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Abstract

Faculty of Science

School of Physics and Advanced Materials
Doctor of Philosophy

Development and Implementation of Environmental Photoelectron Yield

Spectroscopy

by Toby William SHANLEY

Environmental photoelectron yield spectroscopy (EPYS) is a novel, low vacuum, surface
analysis technique that probes the electronic structure of solid-gas interfaces. Unlike
its conventional, ultra high vacuum counterparts that interrogate ideal surfaces in non-
realistic conditions, EPYS enables real-time characterisation of dynamic surface pro-
cesses in semi-realistic, reactive gaseous environments. This capability is a requirement
for the technological progress and fundamental understanding of processes in nanotech-

nology, materials physics, chemistry and bio-sciences.

The system has been built and implemented from the outset of its existence at UTS.
This project has contributed to the development of EPYS, and further developed a
number of novel applications. Specifically, its application in elucidating the nature of
four, fundamentally different physical phenomena is demonstrated. The thesis describes
the origins of EPYS in ultra high vacuum photoelectron emission spectroscopy and the
theoretical groundwork on which it is based. It also details the EPYS development,
and demonstrates applications of the EPYS in the analysis of gas ionisation cascades,

subsurface defects, surface termination, and adsorbate coverage.

The value of this study is partly in the instrumentation development itself, but also in
the demonstration of its application in studies of material systems responding to their

environments.
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Chapter 1

Introduction

1.1 Project objectives and methodology

The primary objective of this research project is to develop a novel surface characterisa-
tion technique to enable real time analysis of dynamic surface processes that take place
in low vacuum environments. The characterisation technique developed is an extension
of an existing high vacuum photoelectron emission spectroscopy technique for which
the photoelectron detection mechanism is modified to enable higher pressure operation.
Applications of the instrument have been demonstrated in the analysis of four funda-
mentally different phenomena that are discussed in Chapters 4-7. The four physical
processes investigated consist of: gas cascade amplification; the role of sub-surface de-
fects in the formation of surface dipole fields; an effect of surface functionalisation on the
charge state of sub-surface defects; and real-time observation of surface state evolution

arising from adsorbate-adsorbate interactions.

1.2 Thesis outline

In Chapter 2, a background of photoelectron spectroscopy and specifically the technique
adapted in this project are presented in addition to the theory of low vacuum electron
detection using gas cascade amplification. The technique developed in this project is dis-
cussed within the context of modern, low vacuum surface science, and relevant literature

and current limitations of similar techniques are presented.
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Chapter 3 details the hardware assembled to develop the instrument, its limitations and

functionality. Data analysis techniques and experimental methodology are presented.

In Chapter 4, a study of gas cascade amplification is presented, demonstrating a unique
capability to study this process with a variety of gaseous molecules using only low energy
electrons. EPYS is applied to illuminate the role of molecular complexity in gas cascade
amplification by comparing the amplification profiles - as a function of detector bias and

chamber pressure - of three different gas species.

In Chapter 5, a model of surface band bending as a result of sub-surface defect forma-
tion is developed in conjunction with correlative photoelectron emission, cathodolumi-
nescence and electrical characterisation of ZnO surfaces. Specifically, EPYS is applied
to identify the extent and direction of surface band bending using the photoelectron
emission threshold to indicate the initial energetic position of valence band electrons.
Furthermore, the ability to collect real-time EPYS measurements in a gaseous environ-

ment that is changing composition is demonstrated.

In Chapter 6, a technique for locally altering the charge state of near-surface defects
in diamond is developed using photoelectron spectroscopy to elucidate a mechanism
for spontaneous surface fluorination and the effect of fluorination on surface electronic
structure. This is achieved by monitoring a dramatic shift in the photoelectron emission

threshold the arises from the substitution of surface-terminating hydrogen by fluorine.

In Chapter 7, the work function of platinum in the presence of gaseous CO is observed to
change significantly with temperature. Real-time, temperature resolved EPYS measure-
ments are used to link the observed photoelectron emission changes with CO binding
energies. A model for the observed behavior of CO adsorption on platinum invoking the

effect of adsorbate-adsorbate interactions on the molecule’s energetic state is presented.

In Chapter 8, the thesis is concluded with final remarks and projects for future consid-

eration.
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Background and literature

2.1 Overview

There is no existing literature that employs an EPYS system that is used in gaseous
environments other than air and its constituents ; nor is there a standardised method-
ology for interpreting the data it provides. There are similar instruments that provide
comparable information, and comprehensive theoretical considerations of the material
properties that it probes. However, there is no other instrument that can probe the
pressure or temperature ranges, or utilise the variety of reactive gases that the EPYS is
capable of. The purpose of this chapter is to present a background to the phenomena
of photoelectron emission and how it has been used to study surfaces. Several vari-
ants of photoelectron emission spectroscopy are described, and their contribution to our
current understanding of fundamental principles in solid state physics is discussed. Ex-
amples are given of how the EPYS predecessor, photoelectron yield spectroscopy, has
been used to comprehensively characterise near-bandgap surface electronic structure,
and also how recent implementations of PYS-based systems that operate in atmospheric
conditions have been used to characterise materials. A semi-phenomenological model -
that is partially based on a first principles calculation and scaled by empirically derived
probabilities - for the photoelectron excitation and emission process is presented, and
gas cascade amplification by electron impact ionisation is also discussed. The latter is a
key aspect of the EPYS system, as the gaseous electron amplification mechanism allows

low vacuum implementation of a traditionally ultra high vacuum technique.
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The importance of developing low vacuum techniques for surface characterisation is
stressed in the context of modern science. The significance of material surface properties
is growing in the chemical and biological sciences, and understanding the role of solid-
gas interfaces in the dynamic environments in which they exist is key to innovating new

technologies and opening new avenues of inquiry.

2.2 Photoelectron emission spectroscopy in modern sur-

face science

Photoelectron emission spectroscopy (PES) has been established as one of the most im-
portant methods used to study the electronic structure of surfaces [1-4]. PES provides
information that has widespread practical implications for fields including surface chem-
istry and material science [5-8], and has significantly contributed to the understanding

of fundamental principles in solid state physics.

Surface science itself has undergone very rapid advances over the last several decades
[9, 10]. These advances reveal structural, dynamic, compositional and thermodynamic
properties of surfaces that can be utilised in the development of chemical processes
that underpin much of nanotechnology and heterogeneous catalysis. Characterisation of
single crystal surfaces in vacuum with techniques such as ultraviolet photoelectron spec-
troscopy (UPS), X-ray photoelectron spectroscopy (XPS), low energy electron diffraction
(LEED) and Auger electron spectroscopy (AES), revealed a variety of surface phenom-

ena that led to new concepts in surface science [11-14].

All of these techniques, however, are based on the detection of electrons emitted from a
surface directly; thus it is necessary that experiments are performed in ultra high vacuum
(UHV). Discoveries made by these vacuum studies include clean surface reconstruction
of semiconductors and metals [15-17], the kinks and steps on surfaces that are chemically
active, leading to site selectivity for adsorption or dissociation [18-20] and the fact that
adsorbed molecules and atoms preferentially occupy certain sites on surfaces and can

thus cause further reconstruction.

The development of surface characterisation instruments that operate in high pressure

environments has profound implications for studies of fundamental processes that form
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the basis of modern nanoscience [9, 10, 21-23]. These include real-time and temperature
resolved studies of surface reactions such as oxidation, chemical etching and deposition,
catalytic reactions, surface-adsorbate interactions and studies of nanostructure growth

processes.

2.3 Photoelectron spectroscopy (PES) in ultra high vac-

uum

The process of photoelectron emission from solid into vacuum, and the relationship
between photon, electron and photoelectron energy is illustrated in Figure 2.1. This
schematic of electronic states shows how the final energy distribution of photoelectrons
corresponds to the initial density of states, through the excitation energy and surface

ionisation potential.

PES is typically identified as being either UPS or XPS, which are distinguished by the
energy of excitation (10-50 eV and 200-2000 eV respectively) [2, 24-26]. Both of these
and their related techniques essentially involve irradiating a sample with monochromatic
light and subsequently analysing the energy of photoelectrons. This provides extensive
information about the density of states, ranging from the energetic position and shape
of valence, conduction and defect bands in solids to core levels of atoms in UPS and
XPS respectively. These techniques are of great significance in modern surface science.
However, a requirement for conservation of photoelectron kinetic energy is an ultra high

vacuum environment.

2.3.1 History and development

The first experiments to reveal the photoelectric effect were performed by Heinrich
Hertz in 1887 [27, 28], before the discovery of the electron. However, observations on
the photoelectric effect were not satisfactorily explained until Einstein’s hypothesis on
the quantisation of light in 1905 [27]. In 1907, the first investigation of “cathode particles
emitted under the influence of Rontgen rays” [29] from metal surfaces found that the
maximum velocity of photoelectrons did not vary with the intensity of incident light but

with the frequency, in agreement with Einstein’s theory.
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FIGURE 2.1: Representation of the photoelectron emission process. Together, the
diagrams compare the initial energetic positions of electrons within a solid to the fi-
nal energy distribution of free photoelectrons, when excited by a monochromatic light
source of energy hv. on the x and y axis respectively, N(E) represents the number of
of electrons, while E represents the energy of electrons; Ep represents the Fermi level
within the sample; Vg is the energy required for an electron to escape the material
surface; hw is the incident photon energy; E is kinetic energy of free photoelectrons
in vacuum; ®g is the surface work function; and ® 4 is the energy of a free electron
in vacuum reference to Ep. The difference between ®g and ®4 is due to a dipole at
solid-vacuum interface.

Over the following years, experiments performed by Rutherford using X-ray lines and
electron energy analysers continued to prove a linear relationship between the frequency
of light and the maximum kinetic energy of electrons [30, 31]. However, it seems those
working in either the high or low energy regimes (now XPS and UPS) were not aware
of each others’ work until the 1920s, during which Einstein’s concept was given weight

by Millikan’s experiments on the particle nature of the electric charge [32, 33].

The period between the 1920s and 1960s was characterised by improvement of instru-
mentation, and a progress in theory [34, 35]. Various electron energy analysers were

developed to increase energy resolution and sensitivity. A range of spectral light sources
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in both the UV and X-ray range became readily available, in addition to monochroma-
tised radiation from white sources. Vacuum technology also continued to improve, such
that the chemical condition of the surfaces became more clearly defined. This exper-
imental side was complimented by enormous progress in the understanding of atomic
and solid-state structure from a quantum mechanical point of view and the physics of

metals and semiconductors could be described in terms of band structure [27, 36-39)].

The theoretical methods for modeling photoelectron emission from metals and semicon-
ductors were pioneered in the early 1960s by several groups [2, 40], in particular by the
group of Spicer Berglund [35]. He developed the three-step model involving excitation,
transport and escape of electrons; measured the first UPS valence band spectrum on
copper; and demonstrated the surface sensitivity of UPS [41-44]. Electronic surface
states were first reported in 1962 [45], the study of which became of intense interest
and a defining feature of PES [15, 46-48]. Angle-resolved photoelectron emission spec-
troscopy (ARPES) was realised by Allen, Gobeli and Kane in 1964 [49] and became
a unique tool for mapping the dispersion of occupied electron bands in solids. The
theory behind ARPES advanced quickly to the point that bonding sites and lengths
could be determined by emission from adsorbates [50]. A further degree of complexity
in PES experiments was reached with analysis of electron spin. The first observation
of electron spin polarisation in photoelectrons was performed using photoelectron yield

spectroscopy (PYS) [27] and a flurry of spin related experiments followed [5, 51-54].

In 1972, a theoretical treatment of the photoelectron emission threshold was produced by
Ballantyne [55] which was a powerful analysis tool for quantifying the energetic position
of initial states. Ballantyne’s formalisation of the relationship between the electron yield

and incident photon energy is still invoked today in PYS studies [56-59].

Today, most PES experiments are basically carried out in the same way as a century
ago. Monochromatic light liberates electrons from the material, which are subsequently
analysed with respect to their emission angle and kinetic energy by an electrostatic
analyser. However, most of the theoretical and experimental work that has been done
advancing PES does not directly apply to environmental PYS due to the methodology

of the different techniques.
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2.4 Photoemission yield spectroscopy (PYS)

PYS measures total photoelectron yield as a function of incident photon energy. It is
a variation of PES that was developed to enable very high energy resolution and sensi-
tivity by exchanging an electron energy analyser and excitation source with an electron
counter and a variable monochromatised light source [6, 60—62]. This exchange shifted
the energy resolution limit from that of the photoelectron detectors to the excitation
monochromator. PYS has proven to be particularly adept at identifying the shape of
surface electronic bands and their position with respect to the bulk band structure. The
main advantage of PYS is its ability to provide accurate information about filled surface
states in the bandgap and upper valence band in addition to values for work function
and ionisation energy. The technique is only able to probe a narrow energy range of a

few eV below the Fermi level of most metals and semiconductors.

PYS offers a unique possibility to distinguish between surface and bulk states of semicon-
ductors through the properties of space charge regions. With differently doped surfaces,
it is possible to modify the population of filled surface states. When surface states are
present in the gap up to the Fermi level, the photoelectron emission threshold marks
the work function (¢). When electronic levels are shifted due to surface band bending,

they can be differentiated from bulk states by their photoelectron emission threshold.

The first PYS system was build by Sebenne and his results were first published in
1977 [61, 63, 64]. His measurements allowed high-resolution (20 meV) spectra of the
photoelectron current under illumination of light in the energy range 4-6 e¢V. The main
advantage this method had over other techniques was that it could provide very accurate
information about filled surface states within the bandgap and states from the upper
part of the valence band. A band diagram showing how the energy of the light and the

density of states corresponds to the PYS signal collected is shown in Figure 2.2.

PYS methodology consists of measuring the yield (number of photoelectrons per inci-
dent photon) as a function of photon energy. This is performed over a small energy
range, typically 4-7 eV, and is thus extremely sensitive to emission from the valence
band, defects and surface states of the sample. The quantitative and qualitative data
gathered using PYS are photoelectron emission thresholds and density of states (DOS)

respectively. Thresholds mark the onset of photoelectron emission into vacuum, and an
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FIGURE 2.2: Diagram of energy versus density of states showing the relationship be-

tween the density of states of electrons within the valence band, the energy of excitation,

and the total number of photoelectron emitted from a surface. The yield is the integral

of the density of states between Eyac and hv below the Eyac. This expression for the

yield must also be scaled by the probability of an excited carrier’s transport to, and
escape from the surface.

effective DOS can be derived from the emission spectrum. The threshold is determined
by extrapolating the rate of change in photoelectron yield (Y (hv)) over a small energy
range at the surface ionisation potential to Y (hv) =0 . The Y (hv) varies according to
the relationship Y (hv) = C(hv)™ where C is a constant and n = 2 or 3 depending on
whether the material is a metal or a semiconductor respectively. This is achieved by
taking the square or cube root of the yield as a function of photon energy, and fitting
a linear plot over an energy range near threshold to intersect with the baseline. The
intersection of this fitted line with the background signal marks the minimum energy
of an electronic band below the vacuum level. The nature of the threshold value is not
always obvious, but it typically represents the work function or the ionisation potential

of a metal or semiconductor respectively.

An effective DOS can be derived from the yield curve as Y (hv) increases: Y (hv 4+ dhv)

with an increase dhv of the photon energy. Y (hv + dhv) — Y (hv) corresponds to the
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states located between hv and hv+dhv below the vacuum level. The first derivative with
respect to energy, dY (hv)/dE, is an energy distribution curve representative of the DOS,
with the assumption that is common to PES and a good approximation over a small
range of low energy photons: that the escape function of electrons and the transition

matrix elements are constant with respect to energy.

2.4.1 General theory

Photoelectron emission is the ejection of electrons from a solid in response to incident
light. It is often modelled in three successive independent steps: (1) excitation of an
electron from a filled to an empty state above Ey ¢ by absorption of a photon; (2)
transport of the excited electron to surface; and (3) escape from the surface [4]. This
method defines the photoelectron current (I, (hv)) as the product of three terms repre-
senting the photoabsorption rate (P(hv)), a propagation factor (T'(hv)) and the escape
probability (D(hv)).

Npg Ipg
Y(hv) = = 2.1
( ) Nphotons qJo ( )

I, (hv) = qP(hv)T (hv)D(hv) (2.2)

Where ¢ is the fundamental unit of electronic charge and Jy is the photon flux. P(hv)
is considered to be the dominant process and is most commonly modelled as the tran-
sition rate from a filled to empty state using Fermi’s Golden Rule and an interacting
Hamiltonian of an incident radiation field. The transition rate from an initial state |p;)

to a final state (| is given as

P(hv) = Cllgy|A-plei)[*0 (B (k) — E;i(k) — hw) (2.3)

where [{¢f|A-p|g;)|? is the transition probability of a photon-induced excitation of a
system in the ground state to the final state. A -p is a Hamiltonian perturbation operator
that describes the interaction of an electron in the system with the electromagnetic field

vector potential A. The delta function enforces energy conservation by making only
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transitions that are hv higher than the initial energy state possible. This method is
often applied to generate spectral functions and energy distribution curves for UPS and
XPS techniques including ARPES, and is less applicable to low energy photoexcitation
due to a collapse of the sudden approximation. The sudden approximation relies on
the time scale of a transition 7 to be much smaller than the response time, At, of the
initial state to excitation, 7 < At. The response time of a state is governed by the
time-energy uncertainty principal, in which AF is the typical splitting among energy

levels, At ~ Ai, such that for the sudden approximation to hold

h

T<RE (2.4)
The transition time 7 is inversely proportional to the excited electron’s final kinetic
energy and corresponding velocity. Intuitively, low energy excitations have longer tran-
sition times, and when they approach the response time of the initial state to excitation,
the sudden approximation breaks down. It is normally assumed that this approximation
is valid for photoelectrons with Ey — E; — hv > 20 eV, which is above the energy of
photoelectrons generated in PYS.

The propagation factor T'(hv) is the probability that an excited electron with a momen-
tum component towards the surface will reach the surface before undergoing an inelastic
scattering event. It is defined by the relationship between the excited electron mean free

path A\, and photon attenuation depth 6.

T(hv) = Mo (2.5)

When the mean free path of excited electrons is large compared to their excitation
depth, A > 6, the probability of transport to the surface taking place approaches unity
T(hv) — 1. Conversely, if the penetration depth of light and hence depth of excitation
is larger than the mean free path of electrons, then they are more likely to undergo

inelastic scattering events and thermalise before reaching the surface, T'(hv) — 0.

The escape probability D(hv) defines the escape criterion, that an electron at the surface
must have sufficient energy arising from a momentum component normal to the surface

(k) that it exceeds the surface energetic barrier
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h2k?
D(hv) =1 for sz > FEyac — E; (2.6)
D(hv) = 0 for otherwise (2.7)

The following subsection 2.4.2 provides a simple mathematical model for the determi-

nation of photoelectron emission threshold.

Numerous microscopic theories of the photoelectron emission process have also been
developed. These have included a steady state scattering theory [65], a Kubo response
theory [7] and Green’s function methods [66]. A description of these methods is not
given here; the reader is instead directed to Williams et al. [7] for a review of such

theories.

2.4.2 Theory of threshold determination

A small field of theory developed for interpretation of PES experiments which has large
implications - specifically for PYS - focuses on methods to determine the photoelectron
emission threshold value. Theory on threshold determination was first modelled by Kane
in 1962 [67] and subsequently by Ballantyne in 1972 [55]. The method for modelling
the yield versus energy involved calculating the rate of optical transitions caused by
photoexcitation, and scaling this rate with the probability of a photoexcited electron
having momentum normal to the escape surface. Kane’s paper deals primarily with
the photoelectron yield versus energy curve near threshold for a general band structure
by considering the possible photoelectric production and escape mechanisms involving
bulk and surface states. His calculations are based on density of states considerations
and involve energy band Taylor expansions to the lowest non-vanishing order about
the threshold point. Escape conditions, that the excited state must have a k vector
component normal to the escape surface and any k vector tangential to the escape
surface is conserved, define the possible values of k, an effective escape solid angle, for
electron emission. The rate of optical transitions is calculated with Fermi’s Golden Rule
as described previously. The quantum yield is thus determined by dividing the sum of
the rate of transitions over k space that satisfy the escape conditions by the sum of the

photon absorption over one Brillouin Zone.
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FIGURE 2.3: Intersection of the ‘optical surface’ and the ‘escape surface’ from [67].
The region bound by these surfaces contain the k values for which the probability of
excitation may be calculated. As electron energy E decreases, the circle of intersection
shrinks to k4, the momentum corresponding to photoelectron emission threshold energy.

If the escape condition is written as

h2k2
E = “ 2.
psc(k) = = (23)
and the energy conservation relation is
hv = E¢(k) — E;(k) (2.9)

equations 2.8 and 2.9 can be combined to define a photoelectron escape surface, as
shown in Figure 2.3 (where Ef(k) and Ej(k) are the final and initial photoelectron

energies respectively, and ky, = k).

At the threshold (Ey), the two surfaces are tangential at the point k4 in k-space. Ex-
pansions about this point k4 lead to expressions of possible values of k that result in
photoelectron emission for small energies above F;. Kane included a number of pos-
sible factors that would affect the optical and escape surface and thus the yield near
threshold. Inelastic scattering of photoexcited electrons leads to redistribution in k-
space after excitation, thus lowering the threshold E;, but decreasing the total quantum
yield. He also attempted to include effects due to indirect optical transitions in the
bulk and surface, and surface roughness. Taylor expansions of the yield as a function of
excited electron energy near threshold lead to a sum of products of constant transition

probability (slowly varying in energy) and the energy difference (hv — E4)"™. The value
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of n was determined by whether the emission was dominated by factors including direct
or indirect optical excitation originating from a bulk or surface defect, or intrinsic band
states. The energy term in the Taylor expansion with the largest coefficient governs the
relationship between yield and photon energy and hence the value of n applied to the

relation

Y (hv) = C(hv — Eg)" (2.10)

Kane’s results were used experimentally to both identify the excitation and scatter-
ing mechanisms of solids and surfaces, and to determine the photoelectron emission
threshold with precision when the mechanisms were known. However, there was some
ambiguity about the results (n was found to be 1, 3/5, 2 and /5, and in some cases
the relation was unable to differentiate between combinations of emission processes e.g:
both direct excitation of surface band states and elastically scattered indirect excitations
from bulk states were indistinguishable) and the theory was incomplete as it had not

considered energy loss due to inelastic scattering effects.

In 1971 at Stanford University, Ballantyne published a model for the photoelectron
emission yield near threshold [55] based on Kane’s work but included effects of energy
loss due to phonon scattering. The effect of phonon scattering (6,,) was incorporated
into the model using a continuous energy loss term scaled by the distance of an electron
from the surface, z, which is given by the reciprocal of the optical absorption coefficient

Qhy

Ey,

O = anA (D) (2.11)

where E, is the average energy lost per phonon scattering event and A(E) is the energy
dependent mean free path for phonon scattering. Ballantyne’s models provided good
fits to existing data, and proved simpler and more consistent than Kane’s results. Bal-
lantyne’s expressions for the photoelectron emission yield near threshold are used to this
day to precisely determine the value of the photoelectron yield threshold [57, 68, 69].

His results are in the same form as Kane’s, but show that the yield is proportional to
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FIGURE 2.4: Summary of Ballantyne’s results for the threshold determination of PES

from semiconductors and metals [55]. Notably, the yield from most semiconductors

was predicted to increase linearly with the cube root of incident photon energy, and

the yield from most metals was predicted to increase linearly with the square root of
incident photon energy.

(hv — E4q)™ where n=2 or 3 in most cases. A summary of his results is shown in Fig-
ure 2.4. Note that he summarises that most metals and most semiconductors have a

Y(h’u)l/ 2 and Y (hv)'/# energy dependence respectively.

