mm x 0.25 mm) from Advent Materials (99.99 % purity) and a thick aluminium film
evaporated in-situ. The Al film was evaporated onto a sputter cleaned stainless steel foil, and

the chamber pressure during evaporation was 5 x 10 mbar.

Ex-situ preparation of the copper and gold samples was cleaning with Brasso® fluid followed
by rubbing with paper. Samples were then agitated in acetone before affixing in a pre-
annealed sample holder and loading into the system. In-situ preparation of the copper and
gold surfaces consisted of numerous cycles of oxygen plasma followed by annealing at 1000
K. The surfaces were then either sputtered-annealed or sputtered-only. The argon ion
sputtering was performed normal incidence in a pressure of 5x10™ mbar of argon at 700 V

for either 20 or 30 minutes and the by post-sputtering annealing at 1000 K.

Real-time measurements were performed with the parameters given in Table 4.1. When the
secondary electron cut-off was desired a bias of -5 V had to be applied to the sample, and all

kinetic energy values had to be increased by +5 V to allow for this.

Energy (eV) | Acquisition
Peak .
Kinetic | Pass time (s)

Au4f | 1163 60 2
Al2s | 1130 60 1

C1s 963 60 2

N 1s 849 60 2
01s 716 60 2
Cu2p 315 40 2
Cut-off 5 20 0.1

Table 4.1 Parameters used for real-time spectroscopy of metal surfaces.
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4.3. Results

Results on the in-situ processing of metal surfaces are presented in this section.

4.3.1. Clean surfaces

Survey spectrum of copper, aluminium and gold are presented in Figure 4.1 and the principal
core-levels presented in Figure 4.2. With the exception of aluminium the surfaces were clean
and each core-level fitted with a single component. The aluminium surface was found to
contain oxygen and the Al 2s core-level was fitted with two components and the O 1s fitted
with a single component, with the fitting parameters given in Table 4.2. The fitting
parameters of the sputter-annealed copper surface and sputtered-only copper surface is

given in Table 4.3.

Real-time XPS annealing up to 1000 K was performed on the clean copper and gold surfaces
and the binding energy change of the Cu 2ps3/; and Au 4f;/; during heating are presented in
Figure 4.3. All core-levels exhibited a shift with temperature to lower binding energy which
were fully reversible and symmetric with cooling. A linear fit has been calculated for each

and the gradient given inset.

Two sputtered-only copper surfaces were investigated with real-time XPS annealing; a 20
minute sputtered surface and a 30 minute sputtered surface. The binding energy change of
the Cu 2p;/; core-level is presented in Figure 4.4, panel a) showing a 680 K annealing cycle on
the 20 minute sputtered surface and panel b) a 980 K annealing cycle on the 30 minute
sputtered surface. A linear fit has been calculated for the core-level shift during the regions
300 K to 600 K, 620 K to 680 K, and during cooling from the maximum temperature to 300 K,

with the gradients given inset.
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Both sputtered-only copper surfaces exhibited a similar binding energy shift of -0.5 meV / 10
K up to 600 K. There was a transition point at 610 + 10 K where the binding energy rapidly
increases, shifting 5.7 meV / 10 K, which was mirrored on both copper surfaces. For the 20
minute sputtered surface a shift of -1.1 meV / 10 K was measured during cooling. For the 30
min sputtered surface a second transition point was measured during heating at 740 + 20 K
where a reversal in the peak shift occurs. The shift continued to lower binding energy above
740 K and did not show any sign of saturating. During cooling to room temperature a shift of

-1.3 meV / 10 K was measured.

Core-level / | 915 Al 25
component | alo Al Al-0
BE (eV) 532.4 | 118.0 | 120.5

FWHM (eV) 2.09 2.05 1.88
Lineshape GL(30) | GL(80) | GL(50)

- 1.00 0.30
Ratio
1.00 - 0.65
Table 4.2 Fitting parameters for aluminium surface.
Surface
Core-level -
Sputtered Sputter
annealed
BE 932.55 932.63
ol rwhm 1.36 1.34
2p3/;
Lineshape GL(89) GL(92)

Table 4.3 Fitting parameters for sputtered and sputter-annealed copper
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Figure 4.1 Survey spectrum of the metal surfaces; a) Cu, b)Au and c) Al.
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surface).
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4.3.2. Al/C60 interface

The aluminium surface was exposed to a flux of C60 until spectral features from the
aluminium could not be detected and the Al 2s, O 1s, C 1s and secondary electron cut-off

were measured in real-time during deposition.

Snapshots of the Al 2s, C 1s and secondary electron cut-off are presented in Figure 4.5, initial
snapshots in panels a), b) and c) and final snapshots in panels d), e) and f), along with the fits
of the Al 2s and C 1s core-levels. The natural logarithm of the ratio of the intensity to the
initial intensity of the Al 2s and the O 1s core-levels are given as a function of time in Figure
4.6. A linear fit was calculated for the attenuation and the gradient is given inset. Electron
attenuation lengths are given for Al 2s and O 1s from Evans et al [14]. A contour plot of the
normalised secondary electron cut-off snapshots is presented in Figure 4.7 as a function of
energy and time, the heavier contour being the normalised intensity 0.25. The binding
energy shift of the Al 2s, O 1s and C 1s core-levels as a function of time is presented in Figure
4.8. The shift for the Al 2s and O 1s is given relative to the initial binding energy while the
shift for the C 1s is given relative to the final binding energy. The deposition rate of C60 is

calculated with reference to the Al 2s and the O 1s core-level to be 0.09 + 0.02 nm/min :

Ia12s = My2s A = (0.0007 s71) X 1.81 nm
= 0.08 £ 0.01 nm/min

Io1s = Mgqs A= (0.001151) x 1.43 nm
= 0.10 £ 0.02 nm/min
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4.4. Discussion

Copper and gold surfaces free of contamination could be obtained by combination of oxygen
plasma, sputtering and annealing. The aluminium film had a surface oxide which had been
expected due to the high reactivity of aluminium. From the area ratio of the O 1s core-level
to the AlI-O component in the Al 2s core-level (1 : 0.65), an Al,O3 configuration was
determined, confirming the oxygen is not a surface contaminant. The area ratio of the oxide
component to the metal component in the Al 2s core-level (1 : 0.3) allows the thickness of
the layer to be approximated as being of the order of A, since the overlayer component (the
oxide) is dominant. The electron attenuation length of 1130 eV electrons through Al,03 is 2.3

nm giving a reasonable approximation for the thickness [15].

4.4.1. Real-time XPS annealing

A shift to lower binding energy with temperature was measured for the two metals, each
metal exhibiting a different rate of the shift. Of the effects outlined that may cause a shifting
of core-levels with temperature the surface photovoltage and sample charging may be
discounted as the samples are metallic. The surface chemistry change is discounted as the
shifts are reversible and survey spectrum and core-level measurements show the surfaces to
be clean. The remaining effect is thermal expansion changing the local potential which

manifests as a reduction in the core-level binding energies.

Within the literature comparative results are scarce however a synchrotron radiation study
of Al (111) and Al (110) by Theis and Horn [16] measured a shift to lower binding energy with
temperature of the Al 2p core-level of 0.5 meV / 10 K. Copper has also been reported to

exhibit shifts to lower binding energy with temperature; a synchrotron radiation study of Cu
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(111) by Knapp et al [17] found shifts between 1.5 and 2.0 meV / 10 K in the d-bands of
copper, and 2.7 meV / 10 K for the surface state. These values are of similar magnitude to
those measured in this work and Table 4.4 lists the values measured as shift per Kelvin and

shift per percentage expansion, with the two literature values included for comparison.

Within the literature all the investigations of thermal shifts have been single crystals
measured with soft x-rays probing shallow core-levels. This work has measured the binding
energy shift of two polycrystalline group 11 metals with 1253 eV x-rays probing a deep (Cu
2p) and fairly shallow (Au 4f) core-level. The different shift with percentage expansion for
copper and gold suggests a different rate of change of potential for the Cu 2p and Au 4f
environments when undergoing thermal expansion. The different electron shell and orbital

(848 eV difference in binding energy) may account for this.

Surface Thermal e?épansion Core- Shift Shift
(x 10™ K) level meV /10K | meV /% (dx/x)
Cu 16.5 2ps/2 -1.29£0.04 -79+2
Au 14.2 af; ), -2.36 £ 0.01 -166+1
Al (111) [16] 23.0 2p3/2 -0.57 -37.5
Cu (111)[17] 16.5 5d -1.5/-2.0 -91/-121

Table 4.4 Values for the binding energy shift of copper and gold in terms of temperature and
linear thermal expansion. Included is aluminium from [16] and copper from [17].

Narrowing of the order of 0.2 eV was observed in the FWHM of both copper and gold during
the real-time XPS annealing. Core-level narrowing with temperature is counter-intuitive as
broadening due to electron-phonon interactions would normally be expected. Electron-

phonon interactions are observed for single crystals where broadening of the order of 50
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meV may occur, however such an effect would be insignificant in a polycrystalline sample as
the dominant mechanism is an increase in crystallinity at elevated temperatures. Increasing
the crystallinity would result in a reduction to the FWHM, with the lower limit being the

phonon-broadened width of a single crystal.

A comparison of sputtered-annealed and sputtered-only copper surfaces (Table 4.3)
revealed a 0.1 eV difference in binding energy, a small broadening of the core-level and a
slight lineshape change. Such binding energy changes are normally ignored in XPS as changes
of this magnitude are commonplace after moving samples between chambers and when
setting analyser voltages (0.1 eV is 0.03 % of 321 eV, the kinetic energy of Cu 2ps/, core-
level). Due to the experimental setup of real-time XPS annealing, where the sample position
is not changed and the analyser is set to measure a single core-level, there is a greater
reliability in the energy scale and changes to the binding energy within the fitting uncertainty

(estimated to be 25 meV) are measurable.

The shift of the Cu 2ps3/, core-level on the two sputtered-only surfaces was unexpected. Both
surfaces shifted to lower binding energy but at a much lower rate than the sputter-annealed
surfaces. A clear transition point is observed at 610 + 10 K for both surfaces and an
additional transition point at 720 + 20 K for the 30 minute sputtered surface. The nature of
the first transition point is hypothesised to be the start of the removal of implanted argon
and sputter-induced damage. The identical behaviour of both cycles up to 680 K and the
similarity of the surfaces after annealing supports this hypothesis. The second transition
point is considered to be the temperature where the removal of sputter-induced damage
was completed for the second surface. The fact that this is at a higher temperature than the

other surface is easily explained by the fact that the surface had been sputtered for 30
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minutes rather than 20 minutes, which would induce more damage. It is proposed that
within the experimental uncertainty that the second surface during heating above 800 K had
the same rate of shifting as that during the cooling. This leaves a region between 720 K and
800 K where a rapid change to the binding energy occurred. This gives a common rate of
shifting of -1.2 + 0.1 meV / 10 K for all copper surfaces that have been annealed above a
critical temperature of 610 + 10 K, with the annealing time dependent on the amount of

sputter-induced damage.

The nature of the sputter-induced damage requires addressing. Workers have reported since
the earliest days of surface science that a diffraction pattern from a single crystal may only
be obtained after sputtering away surface contaminants followed by annealing. Given that
the contaminants were removed by the sputtering, annealing was thought to promote
atoms back into their crystalline position after being dislodged by the sputtering ions. Since a
clean polycrystalline sample does not exhibit a clear diffraction pattern a conceptual
similarity between a sputtered single crystal and a polycrystalline sample may be made, both
being approximately random [18]. In this work clean polycrystalline copper has been found
to exhibit a shifting of the Cu 2ps;, core-level to lower binding energy, and this shift was
similar to the shift of the 5d level of single crystal copper reported in the literature. This
suggests that the nature of sputter-induced damage is not a decrease in crystallinity. An
implantation of the sputtering ions into the surface would severely disrupt the local
potential causing not only a binding energy shift relative to the sputter-annealed surface, but
also a much lower rate of shift with temperature. Although no argon signal was detected in

the XPS the presence of below detection limit quantity of argon is likely [18].
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The constant gradient of the Cu 2ps/, core-level shift up to 980 K poses the question what
would happen at even higher temperatures? A possible result is that measured by Theis and
Horn [16, 19] for aluminium, where the smooth shift to the binding energy was interrupted
at 900 K by a sudden increase of 80 meV. This was reasoned to be the point of surface
melting of the aluminium which has a literature value of 933.5 K [20]. The literature value for
the melting temperature of copper is 1357.8 K [20]. Since the heater system is quoted to
achieve 1400 K and the maximum measured thermocouple temperature was 1200 K, real-
time XPS annealing of copper to the maximum heater power may be a useful temperature
calibration experiment, assuming a similar discontinuity in the core-level binding energy

would occur at the melting temperature.

4.4.2. Al/C60 interface

A precise deposition rate was determined for the C60 by monitoring two widely-spaced
core-levels from the aluminium substrate by fitting the natural logarithm of the attenuation
of the intensity. Due to the different electron attenuation length from the core-levels a
different attenuation gradient was observed for each, and this provided two rate values that
were the same within the experimental uncertainty. The accuracy of the deposition rate,
0.09 £ 0.02 nm / min, cannot be commented upon since the actual deposition rate is not
known. The growth mode of C60 on aluminium is determined to be layer-by-layer since the
substrate core-levels attenuate at a constant rate until undetectable. The total C60 coverage
is therefore calculated to be 3.6 nm, which corresponds to 2 A for electrons from the Al 2s
core-level. This is consistent with a hint of Al 2s in the snapshot after 40 minutes since the

probing depth of XPS is of the order of 3 A.
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During C60 deposition onto aluminium a binding energy shift was observed for the Al 2s, O
1s and C 1s core-levels, the substrate core-levels shifting to lower binding energy and the
overlayer core-level shifting to higher binding energy. For the substrate a different shift was
measured for the core-levels, the Al 2s shifting -100 meV and the O 1s shifting -200 meV,
while the C 1s core-level of the overlayer exhibited a shift of +300 meV. The data suggests
that the carbon environment is becoming more positive while the substrate environment is
becoming more negative. A charge transfer between the overlayer and the substrate where
electrons are transferred from the C60 layer into the oxygen environment of the aluminium
is consistent with the results. Since 3 oxygen atoms are bonded to 2 aluminium atoms in the
oxide layer a small binding energy shift would be expected to the Al-O component in the Al
2s, while the main Al-Al component would be expected to remain stationary. While it was
not possible to discern a different shift for the two chemical components in the Al 2s (Al-Al
and Al-O) due to the resolution, the entire Al 2s core-level does appear to shift to lower
binding energy. This may be due to small charging occurring in the oxide causing an apparent
shift to the Al-Al component. The secondary electron cut-off change is extremely simple;
upon exposure of the surface to C60 the a gradual shift of the cut-off to higher kinetic
energy is observed, corresponding to an increase in the work function, saturating at +0.65 eV
after 7.5 minutes of deposition, corresponding to 0.68 + 0.15 nm of C60. This shift is identical
to that measured by Seo et al [21] for the secondary electron cut-off change for Al / C60 with
UPS. The monolayer thickness of C60 is around 1 nm, therefore the change is associated
with the deposition of the first monolayer of C60. The saturation coverages for the
secondary electron cut-off and the band-bending are different, the cut-off saturating at 0.68

nm of C60 and the band-bending after 1.80 nm of C60.
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The vacuum level change of the aluminium / C60 interface is calculated by taking into
account the binding energy change of the overlayer (+300 meV) and the kinetic energy
change of the secondary electron cut-off (+0.65 eV), giving a vacuum level change of 0.95 eV.
Since the work function of C60 is known to be 4.7 eV [22], the work function of the
aluminium surface is determined to be 3.75 eV. Clean polycrystalline aluminium deposited in
the 10™*° mbar pressure range is quoted to have a work function of 4.28 eV, while oxygen
contamination is reported to decrease the work function; values of 3.8 eV have been
reported for Al,O3 [23, 24], therefore the measured value is reasonable. This is in contrast to
the group 11 metals, Cu, Ag and Au, where the work function of the oxide is much greater

than the clean metal [25].
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4.5. Future work

Two group 11 metal surfaces have been measured with real-time XPS annealing, copper and
gold, and a logical next surface to investigate would be silver. Platinum is also a ns* metal
and may also be relevant to the dataset. Since aluminium has been reported in the literature
for s-XPS measurements measuring aluminium would also be logical. It has been a tenet of
this work that energetically the behaviour of polycrystalline materials should be similar to
single crystal materials. The measure of a single crystal sample, preferably copper, would
assist in confirming the binding energy shift mechanism. For the nature of the sputter-
induced damage further investigations with longer sputtering times or higher sputtering
voltages would be logical. The use of a lighter (neon) or heavier (xenon) gas may also be
useful, in particular when sputtering a single crystal metal, since a correlation between the
ion size and the crystal structure may be made. Calculation of the activation energy for the
process may lead to a greater understanding of the process, especially if sputtering

conditions are varied.

For the organic interfaces the adaption of the system to couple to a synchrotron light source
would be highly beneficial; real-time s-XPS OMBD would be extremely powerful due to the

enhanced resolution and surface sensitivity.
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5. Diamond

In this section investigations into the surface processing of single crystal diamond is
presented. Of interest is the preparation of hydrogen and oxygen terminated surfaces in-situ
with a microwave plasma and monitoring their transition to the clean reconstructed surface

through high temperature annealing.

5.1. Introduction

Diamond is an allotrope of carbon and therefore part of the group IV elements.
Thermodynamically it is less stable than graphite however the activation energy for
conversion from diamond to graphite is large resulting in the apparent stability. While
graphite is a semi-metal, diamond is a wide band-gap semiconductor, it exhibits extreme
mechanical, optical and electronic properties, and is of great interest to material scientists.
Of particular interest are the electronic properties compared to other semiconductors, as

summarised in Table 5.1.

Property Si 4H-SiC GaN Diamond
Bandgap (eV) 1.1 3.2 3.44 5.47
Breakdown field
(Mvermn™) 0.3 3 5 10
Electron mobility
(cm?vis) 1450 900 440 4500
Hole mobility
(cmAV'sY) 480 120 200 3800
Thermal
1.5 5 13 24

conductivity

Table 5.1 Selected room temperature properties of semiconductor materials suitable for
electronic applications. Taken from [1].
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Diamond has a crystalline structure, shown in Figure 5.1, similar to that of other group IV
elements such as silicon and germanium consisting of tetrahedral sp> bonds in a face centred

cubic lattice, with a cubic edge length of 3.567 A [2].

Figure 5.1 Diamond cubic structure. lllustration from [3].

As with all crystalline materials bulk samples may be monocrystalline (single crystal), or
polycrystalline (several crystals separated by grain boundaries). The transport properties of

single crystals are superior to polycrystalline samples however the chemistry is very similar.

5.1.1. Types

Diamond is formed naturally in the earth where carbon is present at high pressures and
temperatures. Natural diamonds contain a variety of impurities, significantly nitrogen, and
often have a range of defects resulting in a wide array of characteristics, most strikingly a

range of colours from transparent to blue, brown, and pink [4].

Diamond synthesis with high pressures and temperatures was first demonstrated in the
1950’s by General Electric where graphite was compressed in the presence of a metallic

catalyst forming diamond crystals [5]. Today the process has advanced to produce large
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single crystal specimens [6]. Chemical Vapour Deposition (CVD) synthesis of diamond is also
possible and was also demonstrated in the 1950’s but was not pursued until the 1980’s due
to the low growth rates [7]. Large single crystal growth is now possible with CVD with a high

degree of control over the chemical content [8].

Optical techniques have been used extensively to characterise diamonds and a classification
system developed by Robertson et al based on nitrogen concentration is used to classify
natural stones [9]. Type | diamonds represent 98% of all natural diamonds and have nitrogen
contents up to 2000 ppm, while type Il diamonds have a nitrogen content less than 10 ppm.
Type | diamond is further divided into several sub-types depending on the form of the
nitrogen. Certain type Il diamonds were found to exhibit electrical conduction and these
were classified as type llb by Custers [10], non-conducting diamonds assigned as type lla.
The impurity associated with the electrical conduction was later identified as being boron,

present up to 1 ppm.

5.1.2. Conduction

For diamond with a bandgap of 5.47 eV and a density of states at the conduction band of
2x10" cm™ the calculated intrinsic carrier concentration at room temperature is 1 electron
km™ [11]. Such a low carrier concentration has never been observed experimentally due to

presence of impurities that act as dopants.

For the purest diamond samples (type lla or synthetic) there exists some level of nitrogen
impurity. Nitrogen is an electron donor for diamond resulting in n-type conductivity with an

activation energy of 1.7 eV, however this is a large energy compared to room temperature
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(0.026 eV) and consequently the room temperature conductivity is very low. Phosphorus is a

known donor for diamond and with an activation energy of 0.52 eV.

Boron is an electron acceptor resulting in p-type conductivity and was identified as the
reason why type llb diamonds are conductive. The activation energy is typically between 0.2
eV and 0.4 eV for boron concentrations of up to 10*° cm™. The conductivity of boron doped
diamonds has been measured by several workers and a relationship between the boron

concentration and the room temperature conductivity has been observed [12].

5.1.3. Surfaces

At the surface of diamond the bulk structure is interrupted producing an unstable surface
with dangling bonds. The surface will therefore terminate by adopting an energetically
favourable configuration either through termination of the dangling bonds with an
adsorbate or through a surface reconstruction [13, 14]. The number of dangling bonds per
surface carbon atom depends on the crystallographic orientation. For the (111) surface there
exists one dangling bond per atom while the (100) has two dangling bonds per surface atom
[15]. For both the (111) and (100) surface three terminations of diamond are commonly
encountered; hydrogen terminated, oxygen terminated and the reconstructed surface, each

of which will be discussed in detail.

Producing smooth diamond surfaces is not trivial due to the extreme hardness and chemical
inertness. A review of polishing methods may be found by Malshe et al which includes
mechanical, thermo-chemical, reactive ion, laser and abrasive liquid jet methods [16].
Mechanical polishing, a traditional method developed by jewellers, involves removal of

surface material by abrasive particles, and typically the diamond would be pressed onto a
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rotating cast iron wheel with a mixture of diamond grit and oil as a binder. Removal rates are
slow with typical values of the order of 10 nm / h [16] due to the large activation energies
required for the detachments of carbon atoms. The activation energies are also dependent
on the crystallographic orientation and 730 kJ / mol and 1060 kJ / mol has been measured
for the (110) and (111) surfaces respectively [17]. For the final surface finish fine diamond

grit of < 1 um would be used.

Hydrogen

Hydrogen chemisorbs to a single dangling bond with a bond strength of 415 kJ / mol, greater
than the C-C bond, 344 kJ / mol [13]. For the (111) surface the termination is monohydride
(C-H) with a 1x1 surface structure, while the (001) surface may be terminated by
monohydride (H-C) in a 1x1 surface structure or dihydride (H-C-H) in a 2x1 surface structure

[15].

Hydrogen terminated surfaces exhibit a remarkable property, that of negative electron
affinity (NEA). In most circumstances the conduction band minimum (CBM) at the surface
lies above the vacuum level and the electron affinity, measured from the CBM to the
vacuum level, is termed positive. However for hydrogen terminated diamond the vacuum
level lies below the CBM at the surface giving a negative affinity. A consequence of this is
that any electron promoted into the conduction band near the surface is above the vacuum

level and can leave the sample without any additional energy.

An additional property of hydrogen terminated surfaces is that of p-type surface
conductivity when exposed to air. This property was first identified by Landstrass and Ravi

who noted a substantial decrease in the conductivity when as-prepared diamond films were
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mildly annealed [18]. Ristein et al proposed that the effect was due to an interaction
between surface water vapour and the hydrogen producing surface acceptors resulting in a
highly conductive surface [19]. The effect, surface transfer doping, has been investigated for

various materials on diamond including fullerenes [20] and other organic molecules [21].

For preparing hydrogen terminated diamond surfaces two principal methods are reported;
mechanical polishing in oil and in-situ exposure to atomic hydrogen [22]. During mechanical
polishing the oil acts as a source of hydrocarbons and hydrogen is chemisorbed onto the
dangling bonds. The act of polishing (removal of diamond material) is therefore not
important and a ‘light’ polishing procedure may be used as discussed by Lurie and Wilson
[23]. In-situ hydrogenation is performed by exposing a clean diamond surface to atomic
hydrogen, and as little as 5% of a monolayer of hydrogen is reported to convert the

reconstructed (111) surface to a 1x1 structure [15].

Oxygen

Oxygen having two dangling bonds may bond to carbon in a variety of configurations. The
basic components are thought be C=0, C-O-C and O-C-0O, resulting in complicated chemistry
at the oxygen terminated diamond surface [13]. Of the three principal low index faces the
(111) surface is unique in having a single dangling bond and this prevents the formation of
O-C-0 structures. Oxygen desorption from the (111) surface is therefore uniquely in the
form of CO, while the (100) and (110) surfaces may desorb CO and CO,. An illustration of two
oxygen structures, ether bonded (C-O-C) and ketone bonded (C=0) on the (100) surface is

presented in Figure 5.2, both having a 1x1 surface structure.
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Damond (100} 1x1:0 Bridging structure Diamond (100) Ix1:0 Double-bonded strocture

Figure 5.2 Two possible oxygen configurations on (100) diamond. Bridging oxygen, also
known as ether structure, and double-bonded, also known as ketone structure. Illustration
from [22].

Due to the different chemical environments of the different bonding configurations,
chemically shifted components are present in the oxygen core-level, allowing for
identification. Wilson et al report for CVD diamond samples +2.75 eV for C=0 and +1.4 eV for
C-O-C [24], and similar results are reported by many other workers [22]. In contrast to the
hydrogen terminated surface oxygen terminated diamond surfaces have a positive electron
affinity and do not exhibit p-type surface conductivity. An increased surface conductivity has
been reported on smooth oxygen terminated (111) surface but not on the rough surface

[25]. The surface conductivity was not observed on the (001) surface [25].

Two principal methods of preparing oxygen terminated diamond surfaces reported are
etching with strong oxidizing acids and exposure to atomic oxygen. Acid treatments include
nitric acid with potassium nitrate [26] and nitric/sulphuric acid [27]. Atomic oxygen exposure
of diamond has been reported by Evans [28] and Klauser [29] where full monolayer oxygen

coverages were obtained.
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The carbon to oxygen ratio and the atomic concentration of a monolayer of oxygen on the
(111) diamond structure as expected in XPS are given in Table 5.2 by following a similar

approach to that of Evans and Thomas [28].

Bond ) o
configuration ¢c:0 O (%)

c=0 18:1 5

C-0-C 36:1 2.5

Table 5.2 Carbon to oxygen molar ratio and oxygen atomic concentrations in XPS for
different oxygen bonding configurations on (111) surface diamond.

Since the oxygen bonding environment is detectable using XPS the amount present at the
surface may be quantified and the bonding configuration evaluated. For the (111) surface
where all dangling bonds are bonded in ketone or ether configuration to oxygen, two
chemically shifted components are expected in the O 1s core-level and (5.1) and (5.2) must
be satisfied,

A(5%) + B(2.5%) = oxygen % (5.1)
A+B=1 (5.2)

where A is the fractional amount of ketone bonded oxygen and B the fractional amount of
ether bonded oxygen. For example a full coverage of 5% requires a single oxygen component

(A =1) while a mixed coverage (A = 0.5, B =0.5) would result in a 3.5% oxygen concentration.
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Reconstructed

An adsorbate-free diamond surface can self-terminate to reduce surface energy by forming a
dimerized m-electron configuration, known as a reconstructed surface [13]. On the (111)
surface the bonds form rows of m-bonded chains, as modelled by Pandey [30], with a
doubling of the surface unit cell (2x1 structure). There are only a few reports of an actual 2x1
reconstruction on (111) diamond [31]. What is generally observed is a three domain 2x1
pattern, each domain rotated by 30°, giving the appearance of a 2x2 surface. This is possible
due to the equivalence of the three directions on the (111) surface, and such a pattern is
labelled as 2x2/2x1 to distinguish from a single domain 2x1 [13, 14]. The quality of the
reconstruction may be evaluated with LEED by noting the relative intensity of the second
order diffraction spots compared to the first order diffraction spots and the lowest energy
the diffraction pattern is observed [32]. The domain size has been associated with the
surface roughness and a smooth surface is reported to be a requirement for the

reconstruction [33].

Two defining electronic characteristics of the reconstructed surface are a surface state and a
chemically shifted component in the C 1s core-level due to the m-electron bonding [22]. On
the (111) surface the surface state is observed at around 1 eV below the Fermi level and the
chemically shifted component around 1 eV to lower binding energy, while for the (100)
surface the surface state is around 2 eV below the Fermi level [34]. A similar surface state is

also observed on graphite, however the momentum distribution is quite different [22, 35].
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5.1.4. Literature review

A review of relevant published results on hydrogenated and oxygenated surfaces of (111)
diamond and their transition to the reconstructed surface through high temperature

annealing, focusing on photoelectron spectroscopy results, will now be given.

Hydrogen terminated

Pate performed a series of soft x-ray experiments (hv = 320 eV) aimed at comparing polished
diamond surfaces with in-situ hydrogenated diamond surfaces [14]. For the as-polished
diamond surface a C 1s core-level composed of a bulk component at 284.3 eV and a small
chemically shifted component 1.4 eV to higher binding energy was reported. Following
annealing to 1300 K to desorb the hydrogen and produce a reconstructed surface the C 1s
peak was found to be shifted to a higher binding energy of 284.8 eV, indicating a 0.5 eV shift
in the Fermi level, along with the emergence of a chemically shifted component 0.95 eV to
lower binding energy from the bulk peak. The LEED pattern exhibited a change from a 1x1
structure to a 2x1 structure following annealing. Upon re-hydrogenation with an atomic
hydrogen source the chemically shifted component was removed, no change occurred to the
position of the bulk C 1s peak, and a change in the LEED pattern to a 1x1 pattern.
Subsequent annealing at 1300 K caused the re-emergence of the low binding energy
component, however the LEED pattern remained 1x1. The removal and emergence of the
low binding energy component was fully reversible for re-hydrogenation and 1300 K
annealing. Valence band measurements of the re-hydrogenated and 1300 K annealed
surface show fully reversible behaviour as well with the emergence of a surface state peak
after annealing and the characteristic secondary electron cut-off indicating negative electron

affinity. Pate reasons that the re-hydrogenation is not complete but is sufficient to remove
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the m-bonded chains and create a NEA but with some surface state density remaining
leading to a pinning of the Fermi level. It was also proposed that the hydrogenation
prevented the formation of a 2x2/2x1 LEED pattern due to small domain sizes or surface
roughening. A similar result where photoelectron spectroscopy results are characteristic of a
reconstructed surface but LEED are not was also observed by Kittel et al [33]. Nemanich and
van der Weide reported that NEA and the reconstructed surface state of (111) diamond
were fully reversible with cycles of hydrogen plasma and argon plasma, the argon plasma
removing hydrogen from the surface [36]. However they noted that the 1x1 LEED pattern
would remain throughout and estimated from the spectral features that only 15% of the
surface had undergone reconstruction. They also compared the position of the Fermi level
after plasma treatment and found a reversible increase in band-bending of 0.3 eV with
plasma treatment, the reconstructed surface with the higher band-bending. Saby and Muret
observed an increased band-bending of 0.9 eV between hydrogen terminated and
reconstructed (100) diamond surface, the reconstructed surface with the higher band-

bending [37].

Cui et al reported the C 1s core-level width of their in-situ hydrogenated (111) and their
reconstructed surface to be similar at 1.1 eV [38], Pate reported 1.2 eV [14], and Evans

reported the ex-situ prepared (110) to be 1.2 eV [13].

The group of Ley at Erlangen have investigated the desorption of hydrogen and
reconstruction of the (111) diamond surface [38-40]. In a paper by Cui et al [38] a hydrogen
terminated surface was prepared in-situ with a microwave plasma and the C 1s core-level of
the in-situ hydrogenated diamond surface was reported to be located at 284.8 eV with an

electron affinity of -1.27 eV. No changes to the surface characteristics were measured when
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annealed up to 850 K. Above this temperature the C 1s core-level binding energy, electron
affinity and LEED pattern was found to depend on annealing conditions. A surface annealed
at 1000 K for 9000 s (2.5 h) had a C 1s binding energy of 285.0 eV, electron affinity of 0.38 eV
and a 2x1 LEED diffraction pattern with second order spots of similar intensity to the first
order spots was measured. This reconstructed surface was considered to be a low-
temperature phase and was found to be the same as a surface annealed at 1150 K for 10
minutes. For a surface annealed at 1300 K for 10 minutes the C 1s binding energy was
observed to saturate at 285.5 eV, the electron affinity saturate at 0.80 eV and the intensity
of the second order spots to increase further with an increase to the background. They
propose that a partial graphitisation has occurred and that the Fermi level would be semi-
metallic and pinned. Graphitisation of diamond is known to occur at temperatures above
1500 K, however graphite has a lower binding energy than diamond (284.3 eV) a distinct C 1s
core-level and a 1x1 LEED pattern. Ristein et al report the position of the valence band
maximum relative to the Fermi level on the hydrogen terminated surface as measured to be

0.9 eV [41].

Oxygen terminated

Reports in the literature on the oxygen terminated surface of (111) diamond are scarce even

today.

Klauser et al in 1996 investigated with synchrotron radiation and LEED the adsorption of
oxygen from a microwave discharge onto the reconstructed surface of a type lla (111)
diamond [29]. The clean reconstructed surface was found to have a C 1s core-level with two
components, one at 285.0 eV and the other at 284.2 eV, due to sp3 and m-bonded carbon

respectively. Upon exposure to atomic oxygen for 40 minutes at 40 W, 7 x 10™ mbar oxygen,
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a third component at high binding energy (286.0 eV) was observed, assigned to C-O.
Interestingly the oxygen coverage was estimated to have saturated at 0.5 ML, with further
exposure being ineffective in increasing the coverage. LEED measurements revealed the 2x1
structure to be preserved under the half monolayer oxygen coverage, indicating that the
oxygen was bonded in a bridging configuration between the Pandey chains in an ether (C-O-
C) configuration. Further evidence towards this was obtained from temperature

programmed desorption (TPD) studies where only CO was detected.