In practice, yield data collected from PYS is processed by calculating the square or
cube root of the yield at each hv increment, which produces a linear curve that can be
extrapolated to the background signal. The intercept of the linear fit and the background

is the threshold energy, which is the depth of the highest initial energetic positions
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FIGURE 2.5: Density of states derived from PYS data on the Si (111) 2x1 reconstructed
surface. The solid lines represent the total density of states and the dashed lines
represent densities of individual states. Trace 1) is plotted against the logarithmic axis
on the left and trace 2) is plotted against the linear axis on the right. The spectra
revealed the presence of inter-bandgap, dangling bond states at the Si surface.

of photoelectrons within the material. This value is frequently assigned to the work

function, ¢, in metals and the ionisation potential, , in semiconductors.

2.5 Surface characterisation

PYS has been an important tool for characterising surface phenomena such as band
bending, negative electron affinity (NEA), and inter-bandgap defect states of semicon-
ductor materials. It was used extensively in the late 1970s to thoroughly characterise
these properties of Si, Ge and III-V compounds [60-62, 70-72]. Notably it was used
to identify the energetic position of dangling bond surface states on the Si (111) 2 x 1
reconstructed surface and the effects of oxygen adsorption on the type and concentration
of surface states [73]; to characterise the formation of negative electron affinity [74]; and

to study the diffusion length of carriers in negative electron affinity diamond [75].

The first experiments carried out to study the effect of oxygen absorption on passivation
of intrinsic surface defect states in Si were performed with PYS. Experimental results
from Si (111) 2 x 1 are shown in Figure 2.5 [73]. Figures (a) and (b) are the effective
density of states on both a logarithmic scale (left axes) and a linear scale (right axes)
of the Si (111) 2 x 1 surface. The broken lines show the surface and bulk contributions

to the effective density of states. In these cases, the work function corresponds to the
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FI1GURE 2.6: Comparison between PYS data and the electronic band structure it rep-

resents. (a) PYS spectra of GaAs(111): the solid line is the photoelectron yield and

the dashed line is the derivative of the yield which represents the density of states. The

lower dashed line is the derivative plotted against a linear vertical axis (right side).

(b) the derivative of the yield plotted on a band diagram to highlight how energetic
positions correspond to photoemission thresholds [70].

photoelectron emission threshold value, determined by the onset of electron emission
from the logarithmic plot. This emission from the Fermi level indicated that there were
filled inter-bandgap states at the surface. The clean Si (111) 2 x 1 surface in Figure 2.5
(a) exhibited two surface states, centered at 0.7 eV and 1.05 eV below the Fermi level,
attributed to steps and dangling bonds of terrace atoms respectively. The ionisation
potential (¢ = Ey 4c — Ey) was found by fitting a linear section to a cube root plot after
a secondary photoemission threshold marking the onset of emission from the valence
band. It produced such precise results because the signal to noise ratio of the collected
photocurrent was greater than five orders of magnitude. This extreme sensitivity enabled

the extraction of accurate information about filled electronic states from the yield curves.

The effective density of states (that is revealed in the energy distribution curves of UPS
and XPS) is given by the first derivative of the photo-yield, Y (hv), with respect to
photon energy [6, 60, 70]. A schematic of the relationship between PYS spectra and

density of initial photoelectron states is shown in Figure 2.6 (b).

PYS was applied to a hydrogen terminated and clean reconstructed (001) Ila diamond

to characterise electron emission properties over the spectral regime 4 to 7.5 eV [75,
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FI1GURE 2.7: PYS spectra from Ristein et. al. showing photoelectron emission from
inter-bandgap states at 4.4 eV, and enhanced photoelectron emission strength for NEA
diamond attributed to exciton-phonon induced free electron generation at 5.485 eV.

76]. The results, shown in Figure 2.7, indicate that the PYS threshold at 4.4 eV,
as detected on undoped, n- and p-type diamond is due to direct photoexcitation of
valence band electrons into the vacuum level which is 1.1 eV below the conduction
band minimum. Partial removal of hydrogen from the surface results in a decrease of
the negative electron affinity from 1.1 to 0.9 eV. Annealing experiments also show that
the surface band bending is a significant barrier for conduction band electrons. After
thermal annealing at 700 °C the barrier vanishes and the amplitude of emission rises
by two orders of magnitude, revealing contribution due to exciton-phonon induced free
electron generation. Finally, after complete hydrogen evaporation, the electron affinity
becomes positive. Taking into account the energy dependent properties of PYS spectra,

an electron affinity of + 1.17 eV was calculated for the clean (001) diamond surface.

Novel photoelectron yield experiments performed with a dynamic range of 8 orders of
magnitude (shown in Figure 2.8) revealed a new excitation channel for electron emis-
sion from diamond (100) and (111) surfaces with negative electron affinity, which was
attributed to defect states 2.0 and 4.1 eV below the conduction band minimum. Addi-
tionally, Ristein et al. were able to employ photoelectron emission yield spectroscopy
as a means of determining the conduction band electron diffusion length in hydrogen

terminated diamond [75]. This was a particularly clever application of the technique, as
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FIGURE 2.8: PYS spectra from Ristein et al. of single crystal type IIb diamond (111)
and (100) surfaces after exposure to hydrogen plasma [75]. The sharp increase at 5.54
eV marks the exciton absorption edge, and confirms a NEA.

the photoelectron emission probability does not typically depend on electron diffusion

lengths, but rather the electron thermalisation length.

After photoexcitation, electrons in the conduction band of a semiconductor will dissipate
their excess kinetic energy by inelastic scattering with other electrons and phonons. This
thermalisation process takes place on a subpicosecond time scale and within a spatial
range corresponding to the thermalisation length of the order of 100 nm. In the case of
positive electron affinity (PEA), thermalised electrons at the conduction band minimum
(CBM) are lost from the photoelectron emission current since they are not able to
overcome the energy barrier, the electron affinity x, at the surface. The probe depth
of the total yield technique is thus limited by the thermalisation length. As long as
the reciprocal of the absorption constant « is greater than the thermalisation length -
which is a valid approximation near the absorption threshold - most of the photoexcited

electrons will not contribute to the photoelectron current.

However, the situation is different for surfaces with negative electron affinity (NEA).
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Thermalised electrons will now also contribute to the photoelectron emission current
and electrons are only lost by recombination which takes place on a microsecond time
scale depending on the concentration of deep defect states acting as recombination cen-
tres. The escape depth is no longer limited by the thermalisation length but instead
by the much longer diffusion length L of the electrons. The photoelectron yield will be
correspondingly higher than in the case of NEA. The total yield measured at a photon
energy hv is defined as the ratio of the photoelectron current divided by the photon flux
incident on the sample (and corrected for reflection losses). For a photon flux density

Jo an excitation as a function of depth into the sample 2 take the exponential form

P(z) = joapye” “* (2.12)

Applying the properties of NEA surface discussed above, an expression for the propa-

gation factor T'(z) of photoexcited electrons, was developed

_ SE'M eiL—lz
Sem + Sprec + L71D

T(z) (2.13)
where Sgpr is a surface transition probability, Sppc is a recombination probability
and D is the electron diffusion coefficient. Using the excitation probability profile and
propagation factor of equations 2.12 and 2.13, Ristein et al. developed an expression for

the photoelectron yield normalised to incident photon flux [75]

_p'L'ahv

Y(hv) = 1+ Loy,

(2.14)
where p represents the prefactor of the exponential in equation 2.13. This formalisation
is only applicable to surfaces with a NEA, but by quantitatively characterising the
incident photon flux, and measuring the corresponding photoelectron yield, they were

able to calculate the diffusion length of conduction band electrons in diamond.
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F1GURE 2.10: Atmospheric PYS spectra of Phthalocyanine films upon repeated expo-

sure to air and evacuation of the vacuum chamber. Honda et al. identified two separate

photoelectron emission thresholds, and observed an increase in the ionisation potential
upon exposure to air [57].
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2.6 Atmospheric photoelectron yield spectroscopy

Atmospheric PYS is a recently developed technique that employs a similar experimental
setup to the PYS, but can operate at atmospheric pressure or in low vacuum environ-
ments due to the electron collection mechanism. The detectors used for these instru-
ments are called “open counters”, or thick gas electron multipliers, and consist of nar-
rowly spaced parallel grids, between which Townsend gas cascades can be generated at
atmospheric pressures. There are several papers that have reported using this technique
[57, 77-80]. The collection mechanism is a gas cascade amplification process similar to
that used in an EPYS. A high voltage electrode accelerates low energy electrons, causing
ionisation of gaseous molecules, thus generating more low energy electrons and ampli-
fying the initial current. This gas cascade process is described briefly in the following
section, and a more rigorous derivation of a mathematical description of it can be found
in Appendix A. Unlike EPYS, which operates in the range of 0.1-10 Torr, atmospheric
PYS operates at atmospheric pressure, and has thus far not been used with gas species
other than those found in air. In addition, these instruments have not included any
temperature resolved capabilities, and are thus limited to investigating the effects of air

on photoelectron emission from various materials.

Figure 2.9 shows a schematic of the atmospheric PYS system developed by Honda et al.
[57]. They used the atmospheric PYS to study the ionisation potential of Phthalocyanine
films upon exposure to ambient air. The ionisation potential was observed to increase
upon exposure, as shown in Figure 2.10. Further, it was found that certain changes
were reversible upon repeated exposure-evacuation cycles. However, there was also a
slow irreversible decrease in the ionisation potential that occurred over time. These
reversible and irreversible changes were attributed to physisorption and chemisorption

respectively of molecules from the gas phase.

A final application of atmospheric photoelectron yield spectroscopy worthy of note is
implementation of a commercial product named PESA (photoelectron spectroscopy in
air) by Nakayama et al. [81]. This system employs an open-air electron counter de-
veloped in the 1990s as the electron collector in an atmospheric PYS setup [81, 82].
Spectra from several organic materials were collected in air. These spectra were used
to determine the ionisation potential by use of the cube root law which is described

in section 2.4.2, and the effective density of states by differentiation of the yield curve.
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FIGURE 2.11: Atmospheric PYS spectra collected by Nakayama el al. showing an

increase in the ionisation potential of single crystalline ruberene during photo-oxidation

[81]. The increase in the ionisation potential was attributed to generation of polar oxide
molecules and reversible physisorption of H,O.

The technique has primarily been used to characterise the surface ionisation potential of
organic semiconductors that are commonly used in optoelectronic device development.

An example of the spectra gathered with this system is shown in Figure 2.11.

2.7 Townsend gas capacitance model

The Townsend gas capacitance model describes an exponentially increasing current-
voltage relationship in a gaseous discharge between two plates [83, 84]. Amplification
of gaseous charge carriers that occurs in EPYS can be approximated by Townsend’s
model. Theory relating to the Townsend gas capacitance model is found in standard
text on ionised gases and gas discharge physics [83, 84]. Townsend’s theories have been
extended and improved to describe detection of electrons in environmental scanning
electron microscopy (ESEM) [85-87] and are equally applicable to EPYS. Amplification
and detection of backscattered electrons (BSE), secondary electrons (SE) and primary
electrons (PE) have been studied and described over a range of pressure, detector biases,

beam currents and sample-detector gap distances.

The theory models electron multiplication that occurs as electrons are accelerated under
an electric field in the presence of gaseous molecules via electron impact ionisation. How-
ever, there are numerous collision processes and reactions that may occur in a partially
ionised gas that are also capable of generating additional gas excitation phenomena or

avalanche electrons. These phenomena include multiple ionisation events from which
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two or more electrons are ejected from an atom or molecule [88]; generation of long
lived meta states which de-excite and emit free electrons or photons [89]; and recombi-
nation reactions where positive ions (PIs) capture electrons and the excitation energy
is released in the form of an auger electron or photon [83, 86, 90]. Cross-sections for
these interactions play an important role in the amplification characteristics of gases
because they determine amplification efficiency («), optimal pressures for amplification
and the maximum amplification achievable before the cascade becomes self-perpetuating

and leads to discharge.

2.8 Limitations of existing knowledge

Photoelectron emission has been used extensively in the past to elucidate electronic
properties of a wide variety of materials, using techniques that differ slightly in their
excitation and electron detection methods. UHV techniques have demonstrated enor-
mous utility for studying the surface electronic properties of materials, quantitatively
revealing the energetic structure of defects and impurities, and the effects of such de-
fects on intrinsic band structure. PYS has shown itself to be particularly apt for probing
relatively low lying energetic states such as inter-bandgap defects, and conduction and
valence band structure with very high spectral resolution. However, UHV techniques
are unable to answer pressing modern questions about the processes that take place at
solid-gas interfaces, which are arguably far more relevant questions in the context of

solid state device development and technological progress.

The atmospheric PYS techniques that have been developed to begin bridging the pres-
sure gap between UHV, ideal material properties, and the properties of materials in
dynamic and gaseous environments are still limited in their capabilities. The EPYS
developed as a part of this study is unique among other techniques in its ability to in-
vestigate in-situ and real-time, high pressure and temperature resolved material surface

processes in reactive gaseous environments.
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EPYS development

3.1 Overview

The environmental photoelectron yield spectroscopy (EPYS) system is a completely
unique, custom built instrument that has been developed to serve as a real-time char-
acterisation tool for dynamic surface processes that occur in low vacuum environments.
FEach component of this system has been built from the ground up as a part of this
project. The light and gas delivery systems were built specifically for this instrument.
The sample stage has been machined in-house and the sample holder assembly includ-
ing the heating element, electrical connections and liquid nitrogen feedthroughs have
been developed and assembled as a part of this project. The photoelectron detector and
EPYS signal output circuit were designed and built, and the measurement methodology
and automation were developed in-house. The hardware has undergone many iterations
before reaching a level of performance that allowed for implementation of the EPYS as

an accurate and reliable scientific instrument.

This chapter details the hardware developed as a major part of this project, and describes

the operational procedures of the EPYS instrument.

3.2 Introduction

The EPYS probes the surface electronic structure of the upper valence band, mid-
bandgap defects and conduction band, and reveals the effects of adsorbate composition

25
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and coverage on these properties. The system consists of a broadband UV light source
(deuterium lamp) and monochromator; a vacuum chamber with gas delivery system;
and a gaseous electron detector (GED). Monochromatised light is delivered through a
chamber window onto the sample and incrementally increased in energy from 4 to 7 eV.

At each increment the relative intensity of photoelectrons is measured with the GED.

Additional functionality has been built into the system by incorporating a temperature-
controlled sample-stage, residual gas analysis, automated data collection, vacuum envi-
ronment control and data analysis tools. The sections in this chapter detail the appara-
tus, function and methodology of each component in the system: the vacuum chamber;

sample stage; detector; light delivery; gas delivery; and automation and control.

A photograph of the instrument and its components is shown in Figure 3.1. The light
source and monochromator sit atop the system, feeding light through an optic fibre to
the vacuum chamber. Precursor gas ampules and delivery lines with flow regulators are
situated on the shelf that also holds the detector HV supply. The chamber itself is fixed
to the primary bench with the TMP and backing lines extending from the opposite side,
shown in Figure 3.1. The primary bench also supports the data acquisition board for
measuring pressure and temperature and controlling gas flow rates; and the laptop used
to control the monochromator and record gas cascade currents measured by the Keithley

electrometer.

A series of more detailed photographs of the chamber is shown in Figure 3.2. Figure
3.2 (a) shows the back side of the chamber, where the TMP is located, and two flanges
for a pressure gauge and nitrogen gas flow. The top of the chamber is shown in Figure
3.2 (b): electrical feedthroughs for applying voltage to the detector and measuring gas
cascade current pass through the chamber lid; there is also a coaxial thermocouple
flange that measures the stage temperature; the ambient gas inlet and a low vacuum
manometer for monitoring pressure during operation. The optic fibre is held above the
chamber window with a clamp, and its position can be adjusted according to sample
position. The excitation light spot is shown in Figure 3.2 (¢), and Figure 3.2 (d) shows
the underside of the chamber lid with a gas injection needle positioned directly above
where the stage sits, and a Teflon ring that holds the detector in place directly below

the chamber window.
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F1GURE 3.1: Photograph of the complete EPYS instrument.
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FIGURE 3.2: Photographs of the EPYS system showing: (a) The EPYS chamber,
wrapped in foil to enable uniform heating of the inner side walls, with a TMP connected
to the front 8” port and a variety of feedthroughs for electrical connections and gas
delivery; (b) The top flange that hosts the majority of feedthroughs and a sapphire
window that is positioned above the sample and detector; (c) Light being directed
through the sapphire window onto the sample inside the chamber. The diameter of
the irradiated spot is 5 mm; (d) The vacuum side of the top flange which consists of
an annular GED held in place with a Macor ring and a gas injection needle pointing
towards the centre.

During an EPYS measurement, the vacuum chamber is held at a constant steady state
pressure in the range of 0.1 to 10 Torr by means of adjusting both gas delivery and
pumping rate to achieve the desired net pressure and flow rate. Monochromatised light
is directed through a sapphire window into the chamber in the desired wavelength in-
crements over the range of 350 to 180 nm (3.54 to 6.88 eV respectively). When the
energy of incident light is sufficient for a sample-bound electron to surmount the ener-
getic solid-vacuum interface barrier, photoelectrons may be liberated from the sample,

and accelerated towards a detector anode.
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The photoelectrons are accelerated under the influence of an electric field set up by the
detector anode, held at approximately 500 V and at a distance of approximately 15 mm
from the sample surface (roughly 33.3 V.m™). As the photoelectrons gain enough kinetic
energy within their mean free path to ionise gaseous molecules between the sample and
anode, collisions produce additional free electrons that amplify the initial photoelectron
current. The positive ions produced during this process drift towards the grounded
sample stage where they recombine, thus producing a current that is proportional to
the total number of photoelectrons initially emitted from the sample. This positive ion

current is measured with an electrometer as a function of photon energy.

EPYS is only able to interrogate continuous electrically conductive surfaces, and the
irradiated area must have electrical contact with the stage. Emission of photoelectrons
from the sample leads to a positive charge build up if bulk electrons are unable to
replenish the surface rapidly. Charge build-up reduces the potential difference between
the sample and detector, leading to decreased field strength. A varying field strength
causes the photoelectron amplification factor to change, so that relative photoelectron
currents are not proportional, and spectral shapes are no longer representative of the
true electronic structure. Charge build-up can also result in fluctuations of the gas

cascade that increases electrical noise in the measured ion current

It is difficult to characterise porous films and powders due to spurious photoelectron
emission from the substrate layer contributing to the photoelectron current. These types
of samples must be prepared on an insulating substrate that will not emit photoelectrons
at the photon energies used. In addition, they must be densely packed to form an

electrical path across the surface to where contact may be formed with the stage.

3.3 Vacuum chamber

The main EPYS chamber is shown in Figure 3.3. The spherical vacuum chamber is
connected to the gas delivery and pumping system. It has electrical feedthroughs for
the detection system and sample temperature control, and a sapphire window through
which excitation light is passed. The pumping system consists of a series of roughing
scroll pumps and a Pfieffer turbo molecular backing pump (TMP). A base pressure

of 1 x 1078 Torr is reached after pumping the closed chamber for several hours. The
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FIGURE 3.3: Photograph of the (a) back and (b) front of the EPYS chamber.

pumping rate can be controlled over a higher pressure range by closing a gate valve to

the TMP and pumping the chamber through a variable flow valve with the roughing

pump.

Heating cables blanketed with foil keep the chamber at approximately 50°C to increase
the desorption rate of residual contaminants from the chamber walls and hence pumping
efficiency. Gas can be delivered through a variable flow control valve into the chamber
via a gas injection needle. The gas injection needle (shown in Figure 3.2 (d)) is positioned
above the sample stage to ensure maximum exposure to, and replenishment of, gaseous

atoms and molecules.

A schematic of the inner chamber is shown in Figure 3.4 with its various components.
A sample stage is positioned at the top centre of the vacuum system and electrically
isolated from the chamber. The stage is heated by a ceramic joule heating plate from
beneath, and contains a bore through which cooled nitrogen gas can be fed. The heater
is controlled with a current source outside of the chamber and can reach temperatures
up to 900°C. The stage can be cooled to -190°C by passing cold nitrogen gas through
it. The temperature is monitored by a platinum resistance thermometer encased in a
ceramic cylinder to avoid forming electrical contact with the stage. A wide range gauge
(WRG) and a 10 Torr capacitance manometer are used to monitor the chamber pressure
at high and low vacuum respectively. The sample is clipped to the stage and sits directly
beneath the GED, and a gas injection needle is positioned to guide gas into the sample-

detector gap. Light is delivered from an optic fibre through a chamber window and the



Chapter 3. EPYS development 31

centre of the detector to the sample. Current amplified by cascading photoelectrons is

measured through the sample stage with a Keithley electrometer outside of the chamber.

(iv)
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Braps ..:
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Temp

FIGURE 3.4: Schematic of the EPYS system showing: (i) a high voltage power sup-
ply connected to the detector; (ii) a Keithley electrometer that measures the cur-
rent through the sample stage generated by the cascading photoelectrons; (iii) the
controllable-flow pumping outlet for operating in low vacuum; (iv) the chamber window
through which UV light is passed to the sample; (v) the detector; (vi) the controllable
flow inlet from gas delivery lines; (vii) the sample stage, electrically grounded through
the electrometer; (viii) the sample heater; and (ix) the current supply for temperature
control.

The 304 stainless steel chamber shown in Figure 3.5 hosts four 8”, two 6”, one 2%”, and
three 4%” CF flanges. The TMP is mounted on a 8” side flange that can be isolated
with a gate valve and bypassed to the scroll pump through a needle valve mounted on
a 2%” flange. Another 2%” flange is used interchangeably to supply nitrogen to the cold
stage or to pump residual gas to a mass analyser for compositional analysis. A stage
holder that can be translated in three dimensions, rotated and tilted is mounted on the
bottom 4%” flange. The chamber lid is mounted on the top 8” flange, and contains two
electrical feedthroughs to supply a voltage to the detector and to measure the current
flowing through the stage; a gas feedthrough that leads to the gas injection needle; a
port for a 10 Torr capacitance manometer and the sapphire window above the sample
and detector. One 6” port is used for electrical feedthroughs that control and measure
the temperature of the heating plate beneath the stage, and one 2%” flange holds a wide

range gauge monitoring high vacuum pressure.
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FIGURE 3.5: Schematic of the chamber used in the EPYS instrument.

3.4 Sample stage

The sample stage (50 x 30 x 10 mm) has been machined in-house from 316 stainless
steel. Beneath the stage is a boroelectric joule heater. The heating and sample stage
assembly is held inside the vacuum chamber atop a translating and rotating mechanical
feedthrough that is able to position the sample holder assembly in x, y, and z dimensions.
The ability to position the stage serves several purposes: one is the ability to optimise the
gas cascade amplification by translating the stage in the vertical direction; a second is to
allow loading of multiple samples to be analysed (the excitation source and detector is
static); and, thirdly, it allows the stage to be moved far away from sensitive components

for high temperature annealing.

The sample stage must remain electrically isolated except for a single connection to
ground, as the current flowing through the stage is the output signal from the EPYS
system. The grounding connection is a wire spot welded to the stage that passes to the
air-side through a feedthrough in the EPYS chamber lid, and connects to a Kiethley
electrometer. The grounding cable is insulated with ceramic beads to prevent shorting

to the chamber walls or stray wires inside the chamber.
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Two high-current carrying wires are connected to the boroelectric heater beneath the
steel stage, and control the sample holder assembly temperature. These wires are also
insulated with ceramic beads, and must be positioned so as to electrically couple as little
as possible to the signal wire and the steel stage. For high temperature operation, the
signal to noise ratio can begin to drop as electrical noise from the boroelectric heater
current source (which is typically on the order of an Ampere) couples from these wires
to the stage, and superimposes over the comparatively weak signal current (which is
typically in the pA to nA range). The temperature is measured with a ceramic-encased
platinum resistance thermometer (PTD) that is embedded into the steel stage. The
insulated PTD probe extends 25 mm into the stage, and is 2.8 mm in diameter. the
ceramic casing ensures electrical isolation and prevents surface modification of the sensor

by exposure to gaseous environments.