The work of Kaluser was re-addressed in 2002 by Loh et al with UPS and density functional
theory (DFT) calculations of oxygen adsorption [42] onto the reconstructed surface of CVD

grown (111) diamond with boron doping.

A 10 minute exposure to oxygen plasma with the diamond at room temperature was found
to give 0.45 ML coverage of oxygen. A further exposure of 30 minutes was required to
achieve saturation coverage of 0.5 ML of oxygen. The 2x1 LEED pattern retained with
saturation coverage, reproducing the results of Klauser. However if the diamond were at an
elevated temperature during the oxygen plasma treatment coverage levels attained were
higher. At a optimum sample temperature of 670 K a 10 minute exposure to oxygen plasma
produced 0.9 ML coverage of oxygen. A complete monolayer was formed after a further 30
minute exposure, with a 1x1 LEED pattern. This was interpreted as of an activation barrier
for lifting the 2x1 reconstruction, requiring the diamond to be at an elevated temperature of

670 K during oxygen exposure.

The results were successfully modelled with DFT which showed that the bonding

configuration up to 0.5 ML coverage of oxygen with retention of the 2x1 surface was
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bridging oxygen (C-O-C) between the Pandey chains. Full oxygen coverage is possible with

the removal of the reconstruction with the oxygen in a ketone configuration (C=0).

The Evans group at the University of Wales, Aberystwyth have investigated the interaction of
atomic oxygen with the low index faces of single crystal diamond [17, 28, 43-45]. They report
that oxygen is present primarily in two forms; ketone bond structure (C=0) and ether bond
structure (C-O-C), deduced by component fitting the C 1s and the O 1s core-levels. In one
publication [45] they report on the interaction of atomic oxygen with damaged diamond
surfaces following argon ion bombardment. They note that the FWHM of the C 1s peak was
composed of two distinct components; a bulk component at 285.6 eV (sp> bonded carbon)
and a surface enhanced component at 284.4 eV (disordered carbon), with a C 1s FWHM of
2.0 eV. Exposure to atomic oxygen resulted in the removal of the component at 284.4 eV,
with a narrowing of the C 1s FWHM from 2.0 eV to 1.2 eV proceeding at 0.25 eV / 10 min
exposure. Below 1.2 eV the rate of narrowing was much lower with several hours required
to achieve a saturated width of 1.0 eV. Oxygen coverages of greater than 1 ML were
reported, depending on the atomic oxygen exposure time. The O 1s core-level was
measured to be at 531.5 + 0.4 eV. The valence band maximum of the oxygen terminated

(110) diamond was found to be 1.5 eV below the Fermi level [28].

A UPS study by Saby and Muret of a (100) boron-doped CVD diamond having been exposed
to oxygen plasma reported the valence band maximum to be 1.0 eV below the Fermi level,
while the reconstructed surface following annealing at 1170 K was 1.3 eV below the Fermi

level [37].
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5.2. Experimental

The diamond was a natural type Ilb single crystal, measuring 8.75 mm x 5.05 mm x 1.50 mm,
cleaved and polished along the (111) plane, with a doping concentration of 1x10* cm™. The
sample has been measured by other workers and publications may be found by Liibbe [46],
Langstaff [47], Fyfe [43] and Bushell [48]. The sample was chosen as it is known to produce a

reconstructed surface by high temperature annealing with a 2x2/2x1 LEED pattern.

Surface preparation

The diamond must first be prepared ex-situ to remove gross contamination. The surface may
then be prepared by ex-situ or in-situ methods. After preparation conventional XPS is
performed to evaluate the surface, at which point the surface may be further prepared in-
situ (and re-evaluated) or may undergo a real-time annealing cycle. At the completion of the
cycle the surface is evaluated. It is then possible to perform a further real-time annealing

cycle or to prepare the surface in-situ again.

Initial cleaning was performed by ultrasonic agitation in acetone, 5 min dip in boiling nitric

acid, agitation in de-ionized water, and agitation in acetone.

If an ex-situ hydrogen terminated surface was required then mechanical polishing in olive oil
was then performed. A Buehler EComet 3 polisher was used, the diamond being pressed
with the thumb onto a mixture of 1 um polishing grit and olive oil on a cast iron wheel
rotating at 80 rpm for 5 minutes. A certain orientation and pressure was found to produce
the least resistance and this combination was maintained. Following this the diamond was

cleaned by agitation in acetone.
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A layer of gold was evaporated onto the back of the diamond, estimated to be 10 nm, to
produce a good thermal and Ohmic contact with the sample holder, using a Polaron Bio Rad
E5200 automatic sputter coater operating for 80 seconds with a current of 15 mA in a
pressure of 0.2 mbar. The diamond was then affixed to a pre-annealed sample holder,

flushed with acetone, dried with nitrogen gas, and loaded into the vacuum system.

Following loading into the vacuum system ex-situ hydrogenated surfaces were annealed in-
situ to 680 K to remove atmospheric contamination. Surfaces that were to be prepared in-
situ with microwave plasma were firstly cleaned in-situ, the first step being the removal of
adventitious carbon and atmospheric contamination with oxygen plasma exposure for 5
minutes. In-situ annealing up to 1200 K was then performed to produce a clean surface and
a fully degassed sample holder. If required further oxygen plasma treatment and 1200 K
annealing could be performed until the pressure rise when annealing was minimized
ensuring a clean working environment. Following this the required surface termination could

be prepared with in-situ microwave plasma.

For in-situ oxygen termination the surface was exposed for 10 minutes. For hydrogen

termination a 30 minute exposure was given.

For depositing thin layers of silver a silver Knudsen cell was operated at 60 W power with a
thermocouple voltage of 13.2 mV producing a measured rate of 0.34 nm / min. During

deposition the pressure was 2x10”° mbar.

For real-time spectroscopy the analyser parameters are given in Table 5.3.
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Peak /
C1ls O1s
Parameters
Kinetic
962 715
Energy (eV)
Pass Ener
& | 100 100
(ev)
Acquisition
. 2 4
time (s)

Table 5.3 Parameters used for the analyser during the real-time annealing
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5.3. Results

Results on the in-situ processing of the (111) diamond surface are given in this section.

5.3.1. In-situ hydrogen terminated diamond

The chemical composition of an in-situ hydrogenated surface (that had not recently been
mechanically polished) and after annealing at 960 K and 1200 K is given in Table 5.4. C 1s and
O 1s core-levels with the LEED patterns of the surfaces inset are presented in Figure 5.4, with
the parameters given in Table 5.5. The surface was found to be reproducible with little
variation in the fitting parameters. The LEED pattern as-prepared was 1x1 and after 1200 K

annealing was 2x2.

An in-situ hydrogenated surface that had been mechanically polished before-hand was
measured at 300 K and 800 K and C 1s core-levels are presented in Figure 5.5 right hand
panel. The FWHM was slightly less than the surface without mechanical polishing and the C
1s binding energy measured at room temperature was the same as the surface without
mechanical polishing. LEED was performed at room temperature, at 700 K, and at room
temperature after annealing to 1200 K, and the patterns are presented in Figure 5.5 left

hand panel.

Chemical Composition (%)
Element
As-prepared 960K 1200 K
97.3 98.1 100
(0] 2.7 1.9 0

Table 5.4 Chemical composition of in-situ hydrogen terminated diamond surfaces
determined from XPS.
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Figure 5.4 O 1s and C 1s core-level peaks for the as-prepared in-situ hydrogenated surface,
the 960 K and the 1200 K annealed surfaces. LEED pattern taken at 100 eV for the hydrogen
terminated surface and 65 eV for the reconstructed surface.

Core-level / component

Surface

As-prepared 960 K 1200K

BE 284.00 284.03 285.10

3 FWHM 1.56 1.56 1.26

P | Lineshape GL(60) GL(60) GL(70)
Ratio 1 1 1

BE 286.00 286.03 -

c-0 FWHM 2.02 2.03 -

Cis| / .

C-H Lineshape GL(60) GL(60) -
Ratio 0.05 0.03 -

BE - - 284.00

FWHM - - 1.29

m Lineshape - - GL(30)
Ratio - - 0.04

BE 531.59 531.25 -

O1ls FWHM 2.87 2.40 -
Lineshape GL(30) GL(30) -

Table 5.5 Fitting parameters for the C 1s and O 1s core-levels of the in-situ hydrogenated

surface.
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Figure 5.5 Left hand panel are LEED measurements taken of hydrogenated surface at room
temperature, at 700 K, and after 1200 K annealing and cooling to room temperature. All
measurements taken at 100 eV. No evidence of reconstruction is observed by performing

LEED at 700 K. Right hand panel are C 1s core-levels of in-situ hydrogenated surface at 300 K
and 800 K.
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Several real-time XPS annealing cycles were performed in succession on a freshly prepared
in-situ hydrogenated diamond surface. The results of two cycles are included here; 960 K

and 1200 K cycle.

First annealing cycle (960 K)

The inset in Figure 5.6 shows the series of C 1s snapshots collected during the cycle, with the
peak visibly shifting reversibly to higher binding energy and back to the starting position. The
main figure shows the binding energy of the C 1s core-level and the sample temperature as
functions of time. Due to the non-linear temperature-time relationship the trend of the C 1s
core-level with temperature is difficult to evaluate. To assist in this the binding energy (along
with the FWHM and chamber pressure) have been plotted as a function of temperature in

Figure 5.7.

The binding energy of the C 1s core-level of the hydrogenated surface shifts with
temperature from a room temperature position of 284.0 eV at a rate of 60 meV / 10 K to
higher binding energy, saturating at 285.2 eV at 600 K. The core-level maintains this binding
energy during heating to 960 K and during cooling to 600 K. Below 600 K a shift to lower

binding energy at a similar rate back to the stating value is observed.

The line-width of the core-level changes with temperature, increasing slightly with
temperature during the first 50 K, before narrowing at a rate of 9 meV / 10 K up to 600 K.
Above 600 K the peak continues to narrow, reaching a minimum of 1.3 eV at the maximum
temperature of 960 K. During cooling the peak maintains this value down to 600 K where the
peak undergoes rapid broadening at a rate of 32 meV / 10 K, reaching a maximum of width

of 1.7 eV at 400 K, and narrowing to the starting value of 1.55 eV with further cooling.
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Second annealing cycle (1200 K)

The fitting parameters of the C 1s core-level during the second annealing cycle (1200 K) as a

function of temperature is presented in Figure 5.8.

The binding energy of the C 1s core-level with temperature mirrors the first annealing cycle
perfectly. Above 960 K the peak position is more variable shifting to higher and lower
binding energy by around 0.2 eV. At 1200 K the C 1s was located at 285.1 eV and during

cooling shifts slowly to higher binding energy, saturating at 285.2 eV at 600 K.

The line-width follows a similar increase up to 400 K but decreases at a rate of 20 meV / 10 K
up to 600 K. Between 600 K and 1200 K the linewidth decreases at a lower rate of 3 meV / 10
K, reaching a value of 1.1 eV. While cooling the line-width increases at a slow rate of 1.5 meV

/ 10 K, reaching a value of 1.3 eV at room temperature.
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Figure 5.6 Series of C 1s core-level snapshots collected during 960 K annealing cycle on in-
situ hydrogenated diamond (111) surface. Open blue circles represent the binding energy of

the C 1s core-level as determined by fitting sequentially fitting the snapshots. Red line is the
sample temperature during the cycle.
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Figure 5.7 C 1s core-level of in-situ prepared (111):H surface during 960 K annealing cycle.
Shown is the C 1s a) binding energy, b) FWHM and c) the chamber pressure.
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5.3.2. In-situ oxygen terminated diamond

A survey scan of the as-prepared oxygenated surface is presented in Figure 5.9 revealing no
species other than carbon and oxygen being present. The surface had not been recently
mechanically polished. The C 1s and O 1s core-levels of the as-prepared surface and after
annealing at 680 K and 1200 K are presented in Figure 5.10, the chemical compositions in
Table 5.6 and the core-level fitting parameters in Table 5.7. Figure 5.11 shows the total
oxygen concentration as a function of annealing temperature. A 1x1 LEED pattern was
observed on the oxygen terminated surface with no evidence of second order diffraction

spots. After 1200 K annealing a 2x2 LEED pattern was measured.
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Figure 5.9 Survey scan of the as-prepared in-situ oxygenated diamond surface.
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Figure 5.10 C 1s and O 1s core-levels for in-situ oxygenated diamond surfaces.
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Figure 5.11 Total oxygen concentration of the as-prepared in-situ oxygenated (111) surface
and after annealing. Monolayer thickness is calculated for a full saturated ketone bonding
configuration.
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Table 5.6 Chemical composition of in-situ oxygen terminated diamond surfaces

Chemical Composition (%)
Element
As-prepared 680K 1200 K
92.8 93.9 100
(0] 7.2 5.0 0

Core-level / component

Surface

As-prepared 680K 1200K
BE 284.27 284.35 285.27
s | FWHM 1.30 1.34 1.22
P | lineshape GL(70) GL(70)  GL(70)
Ratio 1 1 1
BE 285.37 285.35 -
FWHM 1.42 1.48 -
¢o Lineshape GL(30) GL(30) -

Ratio 0.11 0.12

Cls
BE 286.87 286.95 -
_ FWHM 1.68 1.77 -
=0 Lineshape GL(30) GL(30) -
Ratio 0.04 0.04 -
BE - - 284.27
FWHM - - 1.34
m Lineshape - - GL(70)
Ratio - - 0.04
BE 530.59 530.30 -
FWHM 2.65 2.50 -
¢o Lineshape GL(30) GL(30) -
Ratio 1 1 -
O1s

BE 531.89 531.60 -
_ FWHM 2.65 2.50 -
=0 Lineshape GL(30) GL(30) -
Ratio 0.27 0.33 -

Table 5.7 Fitting parameters for the C 1s and O 1s core-levels of the in-situ oxygenated

diamond surface.
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Four real-time annealing cycles were performed in succession on a freshly prepared in-situ
oxygenated surface; 680 K, 920 K, 1020 K and 1200 K with conventional XPS spectroscopy
performed at the start and finish of each cycle. Figure 5.12 is a composite of the binding
energy of the C 1s core-level during each cycle shown in series. The full real-time data for
each the 680 K, 920 K, 1020 K and 1200 K are presented in Figures 5.13, 5.14, 5.15 and 5.16

respectively.

The binding energy of the C 1s core-level during the first cycle, 680 K, was found to be fully
reversible. During heating the core-level shifted from the room temperature value of 284.3
eV reaching a saturated binding energy of 285.7 eV at 600 K. During cooling the core-level
mirrored the heating path and returned to the start position when cooled to room
temperature. The rate of shift was not constant being around 18 meV / 10 K at room

temperature, reaching a maximum of 67 meV / 10 K at 475 K, decreasing to zero at 600 K.

During the second cycle, 920 K, the C 1s core-level mirrored the previous cycle up to 680 K,
with the saturated binding energy of 285.7 eV persisting up to 725 K. Above 725 K the
binding energy starts to reverse at a rate of 4 meV / 10 K. This reversal continued up to 920 K
reaching a final value of 285.5 eV. During cooling the peak position of 285.5 eV was
maintained down to 500 K, before shifting to lower binding energies at a rate of 65 meV / 10
K. However the peak position did not return to the original value, but a binding energy of

284.5 eV, 0.15 eV to higher energy.

The binding energy of the C 1s core-level during the third cycle, 1040 K, shifted from 284.5
eV at a rate of 47 meV / 10 K up to 650 K, where a saturated C 1s binding energy of 285.5 eV
was measured. This saturated value was maintained up to 920 K where the peak again

started to shift towards lower binding energy at a rate of 4 meV / 10 K. At 1040 K the C 1s
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had reached a binding energy of 285.4 eV, which was maintained during cooling down to
500 K. Below 500 K the peak shifted at a rate of 47 meV / 10 K towards a room temperature
position of 284.6 eV, offset from the starting value by 0.11 eV to lower binding energy (0.26

eV from the original as-prepared surface).