The sample itself is held in position with steel clips that can be fastened to the stage.
Care must be taken when aligning the excitation source not to irradiate the steel clips
so as to avoid spurious photoelectron emission. For samples that are on an insulating
substrate, such as powders, thin films and nanostructures, the steel clips also serve to
form an electrically conducting pathway to the stage. This is important for optimising
the EPYS signal, but also for preventing charge build-up which can reduce the gas

amplification and result in discharge-related electrical noise.

A hole has also been bored through the length of the stage to flow cooled nitrogen
gas. This allows cooling of the sample holder assembly to liquid nitrogen temperatures.
Swage tube fittings have been welded to the bore hole that connect Teflon tubes carrying
the cooled nitrogen gas. The tubes are fed into and out of the chamber across a gas
feedthrough flange. The air-side tubing consists of an outflow tube that exhausts the
nitrogen gas to the ambient air, and the tube carrying nitrogen into the chamber that
passes through a dewar filled with liquid nitrogen. The temperature is monitored by
the platinum resistance thermometer and controlled by regulating the nitrogen gas flow

rate.



Chapter 3. EPYS development 34

3.5 Detector

The detection system consists of an anode held at positive voltage in the range of 4200
to 4600 V above the electrically grounded sample stage. It is similar to a gaseous
electron detector (GED) used in ESEM in that the influence of its electric field on low
energy electrons at the sample leads to the formation of a gas cascade. The gas cascade
linearly amplifies the initial electron population generating a proportional number of
positive ions that recombine with the stage (theory of the cascade is discussed more
thoroughly in Section 3.6). The measured quantity is the positive ion current generated

by the cascade, and is proportional to the photoelectron current.

The amplification factor depends on environmental conditions such as the sample-
detector gap distance, detector voltage, pressure and gas type or mixture, and thus
would require calibration with a known number of electrons to be quantitatively de-
termined. Within a steady state environment, however, the amplification will remain
constant and directly proportional to the initial photoelectron population. The positive
ion current can therefore be used to qualitatively determine photoelectron thresholds
and to analyse the lineshape of spectra in terms of the initial energetic positions of

photoelectrons.

The final configuration of the detector is a 316 stainless steel annulus - shown in Figure
3.6 - supported approximately 15 mm directly above the sample by a Macor ring. The
Macor ring is held in place below the chamber window and also serves to insulate the
detector from the chamber lid. Multiple variations on the sample-detector geometry were
implemented to identify the optimal form and position of the detector. These included
rectangular plates and pin-head detectors held by ceramic rods attached to the stage
and Teflon push-fit rings attached to the chamber lid. These geometries were found to
be more or less suited to different environments. A pin-head detector operated more
efficiently at higher pressures due to a pinching of electric field lines about the pointed
end which leads to greater amplification close to the anode, and decreases the feedback by
dispersing positive ions further from the irradiated spot. A rectangular plate proved to
be stable at lower pressures and was particularly practical when interrogating multiple
samples; however, its off-axis position led to lower collection efficiency. The annular

geometry was selected because of its collection efficiency and amplification stability in
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F1GURE 3.6: Diagram of the EPYS detector-sample geometry with the excitation

source directed through the centre of the detector, onto the sample. Neutral gas

molecules between the sample and detector are ionised by photoelectrons moving under
the influence of an electric field.

the range of 0.5 to 5 Torr, due to the uniformity of field lines between the sample-detector

gap surrounding the irradiated spot.

The quality of data gathered with EPYS depends largely on the signal to noise ra-
tio. The signal depends on the photoelectron emission yield of the sample surface, the
number of incident photons and the amplification efficiency of the gas, and can vary sig-
nificantly. The positive ion current measured by the electrometer is subject to electrical
noise induced by a number of sources. The stage heater can contribute significantly to
electrical noise in the sample stage and can engulf weak signal in a poor amplifying gas

at temperature in excess of 300 °C.

Other sources of electrical noise overlaying the positive ion current include: the influence
of stray electric fields on current passing through the cabling outside the vacuum cham-

ber; amplified shot noise of the photoelectrons and shot noise in the gas cascade itself;
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noise associated with poor electrical contact from the sample to stage, stage to grounding
cable, and grounding cable to chamber feedthrough; charging effects in poorly conduct-
ing materials; piezo/triboelectric effects in the cables to the electrometer and mechanical
vibrations caused by operating vacuum pumps. The noise level during measurements at
room temperature is approximately +20 fA. Reducing this noise may require building
air-side shielding for cables, and using high quality electrical contact material such as

gold.

3.6 Light delivery

Excitation light from a deuterium lamp is monochromatised by a Czerny-Turner monochro-
mator before passing through an optic fibre and the chamber window to the sample. A
diagram of the light path from the source through to the optic fibre is shown in Figure
3.7.

CZ monochromator
NA=0.12

CaF, plano-convex
f#=3.9

D2 Broadband UV
CaF, plano-convex light source

f#=3.9

CaF, plano-convex

f#=2.27
UV optic fibre
NA=0.22

1

F1GURrRE 3.7: Diagram of the path of light from the deuterium lamp, focused into a
Czerny-Turner monochromator with a CakF, lens, then collimated and re-focused with
CaF, lenses onto the delivery optic fibre.

The number of photoelectrons generated per incident photon (Y (hv)) is constant for
a given energy of light. Thus, the total number of photoelectrons generated increases

linearly with the intensity of light reaching the sample. Therefore, ensuring maximal
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transmission of light from the source to sample is necessary for increasing the EPYS

dynamic range.

The light is generated by a 30 W deuterium lamp that produces a broad spectrum of
light ranging from around 700 nm to 170 nm. The high energy limit of this light source
corresponds to approximately 7 eV. For ensuring that the maximum amount of light
available reaches the sample, careful alignment of the monochromator with the optic
fibre at the exit aperture and collection of collimated light from the source into the
entrance aperture of the monochromator is of great importance. Furthermore, selecting
appropriate optical elements, including lenses, chamber window, monochromator grating
and the optic fibre, that have high transmission in the UV range, is necessary. Cal,
lenses have been selected as the focusing and collimating lenses for the EPYS system,
while a 1 m SUV optic fibre is used to transfer light from the monochromator to the
chamber window. The chamber window is a sapphire window that begins to absorb light

below 180 nm, and the monochromator grating is blazed at 300 nm.

Second order peaks in the UV range also pass through the monochromator when scanning
in the violet spectral range. This unintended UV transmission will cause a small amount
of photoelectron emission to occur when scanning a low energy region of the EPYS
spectra. To overcome these artefacts, a rotating optical filter wheel is attached to the
exit aperture of the monochromator. The high-bandpass filter prevents transmission of
light below 270 nm passing to the sample when scanning the range of 350 - 300 nm.
Scanning across wavelengths shorter than 300 nm no longer requires the filter, as second

order diffraction occurs at wavelengths shorter than what the deuterium lamp generates.

3.6.1 System response

As the total number of photoelectrons scales linearly with the intensity of light, the col-
lected current measurements must be rescaled by dividing the current with the relative
intensity of light at the corresponding wavelength. This correction factor (system re-
sponse) is determined by collecting the spectrum of light after having passed through all
optically absorbing/dispersing materials before reaching the sample. A photomultiplier
tube (PMT) has been used to collect this spectra, which must also be corrected for its

own response. The corrected EPYS system response is shown in Figure 3.8.
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Normalised EPYS Response
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F1cUre 3.8: Normalised intensity spectrum of light that is incident on the sample.

There are a number of minima in the correction curve which are due to absorption of
UV light by Os in the monochromator and the transmission efficiency of the optic fibre.
These minima may be eliminated by flooding the monochromator with Ny while operat-
ing, and removing the optic fibre by placing the exit aperture from the monochromator
directly into the chamber window. However, due to the impracticality of effectively im-
plementing such improvements, these steps to increase light transmission were not taken

in this work.

3.7 Gas delivery

A steady state pressure is maintained by flowing gas into the chamber through a mass
flow controller at 1-3 sccm, while pumping out through a needle valve that is manually
adjusted to match the inflow at the desired pressure. The optimal pressure will depend
on several factors including gas type (or gas mix), sample emission strength and sample-

detector gap distance.
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A diagram of the gas delivery system that was built specifically for the EPYS system is
shown in Figure 3.9. Each gas source may be interchanged for a different species, but

the existing setup caters for delivery of H,O, C;Hz0, H,, Ar, O,, Ny, NH; and NF,.

2
Dij Dﬁj BH,O
C,H,0

Ej E j H, Ar

1ee]

]

NH XeF
3 2 NF,

F1GURE 3.9: Diagram of the EPYS gas delivery system. MFCs are used to control the
flow of pressurised gaseous sources, while a manual needle valve is adequate for liquid
sources like Hy and C;HO.

3.8 Automation and control

LabView software developed previously to control a monochromator was modified to in-
clude automated scans and amplified photoelectron current reading at designated wave-
lengths. LabView programs were also developed in-house to monitor the temperature
and pressure of the stage and vacuum respectively. A LabView PID controller using
chamber pressure to regulate gas flow is used to maintain the desired dynamic pressure
by increasing or decreasing the flow rate according to the difference between the desired

and measured pressure.

A single EPYS measurement involves raising the chamber pressure of a specific gas or
gas mix to the desired level, then irradiating the sample with monochromatised light
(typically in 1 nm increments) from 350 nm to 170 nm, while a potential difference gen-
erated across the sample detector gap and current flowing through the stage is measured
at each wavelength increment. A period of 1 second per wavelength interval is given to

allow the cascade current to stabilize before a reading is taken.
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Rotation of the monochromator grating takes an additional 0.5 seconds between intervals
and a UV filter is rotated into place between 350 and 300 nm to prevent transmission
of second order short wavelength peaks. The minimum time required to acquire a full
spectrum is approximately 3.5 minutes. To increase the signal to noise ratio in spectra,
the ability to perform multiple scans in an unchanging environment has been built
into the control program so spectra may be combined in post-processing for effectively

increased integration time.

For real-time characterisation of surface processes, spectra can be set to collect contin-
uously while the sample temperature is slowly increased or decreased, or reactive gas
species are introduced to the environment. Such experiments can take several hours to
perform so it is desirable that the pressure is monitored and controlled automatically to

prevent pressure drift.



Chapter 4

Application of EPYS: gas cascade

amplification

4.1 Summary

This chapter demonstrates an application of EPYS to elucidate a feature of gaseous
molecules that can be used as additional criteria for selection of appropriate gas species
for high quality ESEM imaging. EPYS is used to identify that ethanol vapour (CH;CH,OH),
used as an imaging gas in environmental scanning electron microscopy (ESEM), is supe-
rior to water vapour (H,0O) and ammonia (NH,) in its ability to generate topological and
electronic structure contrast. The cascade amplification of low energy electrons in the
absence of primary and backscattered electrons is examined using EPYS, and it is pro-
posed that ethanol achieves both higher breakdown currents and greater amplification
in weaker electric fields because of its larger inelastic scattering cross section due to the
group additivity rule. Considering the effect of molecular complexity on both ionising
and non-ionising inelastic scattering processes also leads to a qualitative explanation for

the optimum amplification pressure of different gas species.

4.2 Introduction

ESEM is a common tool for imaging insulating materials that accumulate charge dur-

ing electron irradiation and cannot be studied using conventional, high vacuum electron

41
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microscopy [86, 91, 92]. The use of different gas species has enabled ESEM studies
of dynamic processes. For example, H,O vapour, the most common ESEM imaging
gas, can be used to study water droplet formation and the wettability of surfaces [93—
97]; nanoparticle self-assembly during condensation [93-98]; humidity-induced swelling
[99]; water transport through carbon nanopipes [100]; electrodeposition performed us-
ing aqueous liquid growth precursors [101, 102]; and chemical etching of carbon films,

nanowires, nanotubes, graphene and diamond [103-107].

The most attractive feature of ESEM is the ability to image these processes in real time
with SEM spatial resolution. However, the gas employed in ESEM plays a central role
in secondary electron (SE) image quality, and wider applicability of ESEM is limited by
the fact that only a handful of gases have favourable electron imaging characteristics.
Numerous gases have been evaluated, including air, CO,, N,O, Ny, He [91] and NH,
[106]. However, all of these except for NH; have been shown to be inferior to H,O at
generating high quality SE images. We note that SEs constitute one of a multitude of
SEM imaging signals. However, SE imaging is the most common SEM imaging mode
because it yields high resolution topographic contrast (on the order of one nanometer)

[108, 109], and electronic structure contrast [110-112].

EPYS is used as a correlative characterisation technique to identify ethanol vapour
(CH;CH,OH) as an excellent ESEM imaging gas. Quantitative ESEM measurements
and complimentary quantitative EPYS [56, 57, 113] data is used to show that ethanol
is superior to H,O and NHj, the only two high performance imaging gases reported to
date. The superior imaging properties of CH;CH,OH cannot be explained by standard
ESEM theory. The current model of ESEM imaging is improved to better account for
the role of gas molecule size on electron image formation. The ability to image with
ethanol is attractive because it paves the way to ESEM studies of dynamic phenomena
such as the wetting behaviour of organic liquids and ethanol-water mixtures [114, 115],

ethanol-based chemical vapour deposition [116-118] and catalytic reactions [119-121].

4.2.1 Gas amplification model

Low vacuum SEM uses a gas cascade current initiated by electrons to generate an image
[122]. Primary electrons (PEs) and backscattered electrons (BSEs) contribute to the

total cascade current; however, only the contribution from SEs (Is5) supplies topological
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contrast information [91, 123]

iv =Io+ I, + I5 (4.1)

where iy, is the total current measured across the sample-detector gap in ESEM while

Iy and I, are the contributions initiated by PEs and BSEs respectively.

Image and electronic structure contrast is determined by the value of I, which is difficult
to measure directly with ESEM due to the presence of higher energy PEs and BSEs.
However, it is quite simple to determine the value of I5 + I, (herein denoted by Isy) ,

which can be used as a guide for the study of gas amplification efficiency.

This value can be compared with the amplified photocurrent generated in EPYS (I¢),
which is devoid of any contributions from high energy electrons, and directly measured

as the positive ion (PI) current through the specimen stage.

Ip = I (4.2)

Differences between the two values I5;, and I¢ can be attributed to variations in the

inelastic scattering cross-sections of each gas, which are a function of electron energy.

4.2.2 Positive feedback and breakdown

In the Townsend gas capacitance model, the breakdown current depends on the positive
feedback coefficient of the imaging gas, k. Positive ions and neutral molecules can
undergo collisions with the sample surface that eject an additional electron via an auger

or photoelectron emission process [83].

Iy =ink = k‘([o + 177 + L;) (4.3)

where Iy, is the total cascade current due to contributions from all initial electrons and
feedback ions. Considering the total number of electrons liberated from the sample by
cascade generated ions and photons per ionisation collision in the gas (Second Townsend

ionisation coefficient), 7, it may be shown the feedback amplification factor [91]

e (4.4)



Chapter 4. Application of EPYS: gas cascade amplification 44

where d is the gap distance and e®? is the cascade gain derived from the proportion of
electrons produced (dN7) to pre-existing electrons (N~) at spacial increments in the
beam axis (N~ = N~ (z)adz) [83]. This feedback serves to increase the cascade current

by generating additional electrons so long as the convergence criterion is met

Yie —1)2 < 1 (4.5)

When the gain becomes high enough for a single electron to initiate a cascade producing
sufficient Pls that the probability of an auger or photoelectron being ejected equals 1,
cascade breakdown and arcing occurs. For low v, the gas cascade will sustain higher

amplification, and hence I3, before the runaway feedback causes arc discharge.

4.3 Experimental methods

This study was focused on the gas cascade amplification characteristics of H,O, ethanol
and NH;, and the sample used to generate secondary electrons and photoelectrons in
ESEM and EPYS respectively was polycrystalline platinum foil. The foil was cleaned
with an ultrasonicator in isopropanol, acetone and then water for 15 minutes in each
solution then baked at 160 °C for 1 hour prior to loading into the ESEM and EPYS

chamber.

4.3.1 ESEM

The gas cascade amplification efficiency of H,O, NH; and CH;CH,OH was evaluated
by measurements of the specimen stage current (see Figure 4.1 (a)) versus gas pressures
and detector anode bias (which controls the electric field that drives the gas ionisation
cascade), performed using a variable pressure FEI X1-30 ESEM. The electron beam
energy current was fixed at 20 keV and 2.1 nA, and the sample-anode gap was 13.5 mm.
A polycrystalline platinum foil sample and a Faraday cup were used to measure the
total gas-amplified electron signal, and the component generated by amplification of the
electron beam (before it strikes the sample surface), respectively. The difference between
these two values is the gas-amplified electron emission current (/5,,), which is initiated

by secondary and backscattered electrons that are emitted from the sample.
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Detector
anode

HHH
H:C:C:0:
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FIGURE 4.1: Schematic illustration of (a) an ESEM setup and secondary electron
amplification in a gas ionisation cascade, (b) an EPYS vacuum chamber and (c) the
EPYS measurement process. In both methods, emitted electrons are accelerated by an
electric field between the sample and a detector anode, and are multiplied by ionising
gas molecules. The EPYS chamber consists of a pumping system (not shown), gas inlet
and outlet, specimen stage, heater, gas cascade detector, and an optical window. (d)
Shows Lewis diagrams representing the number of valence electrons contributing to the
interaction cross sections of H,O, NH; and CH;CH,OH

Firstly, Isy, was determined in ESEM for each gas over the range of pressures 0.1-
10 Torr (shown in Figure 4.2 (a)). Secondly, amplification as a function of detector
bias in each gas was measured by recording the specimen current over the range 0-
800 V at pressures of 0.1, 0.5, 1, 5 and 10 Torr during panchromatic illumination of
the sample. Panchromatic illumination was achieved by rotating the monochromator’s
diffraction grating to a mirror that enabled the broadband light to pass through the
monochromator. Beam and sample parameters were identical in both experiments (20
keV beam energy, 2.06 nA beam current with a sample-detector gap of 13.47 mm). I5,,
was determined by measuring I*Eg while irradiating a polycrystalline platinum foil sample
and subtracting Iy which was measured while irradiating the inside of a Faraday cup to

suppress secondary and backscatter electron emission.

4.3.2 EPYS

Complimentary measurements were performed using EPYS to study gas amplification
in the absence of primary or backscattered electrons. EPYS enabled examination of
low-energy electron amplification behaviour in sample-detector configurations identical
to ESEM, but in the absence of high-energy electron amplification inherent in ESEM

studies.
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FIGURE 4.2: Gas-amplified electron emission current measured versus pressure using
ethanol, NH; and H,O. (a) In ESEM, the current is a sum of two components (I54,)
that correspond to cascade-amplified, low energy (< 20 eV) secondary electrons and
high energy (keV) backscattered electrons. (b) In EPYS the current (I,,) is generated
purely by low energy (< 7 eV) photoelectrons. The detector anode bias was 400 V in

200

® CH,CH,OH
® NH,
o H,0

14
12+ )
10 1.1 Torr ~@- CH,CH,0H

—&—NH,

EPYS chamber pressure (Torr)

both cases.

Correlative EPYS experiments were performed with each gas over the same pressure

range as ESEM experiments with a sample detector gap of 12 mm. Ip was measured

as a function of pressure over the range 0.1-10 Torr. EPYS spectra were collected as a

function of detector bias in each gas at identical pressures to the ESEM measurements.

in addition, Ip generated upon panchromatic illumination up to 7 eV has been plotted

as a function of detector bias in Figure 4.4 for comparison with ESEM data.
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4.4 Results

Isiy as a function of pressure in the ESEM is shown in Figure 4.2 (a). The greatest
amplification is achieved using ethanol vapour, which occurs at 2.6 Torr. Optimum

amplification in NH; and H,O occurs at 4.7 and 6 Torr respectively.

Figure 4.2(b) shows equivalent EPYS data, revealing the same trend for gas-amplification
of the low energy photoelectrons (< 7 eV) emitted from the sample in our EPYS setup.
Ethanol is the most efficient amplifier at pressures smaller than ~ 2.5 Torr, and optimum
amplification in ethanol, NH; and H,0O occurs at 1, 1.5 and 1.9 Torr respectively. The
differences between the ESEM and EPYS data (i.e. the EPYS curves are shifted to
lower pressures) arises from the contribution of backscattered electrons to the ESEM
signal. Backscattered electrons have significantly higher energy than secondaries, and

optimal amplification therefore occurs at higher pressures [86, 111].

Figure 4.3 shows plots of both Iy and Is, obtained for ethanol, NH; and H,O using

an ESEM at gas pressures of (a) 0.5, (b) 1 and (c) 5 Torr, respectively. Each curve is

plotted up to the breakdown voltage which marks the onset of dielectric breakdown and

hence the maximum useful amplification efficiency of the gas. Ethanol is able to sustain
mazx max

the highest breakdown current I3** at all pressures, while I§ iy is very similar to NH,

and H,O at 5 Torr.

Ip upon panchromatic illumination yields complimentary data to the ESEM measure-
ments in that we have a constant initial electron energy distribution triggering the gas
cascade that may be plotted as a function of detector bias. Logarithmic plots of the val-
ues from panchromatic EPYS data are shown at 0.5, 1 and 5 Torr in Figure 4.4 (a), (b)
and (c) respectively. The values of I, were collected in 40 V increments until breakdown

occurred.

The greatest Ip achieved was over 60 nA in 1 Torr of ethanol vapour at 440 V, surpassing
the optimised 30 nA and 28 nA produced in H,O and NHj respectively. The efficiency
of ethanol diminishes rapidly as the pressure is increased; however, H,O becomes a more

desirable amplification medium beyond ~5 Torr.

All three gasses were examined for the possibility of carbonaceous deposition resulting

from electron beam induced dissociation of ethanol on the sample. Sequences of images
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FIGURE 4.3: Gas-amplified electron emission current (Ix;) and (I54,) measured versus

ESEM detector anode bias using ethanol, NH,; and H,O, at gas pressures of (a) 0.1 Torr,

(b) 1 Torr, and (c¢) 5 Torr. The maximum Is, reached at the onset of dielectric
breakdown of each gas is shown for each pressure on the plots.
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FIGURE 4.4: Gas-amplified photoelectron emission current (I,,) measured versus EPYS
detector anode bias using ethanol, NH; and H,O, at gas pressures of (a) 0.1 Torr,
(b) 1 Torr, and (c) 5 Torr. The maximum current reached at the onset of dielectric
breakdown of each gas is shown for each pressure on the plots. The three amplification
regimes (i, ii and iii) labelled on the plots are discussed in the main text.
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FIGURE 4.5: Images taken at high and low magnification in (a) and (b): H,O, (c) and
(d): NHj, (e) and (f): ethanol vapour. The sequences verify that little to no carbon
deposition occurs during electron beam irradiation in the presence of ethanol.

were taken first at high, then at low magnification. The mag-out sequences are shown in
H,0, NH; and ethanol in Figure 4.5 (a)-(b), (c)-(d) and (e)-(f) respectively. No contrast
change arose from irradiation at high magnification in ethanol which indicates there is

little to no carbon deposition occurring.

4.5 Discussion

Our results show that ethanol is a more efficient gas amplification medium than NH; and
H,0 under the conditions that are typically used in ESEM and EPYS, and comparable
at pressures greater than ~ 5 Torr. In order to explain the amplification properties of
the three gases, we must consider the electron energy loss and gain mechanisms in the
gas cascade. The rate of change of energy of an electron in the gas cascade (0F/0s,
where s is the electron trajectory between the sample and the detector anode) can be

described by:
oE

S, =r-a-A (4.6)

where:

e ['is the rate at which electrons gain energy under the influence of the electric field

between the sample and the detector anode.
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e () is the rate at which energy is lost through ionising collisions that increase the
cascade current. It is determined by the inelastic cross-sections for electron-gas

scattering processes that lead to ionisation.

e A is the rate at which energy is lost via non-ionising inelastic scattering events. It
is determined by the inelastic cross-sections for scattering processes that do not
lead to ionisation (e.g. those corresponding to vibrational and rotation modes of

gas molecules).

4.5.1 Dependence of amplification on pressure

In Figure 4.2, amplification increases with pressure, reaches a maximum, then begins to
decrease beyond the optimum pressure for each gas. The rate of increase is governed by
(2 which is greatest for ethanol, followed by NH; and lowest for H,O. The rate of decrease
with pressure is governed primarily by A, which is also greatest for ethanol, followed by
NH; and H,O. € and A determine the optimum pressure at which the gas amplification
efficiency is greatest for each gas. The difference between the amplification intensity of
water and ammonia in ESEM and EPYS is due to the high ionisation efficiency of water

by high energy primary electrons.

The general shape of the curves in Figure 4.2 is well understood [86, 124]. At very low
pressures, amplification is low because the electron mean free path is long, the number of
electron-molecule collisions between the sample and the anode is small, and amplification
increases with pressure as the number density of gas molecules increases. However, the
increase in the collision rate causes a decrease in the mean electron energy, and a decrease
in the amount of energy gained by electrons between collisions. This trend eventually
causes amplification to decrease with increasing pressure because non-ionising collisions
dominate at low electron energies, particularly as it falls below the ionisation threshold
of the gas (Ey). Thus, 1/FEy typically correlates with amplification efficiency [124], and

often serves as an indicator of the relative gas amplification efficiency of different gases.

However, ethanol, NH; and H,O have ionisation thresholds of 10.5, 10.1 and 12.6 eV
[125-127], which cannot be used to explain why ethanol is a more efficient amplifier
than NH,; and H,O. This can, however, be explained by the valence orbital structures

of the gas molecules, and in particular the number of outer shell electrons with a binding



Chapter 4. Application of EPYS: gas cascade amplification 52

energy that is similar to Fy, schematically illustrated by the Lewis structures in Fig 4.1
(d). The contribution of valence orbitals to interaction cross-sections is described by
a basic additivity rule [128, 129], which builds a total cross section by summing the
number of valence electrons (and nuclei) of a molecule’s constituent atoms. Modified
additivity rules have been developed to account for molecular geometries and the redis-
tribution of atomic electrons due to molecular binding [130, 131]. However, as a general
rule, molecules composed of a greater number of atoms have larger scattering cross sec-
tions [132, 133], thus, they possess a relatively large €2 for high electron energies. The
ionisation energy and number of valence electrons for ethanol, NH; and H,O are shown

in Table 4.1.

Molecular structure can also be used to explain why A is greatest for ethanol, followed
by NH; and then by HyO. Energy imparted to a molecule by inelastic scattering events
may be dissipated though vibrational and rotational modes available to the molecule,
which serve to decrease the probability of electronic relaxation via ionisation. Although
the absolute single ionisation cross section for ethanol is greater than both H,O and

NH,, the non-ionising inelastic scattering cross section is also larger, which leads to a

greater A.
Molecule Tonisation Number of va-
energy (eV) lence electrons
H,0 12.3 8
NH, 10.1 8
CH,CH,OH | 10.5 20

TABLE 4.1: Table of ionisation energies and number of valence electrons for the gaseous
molecules: H,O; NH;; and CH;CH,OH.

4.5.2 Dependence of amplification on detector bias

The plots in Figure 4.4 demonstrate a benefit of using EPYS to characterise the gas
cascade. The emitted photoelectrons have a narrow energy distribution concentrated
below the ionisation threshold of each gas. All electrons must therefore be accelerated
beyond Ej before they can contribute to the gas cascade; and subtle variations in ampli-
fication behavior are therefore resolved as changes in the scaling of I, with anode bias.
Four distinct scaling regimes, labeled (i)-(iv), are indicated on the plots (we note that

at low anode biases, when I, < 30 pA, absolute differences between the curves should



Chapter 4. Application of EPYS: gas cascade amplification 53

be ignored since they are on the order of variations in the direct current offset of each

dataset).

In regime (i) gas cascade amplification scales approximately exponentially with anode
bias. Exponential scaling is expected from the ideal Townsend gas capacitor model
[83] (ie: a straight line, as seen on the logarithmic plot in Figure 4.4c). It is observed
under conditions of high pressure and high anode bias, whereby the electron energy
distribution is in a steady-state throughout the vast majority of the sample-anode gap
(ie: T'= Q + A). That is, the system is in the so-called ‘swarm-condition’ [86]. At
reduced pressures (Figure 4.4a-b), the scaling in regime (i) is not exponential because
I' # Q2+ A, and changes in anode bias alter the energy distribution of electrons in the

gas [134].

At low voltages, regime (ii), electron-ion recombination in the gas is significant and the
scaling of I, with bias is modified by the effects of the voltage on the recombination/sep-
aration efficiency. At very low voltages and high pressures, regime (iii), some electrons
are never accelerated beyond FEj, and a subtle increase in bias causes an abrupt increase

in amplification (Figure 4.4c).

At high voltages and low pressures, regime (iv), super-exponential scaling is observed in
some cases, just before the onset of breakdown. This is attributed to an amplification
feedback effect that is discussed below. The super-exponential scaling is observed when
amplification is relatively low, and changes slowly as the voltage is increased. When
the amplification factor is large (and increasing quickly with bias) and the feedback
coefficient is low, the contribution to Iy, from feedback rises very quickly over a small

voltage range close to breakdown, and is not resolved in the curves in Figure 4.4.

4.5.3 Ultimate amplification efficiency and dielectric breakdown

Ultimate amplification efficiency is limited by dielectric breakdown of the gas, governed
by a positive feedback coefficient (k). The coefficient is non-zero due to electron ejection
from the sample caused by positive ions and excited neutral gas molecules that are
generated in the gas cascade and come into contact with the sample surface. The

electron ejection is typically attributed to potential rather than kinetic energy transfer
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to the sample, i.e. emission of Auger and photoelectrons induced by ions and excited

neutrals that neutralise and de-excite at the surface [83, 86].

In this framework, larger, more complex molecules have smaller feedback factors due
to a large number of vibrational and rotational modes through which they are able to
dissipate energy gained by electron capture from surfaces [83]. This is consistent with
ethanol possesing the largest maximum breakdown current (Iy) in ESEM and EPYS
over the pressure range studied, and the trend of diminishing breakdown currents for

the gases ethanol, NH; and H,0, as shown in Figure 4.3 and Figure 4.4.

However, k also varies with gas pressure, as evidenced by the significant variation of
amplification achieved at breakdown over the pressure range studied. Although there
is unlikely to be a simple relationship between k£ and pressure, mechanisms leading to
ion/molecule induced electron ejection at the surface will vary as the ion density and
energy distribution at the sample surface changes. Feedback arising from kinetic energy
transfer will increase at low pressures due to an increased mean free path, as ions are able
to gain energies exceeding a secondary electron emission threshold ~300 eV [135]. At
higher pressures, swarm conditions for the gas cascade are met at much smaller distances

from the sample such that incident ion density at the sample is higher, increasing k.

The effect of incident ion density on k is also suggested in the differences between I3'**

max

and S

observed in Figure 4.3. As the gas pressure is increased, a greater proportion
of the total amplified current is initiated by high energy primary electrons that will
generate multiple ions along their path at significant distances from the sample surface.
A result of the ion generation occuring mid-gap is dispersion of the ions over a larger
area, where they still contribute to the measured current but are less likely to generate

feedback electrons that subsequently initiate a gas cascade. This enables the high energy

primary electrons to generate a larger portion of ions that contribute less to feedback.

4.6 Conclusion

Ethanol vapour has been identified as a very efficient electron amplification medium and
therefore ESEM imaging gas. Using quantitative ESEM and EPYS measurements, the

amplification behaviour of ethanol, NH; and H,O has been characterised and compared.
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Ethanol performs best at lower pressures than NH; and H,O, which we attribute to
energy loss from greater inelastic electron scattering by ethanol at higher pressures. It
is capable of maintaining much greater cascade currents than both NH,; and H,O due
to smaller feedback that arises from Pl-surface interaction. This is consistent with a
greater number of non-ionising excitations and vibrational modes in ethanol that may
dissipate energy non-radiatively and without electron ejection. That also gives rise to

greater non-ionising inelastic scattering at higher pressures.

In ESEM, the PE contribution to the gas amplified current becomes much larger in
ethanol as the pressure increases resulting from a greater fraction of PEs scattering in
the gas phase, reducing the total contrast information-carrying SE yield and increasing

the background signal via SEs generated by the beam skirt.

Also noteworthy of note the effect that adsorbates have on the sample surface density
of states and escape barrier. Changing these properties directly affects the SE yield and
energy distribution in ESEM, and should be considered when selecting an imaging gas

for optimal dynamic range.

4.7 Implications

The implications of this study are largely in the realm of low-vacuum charged particle
detection. This is increasingly becoming an important tool to bridge a gap between
conventional, ideal surface physics and the dynamic processes that occur in chemical
and biological systems. Physical processes that have been unobservable previously with
vacuum-based instruments including surface wetting behaviour, formation of liquid over-
layers and real time analysis of catalytic chemical reactions can be monitored with sys-

tems that are based on low vacuum electron detection.

Gaseous charged particle detection enables a variety of technological systems to be used
in environments that have previously been inaccessible to vacuum-based analytical in-
strumentation. Examples of such systems include mass spectrometry for environmental

field testing and portable security devices.

This application also identifies a characteristic of gaseous molecules that can be used to

identify their presence and concentration in gas detection systems.



Chapter 5

Application of EPYS:
characterisation of subsurface
defects and sensitivity to ambient

gas

5.1 Summary

Environmental photoelectron yield spectroscopy (EPYS) has been used as a correlative
characterisation method in a broader study of ZnO. Specifically, EPYS was used to
correlate defect electronic structure and surface stoichiometry with electrical and optical
properties of ZnO. A self-consistent model of the surface band structure has been
proposed, based on EPYS measurements that invoke space charge effects arising from
the presence of intrinsic point defects near the ZnO surface. High surface conductivity
and green luminescence (GL) are attributed to Vo defects, low electrical conductivity
and yellow luminescence (YL) to deep lithium acceptors, and red luminescence (RL) to

Vyn-Vo complexes.

In addition, the capacity for EPYS to monitor real time changes in electronic struc-
ture due to adsorption of NH; onto ZnO is demonstrated by presenting time-resolved

photoelectron emission profiles while increasing the partial pressure of gaseous NHj.

56
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5.2 Introduction

Zinc oxide (ZnO) has a central role in the ongoing development of semiconductors for
lighting [136-139], solar energy harvesting [140-142], spintronics [143-145] and pietzo-

electronics.

The following sections provide a brief background to ZnO and an overview of the advan-
tages and current limitations of ZnO in the development of optoelectronic devices. In
the past two decades ZnO has generated significant interest in the research community
due partially to its large exciton binding energy, 60 meV, which offers the potential for
high lumen/kWh solid state lighting devices [138, 146]. It is also due to the fact that
ZnO has a direct and wide bandgap of 3.37 eV at 300 K, large piezoelectric constants,

strong luminescence, high radiation hardness, and high thermal resistance [137, 142].

It has recently become readily available in high quality bulk crystal due to the advances
in growth methods [147-150]. ZnO has also been predicted to exhibit induced magnetic
properties from dilute transition metal impurities at room temperature [141, 151, 152],
a promising attribute for potential spintronic device materials. Zinc oxide has a number
of advantages over its primary competitor in the lighting industry, GaN. Among these
are non-toxic growth methods [153]; low refractive index; stability under UV and high
energy radiation [154, 155]; and bulk substrates that can be grown, allowing fabrication

of homeoepitaxial layers [148, 156, 157].

More recently, sensitivity of both electrical and optical properties of ZnO to the presence
of gases have been identified as potential flags to be used in gas sensing devices [158]. In
particular, a strong electrical response to gaseous NH; has been reported [157, 159-161].
The presence of adsorbates at the ZnO surface can alter its electrical conductivity by
redistributing electrons at the solid-gas interface, generating depletion regions that are
able to locally accumulate or deplete charge carriers in significantly larger concentrations
than in the bulk structure. However, the response of ZnO surface conductivity to NH,
depends also on its initial state, which is established by the formation of subsurface

intrinsic and extrinsic defects.

The samples used in this study were hydrothermally grown nanorods. The hydrothermal
method, also more generally known as the solvothermal method (when H,O is not used

as the solvent), is used for mass production of many crystals including quartz, GaN and
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ZnO [149, 162-164]. In this process, water is used as a polar solvent for ZnO, which
is then placed in an autoclave. Roughly 70-90% of the autoclave volume is filled with
the solvent. The nutrient, composed of sintered ZnO pellets, is dissolved in the hotter
region located at the bottom section of the autoclave. The saturated aqueous solution in
the lower region is transported by convective motion of the solution to the upper region
housing the ZnO seed crystals suspended by platinum wires. The hydrothermal growth
of ZnO is usually performed in a temperature range from 300 to 430°C at pressures from

70 to 250 MPa [162).

The doping effects in ZnO fall into three subgroups. These are:

1. unintentional n-type doping, with defects and impurities from crystal growth;
2. intentional n-type; and

3. intentional p-type doping with purposeful incorporation of impurities.

Defects are a fundamental part of the study of semiconductors. Defects are always
present as intrinsic point defects, dislocations and impurity atoms. They alter the elec-
trical and optical properties of semiconductors. In the past, sub-bandgap luminescence
and electrical conductivity had been attributed to numerous defects that are now known
to be unlikely to have been responsible [19, 154, 165]. There are still a number of prob-
lems currently preventing the identification of these defects. Intrinsic point defects in

ZnO are discussed in detail below.

5.2.1 Intrinsic point defects in ZnO

While n-type doping can be easily achieved, the unintentional, native n-type state results
in a background carrier concentration that can negate the effect of incorporating acceptor
states as a means of producing p-type material. Controllable conductivity paves the way
for short wavelength optoelectronic devices with ZnO. However, this includes fabricating
high quality ZnO with either electron or hole majority carrier concentrations in excess of
107 ¢cm™ [166-168]; and there has been great difficulty attaining bipolar carrier doping
in wide band-gap semiconductors, especially ZnO due to the p-type compensation from

native donors [168-171].
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F1GURE 5.1: Charge states and transition levels of intrinsic point defects in ZnO. The
charge states depend on value of the Fermi level. Figure adapted from Janotti and van
der Walle [172].

N-type doping has been established through substitution of a group IIIA element (group
13 - Al, Ga, In etc.) on the Zn site, producing highly conductive ZnO. However, efforts
to obtain p-type ZnO have been unsuccessful, as native defects in unintentionally doped
ZnO compensate the potential acceptors for p-type conductivity [157, 172-174]. Native
point defects in zinc oxide include Zn vacancies (Vzn), Zn interstitials (Zn;), oxygen
vacancies (V), oxygen interstitials (O;), and zinc and oxygen anti-sites (Znp and Ozy).
Figure 5.1, taken from Janotti and van der Walle [172], shows the charge states and

relative transition levels of native point defects within the ZnO bandgap.

The concentration of a point defect depends on their formation energy. Formation ener-
gies - shown in Figure 5.2 - suggest that under thermodynamic equilibrium the dominant
defects should be vacancies: Vg in p-type material and Vz, in n-type material. Both
vacancy sites have the lowest formation energies in zinc rich ZnO, with Vg favouring
the Fermi level close to the valence band and Vg, preferring the Fermi level close to the

conduction band. The zinc vacancy and oxygen interstitial dominate the O-rich ZnO.

5.2.1.1 Oxygen vacancies

Vo has been reliably shown to be a deep donor, with an unstable charge state of 1+
at about 1.1 eV below the conduction band minimum (CBM) [146, 176, 177]. Under
thermodynamically stable conditions, V01+ decays into either VO%L or VOO and are
not believed to contribute to conductivity. However, Vg are predicted to compensate p-

type carriers, an impediment to producing highly conductive p-type ZnO. The calculated
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FIGURE 5.2: Formation energies of native point defects in ZnO calculated by Janotti

et al. [175]. The formation energies are plotted as a function of the Fermi level position

in oxygen (left) and zinc (right) rich conditions. The different slopes of the traces
represent different charge states.

migration barrier is ~2 eV [178, 179], and there has been disagreement in the literature
whether Vo should be present in significant concentrations in n-type ZnO [157, 158,
170, 180-182]. The green luminescence band ( 2.4 eV) has been attributed to the Vo
[146, 180, 183, 184].

5.2.1.2 Zinc vacancies

V7, are deep acceptors; their stable -1 and -2 charge state levels are 0.18 and 0.87 eV
above the VBM respectively [156, 157, 177, 185]. These states are due to the broken
bonds of the four oxygen nearest neighbours. The states are too deep in the bandgap to
contribute to p-type conductivity at room temperature, and the energy of formation is

too high in p-type material for sufficient Vz,, concentrations to be present [178, 179, 184].

7Zn0O nanostructures have exhibited distinctly different electrical conductivity and lumi-
nescence profiles that have been attributed to the presence of Vg, Vyz, and Li. These

properties are discussed in more detail in the following sections.
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5.2.2 Optical properties

The luminescence spectrum of zinc oxide has two dominant features - as shown in Figure
5.3 - a near-band edge (NBE) emission, which manifests as a narrow peak in the UV
region (3.3 eV); and the defect luminescence, which is observed as a broad peak in the
visible region (1.5-3 €V), due to transitions occurring within the bandgap. The defect
luminescence is generally accepted as being the combined result of at least three deep
level transitions: a green luminescence (GL) at 2.4-2.5 eV, a yellow luminescence (YL)
centred at 2.1 ¢V and a red luminescence (RL) at 1.7 eV [158, 176, 183-185]. The
following section gives a brief introduction to what is known about these features, and

the effects that the incorporation of defects and impurities have on them.

Near Band Edge Emission
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FIGURE 5.3: Characteristic cathodoluminescence profile from ZnO at room tempera-
ture showing the near band edge emission at 3.37 eV and defect related emission arising
from inter-bandgap radiative recombination pathways.

5.2.2.1 Near band edge luminescence

The NBE luminescence from zinc oxide is composed of multiple spectral lines that are

only resolved at cryogenic temperatures, resulting from recombinations of carriers across
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the bandgap. Free exciton transitions occur at 3.377 eV, the band edge [138, 186].
The sharp spectral lines at the near-band edge, 3.36 eV, originate from bound exciton
recombinations [138, 187]. Sharp lower energy emission peaks occur due to longitudinal
optical phonon replicas separated by 72 meV [138, 180]. At energies from 3.31-3.34 eV,
two-electron satellite recombination lines are observable due to neutral donor-bound

exciton recombinations [138].

5.2.2.2 Defect luminescence

The broad defect luminescence peak of ZnO, ranging from 1.5-3 eV, has three main
contributing components; the GL centered at 2.45 eV, the YL centered at 2.1 eV and
the RL at 1.7 eV.

The nature of the GL, centred on 2.45 eV, remains a controversial subject. The GL has
in the past been attributed to bound exciton transitions between ground and excited
states of copper impurities, resulting in an emission at about 2.8 eV [146]. However,
ZnO exhibits the GL with minimal Cu impurities, and also exhibits other features (such
as dramatic changes in luminescence upon annealing [188]) ruling out the involvement
of Cu. The GL has more recently been attributed to intrinsic defects in zinc oxide, such

as the Vo, Zn; and zinc antisites [146, 183, 184, 189].

The YL contributes to the mid range of the defect luminescence. Its peak is centred at
2.1 eV with a FWHM of 0.5 eV. At low temperatures it has been attributed to donor-
acceptor pair (DAP) recombinations between shallow donors and Liz, impurities that
exist as deep acceptor levels (0.8 eV above VBM) in the bandgap [183, 185, 190, 191]. It
was suggested that the YL may be a result of free to bound transition associated with
the Liz, acceptor [138]. The YL is frequently observed in hydrothermally grown ZnO
that has been unintentionally doped by Li during the growth process.

The RL is a luminescence peak centered at 1.7-1.9 eV. This luminescence has been
previously attributed to O; and Zny, as it has been observed in Zn rich ZnO samples
[185, 192, 193]. It has also been strongly linked with surface states, as it can be removed
by de-hydrogenation of the ZnO surface [142, 157]. Recently the RL has been attributed
to defect complexes such at O;-H and Zn;-Vo [142, 183].
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5.2.3 Electrical properties

The conductivity of bulk zinc oxide is determined by the growth procedure due to
the introduction of native defects and/or extrinsic impurities. Hydrothermally grown
ZnO exhibits highly resistive electrical behaviour. Alternative growth methods produce
relatively less resistive ZnO. The respective carrier concentrations and resistivities are
typically around p = 1000 Qcm and n = 107 em™ [167, 168, 171]. Defects and impu-
rities incorporated in each method are the source of carriers that determine the carrier

concentration, and hence conductivity.

High electrical surface conductivity is proposed to arise from downward band bending
at the surface due to the formation of an accumulation layer in the case of a dominant

near-surface Vo population [184, 194].

5.3 Experimental methods

The ZnO samples used in this study were provided by, and optically and electrically
characterised by Suranan Anantachaisilp of the University of Technology, Sydney. ZnO
nanorods 50-60 nm in diameter were hydrothermally grown at 90°C. The low tempera-
ture growth was achieved by seeding sapphire substrates in 0.025 M zinc nitrate hexahy-
drate (Zn(NOy), - 6H,0) and 0.025 M hexamethylenetetramine (C¢H12Ny4) for three
hours. The samples were annealed at 650°C for 30 minutes in one of two different envi-
ronments composed of ambient Zn vapour or gaseous O,. As-grown, Oy annealed and
Zn annealed samples were characterised with X-ray diffraction (XRD), scanning elec-
tron microscopy (SEM), cathodoluminescence spectroscopy (CL) and electrical surface
conductivity measurements. Cathodoluminescence measurements were conducted in a
FEI Quanta 200 SEM with a 5 kV, 0.2 nA beam illuminating an area 50 ymx 43 pm.
The maximum photon generation depth was calculated to be 37 nm using CASINO

simulations [195].

One each of the ZnO nanorod samples were studied with EPYS. Each sample was ther-
mally conditioned in high vacuum prior to measurement by heating to 100 °C at 5x 1078
mBar for one hour to remove residual water and other contaminants. EPYS spectra were

then collected in a dry Ar environment (1.3 mBar) by introducing Ar to the chamber
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through a cryogenic trap that prevents the introduction of residual water from gas de-
livery lines into the chamber. Ar was selected as the ambient gas to observe the native
surface state in the absence of adsorbed gas species. 50 Spectra were collected over the
wavelength range 325-215 nm (3.8-5.8 €¢V) in 1 nm increments from each sample, and
averaged in post-processing to increase the signal to noise ratio by increasing the effec-
tive collection time. Conductive pathways across the sapphire substrates were formed

with silver paint at corners of each 10x10 mm sample to prevent charging.

5.3.1 Sensitivity to NH,

Electrical sensitivity of the ZnO nanorod samples to gaseous NH; was investigated with
conductivity measurements. These measurements were performed at room temperature
and atmospheric pressure, inside a chamber though which NH; vapour flowed, using dry
air as a carrier gas. The chamber was pumped lightly while drawing in air from the
precursor vessel that contained liquid NH;. A second inlet could be opened that allowed
pure air to flow into the chamber while the NH; delivery line could be closed for baseline
conductivity measurements. Furthermore, the concentration of NH; could be controlled
by regulating the flow rates through each line using mass flow controllers. The sensitivity
measurements were performed by monitoring the electrical current across each sample,
while maintaining a constant potential across them of 1 V. These measurements were

performed as a function of time over the period of 100 minutes.