For the fourth cycle, 1200 K, C 1s core-level was found to shift to higher energy from room
temperature at a rate of 35 meV / 10 K, reaching a saturated value of 285.4 eV at 750 K. This
value was maintained up to 1040 K, where the peak again started to reverse towards lower
binding energy. At 1120 K the rate of shifting increased to 26 meV / 10 K, reaching a binding
energy of 285.2 eV at the maximum temperature. During cooling the binding energy was
maintained down to 400 K, where the peak started to shift to lower binding energy, reaching

a value of 285.0 eV at room temperature.
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Figure 5.12 Successive annealing cycles on an in-situ oxygen terminated surface with the binding energy of the C 1s core-level as a function of
temperature. Cycle a) is fully reversible while the C 1s core-level at the end of cycles b) and c) is to higher binding energy. Cycle d) is desorption
of all remaining oxygen and reconstruction.
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Figure 5.13 C 1s core-level of an in-situ prepared (111):0 surface during a 680 K anneal cycle.
Shown is the C 1s a) binding energy, b) FWHM and c) the chamber pressure.
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Figure 5.14 C 1s core-level of in-situ prepared, 680 K annealed, (111):0 surface during 960 K
anneal cycle. Shown is the C 1s a) binding energy, b) FWHM and c) the chamber pressure.
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Figure 5.15 C 1s core-level of in-situ prepared, 960 K annealed, (111):0 surface during 1040
K anneal cycle. Shown is the C 1s a) binding energy, b) FWHM and c) the chamber pressure.
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Figure 5.16 C 1s core-level of in-situ prepared, 1040 K annealed, (111):0 surface during a
1200 K anneal cycle. Shown is the C 1s a) binding energy, b) FWHM and c) the chamber

pressure.
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5.3.3. Ex-situ hydrogen terminated

A survey spectrum of the ex-situ hydrogenated surface after annealing at 620 K and 960 K is
presented in Figure 5.17. Some oxygen contamination was detected on the 620 K surface
however this was removed after annealing at 960 K. C 1s and O 1s core-levels of the 620 K,
960 K and 1200 K annealed surfaces are presented in Figure 5.18, with the fitting parameters
in Table 5.8. Clean ex-situ hydrogenated surface and reconstructed surface are also reported

in Section 5.3.5, Table 5.10.

Some variations in the C 1s core-level binding energy were measured on different surfaces
after 960 K annealing, typically with binding energies in the range of 283.87 eV to 284.29 eV,

however the FWHM of the C 1s was constant at 1.36 eV.

The C 1s core-level was measured while grounded (usual configuration) and with different
applied bias, from +5 V to -5 V, the results are presented in Figure 5.19. The surface was a
960 K annealed surface and the data was measured in snapshot mode. The core-level was
also measured with different x-ray flux values, Table 5.9 gives the measured binding energy

against the measured drain current.

Annealing the surface to 1200 K resulted in a large shift in the C 1s core-level position and
narrowing in the line-width, with values in the range of 285.1 eV to 285.5 eV and line-widths
in the range of 1.17 eV to 1.25 eV. A 2x2 LEED pattern was measured on this annealed
surface with the intensity of the second order spots the greatest for the surfaces with higher
binding energy, lower width C 1s core-levels. The core-level of the reconstructed surface was
also measured with different x-ray flux values and Table 5.8 gives the measured binding

energy against the measured drain current.
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Figure 5.17 Survey spectrum of the ex-situ hydrogenated diamond surface after 600 K and
960 K annealing. All oxygen contamination is removed by the 960 K anneal.
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Figure 5.18 C 1s and O 1s core-levels of the ex-situ hydrogenated diamond surface.

Spectrum taken after annealing at 620 K, 960 K and 1200 K.
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Surface
Core-level / component
620 K 960 K 1200 K
BE 283.87 284.03 285.42
3 FWHM 1.36 1.36 1.19
S
P lineshape | GL(60)  GL(60)  GL(80)
% 86.28 86.59 95.24
BE 285.05 285.23 -
¢-o FWHM 1.45 1.51 -
Cils / )
C-H Lineshape GL(30) GL(30) -
% 11.22 13.41 -
BE - - 284.22
FWHM - - 1.42
114
Lineshape - - GL(30)
% - - 4.14
BE 531.28 - -
FWHM 2.84 - -
O1s c-0 )
Lineshape GL(30) - -
% 2.5 - -

Table 5.8 Fitting parameters for the C 1s and O 1s core-levels of the ex-situ hydrogenated

diamond surface.
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Figure 5.19 Applied sample bias against peak shift for clean ex-situ hydrogenated diamond

after annealing at 620 K. The linear fit parameters are included inset.
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Drain Current C 1s peak position (eV)
(nA)
Hydrogenated Reconstructed
80 284.34 285.43
14 284.52 285.44
8 284.62 285.43

Table 5.9 Carbon 1s binding energy of the hydrogenated diamond surface with varying x-ray
flux.

5.3.4. Reconstructed surface

Real-time XPS annealing was performed on reconstructed surfaces formed after 1200 K
annealing of both in-situ and ex-situ prepared hydrogen terminated surfaces and in-situ
prepared oxygen terminated surfaces. Two reconstructed surfaces are reported in this
section; an in-situ oxygen terminated surface (that had not been recently mechanically
polished) that was held at 1200 K for 10 s, and an ex-situ hydrogenated surface that was

held at 1200 K for 100 s.

Figure 5.20 shows the binding energy and FWHM of the C 1s core-level of both surfaces as a
function of temperature for a 600 K real-time XPS annealing cycle, panel a) for the brief

annealing and panel b) for the extended annealing.

The binding energy of the C 1s core-level of the briefly annealed reconstructed surface
increased from a room temperature value of 285.0 eV at a rate of 20 meV / 10 K, reaching a
saturated value of 285.25 eV at 500 K. The cooling cycle mirrored the heating cycle. The
width of the C 1s core-level decreased during heating from 1.50 eV to 1.25 eV and mirrored

this behaviour during cooling.
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For the extendedly annealed surface the binding energy of the C 1s core-level did not exhibit
any shift during heating, remaining fixed at 285.3 eV from room temperature up to 580 K
and cooling to room temperature. The width of the C 1s core-level also remained fixed

during annealing at 1.37 eV.
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Figure 5.20 Binding energy and FWHM of the C 1s core-level of two reconstructed (111)
surfaces. Panel a) was an in-situ oxygenated surface (without ex-situ mechanical polishing)
that was annealed at 1200 K for 10 s (brief annealing). Panel b) was an ex-situ hydrogenated
surface that was annealed at 1200 for 100 s (extended annealing).
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5.3.5. Silver / diamond interface

Thin silver coverages were evaporated onto the clean hydrogen terminated and
reconstructed diamond surfaces. The hydrogenated surface was prepared by mechanical
polishing and the reconstructed surface by 1200 K annealing (holding at 1200 K for 100 s) of
a mechanically polished surface. The fit parameters for the C 1s core-level of the clean
surfaces are given in Table 5.10. The fitted C 1s and Ag 3ds/, core-levels with silver coverage
are presented in Figure 5.21 for the hydrogenated and Figure 5.22 for the reconstructed

surface.

A plot of the natural logarithm of the fractional intensity change of the C 1s core-level of
diamond with silver to clean diamond against accumulated silver deposition time is
presented in Figure 5.23. Two distinct linear regions are present with a point of inflexion at
146 seconds (2.43 min). By fitting the two linear regions to (2.23) the rate of material
deposition may be evaluated.

r; = myA = (0.0054s71) X 0.98 nm = 0.32 nm / min
r, = myA = (0.0006 s71) X 0.98 nm = 0.03 nm / min
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Core-level / component

Hydrogenated Reconstructed

Surface

Cls

BE 284.03 285.52
sp3 .FWHI\/I 141 1.17
Lineshape GL(60) GL(88)
Ratio 1 1
BE 285.23 -
C-H .FWHM 1.55 -
Lineshape GL(30) -
Ratio 0.18 -
BE - 284.42
FWHM - 14
m Lineshape - GL(88)
Ratio - 0.05

Table 5.10 Fitting parameters for clean diamond surfaces
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Figure 5.21 Fitted C 1s and Ag 3ds/, core-levels data for the diamond hydrogenated / silver
interface. Left hand panel shows the C 1s core-levels, right hand panel the Ag 3ds/, core-

levels, all normalized.
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Figure 5.22 Fitted C 1s and Ag 3ds/, core-levels data for the diamond reconstructed / silver
interface. Left hand panel shows the C 1s core-levels, right hand panel the Ag 3ds/, core-
levels, all normalized.
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Figure 5.23 Attenuation of the C 1s core-level with silver overlayers. Transition from layer-

by-layer growth to island growth occurs at a thickness of 0.78 nm. Data is a composite of
three deposition experiments.
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5.4. Discussion

Before discussing the individual surfaces it is pertinent to discuss the overall phenomenon of
binding energy shifts to higher binding energy for diamond surfaces during real-time XPS

annealing.

A perturbation of the bulk Fermi level due to a thermal expansion effect is discounted here
as the shift is towards high binding energy rather than low binding energy. The
semiconductor band gap is temperature dependent however as the change is a few 10 meV

in the temperature range measured this effect may also be discounted.

Changes to the surface chemistry such as removal of hydrogen or oxygen or the creation of
n-bonded carbon would result in a change to the band-bending. However these changes
would be irreversible and would require the correct temperatures to occur. Evidence
discounting the formation of m-bonded carbon at moderate temperatures includes the
measurement of LEED at moderate temperatures showing absence of surface structure

change (Figure 5.5), allowing chemical change to be discounted.

The room temperature point contact resistance of the diamond was measured to be quite
high at 284 kQ, however the LEED patterns of the reconstructed surfaces were observable at
low energy (16 eV) which would not be possible if the sample were too resistive. A
significant reduction in the contact resistance may be discounted for several reasons,
primarily that the binding energy shift is to towards higher binder energy rather than lower.
The preparation of surfaces in-situ was key in eliminating contact resistance effects as it was
possible to anneal the samples at high temperature (ensuring correct contact formation, but

with desorption of surface species), and to re-prepare the surfaces in-situ with microwave
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plasma. A poor contact (non-ohmic) after annealing may be discounted as the C 1s core-level
was found to shift symmetrically with applied bias (Figure 5.19), indicative of an Ohmic

contact.

The remaining mechanism, that of surface photovoltage, is therefore proposed to be the
responsible for the shifting of the C 1s core-level of diamond with temperature. The
photovoltage results in a shift of the surface Fermi level towards the bulk Fermi level
(flattening of the bands) resulting in erroneously low binding energies being reported. This
has serious consequences for the interpretation of diamond photoelectron spectroscopy
data as the effect is dependent on the bulk properties (resistivity), surface properties
(depletion width and surface conductivity), and the measurement conditions (x-ray flux and
sample temperature). The surface photovoltage effect offers a clear explanation on the wide
range of values reported by different workers on similar surfaces. The actual Fermi level
position of the surfaces may be measured by performing spectroscopy at elevated
temperatures (> 600 K) through thermal removal of the photovoltage. In addition to
reporting erroneously low binding energies the surface photovoltage results in a significant

broadening of the core-levels giving the appearance of a more disordered surface.

The real-time XPS annealing results are very similar to those of Long and Bermudez [49] on
gallium nitride. From these investigations an additional mechanism that the standard Hecht
model does not incorporate, that of the bulk resistance of the semiconductor, has been
identified. This is proposed to be the unknown mechanism mentioned by Long and

Bermudez in their work.

Evidence for the surface photovoltage will be presented with reference to real-time XPS

annealing of the surfaces, the formation of diamond / silver interfaces and the variable bias
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and x-ray flux measurements. A model for the photovoltage effect incorporating the bulk
resistance of the diamond will also be given. To complete the discussion the energy band

diagrams with corrections for the photovoltage are included.

5.4.2. Clean surfaces

The characterisation of the clean surfaces prepared in this work will be discussed this
section. Four surface preparation methods were investigated in this work; in-situ hydrogen

plasma, in-situ oxygen plasma, ex-situ mechanical polishing, and in-situ annealing.

The C 1s core-level fits were found to be similar for all surfaces measured and the chemical
shifts are reproduced in Table 5.11 with the assignments determined from comparison with

literature.

. Chemical
Assignment shift (V) Surfaces
spa—bonded - All
C-O +1.1 Oxygen terminated
+1.2 Ex-situ hydrogenated
C-0/CH
+2.0 In-situ hydrogenated
C=0 +2.6 Oxygen terminated
n-bonded -1.1 Reconstructed

Table 5.11 C 1s component chemical shifts and assignments.

Before discussing the individual surfaces it is pertinent to show the results of real-time XPS
annealing of the clean surfaces (heating portion of the annealing cycle only) together in a

composite plot, and this is presented in Figure 5.24. The right hand scale shows the position
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of the valence band maximum relative to the Fermi level and the barrier height has been

determined by referencing to the flat-band binding energy, determined to be 283.84 eV

from the real-time annealing data, the diamond-silver interface and the photovoltage model.

Further discussion on this value may be found in Section 5.4.4 where the energy band

diagrams of the surface are presented. Table 5.12 includes the valence band maximum

position relative to the Fermi level and the barrier height for each of the surfaces at room

temperature and high temperature.
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Figure 5.24 Composite plot of the real-time XPS annealing results for the hydrogen
terminated, oxygen terminated and reconstructed surfaces of (111) diamond. The curves
show the heating part of the annealing cycles. The barrier height and valence band position
were calculated by reference to the flat-band binding energy (zero barrier).

120



Surface Er — Evem (eV) Barrier (eV)
termination RT HT RT HT
H 0.48 1.58 0.16 1.26
2x1 2.00 2.00 1.68 1.68
o 0.75 2.18 0.43 1.86

Table 5.12 Values for the three diamond surfaces at room temperature and at high
temperature

Hydrogen terminated surface

A comparison of the survey spectrum of the in-situ prepared surface and the ex-situ
prepared surface after annealing at 960 K showed oxygen contamination to have dropped to
1.9% on the in-situ prepared surface but had dropped to zero on the ex-situ prepared
surface. This compares favourably with measurements by Pate which showed a small oxygen
intensity on ex-situ polished (111) surface after annealing at 800 K [14]. The measurements
suggest that oxygen on the in-situ prepared surface was more resistant to removal than on
the ex-situ prepared surface. Since the ex-situ preparation method involved mechanical
polishing of the surface this would lead to a reduced surface roughness and the removal of

defect sites, both of which are known to be associated with increased oxygen uptake [43].

The source of oxygen contamination on the in-situ prepared surfaces is unclear. Surfaces
were checked prior to in-situ hydrogen plasma and were found to be clean of oxygen. The
operating gas was found to be clean of contamination through residual gas analysis and the
primary components of the base vacuum were found to be hydrogen and water. For a base
pressure of 1 x 10® mbar the monolayer adsorption time is of the order of 100 s and
adsorption of oxygen through microwave plasma dissociation of residual water over the 30

min exposure time is therefore possible.
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The C 1s core-level on the in-situ and ex-situ prepared surfaces were fitted with two
components; sp> bonded carbon and a chemically shifted C-O/C-H component to higher
binding energy. The chemical shift of the C-O/C-H was different on the two surfaces; 2.0 eV
on the in-situ hydrogenated and 1.2 eV on the ex-situ hydrogenated. The different shift may
be associated with the surface roughness introducing more chemical environments on the
surface of the in-situ hydrogenated. For the in-situ prepared surface the relative intensity of
the C-O/C-H component to the sp3 component (1 : 0.05) suggests it is wholly related to
oxygen on that surface, however on the ex-situ prepared surface there is zero oxygen but
the relative intensity of the component is larger (1 : 0.08). It is possible that the hydrogen
coverage is much larger on the polished surface resulting in the larger relative intensity, or
that the line-shape is anomalous. Measurement of thin layers of silver on the ex-situ
prepared surface revealed the component to vanish with 0.93 nm coverage, suggesting it is a
surface adsorbate (hydrogen) reacting with the silver. This is discussed further in Section

5.4.3.

The in-situ prepared surface had a room temperature as-prepared binding energy of 284.00
eV, while the ex-situ prepared surface had a lower binding energy (283.87 eV) that increased
with annealing reaching 284.03 eV after 960 K. Both surfaces therefore have the same
valence band maximum position relative to the Fermi level after annealing. A sharp 1x1 LEED
pattern was measured on both surfaces, the pattern being sharper with a lower background
on the ex-situ prepared surface suggesting a higher quality surface. As mentioned previously
a large surface photovoltage has been observed on the hydrogen terminated surface and the
actual value of the C 1s core-level was found to be 285.18 eV by measuring the C 1s core-

level at 800 K (Figure 5.5), this moves the binding energy from one end of reported values in
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the literature to the other. For example Cui et al and Pate report the binding energy to be
284.8 eV [22, 38] and Maier et al report 284.2 eV for an as-prepared film that shifted to
284.8 eV after 720 K annealing [50]. In particular the 284.2 eV result of Maier et al appears
to be shifted due to photovoltage, however annealing the surface resulted in the removal,

possibly through some surface modification.

The actual shift of the C 1s core-level to higher binding energy was measured with real-time
XPS annealing. The data could be easily separated into two regions of interest; below 600 K
where a shift of 60 meV / 10 K was observed and above 600 K where the binding energy
remained fairly constant. For the 960 K cycles the behaviour was reproduced perfectly
implying that no chemical change had occurred. This is consistent with the desorption
temperature of hydrogen being around 1000 K and that as little as 5% of a monolayer of
hydrogen is sufficient to prevent surface reconstruction. Annealing to 1200 K resulted in a
deviation to the shift, but only during the final cooling below 600 K. No significant change
was observed at the point of reconstruction, merely a fluctuation in the binding energy
which may be noise. Below 600 K the binding energy followed a new path to the room

temperature value of the reconstructed surface.