Correlative EPYS measurements were performed to observe the effects of exposure to
gaseous NH,; on the ZnO nanorod photoelectron emission profile. The samples were
initially characterised in a dry argon environment at 2 Torr and a temperature of 40°C.
The gas cascade amplification was optimised at a detector voltage of 200 V. After several
measurements, argon in-flow was stopped and the pumping rate decreased while NH,
was slowly introduced to the chamber to maintain a constant pressure of 2 Torr. EPYS
spectra were collected continuously as the NH; concentration increased over the course

of 1 hour.

Due to the increasing partial pressure of NH; and decreasing argon partial pressure,
the gas cascade amplification also decreased. The cascade amplification drops as NH,
molecules have larger non-ionising electron scattering cross sections than argon atoms,

and thus require high electric fields to achieve equivalent amplification. However, NH,
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also has more mechanical modes to dissipate energy than argon, and is thus able to
continue increasing its amplification at higher voltages without electrically discharging

across the sample-detector gap.

To compensate for the decreasing amplified photoelectron current, the detector voltage
was reset to 400 V after 1 h. To achieve a stable gas cascade, argon partial pressure also
needed to be minimized so as not to produce positive ion feedback and cause the cascade
to become unstable. During the period in which the detector voltage was being reset,
the chamber was purged by evacuating to 0.1 Torr, and the NH, flow rate subsequently
increased to bring the chamber pressure back to 2 Torr, at which point the experiment
resumed. The low vacuum environment was now dominated by gaseous NH; and the
cascade amplification was much higher than in the argon and argon-NH, gas mix. EPYS
spectra were then continuously collected over the period of 1 hr while the coverage of

ZnO with NH,; molecules reached a steady state.

5.4 Results

SEM images of the as-grown nanorods are shown in Figure 5.4. The samples are of high
density and uniform hexagonal (0001) crystalline orientation, approximately 50-60 nm
in diameter. Contact between rods that are aligned at slightly differing angles to the
substrate allows for electrical conductivity measurements to be performed across the
length of the substrate, and also enables EPYS characterisation. The XRD - shown in
Figure 5.4 (d) - profiles were indexed to the wurzite phase of ZnO (P63mc, a=0.3249 nm
and ¢=0.5207 nm). No significant change was observed in XRD following treatment in
Zn or O, environments, indicating that no microstrain or extended defects were induced
during the treatment process. Slight changes in the relative peak heights, however,
indicate that the relative orientation of nanorods to the substrate were altered during

the treatment process.

Figure 5.4 shows SEM images of the O, annealed (a) and Zn vapour annealed (b) ZnO
nanorods. The structure and diameter of thermally treated nanorods is preserved, while
a slight difference in the variation of orientation with respect to the substrate can be

observed between the two samples, as is confirmed by XRD measurements.
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FIGURE 5.4: SEM images of nanorods thermally annealed in (a) O, environment (b)
Zn vapour environment. The mean diameter and hexagonal structure of the nanorods
remains unchanged; however, a slight reorientation with respect to the substrate can
be observed. (c¢) As-grown nanorods (inset highlights high density hexagonal (0001)
growth) and (d) shows XRD patterns of as-grown, O, annealed and Zn annealed
nanorods. Changes in the relative peak heights arise from a reorientation of the
nanorods with respect to the substrate. Data collected by Suranan Anantachaisilp.

A CL spectrum of each sample is shown in Figure 5.5. Each sample possesses a unique
CL emission profile, with dominant defect related emission occurring in the frequently
observed YL, RL or the GL bands. As-grown nanorods exhibit a strong YL at 1.9 eV
and a quenched NBE emission at 3.3 eV. O, annealed nanorods emit predominately in
the RL region (1.7 eV) with a small contribution to the emission profile from GL at
2.5 €V, and with a relatively small peak observed at the NBE. CL defect emission from
Zn vapour annealed nanorods is dominated by the GL at 2.5 eV and a relatively strong
NBE emission is observed at 3.3 eV. The differences between these CL profiles indicate
clearly that the post-growth annealing process in different environments (O, and Zn
vapour) are resulting in the incorporation, formation or activation of point defects that

facilitate radiative carrier recombination.

As-grown nanorods exhibited the lowest conductance at 2.9 x 1072 Q! | while O,
annealed nanorods possessed a conductance two orders of magnitude higher than as-

grown at 3.1 x 1077 Q7! and the Zn vapour annealed nanorods exhibited the greatest
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F1GURE 5.5: Cathodoluminescence spectra of ZnO nanorod samples. The yellow trace

is a CL profile from as-grown ZnO nanorods and is dominated by the YL at 1.9 eV. The

red trace is a CL profile from O, annealed nanorods and shows a large defect emission

in the RL band (1.7 V) and a smaller contribution from the GL (2.5 eV). The green

trace is a CL profile from Zn vapour annealed nanorods (magnified by 4) and exhibits

GL defect emission and a relatively strong NBE emission. Data collected by Suranan
Anantachaisilp.

conductance at 3.4 x 1076 Q1.

The EPYS spectra of the clean dry ZnO nanorods in argon - displayed in Figure 5.6 -
reveal two main differences in the photoelectron emission profile induced by the ambient
annealing treatment of as-grown samples. Firstly, the photoelectron emission current
near threshold of both O, and Zn vapour annealed samples were larger than as-grown
samples by approximately two orders of magnitude. Secondly, the Zn vapour annealed
samples also exhibited a significantly lower photoelectron emission threshold (4.12 eV)
than both O, annealed and as-grown samples (4.47 and 4.61 eV respectively). The
changes in surface electronic structure that would result in these differences in photo-
electron emission characteristics are presented in the discussion, but it is worth noting
the correlation between integrated area of the EPYS spectra and the electrical conduc-

tance of the ZnO samples.
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FIGURE 5.6: EPYS spectra of ZnO nanorods. The red trace shows an EPYS spectrum

from as-grown nanorods, the green trace is from O, annealed nanorods and the blue

trace is from Zn vapour annealed nanorods. Both thermally treated samples (O, and

Zn vapour annealed) exhibited a significantly greater photoelectron emission current

than as-grown nanorods. While as-grown and O, annealed nanorods both began to

emit photoelectrons at 4.5 eV, the Zn vapour annealed nanorods exhibited a lower
photoelectron emission threshold at 4.2 eV.

5.4.1 Sensitivity to NH,

Measurements of the sensitivity of ZnO nanorod electrical conductivity to NH; are shown
in Figure 5.7. The figures on the left are the ratio of a continuously monitored current
I, to the initial current, I;, flowing across the samples with potential difference of 1 V
applied, as a function of time during which NH, was introduced at increasing concentra-
tions. The figures on the right hand side plot the maximum electrical sensitivity ratio

as a function of NH; concentration.

In each case, the ZnO samples exhibited a reversible increase in electrical conductiv-
ity when exposed to NH;. The strongest response was from O, annealed ZnO, which

increased in conductivity by a factor of 23 when exposed to an ambient 100 ppm of
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FIGURE 5.7: Electrical conductance sensitivity of ZnO nanorods to gaseous NH, for

(a) as-grown; (c) O, annealed; and (e) Zn vapour annealed samples. Figures (b), (d)

and (f) show the corresponding ratio of the chance in conductivity as a function of NH,
concentration. Data collected by Suranan Anantachaisilp.

NH;. Zn vapour annealed ZnO exhibited a comparatively small change in conductivity,
increasing by a factor of 1.37, while as-grown ZnO increased by an intermediate factor

of 4.1.

EPYS spectra collected continuously during the introduction of NH; into the chamber
are shown in Figures 5.8, 5.9 and 5.10 for as-grown, oxygen annealed and zinc annealed
7ZnO respectively. The inset of each figure shows a log-linear plot of the EPYS spectra.
In the case of all three samples, the presence of NH; resulted in a decrease of the
photoelectron emission threshold. Photoelectron emission threshold began to decrease
at the point when NH; was introduced into the chamber and was present in a relatively
low concentration compared to argon. The decrease continued for each sample as the
NH; concentration increased, until after the chamber was purged and the amplification
gas completely replaced by pure NH;, at which point the threshold began to converge

to a steady state value.
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The photoelectron emission threshold for as-grown ZnO began (in argon) at 4.61 eV
and decreased to 4.02 eV in a majority NH; environment. O, annealed ZnO, which
exhibited a native photoelectron emission threshold at 4.47 eV, showed a strong response
to the presence of NH; as its photoelectron emission threshold decreased to 4.21 eV and
its photoelectron emission strength increased significantly in comparison to the other
samples, given the environmental conditions in which the spectra were collected were
identical. The photoelectron emission threshold of Zn vapour annealed samples, initially

4.12 eV in argon, decreased to 3.97 eV in when in a majority NH, environment.

5.5 Discussion

Changes in surface electronic structure, and optical and electrical properties can be
understood by considering the roles of native defects and impurities on the band struc-

ture of ZnO. High electrical resistivity and strong YL exhibited by the hydrothermally

As-grown ZnO
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FI1GURE 5.8: EPYS spectra from as-grown ZnO nanorods collected in an environment
transitioning from argon into gaseous NH;. The blue traces were collected initially in a
dry, argon environment, and the pale red traces were collected in a NH; environment.
Inset shows the spectra on a log-linear scale. As the partial pressure of NH; increases,
the photoelectron emission threshold decreases. The gaps in the spectra are periods
during which NH, is introduced to the chamber: spectra were not collected during
this period as the detector bias had to be adjusted to compensate for the changing
amplification medium.
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F1GURE 5.9: EPYS spectra from oxygen annealed ZnO nanorods collected in an en-

vironment transitioning from argon into gaseous NH;. The blue traces were collected

initially in a dry, argon environment, and the pale red traces were collected in a NHy

environment. Inset shows the spectra on a log-linear scale. As the partial pressure of
NH, increases, the photoelectron emission threshold decreases.
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FiGURE 5.10: EPYS spectra from zinc annealed ZnO nanorods collected in an envi-

ronment transitioning from argon into gaseous NHj. The blue traces were collected

initially in a dry, argon environment, and the pale red traces were collected in a NHy

environment. Inset shows the spectra on a log-linear scale. As the partial pressure of
NH, increases, the photoelectron emission threshold decreases.
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as-grown nanorods is consistent with the presence of Li acceptor states incorporated dur-
ing growth. The YL has previously been attributed to DAP recombination, in which Li
plays the role of a deep acceptor facilitating the recombination pathway [138, 191, 196].
Li acceptors compensate their donor counterparts - such as H - decreasing the native
background free carrier concentration and leading to a high electrical resistivity. It
is thought that annealing ZnO post-growth at 650°C causes the breakup of Li based
complexes such as Li-H, eliminating the DAP recombination pathway and allowing the
shallow donors to contribute free n-type carriers to the conduction band. The result of
breaking Li-donor complexes is a removal of the YL and an increase in electrical con-
ductivity, which is consistent with the results of both CL and electrical characterisation

by Suranan Anantachaisilp [158, 195].

It is inferred that annealing the nanorod samples in O, and Zn vapour leads to a change
in stoichiometry of the ZnO surface by incorporating oxygen (or depleting zinc) and
incorporating zinc into the crystal lattice respectively. Oxygen rich (i.e. O, annealed)
ZnO possesses a relatively high concentration of Vy, at the surface (which are more
likely to occur than O; due to the lower formation energyof Vyz,). Zinc rich ZnO (i.e.
Zn vapour annealed) will most likely contain a relatively high concentration of Vg due

to the incorporation of excess Zn into the lattice near the nanorod surface.

The O, annealed samples exhibited a distinct absence of the YL, a strong RL and small
contribution from the GL. Furthermore, an increase in the electrical conductivity by two
orders of magnitude from the native, as-grown state was observed. The strong RL is
believed to arise from formation of Vy,, defects or, to a lesser extent, O;, which have the
lowest formation energies of intrinsic defects in n-type, oxygen rich ZnO. Vg, is a deep
acceptor and would thus only be expected to affect the conductivity by compensating
local shallow donors. The GL present in O, annealed samples is comparable to the
strength of the NBE emission, similar to the zinc-vapour annealed samples. The GL
is proposed to arise from radiative recombination associated with Vo defects by the

majority of recent investigations into defect luminescence of ZnO.

Zinc-vapour annealed ZnO exclusively exhibited GL and NBE emission, whilst possessing
the highest electrical conductivity of the three samples. The formation of Vo near the

surface is expected to induce a slight downward band bending, due to the addition of
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donor states to the bandgap, and thus locally increase the n-type carrier density in the

form of an accumulation region.

The photoelectron threshold observed in these cases marks the ZnO work function,
which has been shown to vary from 4.4 to 3.5 eV with increasing carrier density [16, 197].
Several values for the ZnO work function have been reported in different studies, varying
with dopant type, concentration [194, 198] and surface termination [199, 200] ranging
from 3.5 and 6 eV. The ionisation potential of ZnO has been reported to be 7.68 eV,
as measured using UPS, with a corresponding room temperature band gap and electron
affinity of 3.37 and 4.35 eV respectively [201]. Variations in the work function are
typically attributed to the Fermi level shifting with free carrier density, while electron
affinity and ionisation potential have been shown to vary in some cases due the presence
of surface states and chemisorbed species generating surface dipole fields. The energy

difference between the conduction band minimum and the Fermi level is given by

Ec— Ep=¢—x =kgTln <JZD> (5.1)
e

where kj, is Boltzmann’s constant, 1" is temperature in Kelvin, Np is the effective den-
sity of states of the conduction band (~ 3 x 10'® cm™) and n, is the conduction band
electron density. Assuming the electron mobility is relatively similar between the ZnO
nanorod samples, which is reasonable considering the consistency of reported mobility
in variously doped ZnO [137] - approximately 150 cm?V-!s! - a change in electrical
conductivity will primarily be due to a difference in free carrier concentration. Changes
in free, n-type carrier density of two orders of magnitude (for the purpose of provid-
ing an example - from 10'® to 10'7 cm™) as observed in these samples correspond to a
Fermi level shift of approximately 0.13 eV, from 0.2 eV to 0.07 eV below the conduc-
tion band minimum. This corresponds extremely well with the difference between the
photoelectron threshold of as-grown and O, annealed ZnO nanorods, 4.61 and 4.47 eV
respectively. The difference in work function of these samples, as measured by EPYS, is

therefore attributed to a Fermi level shift arising from the significantly different carrier

densities in as-grown and oxygen annealed ZnO samples.

Assuming these threshold values represent the work function, however, places the sur-

face Fermi level at, or slightly above the conduction band minimum, for an ionisation
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potential of ~7.7 eV. This indicates that a small amount of downward band bending
must be occurring at the as-grown and oxygen annealed ZnO surface, which also has
been corroborated with X-ray absorption near edge structure (XANES) experiments
performed on these samples [195]. The downward band bending was attributed to the
adsorption of donor surface states, the most likely of which, although not conclusively
identified, have been suggested to be chemisorbed H,O and OH molecules [195]. A band
diagram representing the relative Fermi levels and work functions of the ZnO samples

is shown in Figure 5.11.

As-grown Oxygen annealed Zinc annealed

FIGURE 5.11: Band diagrams for the as-grown, oxygen annealed and zinc annealed ZnO

samples. The Fermi level sits higher with respect to the conduction and valence bands

in oxygen annealed and zinc annealed samples, and the zinc annealed ZnO exhibits
greater downward band bending due to the presence of V.

The zinc annealed sample possessed a photoelectron threshold of 4.12 eV, much lower
than both the as-grown and the oxygen annealed sample. This decrease in work function
is not unexpected, though, for such high conductivity ZnO. This is especially in the zinc
rich case, where the intrinsic, near-surface defect population is supposed to be dominated
by Vo. The presence of Vo defects near the ZnO surface would lead to further band
bending due to the dipole field generated by the presence of excess charge carriers, free or
donor bound. The band diagram representing the zinc annealed ZnO case is also shown
in Figure 5.11, and while the Fermi level is situated at the same energetic position with
respect to the bulk conduction band minimum as in oxygen annealed ZnO, the extent

of downward band bending at the zinc annealed ZnO surface is greater by 0.35 eV.

The model of band bending proposed and schematically represented in Figure 5.11 is

consistent with CL, electrical conductivity and EPYS measurements performed as a part



Chapter 5. Application of EPYS: characterisation of subsurface defects 75

of this study. The downward band bending occurring in as-grown and oxygen annealed
ZnO has been corroborated with XANES. It follows from consideration of the n-type
nature of Vg defects that ZnO samples annealed in a zinc-vapour environment should
exhibit downward band bending to a greater extent than both as-grown and oxygen

annealed samples.

5.5.1 Sensitivity to NH;,

Electrical sensitivity measurements demonstrated a clear increase in conductivity of ZnO
when exposed to gaseous NH;. The respective sensitivity of as-grown, oxygen annealed
and zinc vapour annealed samples did not appear to correlate with their corresponding
native conductivity. Specifically, the sample exhibiting the strongest electrical response
to NH; (oxygen annealed ZnO) possessed an intermediate native conductivity, while the
most resistive (as-grown) and the most conductive (zinc annealed) responded to NH; to
a significantly lesser extent. Of note is the reversibility of the electrical conductivity, in
particular, for the O, annealed ZnO sample - a promising characteristic for use in gas

sensing devices.

The physical mechanism generally proposed to result in an electrical response of ZnO to
NH,; is a gas-adsorbate reaction leading to the donation of electrons from adsorbates to
the ZnO surface. The reaction proposed is as follows: 4NH; +30" —— 6 H,O+2N, +
3e”. However, this model is inconsistent with the CL analysis of ZnO defects in this
study. It is widely accepted that the presence of Vo enhances oxygen adsorption via
dissociative chemisorption of O, molecules [202, 203]. One would expect, in this case,
that zinc annealed ZnO, containing a relatively high concentration of Vg - evidenced
by its GL - would also exhibit the highest O coverage and subsequently the strongest

electrical sensitivity to NH;.

Time-resolved EPYS measurement of the photoelectron emission profile in the response
of NH; shows a decrease in the photoelectron emission threshold with increasing NH,
concentration. This strongly suggests that the presence of NH; results in electron dona-
tion to the ZnO surface, although the exact mechanism facilitating this process remains
elusive. Due to the fact that all three samples (as-grown, oxygen annealed and zinc an-
nealed) exhibited a decrease in photoelectron emission threshold to approximately 4 eV,

it appears most probable that the reason for the decrease is Fermi level pinning at the
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ZnO surface to the chemical potential of NH;. This would explain the similar thresholds
of all three samples, as their respective Fermi levels would be referenced to the same
chemical potential in each case. The greatest hurdle faced by EPYS in this case - for
continuous monitoring of changes in the environmental composition - was the chang-
ing partial pressures of the two amplification gases, both of which exhibit significantly

different amplification characteristics.

The ability to monitor this process in real-time - despite a requirement to change detector
settings midway in this case - is an example of an application of EPYS in the charac-
terisation of surface electronic structure responding dramatically to different species of
ambient gas. These types of experiments, specifically employing photoelectron emission

spectroscopy, are completely novel and the first of their kind.

There are a number of simple considerations that would overcome the issues associated
with photoelectron amplification in future studies of this kind. These include character-
isation of a variety of gases that would be suitable for such an experiment, so that one
may have the criteria for selecting gas mixes that would have similar gas cascade char-
acteristics. Increasing the effective collection time for these measurements would serve
to increase the dynamic range by decreasing the electrical noise, and thus normalising
EPYS spectra post-processing would allow quantitative comparison of threshold values,
even in cases where amplification or photoelectron emission strength varies dramatically

between gas species.

5.6 Conclusion

EPYS has been employed as a correlative technique for the characterisation of ZnO in
a broader study of its defect structure, optical and electrical properties. It has been
used to identify different work functions of ZnO samples that, when correlated with
electrical and optical properties, has led to the development of a self-consistent model
of subsurface defects and their effects on the band structure of hydrothermally grown

7Zn0O nanorods.

As-grown ZnO nanorods contain deep Li acceptors that facilitate the YL and result
in low conductivity. A low concentration of n-type carriers is corroborated with the

highest work function of all samples as measured by EPYS, and slight downward band
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bending at the surface places the Fermi level close to the conduction band minimum.
Annealing ZnO nanorods in oxygen breaks up Li-donor pairs, causing an increase in the
conductivity and a loss of the YL, while the formation of V,, introduces the RL. A slight
decrease in the work function corresponds highly with an upward Fermi level shift arising
from the increased n-type carrier concentration (which is also suggested by an increased
photoelectron emission strength). Annealing ZnO nanorods in zinc vapour results in
the highest electrical conductivity, and an exclusively green defect related luminescence.
The lowest work function was observed in zinc annealed ZnO, and it has been attributed
to downward band bending at the ZnO surface arising from the presence of near-surface

Vo donor states which also explains the strong GL and high conductivity.

Zn0O has been shown to have a strong, electrical response to the presence of NH; vapour,
increasing in conductivity upon exposure to the gas. This sensitivity has been probed
using real-time EPYS measurements, demonstrating a completely novel capability of the
EPYS system that had never previously been performed. The photoelectron emission
threshold was observed to decrease with increasing NH; partial pressure, to approxi-
mately 4 eV for all samples, indicating a surface Fermi level pinning to an adsorbate

chemical potential - most likely NH;.

5.7 Implications

7Zn0 is a promising candidate for a variety of impending technologies based in optoelec-
tronics, such as solid state lighting, solar energy harvesting, UV lasers and many other
applications for radiation hard, visibly transparent and electrically conductive material.
Gas sensing has more recently been identified as another application of ZnO, and this
study has identified specifically that it is capable of identifying the presence of NH; to
levels below 20 ppm in atmosphere. Understanding the defect and electronic structure of
Zn0O nanostructures brings these technologies one step closer, enabling predictive device

design for future development projects.

Another aspect of this study that has implications for the future of solid-gas interface

characterisation is the realisation of real-time photoelectron emission yield spectroscopy
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in changing environments. A capability of the EPYS system to probe the surface elec-
tronic structure of ZnO, as the gaseous environment around it changes, has been demon-
strated. This capability is of great interest to the nanoscience community, and should
prove to be of great value in the future of materials physics, chemistry and in the bio-

logical sciences.



Chapter 6

Application of EPYS: in-situ

study of surface functionalisation

6.1 Summary

In the following chapter, EPYS is used to elucidate a spontaneous exchange reaction
that takes place between chemisorbed hydrogen and physisorbed fluorine on diamond. A
result of this reaction is the charge state switching of near-surface nitrogen-vacancy (NV)
defects from neutral to negative, which has significant implications for the development
of diamond based quantum technologies. Using the reaction identified by EPYS, an
electron beam-directed technique for controlling the charge states of near-surface NVs
in diamond was developed. The electron beam fluorination process is highly localised and
can be used to control the emission spectrum of individual nanodiamonds and surface

regions scanned by the electron beam.

6.2 Introduction

Diamond is a dense face-centred cubic lattice of carbon atoms (a member of the Fc3m
space group). Diamond typically contains impurity substitutional atoms (e.g. Ni, Co,
N, and Br [204]) depending on its growth or formation process. Impurities may also be
intentionally incorporated during growth and by ion implantation [205, 206]. A complex

point defect composed of a substitutional nitrogen atom adjacent to a carbon vacancy is

79
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FIGURE 6.1: The diamond crystal lattice structure (left) containing a NV defect and
the electronic structure of the NV in diamond (right) [211].

known as a nitrogen-vacancy (NV) centre. A NV centre may exist in one of two charge
states - neutral or negative - with a single unpaired electron or two unpaired electrons
respectively. The electronic structure of the negatively charged NV centre is of C3v
symmetry, containing triplet ground and excited states and a non-radiative metastable

singlet state shown in Figure 6.1 (right) [207-210].

The diamond NV centre, comprised of a substitutional nitrogen atom adjacent to a
carbon vacancy, is the subject of intense research into qubits for use in quantum com-
puting [212], markers for live cell imaging [213-215], and sensors of extremely weak
electric and magnetic fields [216-218]. These applications are made possible by the fact
that the spin states of individual NV~ centres can be manipulated deterministically and
read out optically at room temperature [212, 216-220], and that diamond is a non-toxic
bio-compatible material [221-224]. However, the charge state of NV~ centres can be
unstable, and must be controlled to enable optimal exploitation in photonic and spin-
tronic applications [225-227]. Shallow NV~ centres located near a diamond surface are
particularly significant for coupling NV centres to on-chip waveguides and cavities, and

sensors that have high spatial resolution [228, 229].

6.2.1 Nitrogen-vacancy centre in diamond

The discovery of single negatively charged nitrogen-vacancy (NV ) colour centres marked
a critical point in the evolution of diamond-based quantum technologies [208, 230, 231].
The detection of single centres soon enabled demonstrations of photostable single photon

generation [232, 233], which highlighted the NV~ centre for implementation in quantum
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FIGURE 6.2: Characteristic photoluminescence spectra of the NV~ (red) and NV’
(blue) defects in diamond.

optical networks, as well as demonstrations of optical preparation and readout of the
centre’s electronic spin [210, 234-237|. This identified the NV centre as a possible solid
state spin qubit suitable for quantum information processing and quantum metrology
devices [230, 238]. Following these demonstrations, the growth of research into the NV~
centre and the development of applications of the centre have been incredibly rapid and

a number of important milestones have been reached [207, 208, 231, 236, 239).

NV~ ground state can be prepared by optical pumping of the defect, due to an effi-
cient spin-flipping, non-radiative recombination from the m,; = +1 excited state to the
ms = 0 ground state [210, 234]. Continuous, high flux irradiation of a NV~ by photons
of energy greater than 1.95 eV populates the ms = 0 state, as excited mg = 0 states can
only undergo spin preserving recombination, while ms; = 41 excited states may relax
via a spin-flipping metastable state to the ms = 0 ground state. Furthermore, determin-
istic, resonant spin-flipping between the mgs = +1 and ms = 0 ground state has been
demonstrated using radio frequency magnetic fields [210, 234, 237, 240]. Identification
of the ground state spin resonant frequency of NV~ was enabled by the ability to infer
initial ground state spin based on the strength of its photoluminescence. The ground
state spin can be read out optically; the strength of NV~ photoluminescence is directly

proportional to the relative populations of its ground state spin levels.

The NV does not possess this stable, optically observable, magnetic sensitivity, and
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is thus not a desirable charge state of NV centres for the development of spin-based
technologies [210, 231, 241, 242]. However, they are typically present near the diamond
surface due to upward band bending, which shifts the energy level of NVs well above the

Fermi level where they are far less likely to accept an electron from the valence band.

The identifying features of NV~ and NV are their optical zero phonon lines (ZPLs)
at 1.945 eV (637 nm) and 2.156 eV [173, 243], respectively, and associated vibronic
bands that extend from their ZPLs to lower energy in emission, shown in Figure 6.2.
The sharp ZPLs and well defined vibronic bands of NV~ and NV indicate that the
optical transitions occur between discrete defect levels that are deep within the diamond
bandgap. Both charge states have sufficiently strong fluorescence to be detected as single

centres using scanning confocal microscopy [173].

6.2.2 Hydrogen and fluorine terminated diamond
6.2.2.1 Hydrogen terminated diamond

Intrinsic diamond, with a band gap of 5.5 eV, is an insulator in the bulk phase [244-246];
however, hydrogen terminated diamond exhibits a very high surface conductivity [247,
248]. This high p-type electrical conductivity has previously been attributed to hydrogen
related defects acting as acceptor states [246], although more recently, experimental
evidence has been presented demonstrating that hydrogen is a requirement for surface
conductivity but that exposure to air was also necessary [248|. The proposed mechanism
for this behaviour was a redox reaction with adsorbed water overlayers that facilitates
a p-type accumulation layer at the diamond surface. A brief overview of this work is

presented below.

Surface conductivity in diamond has been confirmed many times over the years [247, 249—
251]. The carrier concentration and Hall mobility of carriers was found to vary little
with temperature, and the mobility was always similar to B-doped diamond, indicating a
conductive surface pathway. The surface conductivity was only observed in H-terminated

diamond and disappeared after dehydrogenation or oxidation of the surface.

As a result, the conductivity was attributed directly to the presence of hydrogen, as an

unidentified shallow acceptor [249, 252]. Maier et al monitored the conductivity and
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FIGURE 6.3: Electrical conductivity data from Maier et al. [248] showing the change
in surface conductivity when hydrogen terminated diamond is exposed to air.

electron affinity of a variety of diamond samples in air and in UHV conditions while
thermally treating and dehydrogenating by electron bombardment in UHV [248]. The
experiments were performed as follows. The conductance of diamond in air was measured
and found to be in agreement with the high conductance previously observed while the
NEA characteristic of hydrogen terminated diamond was confirmed with photoelectron
emission spectroscopy. The sample was then annealed at 100 °C in UHV for 20 minutes

during which period the conductance dropped by 6 orders of magnitude.

However, thermal desorption of hydrogen does not begin below 700 °C. Localised de-
hydrogenation was performed by irradiating a selected area with an electron beam and
then confirmed, using photoelectron emission spectroscopy to observe the loss of NEA
in the irradiated region. The sample was subsequently exposed to air while the conduc-
tivity of both hydrogen-terminated and dehydrogenated regions were monitored and the
surface conductivity only returned to the unirradiated (hydrogen terminated) region.

The conductivity data are shown in Figure 6.3

It was found that the UHV annealing step was required for the drop in conductivity to
occur, indicating that an additional ingredient from the air is necessary for the forma-

tion of surface conductivity, and that it desorbs above approximately 100 °C in UHV.
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Further characterisation of annealed and unannealed hydrogen terminated diamond was
performed with IR spectroscopy that identified the C-H stretching modes in unannealed
diamond that progressively vanished by annealing at higher temperature and for longer

periods.

Direct electron transfer into atmospheric adsorbates is highly unlikely due to the low
electron affinities of molecular adsorbates (2.5-3.7 eV) relative to the VBM of diamond,
which sits at 4.2 eV below the vacuum energy of free electrons. However, the presence
of acceptors in a water overlayer, which forms naturally on all surfaces in atmosphere,
is able to facilitate electron exchange from the diamond surface due to the chemical
potential of electrons in a liquid phase (u.) falling below the diamond VBM. Due to the
CO, content in the air, the water overlayer develops an excess of H;OT ions, causing

the pH to drop. The lower pH decreases . according to the Nernst’s equation:

([Hs0")/[H30" |snE)

pe = po — (KT /2)In ([H2]/[H2]suE)

(6.1)

where g is the chemical potential for electrons under Standard Hydrogen Electrode
(SHE) conditions. This relationship leads to a chemical potential of the aqueous wetting
layer, pe of -4.26 eV. With a NEA of hydrogen terminated diamond of -1.3 eV, p. is
positioned approximately 50 meV below the VBM; thus, electron transfer to the aqueous
H,O" acceptors may take place and the Fermi level pinning results in upward band

bending at the diamond surface. A schematic for this process is shown in Figure 6.4

6.2.2.2 Fluorine terminated diamond

Hydrogen terminated diamond is renowned for its unique NEA [113, 253-255]. Termina-
tion of the diamond surface by oxidative species such as fluorine, however, results in the
formation of a surface dipole field that causes downward band bending, and leads to a
positive electron affinity [256-260]. This effect has been reported with both fluorine and
oxygen termination. Typically oxygen termination is achieved by exposing the sample
to oxygen plasma [252, 261], while fluorine termination has reportedly been achieved in
a number of ways - including spontaneous dissociative chemisorption upon exposure of

the surface to both elemental and molecular fluorine [93, 259, 260]. Fluorination has also
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F1GURE 6.4: Top: Schematic of the hydrogenated diamond surface in contact with a

H,O overlayer taken from Maier et al. [248]. Bottom: Evolution of the band bending

during the electron transfer process at the interface between diamond and the H,O
overlayer.

previously been observed to occur upon exposure of hydrogen terminated diamond to el-
emental fluorine by way of a spontaneous exchange mechanism between the chemisorbed

hydrogen and ambient fluorine [262].

An increase in the electron affinity, x (accompanied by an increased ionisation potential,
¢) is the result of dipole field setup in the C*-F% surface bond [263]. The downward
band bending that results from this highly polar bond also shifts near-surface defect
energy levels downward with respect to the Fermi level [225]. As defect states shift from
above to below the Fermi level, the defect may undergo a change in their charge state.
This effect has been demonstrated in the case of both fluorine and oxygen terminated

diamond [252, 264-266].

This study employs a spontaneous exchange reaction between chemisorbed hydrogen
and molecular fluorine that can be inhibited by a water overlayer to locally control the

charge state of near surface defects in diamond.
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FI1GURE 6.5: Photograph of the confocal photoluminescence setup used in this study.
The lens in the foreground focuses excitation light into a 0.5 um? spot on the sample,
and also collects the photoluminescence from the sample.

6.3 Experimental methods

This following section presents a thermally activated method and an electron beam-
directed technique for switching the surface termination and charge states of shallow NV
centres in diamond. Specifically, fluorination of the surface of H-terminated diamond
is facilitated by removal of a H,O overlayer by annealing the diamond in vacuum then
exposing to NF; or by electron beam irradiation in the presence of NF; respectively.
The relative population of NV charge states were identified by the strength of their

characteristic photoluminescence spectra.

A boron doped polycrystalline diamond film was used in the EPYS measurements to
avoid spurious photoelectron emission from a substrate, while Type IIb nanodiamonds,
35 nm in diameter, dispersed onto a Si substrate were used for confocal photolumines-
cence measurement. Both samples were first treated in oxygen plasma for one hour
(30 W, 0.3 mBar, 13.42 MHz) to remove residual hydrocarbon contaminants, and sub-
sequently exposed to hydrogen plasma for one hour (30 W, 0.3 mBar, 13.42 MHz) to
ensure a H-terminated surface. H-termination of the diamond film was verified with
EPYS, by way of observing the low photoelectron threshold and strong photoelectron
emission strength characteristic of NEA surfaces, while the H-terminated nanodiamonds

were characterised with photoluminescence measurements.
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6.3.1 Thermally activated fluorination

EPYS spectra were first obtained from boron doped polycrystalline H-terminated dia-
mond in a H, environment at 2 Torr. The chamber was then evacuated of H, and the
diamond sample heated to 100 °C at a pressure of 6 x 10~® mBar for one hour. NF; was
subsequently introduced into the chamber, bringing it to a pressure of 2 mBar. EPYS

spectra were then collected from the diamond sample in the presence of NF';.

Critically, to investigate the importance of the annealing step, similar experiments were
performed in which H, was replaced by NF; without thermally annealing in high vacuum,

and also when H, is re-introduced after the annealing step instead of NF,.

The nanodiamonds underwent the sample exposure cycles as the diamond film, both
with and without the thermal annealing step, carried out in the EPYS chamber, al-
though EPYS spectra were not collected due to unwanted photoelectron emission from
the Si substrate. The nanodiamonds were then characterised ex-situ with a confocal
photoluminescence (PL) setup (photograph shown in Figure 6.5 and schematic of the
setup in Figure 6.6). PL spectra were collected in air using a 532 nm excitation laser

with a spot size of 0.5 pm?.

6.3.2 Electron beam induced fluorination

Analogous measurements to thermally activated fluorination were performed on both
polycrystalline diamond film and the nanodiamond samples, replacing the thermal an-
nealing step with electron irradiation in the presence of NF;. The fluorination was
verified ex-situ using EPYS in the case of polycrystalline diamond, and PL in the case

of nanodiamonds.

EPYS spectra were first collected from the polycrystalline diamond in a H, environ-
ment. The EPYS chamber was then vented, and the sample loaded into a variable
pressure electron microscope. A region 3mm x 3mm was rastered with a 20 kV, 142 nA
defocused electron beam for five hours (corresponding to a primary electron fluence of
1.8 x 103nm~2) in 0.13 mBar of NF,. The sample was subsequently loaded back into the
EPYS chamber, and EPYS spectra were collected from the electron-irradiated region in

an NF; environment at 2 mBar.
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FIGURE 6.6: A schematic of the confocal photoluminescence setup used in this study.

A 532 nm excitation laser is directed onto the sample, and its x-y position at the

sample surface scanned using a piezoelectric scanning mirror. Emitted and reflected

light returns along the path of the excitation laser until they are separated at a dichroic

mirror. The photons generated by the sample are allowed to pass through the dichroic

mirror, where they are detected by avalanche photodiodes for panchromatic mapping,
and/or a spectrometer.

Similarly, PL spectra were collected from the hydrogen plasma treated nanodiamonds,
then loaded into a variable pressure electron microscope. The electron beam process
used to switch the charge state of NV centres is shown schematically in Figure 6.8 (a).
A 20 x 20 pm? region containing the nanodiamonds was then rastered with a 20 kV,
0.51 nA electron beam for one hour beam (corresponding to a primary electron fluence
of 2.9 x 10'nm~2) in a 5 mBar, NF; environment. Confocal PL spectra were then
collected from nanodiamonds inside and outside of the electron irradiated region, and

panchromatic PL maps were also collected from the electron irradiated regions.

6.4 Results

The EPYS spectra (Figure 6.7) from polycrystalline diamond show that H-terminated

diamond had an electron emission threshold of 4.55 eV, and that it increased to 5.84 eV
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FIGURE 6.7: Normalised photoelectron yield spectra of H-terminated diamond (ac-

quired in a H, environment) and F-terminated diamond (acquired in NF; vapour).

The latter were generated by thermal (solid line) and electron beam (dashed line) in-
duced fluorination.

after annealing and exposure to NF;. Importantly, the threshold remains at 4.55 eV if
the annealing step is skipped and H, is simply replaced with NF;. The threshold also

does not change when the water overlayer is removed and H, is re-introduced; however

in this case an increase in the photoelectron emission is observed.

The dashed blue line in Figure 6.7 shows the EPYS spectra collected ex-situ from the
region irradiated by an electron beam in NF';. This region exhibited sightly lower pho-

toelectron threshold than the sample studies in-situ by thermally activated fluorination.

Photoluminescence spectra taken from unexposed and electron-irradiated regions of the
sample are shown in Figure 6.8 (¢), along with a panchromatic photoluminescence map
of the sample (d). The spectra shown in Figure 6.8 (c) are also representative of the
PL profiles from H-terminated nanodiamonds and those that were exposed to NF; after
thermally annealing in high vacuum (red and blue, respectively). The spectra show that,
in the electron-irradiated region (as in the thermally annealed nanodiamonds), the inten-

sity of the NV~ zero phonon line is greater than that of the corresponding NV emission.

Conversely, in the unexposed region (and hydrogen plasma treated nanodiamonds), the
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FIGURE 6.8: (a) Schematic illustration of nanodiamonds before, during and after elec-

tron beam irradiation in NF5 vapour. (b) SEM image of a cluster of nanodiamonds.

(¢) PL spectra collected from virgin, H-terminated, and irradiated nanodiamonds (solid

lines). (d) PL map showing the sample region that was irradiated by an electron beam.

The dashed traces in (c¢) show 5 additional spectra acquired from the virgin and irra-

diated sample regions, illustrating the consistency of data collected from H-terminated
and irradiated nanodiamonds.

intensity ratio is inverted. This difference correlates perfectly with clear shifts in the
EPYS spectra observed from the polycrystalline diamond film, with the NV? emission
corresponding to the low photoelectron emission threshold, and NV corresponding to

the high photoelectron emission threshold.

The fluorinated surface is stable upon exposure to air at room temperature. However,
the photoelectron emission threshold returns to 4.55 eV after heating to 100°C under
vacuum, cooling to room temperature, and exposure to H,. This behavior corresponds to
thermal desorption of fluorine, which has been shown to occur over a wide temperature

range, starting as low as 40°C [93].
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6.5 Discussion

The changes in EPYS spectra and PL from polycrystalline diamond and nanodiamonds
respectively are understood in the context of surface band bending induced by the pres-
ence of either hydrogen and H,O, or fluorine. Strong evidence for a spontaneous ex-
change reaction between hydrogen and gaseous fluorine is presented; however, a H,O
overlayer typically present on the diamond surface prevents the exchange reaction from
taking place - as evidenced by EPYS and PL measurements of diamond exposed to NF,

without having undergone a thermal conditioning step that serves to remove the H,O.

The ionisation energy (£) observed with EPYS of 4.55 eV is consistent with the negative
electron affinity of H-terminated diamond [76, 254]. The increase to 5.84 eV is also
consistent with surface fluorination due to the large electronegativity of fluorine, which
inverts the polarity of the surface dipole, causing a downward bending of the bands in
diamond, as shown in Figure 6.9 [253, 267]. The extent of downward band bending
due to chemisorbed fluorine is smaller than that reported for F-terminated (100) dia-
mond, shown to be upwards of 8 eV [267]. The difference is attributed to incomplete

fluorination, and the possibility that some surface sites are terminated by NF, species.

The charge state of NV centres is determined by the position of the NV~ charge
transition level (shown in Figure 6.9) relative to the Fermi level [225]. Near the surface,
the transition level is located above and below the Fermi level in the case of hydrogen-

terminated and fluorinated diamond, respectively. Therefore a downward shift of the
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FIGURE 6.9: Simplified schematic of a diamond surface terminated with hydrogen and
fluorine. [Ecp = conduction band minimum, Eyp = valence band maximum, Er =
Fermi level, Eyac = vacuum level, £ = ionisation energy]
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valence band maximum relative to the Fermi level is expected to cause a corresponding
switching of the charge state of near-surface NV centres, as was observed by ex-situ PL

of the thermally treated diamond film.

Electron irradiation of the diamond surface in the presence of NF; was shown to increase
the ionisation potential of H-terminated diamonds with EPYS. Perhaps the most com-
pelling evidence for a protective H,O overlayer preventing spontaneous fluorination was
a locally induced chemical switching of NV charge states on the nanodiamond sample
by irradiation with an electron beam in the presence of NF; (illustration of this process
is shown in Figure 6.10). The localised, electron beam induced version of the process
was attributed to electron beam stimulated desorption of H,O molecules and fragments
from H-terminated diamond, and subsequent exchange of hydrogen with fluorine. The
fluorination step takes place spontaneously at room temperature (as shown by EPYS),

but was likely assisted by electron-beam-induced decomposition [268] of NF, adsorbates.

Prior methods for fluorinating diamond have included exposure to elemental and molec-
ular fluorine [262], XeF, [93, 259, 267|, CF, plasma [264], and CHF; plasma [269].

However, all of these methods are delocalised, and most are prone to the generation of

FIGURE 6.10: Illustration of the activation of near-surface NV~ defects in nanodia-

monds by irradiation with an electron beam in the presence of NF;. Electron bom-

bardment removes a protective water overlayer, and exposed bare hydrogen terminated

diamond to NF;, which then undergoes a spontaneous exchange reaction, fluorinating
the nanodiamonds.
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defects that compromise the optoelectronic properties of diamond. The room tempera-
ture, NF;-mediated, electron beam technique described here is minimally invasive and

enables highly localised, direct-write processing of diamond.

6.6 Conclusion

The charge state of near-surface NV centres has been controlled by changing the elec-
tronegativity of molecules that terminate the diamond surface [225, 263, 265]. A mecha-
nism for achieving this was identified using EPYS and corroborated with PL. A method
for controlling the NV charge states was developed here and can be achieved in a single
step, with high spatial resolution by irradiating H-terminated diamond with an electron
beam in the presence of NIy vapour. It was shown that, in the absence of electron
irradiation, NF; does not alter H-terminated diamond provided it contains a protective
overlayer of H,O molecules/fragments. Conversely, if the overlayer is desorbed (either
thermally or through electron stimulated desorption), exposure to NF; at room tem-
perature yields: (i) a stable change in photoluminescence caused by an increase in the
ratio of negative to neutral NV centres; and, (ii) an increase in the ionisation energy
of diamond. The electron beam fluorination process is highly localised and could be
used to switch the emission spectrum of individual nanodiamonds and surface regions
scanned by the electron beam. The observed behaviour is consistent with the effects
of fluorine on band bending at the diamond surface, which are verified by measuring

changes in the ionisation energy of diamond using EPYS.

6.7 Implications

This study has profound implications in the development of diamond-based quantum
computing and development of magnetic measurement instruments. The highly desirable
electron spin and optical properties of NV make it a promising candidate as a single
photon emitter in quantum information processors, but also requires that the defect
be active very close to the diamond surface. This limitation is also imposed on high
spatial resolution magnetometers, which will be limited in their resolution by the size
of the nanodiamonds that host NV~ centres. In both cases, hydrogen termination in

atmosphere imposes a lower limit on the size of diamond particles due to the width
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of the depletion region caused by electron transfer across the hydrogen interface into
the water overlayer. This limitation can be overcome by fluorine surface termination,

achieved here, activating NV~ centres at the diamond surface.

The ability to directly write fluorine termination to diamond using an electron beam
also has other applications such as the generation of high spatial resolution patterns of
differing surface conductivity, wetting behavior and other physical properties associated

with the energetic surface structure of diamond.



Chapter 7

Application of EPYS: monitoring

adsorbate coverage

7.1 Summary

Environmental photoelectron yield spectroscopy (EPYS) has been used to study the
work function of platinum single crystal (110) as a function of temperature in the pres-
ence of CO. A significant decrease in the work function of platinum has been observed
with increasing temperature. This is proposed to arise from dipoles generated by three
different binding states of CO to platinum, which exist at different CO coverages due to
adsorbate-adsorbate interactions governing their ability to rearrange binding configura-

tions.

7.2 Introduction

CO chemisorption to platinum surfaces has played a major role in the long-standing
model of heterogeneous catalysis, CO oxidation [270-273]. Catalytic CO oxidation is
a reaction between CO and oxygen, producing CO,, that would not otherwise occur
unless the reactant species are co-adsorbed on a catalyst (such as Pt) [274, 275]. The

general reaction steps proceed in the following way:

95
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CO =— COuas (7.1)
O2 = 2 Oags (72)
COads + Oags — CO, (7.3)

Molecular oxygen dissociatively chemisorbs to platinum, where it may then undergo a
reaction with a nearest neighbouring CO molecule [120, 270, 276]. This reaction plays
a large role in a variety of existing industrial applications, including the neutralisation
of toxic CO exhaust in the automotive industry [274]. It is also of intrinsic scientific
interest, due to questions about the physical origin of catalytic reaction pathways. Only
in the last couple of decades, with the advent of low vacuum surface characterisation
techniques, has this seemingly simple reaction been exposed as highly sensitive to the

gaseous environment in which it takes place [23, 277, 278].

7.2.1 CO oxidation reaction

The reaction has often been viewed as ideal for investigations of fundamental catalytic
reaction processes, as it involves adsorption/desorption of reactants (CO) [15, 273, 279,
280], dissociative adsorption of reactants (O,) [281-285] and reactant inhibition (CO
poisoning) [22]. The classic, high vacuum reaction pathway has been described as a
Langmuir-Hinshelwood mechanism [15, 278, 286], in which the neighbouring adsorbates
react with one another producing CO,. In the idealistic conditions of UHV instrumen-
tation, CO is known to have a high sticking coefficient on Pt, in the order of greater
than 1 eV [47, 287, 288], and CO,qs had been shown to inhibit O, adsorption as a re-
sult [289, 290]. Thus at low temperatures in UHV, CO, production was inhibited by
absorbed CO, with CO, production increasing with temperature. However, high tem-
perature reactivity was observed to decrease due to lower CO adsorption and higher

desorption rates.