The binding energy shift is similar to that reported by Bushell on the same surface following
the ex-situ preparation method, however only the relative values are available for
comparison [48]. The real-time Bushell data reveals the C 1s core-level to shift to higher
binding, however the temperature-binding energy relationship is not the same. The point of
reconstruction appears to be more clearly defined in the Bushell data as a sudden increase in
the binding energy. This allowed Bushel to report 923 K as the reconstruction temperature.

This temperature is certainly lower than the reconstruction temperature in this work being
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that 960 K annealing cycles did not reconstruct the surface. It is also lower than the
minimum reported by Cui et al with accurate non-contact temperature measurement [38,

51], suggesting the Bushell temperature readings to be too low.

Close inspection of binding energy of the hydrogen terminated surface around room
temperature suggests the shift will continue to lower temperatures. However it should be
noted the shift gradient had decreased significantly when approaching room temperature
suggesting that the shift was near saturation point. This has been taken into account when
assigning the position of flat-bands since this is the saturated low binding energy position of

the surface.

Variable x-ray flux measurements were performed on the ex-situ hydrogenated surface and
a shift to higher binding energy (+0.28 eV) was measured (Table 5.9), consistent with the
reduction of a surface photovoltage through a reduction in the number of e-h pairs

produced.

The FWHM of the C 1s core-levels were narrower on the ex-situ prepared surface than the
in-situ prepared surface, with a slight broadening occurring after annealing. In general the
FWHM values are higher than expected (around 1.5 eV), and this is a consequence of surface
photovoltage broadening. The true FWHM is measured at high temperature to be around
1.3 eV, as shown in Figure 5.5, much closer to the expected FWHM for single crystal
diamond. Even with photovoltage broadening the lower width indicates a more
homogeneous chemical environment on the ex-situ prepared surface, consistent with a

higher quality surface.
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The narrowing of the FWHM is clearly evident in the real-time XPS annealing. At first this
counterintuitive as a thermal broadening of a few 10 meV’s would have been expected. The
value of the FWHM at high temperature is similar to the FWHM measured with conventional
spectroscopy at 800 K (1.36 eV, Figure 5.5) and is closer to the FWHM of the C 1s core-level

of the reconstructed surface.

Comparing the binding energy and FWHM of the C 1s core-level of the in-situ prepared
hydrogen terminated surface to the ex-situ prepared surface reveals that the in-situ
preparation was successful. While it was not possible to detect hydrogen with XPS the
similarities of the surfaces and dissimilarity to the oxygen terminated and reconstructed

surfaces nevertheless was evident.

Oxygen terminated surface

Three components were necessary to fit the C 1s core-level; sp®> bonded carbon, ether
bonded oxygen (C-O-C) and ketone bonded oxygen (C=0), the ketone group at the higher
binding energy. The O 1s core-level was fitted with two components in the same ratio as the

components in the C 1s core-level, as required chemically.

The oxygen content of the as-prepared surface (7%) was estimated to be around 1.4
monolayers if a complete monolayer is composed of ketone groups. However from the O 1s
core-level the oxygen environment is known to be in a 1 : 0.3 ratio of ether to ketone.
Applying (5.1) and (5.2) with A =0.75 and B = 0.25 the expected oxygen content is calculated
to be 3%. Although this is much lower than the measured value, it is consistent with an
increased oxygen uptake due to an increased surface area as a result of the rough surface

compared to the perfectly flat surface modelled by the equations. For the as-prepared
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surface the ratio of the ether group to ketone group was approximately 3 : 1 whilst after
annealing at 680 K the ratio dropped to 2 : 1, suggesting preferential desorption of the ether
group. The total oxygen concentration was found to decrease linearly with temperature, as
shown in Figure 5.11, which mirrors the results of Fyfe on the same surface [43]. However
the maximum oxygen concentration measured (7%) is lower than the maximum reported by
Fyfe (16%), implying that the oxygen uptake in this work was lower. However this is
consistent with the short exposure time (10 minutes while Fyfe exposed for more than one
hour). The in-situ microwave plasma is therefore effective in producing oxygen termination

of the diamond surface.

The binding energy of the sp3 component in the C 1s core-level at room temperature (284.3
eV) is higher than that measured on the hydrogen terminated surface indicating a higher
position of the Fermi level above the valence band. The binding energy of the O 1s peak
(530.6 eV) is lower than that reported by Evans (531.5 eV), however Evans reported the C 1s
peak in the same system to be 285.6 eV [28]. As reported earlier it is believed that a
photovoltage is present at the surface giving erroneously low binding energies. Figure 5.25
shows the measured value and true value of the C 1s core-level binding energy, the true
value being determined by measuring the surface at high temperature with real-time XPS
annealing. The true C 1s core-level binding energy of the as-prepared surface is around 285.6
eV, the same as determined by Evans [28]. Subtracting the same photovoltage from the O 1s

core-level gives 531.9 eV which is also close to the Evans value.

The presence of more than a monolayer of oxygen at the surface and the different binding
energy of the C 1s core-level to the hydrogen terminated and the reconstructed surfaces

reveals a successful preparation of an oxygen terminated surface. In contrast to the work of
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Klauser [29] and Loh [42] it was not necessary to have the diamond at an elevated

temperature, and this is consistent with the results of Fyfe [43].

Interestingly the measured C 1s binding energy was found to increase with successive
annealing cycles suggesting a negative correlation between the Fermi level and the surface
oxygen content, however after photovoltage correction the true C 1s binding energy is found
to have a negative correlation with oxygen content. This result, a correlation between the
position of the valence band maximum relative to the Fermi level and the surface oxygen
content, is unapparent in the conventional spectroscopy. A linear trend was found where
the true binding energy shifts at a rate of 30 + 6 meV / % oxygen. The shift is small but not
insignificant; a shift of 0.2 eV to lower binding energy was observed with a decrease in

oxygen concentration from 7% to 2%.
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Figure 5.25 Measured and true binding energies of the C 1s core-level of in-situ prepared
(111):0 surface. The true binding energies were determined by measuring the surface at
high temperature. The value of the room temperature photovoltage was then determined

by subtraction and is given in parenthesis. The true binding energies have been fitted with a
linear curve and the gradient is given inset.
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Roberts performed similar measurements on an oxygen terminated (001) diamond and
found a similar high-temperature binding energy that was dependent on the oxygen
concentration [26]. A photovoltage effect was not identified and the high-temperature
binding energy was discussed in terms of an intermediate state at elevated temperature
causing Fermi level pinning. This work strongly implies that the effect measured by Roberts
is a photovoltage, as in this work, and not a changing density of states at elevated
temperatures. A linear trend of 82 + 13 meV / % oxygen has subsequently been fitted to the
Roberts data, and this value is twice that measured for the (111) surface in this work. A
significant difference between the (001) and the (111) appears to be the room temperature
binding energy of surfaces with different oxygen concentrations. For the (001) Roberts
reported that the room temperature value remained constant for oxygen coverages from 8%
to 1%, while in this work the room temperature value drifted towards higher binding energy
as the oxygen concentration decreased. This would seem to suggest that the value of the
photovoltage present on the (001) surface remained constant, while on the (111) surface the
photovoltage was seen to decrease with decreasing oxygen coverage. This may be
associated with changes to surface conductivity since surface conductivity would result in a
low resistance path for dissipating photovoltage. An increased surface conductivity has not
been reported on the (001) however for the (111) surface conductivity increases have been
reported with decreased oxygen content and may therefore explain the decreased

photovoltage [25].

The FWHM of the C 1s core-level was narrower than the hydrogen terminated surface, and
the value falls at the lower end of the range quoted by Fyfe (1.32 — 1.56 eV) [43]. Fyfe noted

that the width was rather large for a single crystal diamond, especially since oxygen on
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diamond surfaces has been noted to reduce the FWHM of the C 1s peak. The width is also
higher than that reported by Evans and Riley for a (110) surface with a similar oxygen
coverage on a (110) surface (1.15 eV), however the largest FWHM reported for the (110)
with minimal oxygen coverage was 1.27 eV. Evidence from the real-time XPS annealing
suggests that the core-levels have been broadened by the surface photovoltage and that the

true width is in fact lower.

The widths of the O 1s core-levels were larger than expected for a single species (2.6 eV)
however without sufficient chemical shift data for oxygen on diamond it is impractical to fit
more components (such as hydroxide groups). However it is unlikely that hydroxides are
present on the surface after oxygen plasma exposure as efficient conversion to volatile
compounds such as H,O would be expected. It is more likely that the increased width of the
oxygen components is due to a combination of photovoltage broadening and a
heterogeneous chemical environment as a result of the surface roughness giving rise to

more bonding environments.

The binding energy of the first cycle appears to be very nearly saturated at room
temperature at (284.3 eV). Since the flat-band binding energy has been determined to be
283.8 eV this suggests that the oxygen terminated (111) surface in this work has a pinning

state 0.17 eV below the valence band maximum.

Reconstructed surface

For the reconstructed surfaces all C 1s core-levels required an additional chemically shifted
component 1 eV to lower binding energy, characteristic of m-bonded carbon at the surface.

No oxygen was detected on any of the reconstructed surfaces either in the form of an O 1s
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core-level or a chemically shifted carbon-oxygen component in the C 1s core-level. No
evidence of a graphitic surface was detected in the C 1s core-level such as the characteristic
plasmon loss structure, m* resonance peak. The 2x2 LEED pattern was consistent with the

formation of a three domain 2x1 surface (2x2/2x1).

The binding energies of the sp® component in the C 1s core-level of the reconstructed
surfaces fell in the range 285.10 eV to 285.52 eV, surprisingly in perfect agreement with that
reported by Cui et al for (111) reconstructed surfaces [38]. The FWHM was narrower than on
the hydrogen and oxygen terminated surfaces, with the narrowest core-level on the surface

annealed at 1200 K for 100 s.

The real-time XPS annealing data for 1200 K for 10 s showed a small increase in binding
energy (the largest being 0.22 eV), and a narrowing of the FWHM. This is reminiscent of
hydrogen terminated surface but with a much lower magnitude of shift. For the surface
annealed at 1200 K for 100 s a new type of behaviour was observed where the binding
energy and FWHM remained constant throughout the cycle. This behaviour is different to
even the polycrystalline metals reported in Section 4 where a small shift to lower binding
energy was observed. It is therefore proposed that the 100 s annealed surface is exhibiting
characteristics of a pinned surface due to the surface state associated with the formation of
n-bonded carbon dimers. In addition no shift to the C 1s core-level with x-ray flux was
observed (Table 5.9), and the formation of the silver-diamond interface with the surface
showed no shift with silver coverage (discussed in detail in Section 5.4.3.). This behaviour
was predicted by Cui et al who proposed that m-bonded carbon pins the Fermi level and

induces a high surface conductivity [38].
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Surface photovoltage appeared to be minimal on the reconstructed surfaces with values
estimated from the real time XPS annealing of less than 0.2 eV on the briefly annealed
surfaces and zero on extendedly annealed surface. The true binding energy therefore
appears to be around 285.3 eV and this is in perfect agreement with the silver-diamond
interface data (Section 5.3.2). Variations in the true binding energy appear to be dependent
on whether the surfaces were recently mechanically polished, with recently polished
surfaces having higher binding energies and lower FWHM than the surfaces that had not. A
simple explanation for this would be a more ordered surface after mechanical polishing
resulting in a more ordered reconstruction or incomplete reconstruction where less than a
complete monolayer of n-bonded carbon was formed. This is supported by the lower FWHM
of the surface after mechanical polish indicating a more complete/uniform reconstruction. In
principle it would be possible to relate the area of the m-bonded component in the C 1s core-
level to the electron attenuation length to determine the thickness of the layer and compare
to the expected monolayer thickness, however this is difficult in XPS as the technique is not
sufficiently surface sensitive resulting in a large uncertainty in the area of the component.
LEED can be used to estimate the reconstruction coverage however in this work the patterns
were only briefly inspected for the presence of second order diffraction to confirm
reconstruction. The LEED patterns shown in Figure 5.5 (which were without mechanical
polishing) do reveal the intensity of the second order diffraction spots to be lower than the

first order, indicating a less than complete monolayer reconstructed surface.
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5.4.3. Silver / diamond interface

The composite plot of three deposition experiments of the C 1s intensity with accumulated
deposition time (Figure 5.23) are consistent with Stranski-Krastanov film growth of silver on
diamond with no dependency on the surface termination. Using the electron attenuation
length for 967 eV electrons (C 1s) through silver, 0.98 nm, the deposition rate in the layer-
by-layer region was calculated to be 0.32 nm / min. This value is in agreement with the
deposition rate measured with the crystal monitor giving confidence in the value of the
electron attenuation length, however it is different to the value reported by Pitter et al (0.62
nm) [52]. The transition from layer-by-layer to island growth occurs at 0.78 nm. The
monolayer thickness for silver is around 0.38 nm [53] indicating the formation of 2

monolayers before the transition to island formation.

The C 1s core-level during deposition reveals an inert interface for the reconstructed surface,
with evidence of the m-bonded carbon component visible after 0.83 nm of silver. This is in
agreement with the results of Bushell who probed the reconstructed (111) surface with LEED
during silver deposition and found the 2x2/2x1 pattern to be preserved [48]. However for
the hydrogen terminated surface there is some evidence of chemical change occurring. The
ratio of the C-O/C-H component to the sp3 component is reduced with silver coverage,
reaching zero with 0.93 nm of silver. If hydrogen were reacting with silver a chemically
shifted component in the Ag 3d core-level around 1 eV to higher binding energy would be
expected. However due to the low intensity of the core-level it is not possible to corroborate
this. Maier et al [50] deposited gold on a hydrogen terminated diamond and reported that

no additional chemically shifted components appeared indicating that no reaction between
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the gold and the hydrogen had occurred. However they do not report on the exact line-

shape of the C 1s.

The binding energy of the carbon and silver core-levels during silver deposition has yielded
strong evidence supporting a surface photovoltage at the hydrogen terminated surface. The
C 1s core-level at 284.1 eV is shifted gradually with silver coverage to a final value of 285.0
eV at 1.5 nm at a rate of 0.53 eV / nm. Strikingly the Ag 3d core-level also shifts towards
higher binding energy with coverage with a similar relative shift to the C 1s towards the bulk
film value of 368.2 eV. The shifting of the metal core-level is not expected for conventional
metal interface formation. For the reconstructed surface (100 s annealed surface), the C 1s
core-level of 285.5 eV does not shift with silver coverage, while there is a small shift to lower
binding energy of the Ag 3d core-level. This surface appears free from photovoltage,
suggesting the presence of a low resistance path, consistent with a high surface conductivity.
This is in agreement with the prediction of Cui et al that the 1400 K reconstructed surface
would be semi-graphitic and exhibit metal-like characteristics [38]. The data when plotted
together (Figure 5.26), suggests that the Fermi level on the hydrogen terminated surface has
been shifted from the real position, and is returned with increasing coverage of silver. This is
consistent with the reduction of a photovoltage due to attenuation of x-rays with silver
coverage. Further deposition of silver on the surface would be expected to reveal the true
location of the C 1s core-level on the hydrogen terminated surface. As an approximation for
this work the true location may be evaluated by noting the remaining shift in the Ag 3d
towards the bulk value (0.44 eV). This suggests the true value of the C 1s core-level to be

285.3 eV, which agrees with the value from the real-time annealing.
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Attenuation of x-rays is dependent on the x-ray absorption coefficient of the overlayer.
Roberts monitored the deposition of aluminium, which has an absorption coefficient 26
times less than silver at 1256 eV, on oxygen terminated (001) diamond [26]. A shift to higher
binding energy with coverage was measured, however the data is difficult to evaluate as the
shift precedes the deposition of aluminium, (this is consistent with the photovoltage theory
as heat from the high temperature k-cell increases the diamond temperature and reduces
the photovoltage thermally). A maximum shift of 0.28 eV / nm is observed in the data, which
is half the rate measured in this work and therefore not in agreement with the x-ray
absorption coefficient work. However aluminium is a reactive metal and a surface reaction
with the oxygen and carbon is expected which may result in changes to the surface

conductivity resulting in the higher rate of peak shift.
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134



5.4.4. Photovoltage model

The real-time XPS annealing data, silver-diamond interface and variable x-ray flux
measurements are all consistent with the presence of a surface photovoltage. The
photovoltage, due to the accumulation of electrons at the surface from dissociated electron-
hole pairs in the depletion region, is removed either thermally (heating), electrically (silver
thin films or reconstruction), or by reducing the number of electron-hole pairs (x-ray flux).
The photovoltage model published by Hecht [54] requires the maximum photovoltage to be
equal or less than the barrier height of surface and this is consistent with reports in the
literature for the barrier heights of the hydrogen and oxygen terminated surfaces (< 1.3 eV).
However the retention of the photovoltage at temperatures greater than room temperature

suggests that a mechanism different to that described by Hecht is present.