With recent developments in high-pressure surface analysis techniques, a number of
more nuanced, and contentious, reports about reactivity of platinum have been made
[291-293]. These have included the formation of an oxide that greatly increases CO,

production rate [277], a highly reactive and transient regime that is CO uninhibited [278],
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and less recently - using a photoelectron emission microscope - complex, propagating
reaction diffusion waves shown in Figure 7.1 [282, 294]. In each of these cases, the
configuration of adsorbed CO determines the platinum superstructure phase transitions
(for example 2 x 1 — 1 x 1) which in turn affect, in one case, the platinum oxide crystal
structure, and in another, the reaction diffusion patterns. Furthermore, the role of the
work function in catalysis is of fundamental significance, as an electron transfer to or
from the catalyst is a requirement for the catalytic reaction to proceed. An example
of how work function modification can dramatically affect the reactivity of a catalyst is

non-Faradaic electrochemical modification of catalytic activity (NEMCA) [295].

F1GURE 7.1: Temporal evolution of reaction diffusion spiral waves. The fronts of the
waves are where a CO oxidation reaction is taking place with adsorbed O~ on Pt. The
dark lines are O~ covered and the white spaces are CO covered [294].

7.2.2 CO on platinum

CO spontaneously chemisorbs to platinum surfaces, which is the result of charge transfer
from the CO molecule to the surface [296, 297]. The carbon atom binds to one or more
platinum atoms, while the positive oxygen atom faces away from the surface; this results
in a dipole with its positive pole pointing outwards from the surface [273, 296, 298]. CO’s
binding energies to platinum have been studied extensively in the past,[15, 48, 270, 282]

and three binding states of CO have been identified on platinum (110) using thermal
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desorption spectroscopy (TDS) [282, 299-302]: a relatively strongly bound state (A)
at low coverages with a binding energy of 1.462 eV; an intermediately bound state (B)
with binding energy 1.204 eV and a weakly bound state (C) present at high coverages
with a binding energy of 0.946 eV. Although some groups have reported slightly dif-
ferent desorption temperatures for the different states [47, 303, 304], they are generally
in agreement. The desorption temperatures are not a function of coverage, and there-
fore are not affected by ambient pressure. They represent the average thermal energy
imparted to adsorbates from the sample, beyond which, desorption rates increase expo-
nentially. The rapid desorption beyond certain thermal energies occurs as the thermal
energy exceeds the chemisorption activation energy F 4. A schematic of potential wells

for each of these chemisorption states is shown in Figure 7.2.

State A State B State C

0.946 eV

v
v
v

v

Increasing coverage

F1GURE 7.2: Potential energy diagrams of the three chemisorbed states of CO on
platinum. The binding strength decreases with increasing coverage due to adsorbate-
adsorbate interactions. When there is less CO present, the adsorbate molecule binds
more strongly with the Pt atoms (hybridised C-Pt bonds) and when there is more CO,
the nature of the C-Pt bonding changes, resulting in a more weakly bound state.

Each of these distinct binding states are the result of different bonding arrangements
between the platinum surface atoms and the CO molecules [252]. It is expected that
increasing coverage leads to lower bonding energies due to the ability of a CO molecule
to interact with more than one platinum atom at low coverages, while at high coverages,
there are a greater number of CO molecules per platinum atom, and weakly bound
CO molecules may even be situated atop or between more strongly bound states [296].
An example of how the coverage of CO on platinum is expected to affect its bonding

configuration is shown in Figure 7.3.

A high pressure study of CO adsorption on Pt was also performed by Rupprecheter et
al. [305] using SFG vibrational spectroscopy. Their findings indicated that CO was the



Chapter 7. Application of EPYS: monitoring adsorbate coverage 99

C
9) O O O O O | ©O
| I i § Il O
C 5 C LC L C - C C
MM /\ I ANV A4
M M MM M M

(1) (2 3 4 ©)

FIGURE 7.3: Speculative schematic of how coverage of CO molecules on platinum

atoms affects the CO-platinum bonding configuration (taken from Culver [296]). (1)

represents the most strongly bound state in the lowest coverage regime, while (5) shows
a weakly bound state situated between chemisorbed CO molecules.

only species present on the Pt surface between 160 and 400 K, independent of gaseous
CO pressure up to 500 mBar. They observed co-adsorbed H,O below 160 K, which red-
shifted the terminal CO peak as a result of electron donation from water to CO. The
water was inadvertently introduced through the gas delivery system, but was observed
to completely desorb at temperatures exceeding 160 K. The stability of the CO peak
under changing pressure indicated that full coverage is achieved with initial exposure to

CO.

7.3 Experimental methods

A circular Pt (110) single crystal 5 mm in diameter was used for this study. Prior to
loading to the EPYS chamber, the sample was cleaned with a sonicator in acetone,
isopropanol and then water for 20 minutes each, then baked at 120°C for eight hours.
Once loaded into the vacuum chamber, the sample was preconditioned by heating to
150°C at 6 x 1078 mBar for two hours to remove residual water and hydrocarbons.
The spectra acquired during the following experiments were not corrected for system
response because the purpose of these experiments was to monitor only the emission

threshold, which is most easily identified in the raw data

The chamber pressure was raised to 2 mBar with CO gas, through a gas delivery needle
positioned to maximize gas flux over the sample surface. Stable dynamic pressure was
achieved by setting the in-flow rate to 1 sccm with a mass flow controller, and opening
a manual needle valve to a scroll pump until the desired pressure was reached. Photo-
electron yield spectra were then gathered at room temperature at rate of 1 spectrum

per 3 minutes for approximately 1 hour with a detector bias of +440 V. The sample
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temperature was then raised incrementally over the period of six hours, from approxi-
mately 47°C to 380°C, while EPYS spectra were continuously collected. The pressure

and detector bias were kept constant during the course of the experiment.

The temperature was controlled by a current supply to a heating element beneath the
sample stage, and the temperature was measured with a Pt resistance thermometer
embedded into the sample stage. Approximately every 30 minutes the temperature was
increased and allowed to settle for 20 minutes, at which point the temperature was
measured and recorded. After reaching 380°C, the temperature was decreased back to

300°C in order to verify the reversibility of the photoelectron emission thresholds.

A secondary experiment was performed to examine the photoelectron emission reversibil-
ity over the full temperature range. In identical conditions to those described above,
photoelectron emission spectra collection began at 380°C, and the sample stage was
then allowed to cool to room temperature. However, the temperature was not measured
during the course of this experiment due to the electrical noise induced by closing the

circuit on the Pt resistance thermometer in the EPYS sample stage.

A supplementary experiment was performed to verify that the photoelectron emission
observed was not arising from an unidentified source, or that it was not spurious emission
from the stage. A residual gas analyser was incorporated onto the EPYS chamber to
monitor the presence of CO, CO, and O, in order to be able to correlate changes
in the photoelectron emission spectra with changes in the Pt surface coverage, which
could be inferred from the partial pressures of CO and O, and the production rate of
CO,. A series of measurements were performed resembling the experiments described
above. Firstly, spectra were collected at room temperature from Pt in a high vacuum
environment (~ 3 x 107% mBar); then CO was introduced to the chamber at a pressure
of 2.6 mBar at room temperature; the sample was then heated to 380°C while spectra
were being collected; and finally, a small amount of gaseous O, was injected into the
chamber, such that the absolute pressure was not significantly affected by the addition

of O,.

Additional experiments were performed to confirm the effects of oxygen on the work

function of Pt. Firstly, oxygen-terminated Pt was achieved by exposing the Pt surface
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to oxygen plasma prior to acquiring EPYS spectra without breaking vacuum. Sec-
ondly, EPYS spectra were continuously acquired while heating Pt in an O, environ-
ment. In both cases, the photoelectron emission threshold was found to increase beyond
reported values of clean Pt surfaces - 5.65 to 6.1 eV [306, 307] - as is expected of oxygen-
terminated/oxidised Pt [308]. The photoelectron current during these experiment was
extremely weak: in the case of oxygen plasma treated Pt, the photoemission threshold
was barely observed at incident photon energies >6 e¢V; and the photoemission thresh-
old while heating in an O, environment was observed to increase with a corresponding

decrease in photoelectron current until photoemission as barely discernible beyond 6 eV.

7.4 Results
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FIGURE 7.4: Temperature-resolved EPYS spectra acquired while Pt was heated in

a CO environment. The blue traces were collected at ~47°C the temperature was

incrementally increased and recorded for each set of spectra until reaching ~380°C,

shown in red. After collecting spectra at 380°C, the temperature was decreased to

307°C to check for reversibility. The inset is a log-linear plot of the same data that
highlights the shifting photoelectron emission threshold.
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FIGURE 7.5: Temperature-resolved EPYS spectra acquired while Pt was cooled in a

CO environment. The light red traces were collected at ~380°C, the temperature was

allowed to decrease until reaching room temperature, shown in blue. The temperature

was measured only at the start and end of this experiment due to the influence of

measuring temperature on the EPYS signal integrity. The inset is a log-linear plot of
the same data that highlights the decreasing photoelectron emission threshold.

Temperature resolved EPYS spectra from heating Pt (110) in CO are shown in Figure
7.4, and corresponding EPYS spectra from cooling Pt(110) in CO are shown in Figure
7.5. The insets in both show the spectra on log-linear scale. The photoelectron emission
threshold of CO covered Pt at approximately 47°C was observed to be 5.2 eV, which
corresponds with reported work functions [15, 273, 293]. Upon heating the sample, the
work function decreased rapidly to approximately 4.8 eV at 100°C. The work function
subsequently appeared to increase relatively slowly until approximately 300 °C, at which
point it began to drop rapidly again, eventually to 4.5 eV at 380°C. As the temperature
was lowered after reaching 380°C, the photoelectron emission threshold increased by an
amount corresponding with its original decrease. During the second experiment cooling
Pt in gaseous CO, the observed decrease of the work function with temperature was also

found to be reversible over the whole temperature range, as shown in Figure 7.5.
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Another feature of the EPYS spectra is a significant, reversible increase in the photo-
electron emission current with increasing temperature. There are two possible reasons

for this that are discussed below.
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FiGURE 7.6: Work function determined from the average of photoelectron emission

thresholds collected as a function of sample temperature. The existence of different

binding states can explain the nonlinear relationship between the observed work func-
tions and temperature.

During the first (heating) experiment, the temperature was increased from 47°C up
to 380°C in 10 increments. The increments were not equally spaced due to the poor
accuracy of calibrating the current source with the heating element over the range of
possible pressures that the EPYS operates at. The temperatures to which the sample
stage equilibrated after 20 minutes at a constant heater current were as follows: 47°C;
75° 91°C; 112°C; 127°C; 172°C; 227°C, 307°C; 342°C and; 377°C. After reaching the

maximum 377°C, the sample temperature was returned to 307°C.

At each temperature during the first Pt heating experiment, the five final spectra col-
lected were averaged and used to determine the work function, which is plotted versus

temperature in Figure 7.6.

The spectra shown in Figure 7.5 (cooling Pt from 380°C in CO) demonstrate the com-
plete reversibility of the work function shift over the entire temperature range studied.
Although the intermediate temperatures were not measured during cooling the spectra

clearly demonstrate a return to initial room temperature photoelectron emission from
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Pt in CO. The absence of sample temperature measurements (to preserve the EPYS
signal quality) also means that each spectra are approximately equally spaced in time
and correspond to an exponential decrease in temperature. A significant bunching of the
photoelectron emission threshold about 4.8 eV suggests that between 47°C and 380°C,

the Pt work function was largely between the values of 4.7 and 4.9 eV.
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FIGURE 7.7: (Top) A repeat experiment monitoring the photoelectron emission from

CO-covered Pt with increasing temperature in which O, was injected at ~370°C. Upon

O, injection, the work function immediately decreased, and then returned to its former

CO covered state. (Bottom) The corresponding residual gas analysis of this experiment.

The work function slowly returns to its high temperature CO-covered state as O, is
depleted via the CO oxidation reaction.

Figure 7.7 (Top) shows the effect of injecting O, into the EPYS chamber when the CO-
covered Pt surface is heated to ~380°C. The work function of Pt immediately increased
to approximately 5 eV upon the introduction of O,. The work function then steadily

begins to return to its CO value of ~4.8 eV. Figure 7.7 (Bottom) shows the residual gas
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analysis of this experiment, confirming the oxidation of CO by O, via Reactions 7.1 - 7.3
as the residual CO, partial pressure follows the O, partial pressure very closely and both
approach steady state values as time approaches infinity. It is important to remember
that CO is injected into and pumped from the chamber continuously during the course
of the experiment. Hence, upon injection of O,, the CO partial pressure decreases as
the CO, partial pressure increases, due to CO consumption in the oxidation Reaction
7.3. It is assumed that traces of Ar and H,O traces identified by residual gas analysis

upon O, injection are residual gas species present in the shared gas delivery lines.

7.5 Discussion

To our knowledge, this is the first experiment in which the absolute work function was
measured during a Pt heating cycle. A Pt work function of 4.5 eV, observed at high
temperatures, in a CO environment (Figure 7.4), is significantly lower than any values
reported in the literature [15, 273, 293]. To confirm that this observation was not an
artefact, EPYS spectra were also acquired from oxidised Pt by both heating in an O,
environment, and also after exposing to oxygen plasma. In both cases the work function

was observed to increase to vales >6 eV, which is consistent with literature.

The increase in photoelectron emission current that accompanies the observed decrease
in work function may be associated with an increase in the density of states close to
the Fermi level at the Pt surface, which is an effect that has been both calculated and
observed previously for CO-covered Pt [293, 309]. It may also arise due to the fact that
the photoelectron yield represents the sum of all filled states hv below the vacuum level.
If the work function is lowered by A¢, bringing the density of states closer to the vacuum
level, then for a given hv, the total number of photoelectrons increases proportionally
to the total number of filled states A¢ below its former level. Both of these effects
are likely to be contributing to the significant increase observed in the photoelectron

emission current.

The work function changes observed here are discussed in the context of different CO
binding states resulting in dipole fields of different strengths. However, additional ex-
periments probing the effects of CO coverage should be performed to verify this effect.

Reactions and interactions of CO with residual gas molecules such as H,O - especially
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under irradiation by UV light - could give rise to the formation of unique surface termi-
nations and molecular overlayers that may lead to the work functions shifts observed in
this study. Similar effects have been observed with water overlayers preventing an other-
wise spontaneous fluorination of hydrogen-terminated diamond [113], such that heating
in a gaseous fluorine environment causes the photoelectron emission threshold of dia-
mond to increase because the residual water overlayer is desorbed, allowing fluorination

to occur.

Given the CO flow rate remained unchanged, the arrival rate of CO molecules onto the
Pt surface would not have changed; however, the sticking probability and desorption rate
will have decreased and increased, respectively, as the sample was heated. It is therefore
inferred that the coverage of CO on the Pt sample decreases with the increasing tem-
perature, despite the low vacuum environment. Additionally, the coverage is expected
to reach steady state rapidly (relative to the time taken to acquire an EPYS spectrum)
whenever the temperature is altered due to the high pressure and hence arrival rate of

CO molecules at the Pt surface.

The relation between work function and temperature is not linear, but rather appears to
change rapidly upon reaching certain activation temperatures. This behaviour further
indicates that the work function shift is associated with coverage, and the tempera-
ture ranges of stable work function correspond to the temperature differences between
desorption energies associated with different adsorption states. Reported desorption
temperatures for binding states (C), (B), and (A) of CO on Pt (see Figure 7.2) are
200°C 330°C and 490°C respectively. In the range between 200°and 330°C, the (B)
state is dominant, and coverage is not expected to change significantly until either the
(B) state is depopulated beyond 330°C, or when the (C) state coverage begin to increase
below 200°C. A distribution of binding states taken from Nishiyama [299] is shown in

Figure 7.8.

The temperature range investigated in this study does not probe the desorption tem-
perature of the most strongly bound state, (A). However, it does cover a range of tem-
peratures over which adsorbates residing in states (B) and (C) are expected to desorb
rapidly. Correspondingly, we observed two temperature ranges over which the work
function dropped significantly, these being from approximately 50 - 100°C, and 300 -

380°C. The latter is approximately the temperature at which the dominant binding state
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FIcure 7.8: Distribution of binding states of CO on Pt taken from Nishiyama [299].

(B) is expected to depopulate, leaving the most strongly bound CO configuration at low

coverages. The lower temperature over which the work function was observed to de-

crease does not correspond to the reported desorption temperature of state (C), 200°C,

which may be due to the weakly bound states being more susceptible to desorption over

a much wider temperature range - as shown in Figure 7.9 taken from Nishiyama [299].
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FIGURE 7.9: Desorption kinetics of CO chemisorbed on Pt taken from Nishiyama [299].

An important question about how the binding configuration of CO changes with cov-
erage is whether the states coexist, or whether the way a CO molecule is bound to the
surface evolves as the number of nearest neighbours changes. The fact that variations
in the binding states are largely influenced by interactions with neighbouring adsor-
bates points to an evolution of binding configuration with coverage. This interpretation

also intuitively makes sense in terms of the shift in work function. The presence of all
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states simultaneously would lead to contributions to the photoelectron emission from
each state, albeit a contribution weighted by their relative populations. One would thus
expect some small but detectable photoelectron emission at ~4.5 eV, no matter what

the coverage. However, this is not observed.

The coordination configuration of the CO molecule on top of the Pt surface determines
how the electron density between the surface and the CO molecule is distributed [296].
The very presence of a CO molecule results in a redistribution of the native Pt electron
density; and this electron density difference is the cause of the surface dipole associated
with CO molecules on Pt. The surface dipole superimposed over the native surface
energetic barrier, or work function, causes the barrier height to change; in this case, the
barrier decreases, lowering the work function of the bare Pt surface. As the coordina-
tion, or geometry of the chemisorbed CO molecule reorganises into its lowest energetic
state, according to its interactions with co-adsorbed CO molecules, the electron density

difference increases or decreases in polarity, thus affecting the work function.

It is proposed in this work that the increasing binding strength of CO to Pt, that occurs
with decreasing coverages, is the result of hybridisation with a greater number of Pt
atoms per CO molecule, the outcome of which is an increase in strength of the CO-
Pt bond polarity. The natural dipole field generated by CO on Pt lowers the work
function. It is, therefore, natural to assume that increasing the polarity continues to

lower the surface energetic barrier.

Although the dipole field strength may vary in proportion to the coverage due to
adsorbate-adsorbate interactions, the coverage itself is not directly proportional to tem-
perature as a result of the discrete binding configurations of the CO molecules. A
consequence of these relationships is a work function of CO covered Pt that decreases
rapidly over certain temperatures due to an enhanced desorption rate of CO molecules in
a particular configuration, and a relatively stable work function across temperate ranges
between these thermal activation energies. It is the very process of thermally induced
CO desorption that allows remaining CO to bind to the surface with a discretely higher

bonding strength, and thus decreasing the work function.
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7.6 Conclusion

This study used temperature-resolved EPYS to identify a non-linear decrease in the
work function of CO-covered Pt (110) with temperature. Work functions as low as
4.5 eV were observed, which have not previously been reported. A model invoking
the relationship between dipole fields, adsorbate bonding configurations and adsorbate-
adsorbate interactions was proposed to account for the observations made with EPYS.
Specifically, three reported binding states of CO on Pt, associated with interactions
between co-adsorbed molecules, were used to understand how CO coverage varies non-
linearly with temperature, and how the evolution of the binding states with coverage

causes a change in the surface dipole field, and hence work function of Pt.

7.7 Implications

This study is one of few examining the nuances of a fundamental process in a catalytic
reaction that has previously been considered to be adequately explained by Langmuir-
Hinchellwood kinetics, when studied with UHV techniques. The study highlights the
need for low vacuum, real-time surface analysis techniques to elucidate surface processes
that take place in semi-realistic conditions, and may otherwise go unnoticed. Further-
more, it has identified that an important surface property of CO-covered Pt: the work
function decreases to a significantly low value previously not observed. This is a partic-
ularly important factor to be considered when attempting to understand the kinetics of

catalytic reactions taking place on Pt surfaces.
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Conclusion

The environmental photoelectron yield spectroscopy (EPYS) instrument, developed en-
tirely as a major part of this project, is a completely unique and novel, low vacuum,
surface analysis instrument. Unlike its conventional, ultra high vacuum counterparts
that interrogate ideal surfaces in non-realistic conditions, the EPYS enables real-time
characterisation of dynamic surface processes in semi-realistic, reactive gaseous environ-
ments. This capability is a requirement for the technological progress and fundamental
understanding of processes in materials physics, chemistry and bio-sciences. The ability
to observe time- and temperature-resolved surface electronic structure changes in re-
sponse to ambient gas species has been demonstrated as necessary for the identification
of a surface functionalisation pathway and an effect of adsorbate-adsorbate interactions

on surface dipole fields.

The development of the instrument from the ground-up has been an integral part of
this project, from designing and building the light and gas delivery systems, the low
vacuum detector to machining and welding the cryogenic sample stage and developing
instrument automation and control software. Furthermore, the interpretation of exper-
imental results based on a fundamental understanding of the solid-gas interactions that

take place has been a core aspect of the project.

This project presents four experimental applications of the EPYS system: the study of
gas cascade properties, elucidating a previously unidentified aspect of gaseous molecules
that makes them more or less suitable for use as an amplification medium; the study of

subsurface defects, the effects of their presence on surface band structure and observation

110
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of a strong, selective response to the presence of ambient NH;; identification of a surface
functionalisation pathway that led to the development of a method for locally activat-
ing charge states of shallow, luminescent defects in diamond; and observing previously
unseen changes in the surface work function of Pt, a catalytically active metal, that is
ascribed to dependence of dipole fields on interactions between coexisting adsorbates

that change with coverage.

Limitations of the EPYS instrument are largely associated with its detection mecha-
nism, a gas cascade. The limitations this imposes on the EPYS capability are due to
gas amplification artefacts arising from changes in ambient pressure and gas species over
time. Although normalised EPYS spectra can be used to quantitatively compare photo-
electron thresholds, gases possessing significantly different amplification characteristics
prevent time-resolved studies of transitions between environments composed of them.
The sensitivity of amplification to pressure also hinders attempts to perform pressure-
resolved experiments that would be of tremendous use in the study of coverage related

phenomena.

Further research and development could focus on improvements to the existing EPYS
hardware system such as increasing dynamic range and operating temperature range.
Furthermore, incorporation of additional hardware such as an electron multiplier system

offers a high vacuum characterisation capability.



Appendix A

Townsend gas capacitance model

Models of gas cascade amplification for low energy electrons generally assume that each
ionising collision between an electron and a neutral atom or molecule produces a single

low energy secondary electron.

(g)+e — (9)" +2e (A.1)

low energy electrons are accelerated by the electric field generated between the stage and
positively biased detector. Once an electron has gained sufficient kinetic energy, ionising
collisions can take place with gaseous atoms or molecules. The number of ionisations
per unit distance in swarm conditions is the first Townsend coefficient agyqrm, and has

been given by the relationship [83]

Qswarm = Bpeicp/E (A2)

where p is the gas pressure, E is the electric field strength (V/dgq, where V' is the

detector voltage and dyq), is the sample-detector distance) and

B (A.3)

1 L
RENRY
In the above equations A is the mean free path of electrons between inelastic collisions
with molecules, and ¢ is the ionisation energy of the gas molecule. It intuitively follows
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FIGURE A.1l: Simulated «(z) curve [86] for typical gas cascade detector operating condi-

tions (dgap =8.5 mm, p =5 Torr and V' =500 Volts). Regions I to III represent different

ionisation efficiencies as electrons move through the gap. Region 1: no ionisation by

low energy electrons near the sample surface; Region II represents increasing ionisation

efficiency as electrons are accelerated under the electric field; Region II: swarm condi-

tions and constant ionisation efficiency where energy gained under the influence of an
the electric field is equal to the energy loss from inelastic scattering collisions.

from this model that gases exhibiting high values of « will have low ionisation energies,
. This property of gases is often used as an indication of how efficient the gas will be

in cascade amplification detection systems.

Qswarm has been shown to vary across the gap [86] due to evolution of the electron
energy distribution, and is more appropriately defined as a function of the path, z,

between sample and detector by

Oé(Z) = aswarm[l - 670p(Z720)] (A4)

where C' is a specific gas constant, agyarm is the first Townsend coefficient given in
equation A.2 and zp is the average distance through which photoelectrons must be

accelerated from the sample in order to exceed the ionisation potential of the gas ¢

(L—e)d

~ (A.5)

zZ0 —
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Above, € is the median of the initial photoelectron energy distribution and e is the charge

of an electron.