An additional voltage source may be easily incorporated into the Hecht model by considering
the bulk resistance of the diamond, as the product of the photocurrent and the bulk
resistance will generate a voltage. An additional parallel resistance will allow the surface
conductivity to be taken into account; this will provide a low resistance path for the
photocurrent, generating a negligible photovoltage, on the reconstructed surface. Figure
5.27 shows a schematic of the modified electrical circuit that incorporates the bulk and

surface resistance.

Point contact current-voltage measurements on the (111) diamond have been made by
Roberts [55], the data is shown in Figure 5.28, panel b) along with additional analysis in
panel a). As expected for a semiconductor a dependence on the bias is observed; at room

temperature the forward and reverse bias resistances are 284 kQ and 1.3 MQ respectively.
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A simple model where a constant photocurrent generates a voltage through the bulk
resistance is presented in Figure 5.30. The model deviates from the data at low temperature
but approximates the data well above 600 K. A refinement to the model is possible by
considering the photocurrent to be variable due to a dependence on the depletion width.
Since the depletion width is a function of the barrier height and the barrier height changes

with the amount of photovoltage the photocurrent will vary with temperature.
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Figure 5.27 Modified SPV model where a series resistance is included to account for the bulk
resistance of the diamond and a parallel resistance to account for the surface conductivity.
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136



For a semiconductor the depletion width, given in (5.3), is a function of the band-bending, Vg
— Vspy, Where Vspy is a surface photovoltage. The photocurrent is the product of an intrinsic
current due to the creation of e-h pairs, the depletion width, and a proportionality constant,

as given in (5.4).

= B(VO - Vspv)l/z (53)

d= 2g0&:(Vy — Vspy)
qNa

Ion = Kdl, (5.4)

The photocurrent developed by a semiconductor as a function of an intrinsic current (lp) and
the depletion width is given in (5.5). For the photovoltage developed by the semiconductor
as a function of the bulk resistance this is simply the photocurrent times the resistance (V =

IR), given in (5.6).

Ipn = KBIo(Vp — Vspy) /2 (5.5)

Vspy = KBIGR(Vy — Vspy)/?2 (5.6)

A numerical solution to (5.6) may be found by calculating an initial photovoltage and then
using this value to represent the voltage in the next iteration. The photovoltage value of this
iteration can then be used as the initial value for the next iteration, and so forth. We
therefore have an initial condition (5.7) and an iterative equation for the photovoltage (5.8).
As the value of Vspy increases the absorbed current drops to zero at flat-band condition,

terminating the model.

V(0) = KBI,R(0)V,"? (5.7)

Vspy(n) = KBIGR(Vy — Vspy(n — 1))/2 (5.8)
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The model is presnted in Figure 5.30. The following coefficients were used: KBly = 7x10° AV’
Y2 3nd Vo = 1.5 V. The value of Klyp may be evaluated since B is known (0.001 mV’l/z) [56],
therefore Klp = 7x10° Am™. The value of K is the e-h production within the depletion region
and is approximated to be 230 m™ (hv/Eg = 1253/5.47) giving Iy as 3x10™ A. However this
approximation is for monochromatic x-ray radiation of 1253 eV. In this work non-
monochromatic radiation was used, with bremsstrahlung radiation extending to 15 keV,
which would be expected to increase the e-h production rate. The flat-band C 1s core-level is

determined to be 283.9 eV from the saturation of the model.
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5.4.5. Energy band diagrams

Forming energy band diagrams for the surfaces is problematic as the position of the Fermi
level relative to the valence band maximum is not known. This measurement is extremely
difficult for diamond as there is a surface state at the same position and the photo-ionization
cross-section is not favourable. However the reconstructed surface of this diamond has been
measured in the past following a similar preparation method (mechanical polish and 1400 K
annealing) by Liibbe et al who reported the Fermi level to be the 2.00 eV above the valence
band maximum and the electron affinity to be 0.93 eV [46]. They noted that these values
were rather different to those noted by Cui et al for a 1000 K annealed (111) surface (0.88 eV
and 0.38 eV for the Fermi level and electron affinity respectively) [40], however Cui et al
subsequently published different values for a 1400 K annealed surface, 1.42 eV and 0.83 eV
for the Fermi level and the electron affinity respectively [38], closer to the measurement of
Libbe. Using the calculated bulk value of the Fermi level above the valence band (0.32 eV)
and the position of the valance band maximum (2.00 eV), the surface band-bending may be
calculated (1.68 eV). Furthermore the work function measured by Cui for the reconstructed
surface may be used to calculate the value of the electron affinity (1.38 eV) and create an
energy band diagram for the surface. The diagram is compared to the energy band diagram
measured by Cui for the reconstructed surface in Figure 5.32. The effect of changing the
Fermi level has resulted in the flat-band C 1s core-level binding energy changing (or bulk C 1s

core-level) from 284.45 eV (determined by Cui) to 283.84 eV in this work.

For the hydrogen terminated surface a comparison of the C 1s core-level to the core-level of
the reconstructed surface allows the difference in Fermi level to be calculated. Figure 5.33 a)

shows the energy band diagram reported by Cui for an in-situ hydrogenated (111) surface,
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with the band diagram of the surface measured in this work in 5.33 b). It is important to note
that the value of the bulk C 1s core-level is different in both, as explained in the discussion
on the reconstructed surface. If the bulk C 1s core-level reported by Cui (284.45 eV) is
applied to the hydrogenated surface used in this work then the hydrogenated surface would
have an upwards band-bending of 0.45 eV, which seems highly unlikely. The bulk C 1s core-
level value determined from the reconstructed surface (283.84 eV) results in flat-band
condition for the hydrogenated surface, which has been reported by workers in the past.
This is also in agreement with the model developed for the C 1s core-level binding energy.
Figure 5.33 c¢) shows the energy band diagram of the surface at 700 K where the

photovoltage had been removed thermally.

For the oxygen terminated surface the energy band diagram is created with same principle
as the hydrogen terminated surface. In Figure 5.34 a) the energy band diagram of the as-
prepared surface (7% oxygen content) at 300 K (with photovoltage) is given while Figure 5.34

b) shows the surface at 700 K (without photovoltage).
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Figure 5.31 Comparison of band-diagram of reconstructed surface reported by Cui et al after
1400 K annealing and the band-diagram for the surface measured in this work. By altering
the value of the Fermi level above the valence band at the surface (the band-bending) the
same C 1s binding energy is measured in each diagram. The same work function reported by
Cui et al is shown on the surface for this work along with the calculated value for the

electron affinity.

CBMm T CBM ﬁ
Ec=5.47 eV 4.72 eV Ec=5.47 eV —
I 3.29eV
BF——F—f————— —— EF——[— ==~ -
A A
VBM + 4 o032ev I EvE,=075eV  VBM $ 032ev
————— E~-Ey=2.18 eV
C1s= 0.43 eV Cils= 1.86 eV
283.84 eV 283.84eV| -~————
C1s=284.27 eV
C1s=285.70eV
Cls — Cls ﬁ
v

This work This work
Oxygen terminated Oxygen terminated
At 300 K At 600 K

Figure 5.32 Comparison of band-diagram of freshly prepared (not annealed) oxygen
terminated surface at room temperature and at 600 K. Work function values are not
available for the surface and the position of the vacuum level is therefore unknown.
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Figure 5.33 Comparison of band-diagram of the hydrogenated surface reported by Cui et al and the band-diagram for the hydrogenated
surface measured in this work. By using same bulk C 1s core-level as that determined for the reconstructed surface the valence band at the
surface is determined. Assigning the same work function as that determined by Cui et al allows the electron affinity to be calculated.
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5.5. Future work

The presence of surface photovoltage could be investigated further through the
incorporation of an electrical probe in a chamber equipped with an x-ray source. This would
allow the voltage to be directly measured and correlated against the photoelectron

spectroscopy data.

The real-time XPS annealing would be greatly enhanced by the addition of a cooling stage for
measuring below 300 K. This would allow the saturated binding energy (flat-band condition)
to be conclusively determined. A second benefit would be an enhanced cooling rate from

500 K to 300 K which greatly increased the experimental time.

Surface conductivity measurements would be beneficial in identifying the mechanism
responsible for the reduced photovoltage on the low oxygen content surfaces. An atomically
flat (111) surface would allow the oxygen terminated surface to be investigated in more

detail.

For the metal-diamond interface a study of other inert interfaces would be useful for
correlating the magnitude of the C 1s core-level shift with metal coverage and x-ray

attenuation.
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6. Zinc oxide

In this section investigations into the surface processing of single crystal zinc oxide is
presented. Of interest is the interaction of oxygen plasma with the surface, the effect of

annealing, and the formation of organic interfaces.

6.1. Introduction

Zinc oxide is a compound composed of equal amounts of zinc and oxygen in the wurtzite
crystalline configuration. The material is also thermodynamically stable in the zincblende

and rocksalt configuration although these are not found naturally and growth is difficult [1].

ZnO is a wide band-gap semiconductor with a direct band-gap of 3.37 eV, has a high exciton
binding energy (60 meV), has high resistance to radiation damage, and has a natural n-type
characteristic. The source of the natural doping is still controversial however it is thought to
be due to oxygen vacancies and interstitial zinc [2-3]. Oxygen vacancies are suspected of
being responsible for the green luminescence centre of ZnO (2.5 eV) and have been found to
be concentrated in the sub-surface [4]. Increasing the n-type characteristic may be
accomplished by doping with Al, Ga or In [3] or by decreasing the concentration of oxygen
vacancies. P-type doping is a major challenge for ZnO and as present reliable methods have

not been developed.
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Applications

Industrially one of the most important uses of ZnO is as a catalyst in the production of
methanol [5]. It is also used as a gas sensor due to surface conductivity change in the

presence of hydrogen [6].

Being a wide band-gap semiconductor the most obvious application of ZnO is UV
optoelectronics. UV lasing [7], blue electroluminescence [8], and UV photodiodes [9] have
been successfully demonstrated. A promising field is photovoltaic applications where the
surface conductivity and transparency make ZnO an ideal transparent conducting oxide [10].
Traditional devices based on inorganic semiconductors with high efficiencies have been
reported based on cadmium sulphide [11]. Specialized schemes including quantum
Zn0O/CdSe quantum dots have also been demonstrated [12]. The use of ZnO has also been
reported to improve the performance of dye-sensitized solar cells [13-14]. Hybrid organic
devices where organic semiconductors are used for photovoltaic action are being extensively
investigated, and devices in conjunction with organic materials such as P3HT [15], MDMO-

PPV [16], C60 [17], CuPc [18], blends of C60 and CuPc [19], and blends of ZnO:CuPc [20].

ZnO is also suitable for spintronics, electronic devices that utilize the electron spin [21], and

room temperature ferromagnetism has been predicted for Mn-doped ZnO [22].

There are two main methods of producing high quality single crystal ZnO; hydrothermal
solution growth [23] and pressurized melt growth [24]. The hydrothermal growth produces
crystals with lower oxygen vacancies and thus lower intrinsic carrier concentrations (1x10**
cm™) compared to the pressurized melt growth (1x10'> cm™) [25], however the growth rate

achieved by the pressurized melt method is much greater than the hydrothermal method.

149



Polar surfaces

The wurtzite crystalline structure has tetrahedral coordination of the zinc and oxygen atoms,
that is each zinc atom is coordinated with four oxygen atoms, and vice versa. An illustration
of the unit cell is shown in Figure 6.1. Truncation of the structure results in surfaces with
different stoichiometry, for example the (1010) and (1120) surfaces are composed of equal
quantities of zinc and oxygen, while the (0001) surface is terminated with zinc only and the
(0001) surface is terminated with oxygen only [5]. The two latter surfaces, shown in Figure
6.2, are known as the polar surfaces and are electronically unstable due to the presence of a
periodic dipole moment resulting in an electrostatic field. Such surfaces have been the
subject of some interest since they were described by Tasker [26]. To overcome the
instability a stabilization mechanism is required and three are often proposed for ZnO;
charge transfer between the surfaces, surface reconstruction, and adsorption of hydroxide
[27]. Charge transfer has been investigated by Wander et al [28] who performed ab-initio
calculations with surface x-ray diffraction. Their model suggested that a charge transfer of
0.17e from Zn to O would stabilize the surfaces and that the charge must be concentrated
within the first three bilayers. Band structure calculations reveal that both surfaces would be
metallic however the mechanism is slightly different for the two polar faces due to different
contributions from zinc 4s and d states and oxygen p states. Reconstruction of the zinc polar
face has been observed by Dulub et al [29] who observed triangular shaped islands,
indicating that partial surface reconstruction had occurred. It was proposed that a reduction
in the surface concentration of zinc resulted in the stabilization. There are no reports of a
clean (0001):Zn surface and termination with hydrogen to form zinc hydride, (0001):Zn-H, is

also unstable with the formation of a stable hydroxide surface occurring even in UHV giving
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(0001):Zn-0OH(1x1) [30]. The oxygen is believed to be drawn from the sub-surface resulting in
substantial defects [31], and these defects are thought to be responsible for the surface

conductivity changes that result from hydrogen exposure [6].

The (0001) surface is known to have a clean surface (0001):0(1x3) [32-33] when carefully
prepared with a 1x3 surface structure [33]. However the surface is highly reactive towards
hydrogen and background hydrogen pressure in UHV environment will result in the
formation of the stable hydroxide terminated surface, (0001):0-H(1x1), in as little as 30

minutes.

Determining the polarity of ZnO surfaces is difficult due to the similar surface chemical
composition and surface structure. Two methods reported in the literature are x-ray
diffraction [34] and ion scattering spectroscopy [35]. While both methods conclusively
determine the polarity, they are difficult and slow to perform. A recent observation of a
variation in the intensity of valence band features for the polar surfaces has been reported
[27]. However the method is relative and determination of the termination requires

measuring both surfaces.
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Figure 6.1 Wurtzite ZnO structure. Zinc atoms large and yellow and oxygen atoms small and
grey. lllustration from [36].
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Figure 6.2 Zinc oxide crystalline structure viewed perpendicular to the c-axis. The zinc polar

face (top) is shown terminated with hydroxide while the oxygen polar face is shown

terminated by hydrogen. Both surfaces therefore have hydroxide character. lllustration from
[27].
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Work function values for the polar faces are varied in the literature. Allen et al [25] report
4.5 — 4.8 eV for the (0001) surface and 4.7 — 4.9 eV for the (0001) surface. However these
results are at odds with previously reported measurements of ZnO where the (0001) surface
was found to have a low work function (3.6 eV) and the (0001) to have a high work function
(4.8 eV) [37]. However it is likely that the difference in sample quality, bulk properties and
surface preparation would have a significant effect on the value of the work function. In
particular the position of the Fermi level at the surface relative to the position in the bulk is

extremely sensitive to the surface adsorbates and bulk crystalline quality [25].

The position of Fermi level relative to the valence band maximum at the surface leads to an
interesting effect, that of surface electron accumulation, due to the Fermi level being above
the conduction band minimum at the surface. This is illustrated in Figure 6.3 for the two

polar faces of ZnO.

I¢=4.52 eV d=4.70eV
CBM CBM
4 0.08ev 4 0.08ev
EF - —————|——= - EF ————— — ———— —
EG = — EG = I
3.35eV Er—Ey = 3.35eV Er—Ey=
VBM 3.61 eV VBM 3.59 eV
0.34 I 023 % N\
eV N7 eV I
Zn0(0001):Zn-OH Zn0(0001):0-H

Figure 6.3 Band-diagram for the two polar faces of ZnO. Data for pressurized melt samples
from [25].
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6.2. Experimental

Several ZnO crystals measuring 10.0 mm x 10.0 mm x 506 pum were provided by Dr. Martin
W. Allen of Canterbury University, New Zealand, supplied by Tokyo Denpa Co., with a bulk

resistivity of 0.3 Q-cm and a carrier concentration of n > 10" cm’.

Sample preparation

The sample was initially cleaned by agitation in acetone. Affixing to a pre-annealed (1200 K)
sample holder was done with and without an indium back contact. For preparing an indium
back contact the sample holder was heated to 200 °C on a hot plate and a small piece of
indium wire was placed onto the holder. The sample was then placed within the holder, the
hot plate switched off, and during cooling the sample clips were folded to hold the sample in
position. If an indium back contact was not required then the sample was simply placed in

the holder and the clips folded to hold in place.

The sample holder and sample were then subjected to an organic solvent cleaning routine; 8
minutes of agitation in acetone, flushing with methanol, flushing with isopropanol, and
drying with N, gas. Samples were then transferred quickly into the vacuum system. On some
occasions the agitation loosened the indium contact. If this occurred the entire procedure

was repeated.

For the real-time XPS experiments the analyser parameters are listed in Table 6.1.

A photograph of a ZnO sample under x-ray irradiation in the analysis chamber is presented in
Figure 6.4. Green luminescence is visible from the ZnO, while the boron nitride heater

produces blue luminescence.
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Figure 6.4 Zinc oxide sample under x-ray irradiation with green luminescence. Top left
corner shows blue luminescence of boron nitride (BN) heater. Wetted indium is visible

behind the ZnO crystal.

. Spectral X-ray Energy (eV) Acquisition
Processing .
feature | source — time (s)
Kinetic Pass
Annealin Zn 2p Mg 227 60 2
& 01s Mg 718 60 1
Cls Al 1201 60 2
N 1s Al 1087 60 4
OMBD
Zn 2p Al 465 60 2
Cut-off - 5 20 0.1

Table 6.1 Spectrometer parameters for real-time XPS

experiments a bias of -5 V was applied to the sample.

experiments.

For the OMBD
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6.3. Results

Results of the surface processing of (0001) and (0001) surfaces of ZnO are presented here.

6.3.1. Clean surfaces

As-loaded ZnO surfaces were measured to contain 6% carbon and a near equal amount of
zinc and oxygen. Exposure to oxygen plasma for 10 minutes removed all carbon giving a
clean surface. A survey spectrum of a clean (0001) surface is presented in Figure 6.5 after 12
hours in vacuum. It was necessary to measure the survey spectrum with aluminium Ka x-rays
as the zinc auger peaks are close to the C 1s core-level when measuring with magnesium Ka
x-rays. In Figure 6.6 the core-levels of the (0001) surface are presented, as-loaded, after 40
minutes oxygen plasma exposure and after annealing at 570 K, with the fitting parameters
given in Table 6.2. Changing the x-ray flux did not have any effect on the binding energy of
the Zn 2ps/, core-level on the (0001) surface. For the (0001) surface the fitting parameters
are given in Table 6.3 for a surface after 20 minutes of oxygen plasma followed by 570 K
annealing. Within the experimental uncertainty surfaces exposed to oxygen plasma for 10

minutes or more are identical with a Zn/O ratio of 1.3 + 0.1.

Several (0001) surfaces were measured following exposure to oxygen plasma and the
binding energy of the Zn 2ps/, core-level is presented in Figure 6.7 panel a) as a function of
oxygen plasma exposure time. An exponential fit has been calculated for the data giving a
saturation binding energy of 1021.75 eV. Real-time XPS annealing was performed on
oxygenated (0001) surfaces and the Zn 2ps; binding energy during a 575 K and 700 K cycle is
presented in panels b) and c) of Figure 6.7. A temperature of 580 + 20 K was determined

from the data for the production of surfaces characteristic of being annealed (up to 1000 K).
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Figure 6.5 Survey spectrum of ZnO(0001). Zinc LMM auger peaks labelled 1, 2, 3, 4, 5.
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Figure 6.6 Zn 2p3;; and O 1s core-levels of ZnO(0001) for the as-loaded surface, after 40
minutes of oxygen plasma exposure and after annealing at 570 K.
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Data Bindin Atomic Zn /0O | Znl /O
oe | core-level energf FWHM | /00| o o0 (J_ro/.1) (t()/.l)
o1 | ! | 53105 [ 146 [100[ _
as- Il | 53285 | 1.90 | 0.19 0.03 o4
loaded | zn 102225 [ T1o0 | o
2p3/2| Il | 1023.65 | 0.06 '
| o1s | || 93090 | 140 T100 [
10 min Il | 53270 | 2.03 | 0.17 L1 40
o* Zn [ 102205 | 182 [100 | _
203/2 | i . - - '
| ous | ' | 53065 [ 144 J100[
30 min Il | 53255 | 2.16 | 0.22 L1 o3
o* Zn 02180 [ [r00[
2p3/2 | 1 | 102320 | 0.05 '
o1 | V| 53060 [ 149 T100[
40 min Il | 53250 | 2.09 | 0.16 L a1
o* Zn 102180 [ 100
2p3/2| Il | 102320 | 0.05 '
_ | | 531.00 | 1.55 | 1.00
43;“;” Ols 1 | 53270 | 171 |o0s| ** L Lo
Zn || 1022.20 1.00 | 549 ' '
570 K 1.73
203/2 | 11 | 1023.60 0.06
| | 531.05 | 1.47 | 1.00
zgf‘l” Ot | w | 53275 | 176 |oa1| ** L3 | 137
ok | 20 I [102220 [ 100
2p3/2| Il | 1023.60 | 0.06 '

Table 6.2 Chemical composition of ZnO(0001) surfaces following oxygen plasma exposure
and annealing. Two samples are included, separated by the heavier line.

Binding Atomic | Zn/O | Znl/ O]
Dataset | Core-level energy FWHM | 1 /1l %(+1) | (£0.1)| (%0.1)
_ 0 1s | 530.90 1.46 | 1.00 12
20 min I 53270 | 1.75 | 0.11 '
0 + Z | 1022.10 1.00 1.37 145
670 K n ' 1.8 ' 57.8
2p3/2 | 1l 1023.50 0.05

Table 6.3 Chemical composition of ZnO(0001) surface following oxygen plasma exposure and

annealing.
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Figure 6.7 Effect of oxygen plasma exposure and annealing on the binding energy of the Zn 2ps,, core-level of ZnO(0001). Panel a) shows the
effect of oxygen plasma exposure time, zero time being the as-loaded surface. Solid line is an exponential fit. Panels b) and c¢) show real-time
XPS annealing of oxygenated ZnO(0001) surfaces. The cooling sections have been fitted with a linear curve.
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Surfaces having been exposed to oxygen plasma and annealed up to 700 K were measured
with real-time XPS annealing. Figure 6.8 presents the Zn 2ps,, binding energy during real-
time XPS annealing of the (0001) and (0001) surfaces. Regions of interest have been fitted
with a linear curve and the gradient given. The binding energy of the Zn 2p;/, core-level of
the (0001) surface was found to be symmetrical (heating and cooling) and fully reversible
(returning to the same binding energy at room temperature). The (0001) surface exhibited a
non-symmetrical shift but was fully reversible when room temperature was reached during
cooling. The O 1s core-level was found to shift in the same direction and by the same
amount as the Zn 2ps,, core-level. The Zn 2p3/, core-level for both surfaces exhibited a small
broadening during the cycles of less than 100 meV at high temperature that was fully

reversible and symmetric.
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Figure 6.8 Binding energy shift of the Zn 2ps/, core-level of the Zn0(0001) and ZnO(0001) surfaces during annealing. Panel a) shows the
heating part of a 900 K annealing cycle on the ZnO(0001) surface. Panel b) shows a 900 K cycle ZnO(0001) surface. Panel c) shows a 700 K
annealing cycle on the same ZnO(0001) sample subsequent to the 900 K cycle. The data in panels b) and c) were fully reversible (returning to
the starting binding energy) however due to the low rate of cooling the data was not collected.
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6.3.2. Organic interfaces

Zn0(0001) surfaces, having been prepared by exposure to oxygen plasma and annealing up
to 700 K, were exposed to CuPc and C60 (in separate experiments) to form organic
interfaces while measuring in real-time. Aluminium Ka x-rays were used for real-time XPS

OMBD since the zinc auger peaks are close to the C 1s core-level of CuPc and C60.

The attenuation of the Zn 2ps/, core-level during formation of the organic overlayer are
presented in Figure 6.9, panel a) for the CuPc and panel b) for the C60. where the
attenuation is given by the natural logarithm of the ratio of the intensity to the intensity of
the clean surface. The electron attenuation length in CuPc and C60 for 464 eV electrons is
1.1 £ 0.2 nm [38-39], and the deposition rate for CuPc and C60 are calculated as :
Icupe = Meygpe A = (0.00296 s71) X 1.1 nm
= 0.19 %+ 0.03 nm/min

Fceo = mc60}\ = (00014‘5 S_l) X 1.1 nm
= 0.10 £ 0.02 nm/min

For the formation of the ZnO(0001)/CuPc interface the binding energy change of the
overlayer and substrate core-levels is presented in Figure 6.10; panels a) and b) for the C 1s
and N 1s core-levels of the overlayer and panels c) and d) for the Zn 2p5/, core-level of the
substrate. The change in the secondary electron cut-off is presented in Figure 6.11, the cut-
off snapshots at times t =0, t = 16 and t = 70 minutes in panel a) and a contour plot of the
cut-off during the first 16 minutes in panel b). The work function change of the surface is
calculated by noting the change in the secondary electron cut-off and the binding energy
change of the overlayer, and this is presented in Figure 6.12. The work function change of
the ZnO(0001)/CuPc interface is calculated to be 0.80 eV. Since the work function of CuPc is

known to be 4.21 eV the work function of the (0001) surface is calculated to be 5.01 eV.
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For the formation of the ZnO(0001)/C60 interface a survey spectrum of the C60 overlayer is
presented in Figure 6.13 with the associated chemical composition in Table 6.4. The C 1s
core-level is presented in Figure 6.14; panel a) for the main core-level and panel b) for the
plasmon region. It was necessary to fit the core-level with two main components, each with
associated plasmon features (relative position, width and intensity to the core-level
component as documented in Section 3). The fitting parameters are given in Table 6.5. In
Figure 6.14 panel c) the best fit of the plasmon region is given if plasmon structure from the
main core-level component is included only. The binding energy change of the overlayer and
substrate is presented in Figure 6.15. The C 1s snapshots were fitted with two components
in the same ratio as that determined from the C 1s core-level. In Figure 6.13 the secondary
electron cut-off change during the formation of the interface is presented. For the
Zn0(0001)/C60 interface the work function change is calculated to be -0.41 eV. Since the
work function of C60 is known to be 4.72 eV [40] the work function of the (0001) surface is

calculated to be 5.13 eV.
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Figure 6.13 Survey spectrum of ZnO(0001)/C60 interface.
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Element

Chemical composition (%)

C
(o)
Zn

97.6
1.5
0.9

Table 6.4 Chemical composition of ZnO(0001)/C60 interface
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Figure 6.14 Plasmon region of C 1s core-level of ZnO(0001)/C60 interface. Panel a) shows the
main C 1s core-level and panel b) the plasmon region with an associated plasmon structure
for each core-level. Panel c) is a two core-level component fit but plasmon structure for main

component only.

Core-level

Ratio

c1
>

Binding Energy | FWHM
284.6 0.93
285.0 1.20

1.00
0.41

Table 6.5 C 1s core-level fitted components for ZnO(0001)/C60 interface.
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Figure 6.15 Substrate and overlayer core-level binding energy shift during ZnO(0001)/C60
interface formation.
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Figure 6.16 Secondary electron cut-off during formation of ZnO(0001)/C60 interface
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6.4. Discussion

The organic solvent cleaning procedure produced a clean surface with only 6% detected
carbon, better than that reported by Allen et al [27] for a similar ex-situ preparation method
where 14% carbon was reported. It is likely that cleaning the entire sample holder with
sample affixed rather than cleaning the sample and then affixing it to the sample holder (as
is usually done) resulted in lower contamination. The amount of surface hydroxide is also
lower than that reported by Coppa et al for their as-loaded samples [41]. Allen et al also
reported that 20 minutes of remote oxygen plasma treatment resulted in carbon
contamination levels of 2.4%. This is in contrast to 10 minutes of in-situ oxygen plasma
treatment which resulted in a surface clean of carbon, also in agreement with Coppa et al
[41], highlighting the advantage of in-situ surface processing over ex-situ processing.
Experience of using the in-situ oxygen plasma suggests that a few minutes of exposure

would be sufficient to remove the surface contaminants.

No effect to the conventional x-ray photoelectron spectrum or the real-time XPS annealing
data was observed by not using an indium back contact. Due to the wetting of the sample
holders with indium after high temperature annealing and the difficulty in cleaning the

sample holders it is preferable to avoid using indium in future.

6.4.1. Surface preparation

Core-level spectra of the (0001) surface after in-situ surface processing revealed an
interesting surface chemistry. The as-loaded surface had an O 1s core-level with two
components while the Zn 2ps/, core-level had two components. Allen et al [27] measured

the O 1s core-level of the (0001) and (0001) surface with soft x-rays and unambiguously
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identified a surface and bulk component; bulk at 530.8 eV and a surface 532.3 eV. Kunat et
al [32] reported 530.7 eV for the main component in the O 1s core-level of ZnO(0001). These
compares perfectly with the measurements and therefore the main O 1s component is

assigned as bulk Zn-O and the higher binding energy component as surface hydroxide.

The fitting parameters in Table 6.2 clearly show that the effect of oxygen plasma exposure is
to increase the amount of detected zinc and increase the binding energies of the Zn 2p;/,

and O 1s core-levels.

The Zn/O ratio of the as-loaded surface (0.93 with 6% carbon) is similar to that reported by
Allen et al [27] for the remote oxygen plasma treated surface (0.86 with 2% carbon). For the
(0001) surface Allen et al [27] noted that the Zn/O ratio was x1.2 higher than on the (0001)
surface. The (0001) surface measured in this work had been given a 40 minute plasma
exposure and annealed at 570 K and a comparison of the Zn/O ratio of this surface (1.47) to
the (0001) surface after a similar preparation (1.23) revealed a x1.2 higher ratio, in
agreement with Allen et al. The higher Zn/O ratio of the (0001) surface relative to the (0001)
surface is consistent with an oxygen or hydroxyl surface termination, giving (0001):Zn-OH
and (0001):0-H, and a higher Zn/O ratio for the (0001) surface. This has also been noted by
Allen et al [27], and is in agreement with the assignment of the higher binding energy

component in the O 1s core-level being hydroxide.

A decrease in the binding energies of both core-levels on the (0001) surface signifies a shift
of the Fermi level with oxygen plasma exposure away from the conduction band minimum
and closer to the valence band maximum. A maximum shift of -0.5 eV was observed, the
shift being exponential with oxygen exposure time as shown in Figure 6.7 panel a). A similar
shift has been reported by Coppa et al [41] and Mosbacker et al [42] when (0001) surfaces
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were exposed to in-situ oxygen plasma. The surface is also highly sensitive to the presence of
adsorbates [6, 43] and below detection limit adsorption of oxygen is possible. After removal
of the carbon contamination the only possible interaction between the oxygen plasma and
the hydroxyl terminated surface is the removal of hydrogen (in the form of H,0) leaving :Zn-
O, or a sub-surface interaction where oxygen vacancies are filled. Since hydrogen is
undetectable in XPS this would be only detectable in the O 1s core-level where a reduction
to the hydroxide component and an additional chemically shifted component, O-O, would be
expected. Neither is conclusively observed and the ratio of the hydroxide component to the
bulk component remains fairly constant at 0.18 £ 0.04. This suggests that if present the
chemical change was unresolved within the higher binding energy component. Evidence
supporting adsorption of oxygen may be found in the broadening of the O 1s core-level with
oxygen plasma exposure, where 1.40 eV was measured for the 10 minute exposed surface
compared to 1.49 eV for the 40 minute exposed surface, indicating a slightly more diverse
oxygen surface chemistry with increasing exposure time. The filling of sub-surface oxygen
vacancies would result in the removal of the n-type characteristic of the surface, the limit of
which would be perfectly stoichiometry. The exponential nature of the shift also hints at a
saturation of the vacancies within a depth accessible by the activated oxygen. The sub-
surface of ZnO is known to have a higher concentration of oxygen defects than the bulk [4]

which are believed to be responsible for the n-type characteristic of undoped ZnO.

Turning to the annealed surfaces (both (0001) and (0001) after oxygen plasma exposure), a
dramatic change to the O 1s core-level and the position of the Fermi level occurred while the
overall Zn/O ratio remained the same. The Fermi level returned to the original as-loaded

position and consequently the mechanism responsible for the shift of the Fermi level was
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completely reversed. This is different to the observation of Coppa et al [41] who observed
that oxygen plasma exposure at high temperature (800 K), while this work was performed at
room temperature, resulted in a lower Zn 2ps; binding energy. It appears that oxygen
exposure at elevated temperature results in a more stable surface than exposure at room
temperature (this work). The intensity of the hydroxyl component in the O 1s core-level
halved compared to the oxygenated surfaces revealing substantial removal of hydroxide.
The ratio of the hydroxide component to the main component is lower (0.08) for a surface
having been exposed to oxygen plasma for 40 minutes and annealed at 570 K than a surface
exposed for 20 minutes then annealed at 720 K (0.11), suggesting that the longer oxygen
exposure is responsible, in agreement with Coppa et al [41]. The width of the O 1s core-level
for the 40 minute / annealed surface is slightly broader than the 20 minute / annealed
surface, 1.55 eV and 1.47 eV respectively, suggesting a slightly more diverse surface oxygen
chemistry. These widths are also broader than the minimum measured on the 10 minute
oxygen plasma exposed surface (1.40 eV). Hydroxide has been reported to be removed from
the (0001) surface at 536 K [31] and the (0001) surface at 547 K [32], and these values agree

with the reduction in hydroxyl observed after annealing at 570 K and above.