In Figure A.1 «a(z) is zero until z = 2y at which point electrons accelerated by the
detector field have exceeded ¢ and begin ionising gaseous atoms or molecules (region I). In
region II «(z) increases as an exponential function approaching syqrm, which is attained
in region III. The exponential rise is a direct result of an increase in the ionisation cross
sections with electron energy, and swarm conditions are reached due to the increasing
efficiency and hence rate of the total inelastic scattering events approaching the rate

that energy is gained by electrons under the influence of the electric field.

Following the treatment in [122] the cascade amplification arising from these ionisation
efficiencies (under swarm conditions), consider that each ion produces an average of
« ion-pairs per unit length, dz, of distance traveled. Thus the number of electrons
generated at any point along the path (d/N ™) is proportional to the number of preexisting
electrons (N~ (z)) such that

AN~ = N (z)adz (A.6)

Integrating across the path length (dgqp) from the sample surface (N ~(0)) to the detector

gives the total number of electrons collected and hence the amplification:

N~ (dgap)

A= N-(0)

= ¢lgar (A.7)

The corresponding number of ions generated is therefore

N* (dgap) = N~ ()™ — N~ (0) (A8)

= N~ (0)[edsor —1] (A.9)

Likewise the positive ion current (Ipy) can be expressed as the product of the amplifi-

cation and the initial photoelectron current (Ipg).
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Ipr = IPE[eadg“p — 1] (A.lO)

Positive ions are directed towards the sample under the influence of the detector field.
When a positive ion comes into contact with a surface there is a probability that a
secondary electron will be ejected as a result of their interaction, v. When this occurs
the secondary electron initiates a feedback cascade that produces more positive ions that

return to the sample. If 7 is less than the reciprocal of e*@» (convergence criterion)

fy(eadgap) <1 (A.ll)

the cascade will stabilize with an additional self-amplification factor (k) which is the
sum of successive amplifications from a single positive impact with the surface. k is
formalized by summing the number of electrons ejected from the sample after the first

cascade (1N7) and all subsequent cascades ("IN, ) where n = 2,3,4...00

"N =y N7(0)[(e%er) — 1] (A.12)

and
PNo =72 N7(0)[(e™omr) — 1] (A.13)
INg =7 N7(0)[(e*omr) — 1] (A.14)

such that k& in an infinite sum

Ny = N7(0) {1+ [(e¥7) 1] 492 [(e®mr) = 1) 447 [(eloor) ~ 1.} (A.15)

that can be summarily expressed in the form

PNS=NT(0)Y 4" () — 1) (A.16)
n=0
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FIGURE A.2: Gas cascade amplification A versus H,O pressure as a function of (a)
detector voltage at dgqp = 5 mm and (b) sample-detector separation distance. Figure
adapted from [310]

giving the cascade generated self-amplification

OON; _ - n adgap) _ 1\n
k:N_(O)_Y;OW ((eaer)y — 1) (A.17)

If the convergence criterion (equation A.11) is met equation A.17 becomes

1

k=
1 — 1 (e2er — 1)

(A.18)

An expression for the total ion current is thus given by
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Torr of H,O. Figure adapted from [310].

I adgap 1
IPI — Lk IPE[eadgap o 1] o PE[e gap ]

= Al
1—7 (eadgap _ 1) ( 9)

The above equation can be used to model amplification, A, of specific gases over a range
of detector voltages, pressure and gap distance, as shown in Figures A.2 and A.3, which
together determine the rate at which electron energy is gained, the rate at which electron

energy is lost and the total number of collisions.

If the efficiency of secondary electron generation by ion impact with the surface is greater

than the reciprocal of gas amplification, i.e. the convergence criterion is not met

y(esar) > 1 (A.20)
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a runaway feedback process occurs, resulting in spark breakdown across the gap. =y
is a ion-surface specific property that also varies with electric field strength (E) and
gas pressure (p) between the sample and detector. In decreasing E/p the number of
excitations occurring in the gas is greater than the number of ionisations, and large
in these conditions is attributed mostly to the production of photoelectrons. However
v increases with larger values of F/p due to increased drift velocity and kinetic energy
which, in addition to inelastic ion-surface processes such as excitation of meta stable

states, contributes secondary electrons to the cascade by way of elastic collisions.

The ionisation potential of a sample partially determines ~y, with low work functions
producing higher v as less ion, meta-stable and photon energies are required to extract
electrons. 7 is also generally smaller for molecules than atomic gases because moleucules
have additional mechanisms for dissipating excitation energy (for example vibration,

rotation and neutral dissociation).
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EPYS Standard Operating

Procedure

B.1 Purpose

The purpose of this SOP is to direct EPYS users in the appropriate operation and
maintenance of the EPYS system, including safe practices with respect to gas delivery,

high voltage ion detection and avoiding practices that may be harmful to the instrument.

B.2 Procedures

B.2.1 Venting EPYS Chamber

1. Make sure HV to the detector is turned off.
2. Close the inlet valve from shared gas lines (to avoid venting the shared gas lines).
3. Close the outlet valve to RGA (to avoid venting RGA).

4. Tsolate chamber from TMP using large gate valve (make sure valve is completely

closed).

5. Spin down TMP (if spinning). This can be done simply by removing the wireless

remote that plugs into the side of the control box atop the pump.

119



Appendix B. EPYS Standard Operating Procedure 120

6.

10.

11.

Close the small manual outlet valve on underside of chamber (bypasses TMP to

scroll pumps).
Close the inlet manual needle valve (to avoid a pressure burst when venting).
Open the manual inlet valves from EPYS gas lines.

Open nitrogen pneumatic valve by flicking ‘Vent’ on switch box to ‘On’ position.

Nitrogen gas will begin entering the EPYS chamber.
Open up inlet manual needle valve to hasten the vent process.

When venting is complete, flick ‘Vent” on switch box to ‘Off’ position

B.2.2 Removing/Loading samples into EPYS Chamber

. Vent EPYS chamber (see section B.2.1).

Remove EPYS window (incrementally loosen nuts opposite one another - do not

remove nuts completely one by one). O-ring can be left in place.

Use Allen key to loosen sample clamps. Be careful not to push loaded sample off

the stage - if it drops it can be extremely difficult to retrieve.

Use clean tweezers to remove/insert sample. This can be difficult, using two pairs
of tweezers to pick-up/place sample onto stage may prove simpler than using just

one.

Fasten clamps over sample corners with the sample beneath detector, be sure to

leave ample space free for incident light (approximately 5 mm diameter).

Replace EPYS chamber window and fasten nuts (tightening incrementally - do

not fully tighten nuts one by one).

Pump EPYS chamber

B.2.3 Pumping EPYS Chamber

1.

Make sure ‘Vent’ switch on switch box is in ‘Off” position.
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2. Make sure TMP is completely spun down (revolutions per second can be viewed

on the TMP controller under ‘Act Rot Speed’).

3. (Optional, but recommended - avoids pressure burst to scroll pumps) Open up
outlet manual valve on underside of EPYS chamber. Open up needle valve after
manual valve. This will begin slowly pumping the chamber. Leave this for 5

minutes or longer.
4. Open up large gate valve. This will pump the chamber down rapidly.

5. When chamber pressure is below 0.1 Torr, spin up TMP. This can be done simply
by plugging in the wireless remote that plugs into the side of the control box atop

the pump.
6. Close manual valve on underside of chamber (if open).

7. Close all inlet valves to chamber.

In this configuration, the EPYS TMP can be used to pump on gas delivery lines and
the RGA gas lines by opening up the appropriate valves.

Do not open chamber to any high pressure lines (> 10~* Torr). Damage to the TMP

may occur if this happens.

B.2.4 Operating EPYS Chamber

B.2.4.1 Introducing Gas

1. Pump on shared gas line (minimum 1 hour) prior to introducing desired gas.
2. Make sure valve to RGA and valve to EPYS gas lines are closed.

3. Open up ‘Beam Chem Monitor’ on the EPYS laptop and begin tracking EPYS

chamber pressure with 10 Torr Baratron.
4. Close all valves along gas line in preparation for gas introduction.

5. Close large EPYS chamber gate valve and begin spin down of TMP. Isolate TMP

from roughing lines by closing the smaller gate valve on backside of the TMP.
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10.

Introduce desired gas to gas delivery line.

Open up valves along gas line beginning with valves closest to the source and
ending with the EPYS inlet valve (making sure the MFC/needle valve between
the source and EPYS chamber is closed).

Gas will begin bleeding into EPYS chamber. The gas flow rate into the EPYS
chamber can be adjusted to bring the chamber pressure to 2 Torr (recommended

operating pressure).

When the desired chamber pressure is reached, decrease in-flow rate to 0.5-2 sccm

(recommended) and open manual valve on underside of EPYS chamber.

Adjust out-flow rate using manual needle valve on underside of EPYS chamber.
If stable pressure cannot be achieved using only the manual out-flow needle valve,

adjust the in-flow rate accordingly.

B.2.4.2 Set-up Light Delivery

. Monochromator should be switched ‘on’ (turn ‘on’ if not already). electrometer

should be switched ‘on’ (turn ‘on’ if not already).
Switch on Deuterium lamp. This will take several minutes to ignite.

Open LabView program “Spectrometer control - collection time - multi scan”.
(Check software is communicating with instruments. See section B.5 for trou-

bleshooting advice if they are not communicating).
Plug electrometer into BNC feedthrough on EPYS chamber lid (to sample stage).
Plug HV supply into SHV feedthrough on EPYS chamber lid (to detector).

When Deuterium lamp is on, use LabView program to set monochromator wave-

length to 0 nm (this will allow all of the light to pass through the monochromator).
Open monochromator shutter using the LabView program.

Wearing UV safety goggles (located on the optical bench) align the optic fibre
over the EPYS chamber window so that light from the Deuterium lamp is incident
on the sample (avoiding other materials - stage, clamps etc.). Do not look into

the fibre directly or with any optic, even if there is no light.
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9. Secure the optic fibre in place using the magnetic retort stand and clamp (located

on the underside of the first EPYS system shelf).

10. Close monochromator shutter and set the wavelength to 195 nm using the LabView

program.

B.2.4.3 Set-up Detector Voltage and Begin Measurement

1. Switch on HV supply (0 V).

2. Open monochromator shutter (wavelength should be set at 195 nm and light inci-

dent on the sample).

3. Increase voltage on HV supply slowly, observing the current passing though the
electrometer. Continue increasing voltage until you have a good signal to noise
ratio in the amplified photocurrent (noise levels are typically 200 fA, signal levels
range from 10 - 1000 pA. These values can vary drastically depending on sample
and gas.) The best operating detector voltage is often about 20 V below breakdown
voltage (Ar - 270 V; H,O - 600 V; O, - 550 V; NH, - 450 V; ethanol - 400 V; CO
- 400 V).

4. When you have a stable pressure and current, set the monochromator wavelength

to 350 nm.

5. Set the scan wavelengths from 350 - 180 nm (in the LabView program). Use

wavelength increments of 1 nm.
6. Set the desired number of scans. Double check the shutter is open.

7. Press ‘Go Scan’, select a directory for the scan data and name the file. (It is
recommended you include the sample material, gas type, pressure and voltage

[and temp] in your file name, e.g. ‘ZnO-Ar-2T-250V[-150C]).

8. Each scan will be saved as a text file containing the wavelength (nm) and corre-
sponding current (A) in two adjacent columns. If you selected to perform several
scans, the number of each scan will be tagged onto the end of your specified file

name.
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9. While measurement is in process, pay close attention to the pressure, making
small adjustments to maintain constant pressure. Also continue to monitor the
photocurrent passing through the electrometer, if it very noisy - decrease the volt-
age a little bit, if it very high (nA) over an entire scan - the gas has broken down
and you need to decrease the voltage significantly (even turn off HV supply and

reset the voltage).

B.2.4.4 Finish Measurement

1. When you have finished collecting data, turn down the HV supply then switch it
off.

2. Switch off Deuterium lamp.
3. Close gas bottle (or gas source).

4. (When TMP completely spun down) Open small gate valve between TMP and
roughing lines. Then open large gate valve between EPYS chamber and TMP.
This will begin pumping out gas from the EPYS chamber and gas lines.

5. Let the scroll pump evacuate all gas from lines (including behind MFC or needle

valve) until pressure is below 0.1 Torr.
6. Spin up TMP.

7. Close ‘Beam Chem Monitor’ and ‘spectrometer control - collection time - multi

scan’ programs.

8. Leave both monochromator and electrometer switched on.

B.3 Heating and Cooling Sample Stage

Heating can be performed prior to and/or during measurement. Heating prior is often
very useful for removing residual contaminants (like water), and heating during is very
useful for elucidating temperature dependent effects like desorption and surface reac-
tions. The stage can be heated from approximately 40°C up to 700°C safely (although
without a quieter power supply, collecting spectra above about 350°C can be very dif-

ficult). T would also add that if collecting spectra while heating the stage, it is much
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more effective to heat very gradually while collecting spectra, as raising the temperature
rapidly tends to result in significant drifting of the offset current, and you will end up

with less usable data.

Cooling the stage may also be performed by flowing cooled nitrogen gas through the
stage. This is very useful for condensing adsorbates from the gas phase that do not
stick at room temperature. The stage temperature can be varied from approximately
-150°C up to 300°C with the cold stage feedthrough attached to the stage. The cold
stage feedthrough is typically not attached, so must be installed specifically for cold
measurements (this is because the lines delivering nitrogen gas to the stage are made of

Teflon and will melt during heating experiments that exceed 300°C).

B.3.1 Heating

—_

. Plug in electrical feedthrough from heater power supply to front end of chamber

(near EPYS control laptop).

2. Make sure voltage and current on power supply are both turned down. Switch

power supply on.
3. With current knob turned all the way down - turn voltage knob all the way up.

4. Control the temperature using the current knob on the power supply. The tem-
perature is measure with a Pt resistance thermometer embedded into the stage
(the resistance of which can be converted to temperature). There is a calibration
data sheet for the resistance to temperature conversion located in the EPYS SOP

folder.

In addition to resistance-temperature conversion, the calibration sheet also con-
tains current-temperature conversion collected over many experiments. This can
useful for getting an idea of what your current should be for a specific tempera-
ture. Please feel free to contribute to this calibration spreadsheet when performing

experiences and heat treatments.

If you wish to heat prior to an experiment and begin the experiment as soon as you have

completed the heat treatment, i recommend removing the electrical feedthrough as soon
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as the power supply has been switched off. This will reduce the electrical noise in the

spectra, although, while rapid cooling is taking place the current offset will drift.

B.3.2 Cooling

Setting up the cold stage requires opening up the chamber to install the nitrogen flow

feedthrough.

1. Vent chamber (Section B.2.1), and remove chamber lid. Loosen nuts opposite one

another incrementally - do not completely remove them one by one.

2. Remove the 4”7 flange located on the top-back corner of the chamber, near the

RGA feedthrough.

3. Fasten cold stage feedthrough onto port, with Teflon tubing on the inside of the
EPYS chamber.

4. Attach Teflon tubing to sample stage (they will push-fit onto steel tubes either

side of chamber, then cap must be screwed on to form vacuum seal).
5. Close chamber and pump down (section B.2.3). Make sure high vacuum is reached.

6. Now attach the Teflon line from the liquid nitrogen dewar (40 L often used in CL
lab, smaller Styrofoam dewar is kept at back of lab) to the air-side of the cold

stage feedthrough.
7. Begin flowing nitrogen gas through the lines slowly.

8. Fill dewar with liquid nitrogen and submerge spiraled line into dewar.

You should feel cold nitrogen gas flowing out of the cold stage feedthrough. It will take
approximately 20 minutes to reach a steady state temperature. You can adjust the
temperature by adjusting the nitrogen gas flow. reaching liquid nitrogen temperature
(-196 C) requires a high flow of nitrogen through the stage, and it is difficult to make
measurements at these temperature due to electrical noise generated by vibrations in

the stage. It is possible to acquire good data at -150 C.
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B.4 Calibrate Light Delivery

Calibrating the wavelength on the monochromator is a standard procedure. It requires
a spectral lamp with lines in the UV region (Ne or Hg will suffice) and preferably a
PMT (or a CCD detector with a high spectral resolution). The monochromator control
program (Traq Basic - which communicates with the PMT) has a wavelength calibration
function built in (calibrate wavelength). The ‘calibrate wavelength’ function is adequate
as you will only be looking at a narrow wavelength range (350-180 nm). You also have
the option of a more thorough calibration which finds the first three coefficients in a

polynomial that controls the grating position as a function of desired wavelengths.

The spectral lamp should be placed at the entrance aperture to the monochromator and
the optic fibre into the entrance to the PMT. The PMT requires a HV supply and a
power meter to measure its output. It is controlled using the Traq basic program which
can be found on the EPYS laptop desktop. The power meter GPIB must be plugged
into the monochromator (and the electrometer removed). Instructions for operation of

the PMT can be found with the PMT and power meter.

Make sure no stray light is entering the PMT, which requires the monochromator exit,
fibre entrance and coupling optics to be covered with light blocking cloths, and the PMT
itself should be shrouded in light blocking cloths (aluminium foil can be used before the
cloth to help keep light out). Close the exit aperture on the monochromator completely

to achieve the highest spectra resolution.

Switch on spectra lamp and allow 15 minutes to warm up (spectral lines will shift during
this period). switch on PMT - monitor the output voltage, do not allow to exceed 2
V. Adjust the high voltage on the PMT appropriately. Use Traq basic to perform
monochromator scans across the range of the spectra lines. Identify the line position
and use ‘Go To Wavelength’ function to move the monochromator to those wavelengths.
When you have identified the peak, cross reference your wavelength with NIST data
for the wavelength of the spectral line at that position. Use the ‘Calibrate Wavelength’
function to set the observed wavelength (on the monochromator) to the real wavelength

(NIST).

If you use a CCD detector, you can use the EPYS monochromator control program to

calibrate the wavelength and do not need to block stray light.



Appendix B. EPYS Standard Operating Procedure 128

B.4.1 Gathering System Response

The system response is necessary to correct the EPYS data i.e. make it usable. The
response is the intensity spectrum of light that reaches the sample. It is best collected
with a PMT (or a high resolution CCD - the existing CCD detector at the MAU has a
FWHM spectral resolution of 7 nm)).

The system response is collected with a PMT by measuring a full spectrum from the
light source after having passed through all the optics before the sample. Light from
the Deuterium lamp passes through the focusing lens, then into the monochromator
(controlled by the EPYS computer), through the fiber coupling optics, the fiber and
then through the chamber window finally into the PMT. It is important to eliminate
stray light again, so that all openings between the monochromator exit aperture and

PMT are closed to light.

When you have the raw spectrum collected with the PMT, you must then correct this
data with the PMT response (which is located in an Igor Pro experiment ‘PYS spec-
tral analysis’). this final spectrum is the system response, and raw EPYS data must
be divided by this spectrum to correct for the changing light intensity with incident

wavelength.

If you are able to get a high spectral resolution UV CCD detector, this process becomes

much simpler, and probably more accurate.

B.5 Troubleshoot LabView — Instrument Communication

Errors

B.5.1 Monochromator

Occasionally the LabView program appears to not communicate with the monochroma-
tor. This typically occurs if the monochromator has been switched off and then on again.
First check the device manager to ensure the GPIB connection is working. If not: turn
off monochromator; shut down computer; remove GPIB connection from monochroma-

tor end, and put firmly back in place (this may require removing the electrometer GPIB
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as well); start up computer; turn on monochromator - If it is still not registering in NI

device monitor - try replacing the GBIP cable.

If the monochromator is showing up on the device manager, but setting the wavelength
to 0 nm does not result in all the light coming out of the fiber (and the shutter is open)
this is because the monochromator has had a mechanical fault. This occurs when the
monochromator is switched on - it should make a very audible noise as the gratings
undergo a full revolution. If it does not - then the rotating grating plate has become
stuck, and the monochromator will need re-calibration. This can be more difficult than
a regular calibration because the wavelength range you must traverse to find a spectral
line is around 2000 nm. It is recommended to use a CCD detector to first locate the

appropriate spectral lines before using the PMT.

The most effective way to avoid this situation is to leave the monochromator switched
on. It may also prevent unnecessary frustration if you are aware this may occur after a

power outage or annual PAT test.

B.5.2 Beam Chem Monitor

A data acquisition (DAQ) board that receives output from the 10 Torr Baratron, and
communicates with the beam chem monitor, can occasionally fail to register on the beam
chem GUI. This only occurs when people take the DAQ board to use for other purposes
and replace it with a different board. The device manager creates a new identity for
the DAQ boards each time they are swapped (even if the same boards are repeatedly
swapped back and forth) and the beam chem monitor will only take the first identity. To
remedy this you must first delete the existing identities for the instrument, then punish

the person that swapped the DAQ board.

B.6 Troubleshoot Hardware Failure

If you are unable to collect spectra - and everything appears to be working properly, its
most likely that there is either a broken electrical connection or no light is reaching the

sample.
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First check that the light is reaching the sample by making sure the shutter is open,
and check the filter wheel at the exit aperture to make sure it is allowing light to pass.
You can check there is light by driving the wavelength to 500 nm and observe green
light reflecting off a surface. If there is still no light - the monochromator may need

re-calibration (see Section B.5.1).

The simplest way to identify whether all electrical contacts are intact is to plug the
HV and electrometer into the chamber lid - then turn the voltage up and down while
observing the current on the electrometer - if a small current is induced when changing

the voltage - then everything is connected appropriately.

If you have a broken electrical contact - it is most likely the pin spot-welded onto the
stage, but could be four other points of contact (ground feedthrough pin, pin between
ground cable and stage cable, HV feedthrough and the connection between the HV and
the detector). Fixing any of these requires removing the lid - and if its one of the four
listed in brackets - just reconnecting them. If the stage connection is broken, the stage
must be removed from the system, and the pin re-welded onto the stage. This must

then be cleaned and baked before mounting into position and resuming measurements.

B.7 Data Processing and Analysis

All EPYS data is collected in wavelength, but is best plotted vs energy - as it tells
us about the electronic/energetic structure of the material under investigation. The
energy at which the EPYS spectra begins to rise marks the minimum energy require to
liberate electrons from the material - this is typically the work function in metals, or
the ionisation potential (electron affinity) in semiconductors. Whether its the electron
affinity or ionisation potential depends on the type (p/n) and carrier concentration of

the semiconductor,

All data must be corrected with the system response, this normalises the photocurrent
to a constant number of incident photons. The shape of corrected EPYS spectra is the

integral of the effective density of states.

The spectra may be manipulated to determine things like threshold values and the

presence of multiple thresholds. Typically the processing involves taking the square or
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cube root of the yield - which should lead to a linear yield curve as a function of energy.
‘PYS Spectral Analysis’ contains a macro that performs these operations on collected
spectra. More background information about these processes has been written by J.
M. Ballantyne in his 1972 ‘Effect of phonon energy loss on photoemissive yield near
threshold’ [55].

B.7.1 EPYS Spectral Analysis in Igor Pro

All raw EPYS data can be automatically imported and processed in an Igor Pro exper-

iment file - ‘PYS Spectral Analysis 7’.

B.8 Using the EPYS Chamber for DC Plasma Treatment

The EPYS system can be used to generate a DC plasma between the stage and detector

for sample treatments. Spectra cannot be collected during this process.

1. Load sample. Pump Chamber.
2. Introduce Gas to desired pressure (several Torr recommended).
3. Plug in HV supply to detector (positive bias).

4. Plug in secondary HV supply to stage (negative bias). Do not run DC plasma

with electrometer plugged into stage.
5. Switch on detector HV supply and set to approximately 200 V.

6. Switch on stage HV supply and increase voltage until plasma generated.
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