The real-time XPS annealing of oxygenated (0001) surfaces revealed a gradual shift of the Zn
2ps/; core-level towards higher binding energy, and thus a shift of the Fermi level away from
the valence band maximum, with temperature. The gradual shift of the Fermi level with
temperature suggest that the oxygen vacancies are extremely mobile and diffuse from the
bulk into the sub-surface by annealing. This is consistent with a higher concentration of
defects in the sub-surface than in the bulk [4]. The real-time 700 K annealing cycle is

reminiscent of the sputtered copper surface in Section 5 and suggests that the completion of
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a thermally activated process had completed at 580 + 20 K. This process is possibly loosely
bound hydroxide from the surface. Loosely is used since complete hydroxide removal was
not observed indicating that a critical coverage of hydroxide is strongly bound and may be
the critical coverage hypothesised to stabilize the (0001) surface. Above this temperature
oxygen vacancies diffuse from the sub-surface into the bulk and the binding energy shift of
the annealed surface is observed (discussed Section 6.4.2). The real-time 700 K cycle also
had an unexpected shift of the Zn 2ps/, core-level to lower binding energy at 430 K that was
only partially observed on any of the other oxygenated (0001) surfaces. The shift is outside
the experimental uncertainty and a possible explanation may be found by noting from the
literature that zinc hydride (ZnH) is thermally desorbed at 385 K [32]. While no evidence for
the ZnH species is found in the Zn 2p3/, core-level, chemical shifts are quite small for the Zn

2ps/; [5] and therefore resolving with Mg Ka would not be possible.

6.4.2. Clean (0001) and (0001) surfaces

The clean (0001) surface (Figure 6.7 panel b), having been processed with in-situ oxygen
plasma and annealed above 580 K, exhibited a linear shift of -6.6 meV / 10 K up to 700 K
with a slightly more rapid rate of shift at higher temperatures, was symmetrical and also
fully reversible. The mechanism behind the shift is difficult to identify. Firstly the effect of
contact resistance may be discounted as no effect was found on the real-time XPS annealing
if an indium back contact was or was not used. Surface chemistry may also be discounted
since the changes are reversible. The bulk resistance of the samples are quite low, 0.3 Q-cm,
and positive sample charging was not expected or observed. The remaining mechanisms are
a photovoltage due to irradiation by x-rays, a thermal expansion of the lattice, the diffusion

of oxygen vacancies into the sub-surface, and some form of internal charge transfer. Firstly
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the material is n-type and a shift towards lower binding energy with temperature, saturating
at high temperature, similar to that measured by Long and Bermudez [44] for n-type GaN,
and in the opposite direction to a p-type material such as type Ilb diamond in Section 6, is
expected for n-type materials that have a surface photovoltage. However two observations
make this unlikely; no shift was found to the Zn 2p3/, core-level binding energy with reduced
x-ray flux, and the shift did not exhibit any sign of approaching saturation with temperature
(indeed an increase in the gradient at higher temperature was observed). A thermal
expansion of the lattice leading to a reduction in core-level binding energy is therefore
possible for the (0001) surface, however the diffusion of highly mobile oxygen vacancies,
from the sub-surface into the bulk during heating and from the bulk into the sub-surface

during cooling, is more likely due to the defective nature of ZnO.

Measurements on the (0001) surface, which exhibited a markedly different core-level
binding energy shift that was non-symmetric yet fully reversible, were different to the (0001)
surface and unexpected. A similar mechanism to that on the (0001) surface may not be
enough to explain the results. The effect is not due to desorption of surface species since the
700 K cycle measured after the 900 K cycle was effectively the same (during the heating).
The shift is reminiscent of a hysteresis loop and suggests that some form of charge transfer
was occurring with temperature. The moderate temperature cycle (700 K) shown in Figure
6.7 panel c) is more astonishing than the high temperature cycle (900 K), as 700 K
corresponds to the middle of the rapid binding energy decrease of the Zn 2ps;, core-level.
The shift to lower binding energy continued during cooling, albeit at a much lower rate, and
only increased to higher binding energy after the temperature dropped below 410 * 10 K.

This is akin to the surface holding charge and releasing it only when the temperature has
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dropped below a critical point. It is also suggested that time is a factor, since the time above
a certain temperature drives the core-level shift, and not the actual temperature. This
strongly suggests that the charge transfer stabilization mechanism is present on the (0001)
surface, which is disrupted at high temperature. This is in contrast to the (0001) surface
where the surface is stable with a hydroxide termination and exhibits a symmetrical binding

energy shift with temperature.

The exact nature of the stabilization mechanisms for ZnO surfaces is unknown and these
results suggest that a combination of two; hydroxide stabilization and charge transfer
stabilization. The charge transfer mechanism appears to be disrupted on the (0001) surface
but not on the (0001) surface. This effect may be extremely useful for first principles analysis

of the stabilisation mechanism [5, 29, 45] of ZnO polar surfaces.

A polarity related effect has been noted by Allen et al [27] for ZnO who noted differences in
the valence band intensities of (0001) and (0001) surfaces when measured with Al Ka x-rays
at normal emission. They note that the effect may be associated to the lack of inversion
symmetry in the wurtzite structure of ZnO and is therefore an intrinsic effect and not a
surface chemistry effect. In this work the temperature dependence of the Zn 2ps/, binding
energy is utterly different for the two polar faces of ZnO, and real-time XPS annealing
therefore offers a much simpler method of determining polarity than determining relative

intensity of valence band features.
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6.4.3. Organic interfaces

Zn0(0001)/CuPc interface

The intensity variation of the substrate core-levels during CuPc deposition is indicative of a
layer-by-layer growth mode with a constant deposition rate of 0.19 + 0.03 nm/min. The
precision of the deposition rate is reduced by the uncertainty in the electron attenuation
length. The value is derived from Evans et al [38] who monitored substrate core-levels with
kinetic energies in the range 700 eV to 1200 eV during deposition of CuPc on InSb. Although
an empirical fit is presented for the electron attenuation length variation within this energy
range, the Zn 2ps3/; kinetic energy in this work was 464 eV and outside the Evans data,
leading to a conservative uncertainty of 0.2 nm. As the actual deposition rate of CuPc is not
known the accuracy of this value cannot be commented upon. However the value is similar

to that present in the NIST database for organic compounds [46].

The substrate core-level binding change indicates that some charge transfer of holes from
the ZnO to the CuPc layer occurred. The shift was quite small (-80 meV) and occurred during
the first minute of exposure to CuPc, corresponding to a thickness of 0.19 nm, and is
characteristic of charge transfer. Beyond this coverage the core-level binding energy is
constant within the experimental uncertainty. For the overlayer core-levels the binding
energy change is more revealing; during the first 15 minutes of deposition (2.85 nm) a shift
to lower binding energy is observed in both the C 1s and N 1s core-levels of CuPc of around
200 meV, indicative of band-bending in the overlayer. At coverages beyond 2.85 nm an
increase in the core-level binding energy was observed, saturating at 240 meV at full
coverage (14 nm). A shift to higher binding energy at increased coverage is characteristic of

charging and is expected of thick layers of organic molecules such as CuPc that have low
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conductivities. The secondary electron cut-off change during the deposition is also
characteristic of interface formation where a rapid change occurred during the first 0.6 nm,
corresponding to a monolayer coverage. For coverages greater than this a gradual shift
towards lower kinetic energy was observed. As the rate of shift to lower kinetic energy was
the same as the core-level shift to higher binding energy, this supports the hypothesis that

sample charging was taking place.

The work function change of the (0001) surface with CuPc coverage is the same as that
reported in the literature by Komolov et al [47]. Not only is the distinct shape of the work
function change the same, but the coverage dependency is also the same; Komolov reports
the work function to reach a minimum at 3 nm at to be saturated by 6 nm, and in this work

the work function minimum was at 3.8 nm and saturation occurred at 5.7 nm.

The work function of the (0001) surface is indicated to be 5.0 eV from this measurement and
this is in agreement with Komolov et al [47] and Allen et al [25]. This is therefore not in
agreement with the reports in the literature that the (0001) surface has a low work function,

however this is possibly due to differences in the bulk and surface properties of the samples.

Zn0O(0001)/C60 interface

The substrate core-level attenuation during deposition of C60 on ZnO was not indicative of
layer-by-layer growth but of Stranski-Krastanov growth. Following opening of the shutter a
rapid attenuation was measured, corresponding to a deposition rate of 0.11 + 0.02 nm/min.
After 5 minutes of deposition (0.55 nm) the attenuation rate decreased and the decreased
attenuation rate was maintained throughout the remaining deposition. The deposition rate

during the first 5 minutes agrees with that measured in Section 4 where C60 was deposited
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on Al, giving confidence that layer-by-layer growth was observed for the first 5 minutes. A

total coverage of 4 nm is calculated taking the reduced attenuation into account.

For the growth mode to change this suggests that some form of chemical reaction had taken
place between the C60 and the ZnO, and this is supported by the unusual C 1s core-level
measured at the completion of the deposition (Figure 6.14). The C 1s core-level could not be
fitted with a single component and associated plasmon structure (as in Section 3), and an
additional component was required. The assignment of this component proved difficult at
first since some oxygen had been detected in the interface (Figure 6.13). However some zinc
is also measured and within the experimental uncertainty the Zn/O ratio is unity and is
present due to the overlayer coverage being comparable to the probing depth (3A). The
additional component in the C 1s core-level is due to chemically bonded C60 and this was
proven by careful fitting of the C 1s core-level and plasmon structure. In panels b) and c) of
Figure 6.14 the effect of incorporating the distinct plasmon structure to only one and to both
the components is shown. The fits conclusively show that plasmon structure is required of
both components, and therefore two distinct C60 spectra are present. This also proves that
whatever chemical reaction occurred at the interface the C60 molecular structure was

preserved, since a carbon signal without plasmon structure would else have been expected.

It is interesting to note that the dominant C60 component had a binding energy of 284.6 eV
while the smaller C60 component had a binding energy of 285.0 eV; pristine C60 has been
measured in Section 3 and shown to have a binding energy of 285.0 eV. A possibility
therefore is that pristine C60 was deposited on the surface for the first 5 minutes leading to

the component in the C 1s core-level at 285.0 eV. Following this a change to the growth

177



mode occurred with the C60 in island configuration being in a chemically shifted

environment.

It was extremely difficult to fit the C 1s core-level snapshots at low coverages to ascertain
which chemical species were present. However above 7 minutes exposure a two component
fit was obvious and the relative ratios were preserved throughout the deposition. Since the
relative intensity of both is maintained C60 must have continued to be in two chemical
environments. This is possible as an island growth mode was observed allowing the first

layer of pristine C60 to continue to grow.

Such a complicated chemistry was not expected since perfect layer-by-layer growth was
observed on aluminium (with oxide layer) in Section 4 where a C 1s core-level and plasmon
structure characteristic of pristine C60 was measured. This therefore suggests that the

hydroxide on the ZnO surface was responsible for the different chemistry and not oxygen.

The substrate and overlayer binding energy shift during deposition was quite simple; no
change was observed to the substrate core-level within the experimental uncertainty, while
a large 0.36 eV shift to lower binding energy was observed to the overlayer core-level. The
secondary electron cut-off change was also simple with a small 0.05 eV shift occurring
throughout the deposition. This is evidence against a chemical reaction occurring since a

more significant change would be expected.

The work function change of the ZnO surface with C60 coverage was -0.41 eV giving a (0001)
work function of 5.13 eV. This value is similar to the 5.0 eV determined for the same surface
with CuPc deposition, giving confidence that the surface preparation of the (0001) surface

leads to a high work function surface.

178



6.4.4. Energy band diagrams

Having determined the change to the Fermi level for different surface preparations and at
different temperatures for the (0001) and (0001) surfaces, and having determined the work
function of the (0001) surface from the formation of an interface with CuPc, band-diagrams
may be drawn. Figure 6.17 shows the band diagram for the clean (0001) surface (oxygen
plasma and annealed above 580 K) and two possible band-diagrams for the (0001) surface
after 40 minutes of oxygen plasma exposure. Assuming the bulk Fermi level position does
not change the effect of the oxygen plasma is to shift the position of the Fermi level above
the valence band maximum from 3.61 eV to 3.16 eV, and consequently change the 0.34 eV
of downwards band bending to 0.11 eV upwards band bending. This change is significant as
the Fermi level is now below the conduction band minimum at the surface and therefore the
surface should not exhibit electron accumulation. However this situation should not be
taken implicitly since the position of the valence band maximum has not been measured
merely inferred from the core-level binding energy change. As mentioned previously the
position of the bulk Fermi level in undoped ZnO is determined by oxygen vacancies and
these were found to be highly mobile. It is therefore likely that the position of the bulk Fermi
level changed and thus inferring the valence band maximum position is incorrect. Assuming
that saturated oxygen plasma exposure leads to perfect stoichiometry at the surface and
therefore to flat-band condition the shift to the bulk Fermi level can be estimated. The two

band-diagrams therefore are at the two possible extremes for the surfaces measured.

The work function of the oxygen plasma exposed surface is unknown however it is generally
observed that adsorption of oxygen increases the work function and therefore a value

greater than 4.5 eV is expected.
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6.5. Future work

The filling of oxygen vacancies with oxygen plasma exposure could be further investigated by
investigating low defect samples. This may allow a thermally stable surface to be prepared
that maintains the low binding energy Zn 2p core-level after annealing. It may also be
possible to perform the oxygen plasma treatment at high temperature allowing oxygen
vacancies to be mobile and filled during the treatment. This may produce different real-time
XPS annealing results which may be of great assistance in elucidating the mechanisms at

work.

Measuring the position of the valence band maximum would be extremely useful for
determining the position of the Fermi level in the samples after oxygen plasma treatment.
The use of ultraviolet photoelectron spectroscopy would allow the valence band edge to be

measured and also the work function of the surfaces to be determined.

An optical measurement of the defects may be of assistance in determining concentration
changes after surface processing. X-ray luminescence has been observed from the ZnO and a
monitoring changes to the emission spectrum after surface processing would be of

assistance in determining changes to sub-surface defects.
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7. Summary and conclusions

A greater understanding of three materials; metals, boron-doped diamond and intrinsic zinc

oxide, has been achieved by monitoring annealing and thin-film deposition.

Clean copper and gold surfaces were found to exhibit a temperature dependent core-level
binding energy shift that was fully reversible and symmetric with heating and cooling. The
mechanism was identified as a thermal expansion of the metal lattice leading to a change to
the local potential and a perturbation to the core-level binding energy. The measurement
offers the possibility of measuring lattice expansion of polycrystalline metals with x-ray
photoelectron spectroscopy and may prove to be a powerful probe of metals and alloyed
metals. The removal of argon ion induced damage to the copper surface was observed for

the first time and a critical temperature of 680 + 20 K was determined.

Hydrogen and oxygen terminated surfaces of boron doped (111) diamond were found to
have a large surface photovoltage resulting in erroneously low C 1s binding energies and
broadened FWHM being reported at room temperature. Measuring the surface at high
temperature allowed the actual binding energies and FWHM to be determined. The
presence of the photovoltage was verified by performing measurements at elevated
temperatures, with variable x-ray flux and by depositing thin-films of silver. The persistence
of the surface photovoltage was identified to be due to the bulk resistance of the diamond
and this was successfully incorporated into a model that predicted the temperature-

dependence of the surface Fermi level.

Zinc oxide (0001) surface was exposed to oxygen plasma and a shift of the Fermi level

towards the valence band edge was measured that was dependent on the exposure time.
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Saturation of the shift was observed and the mechanism was identified as a filling of sub-
surface oxygen vacancies. The clean (0001) surface was found to exhibit a temperature-
depended Fermi level shift that was reversible and symmetrical with heating and cooling.
The mechanism was identified as being due to the diffusion of oxygen vacancies into the
bulk at elevated temperature leading to a reduction in vacancies in the sub-surface. The
clean (0001) surface was found to exhibit a different temperature-dependent Fermi level
shift that was reversible but not symmetric with heating and cooling. The mechanism was
identified as being a disruption of a charge transfer mechanism that stabilizes the surface.
This different temperature-dependence of the polar surfaces allows the surface polarity to
be determined much easier than other methods currently known. The formation of an
interface with copper phthalocyanine (CuPc) and buckminsterfullerene (C60) was measured
revealing layer-by-layer growth of CuPc and island growth of C60. C60 was found to be in

two distinct chemical environments at the surface.

Real-time XPS has been shown to be an extremely powerful technique capable of monitoring
annealing and thin-film deposition. The analysis chamber was setup to allow the monitoring
of annealing up to 1200 K and the deposition of three k-cell sources without the need to
move the sample. The ability to alternate between conventional XPS and real-time XPS
without the need to move the sample, change the electron analyser settings or x-ray gun
flux was found to be extremely important in terms of reliability and confidence in the data.
The fitting routine used in CasaXPS to fit the hundreds of snapshots collected during an
annealing cycle was fast and easy to use. Collecting ancillary data during real-time
monitoring (temperatures, pressure, heater voltage and current) was extremely useful in the

data analysis.
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An in-situ microwave plasma was built for activated gas processing of solid surfaces.
Activated oxygen was used for preparing surfaces clean of contamination, terminating (111)
diamond, and filling sub-surface oxygen vacancies in zinc oxide. Activated hydrogen was

used for preparing hydrogen terminated (111) diamond.
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