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Abstract

Secondary electrons are emitted from the surface of a solid upon excitation by primary electrons, if
they have a high enough energy to escape the surface into vacuum. Diamond surfaces are
particularly well suited to secondary electron emission, and secondary electron yields of over 100
have been measured for diamond films. Secondary electron emission of diamond films has been
measured in both reflection and transmission modes, although far fewer transmission mode
experiments have been carried out. Samples for transmission mode must be much thinner, and the
primary electron beam must be sufficiently high to generate electrons which can diffuse to, and

consequently escape from, the other side of the diamond film.

Secondary electron emission experiments were carried out using a custom-built setup in the
University of Bristol Diamond Laboratory; different configurations of screens within the setup were
used to measure secondary electron emission for both reflection and transmission modes.
Secondary electron emission has been measured for six undoped diamond films with thicknesses of
20 nm, 35 nm, 60 nm, 80 nm, 120 nm and 150 nm in both reflection and transmission modes. A
secondary electron yield of 2.90 at a primary beam energy of 500 eV has been measured in
reflection mode for the 20 nm sample, while a yield of 0.43 at 750 eV has been measured in

transmission mode for the 150 nm sample.

Secondary electron emission can be modelled using Monte Carlo simulation, which is useful for
predicting secondary electron yields and transmission energies but the software lacks the capability
to distinguish between reflection and transmission modes when calculating secondary electron
yields. A free-to-download simulation program called CASINO has been used to simulate secondary
electron emission: the 2D version has been used to determine the primary beam energy at which
primary electrons start to be transmitted through the diamond films, while the 3D version has been
used to simulate the secondary electron yield curves for all six samples used in the experiments for
several different work functions. While the simulations currently provide an estimate of the
expected experimental results, further edits to the code would improve the capability of the

program.
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1 Introduction

1.1 Diamond

Diamond is a naturally occurring allotrope of carbon, where the carbon atoms are arranged in a
tetrahedral structure. Each carbon atom is sp® hybridised and bonded to its four nearest
neighbours'. The diamond unit cell is a face-centred cubic (fcc) structure with two atoms in each

primitive cell, shown in Figure 1.
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Figure 1: Diagram showing the tetrahedral arrangement of the diamond atoms within the unit cell.
The diamond unit cell can be thought of as two interpenetrating fcc cells, with the numbers 1 and 2
in the diagram representing the two inequivalent carbon atoms of the smallest unit cell. The letter a
represents the lattice constant of the cell, which for diamond is 3.567A. Diagram reproduced from

Properties, Growth and Applications of Diamond (2001)°.

The ‘diamond structure’ is the same covalently bonded structure adopted by other group IV
elements in bulk: namely silicon and germanium®. However, diamond possesses a number of unique
properties compared to silicon and germanium, such as a large bulk modulus and small lattice
constant®. The properties of diamond are often extreme, and it is a combination of the properties

given in Table 1, along with its resistance to chemical corrosion and high radiation hardness, that
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make diamond such a desirable material for a large range of applications such as its possible use as a
potential biochip or biomarker’>, or in vacuum electronics for gated cathodes and other

photoemission devices®.

Property Value Units
Bandgap 5.45 eV
Bulk Modulus 1.2 x 10" Nm?
Compressibility 83x10™" m?N-1
Density 3.52 Gem?
Electron Mobility 2200 cm’Vvis?t
Mechanical Hardness 90 GPa
Resistivity 10" Qcm
Thermal Conductivity 2x10° W mtK?
Thermal Expansion Coefficient 0.8x10° K*
Young’s Modulus 1.22 GPa

Table 1: Table documenting some of the properties of diamond which makes it unique, given at room
temperature unless otherwise stated. Table adapted from Ashfold et al.’s 1994 review’ and Synthetic

Diamond: Emerging CVD Science and Technology (1994)°.

Due to diamond’s many outstanding properties, it is often investigated as a potential material for a
range of devices, from optical to electronic. For these purposes, synthetic diamond films are often
manufactured as control of dopants and surface characteristics can provide films tailored for a

specific purpose.

1.1.1 Manufacturing Synthetic Diamond

In order to overcome the large activation pressure to convert graphite to diamond, a high pressure,
high temperature (HPHT) method was developed, which mimics the conditions under which
diamond is formed naturally’. In the HPHT method, graphite and a catalyst are subjected to
pressures of around 55000 atm and temperatures of 2000°C™. Usually the catalyst is a transition
metal alloy such as cobalt, nickel or iron alloys, but carbonates of lithium, sodium and magnesium
have been used successfully under similar reaction conditions''. However, the single crystals grown
using HPHT methods have limited uses in scientific and engineering applications, and the addition of
dopants to favourably alter the electronic properties of the diamond grown was found to extend
only to synthesis of p-type diamond with boron by Caveney'. Another method, known as Chemical
Vapour Deposition (CVD), was consequently developed to produce diamond films for a large range

of applications.




Sophie Osbourne

24/04/2014

CVD diamond films are manufactured via the use of a series of gas phase reactions of carbon
containing gases above a substrate onto which individual carbon atoms can be deposited. The
reactions in the gas phase, which tends to be composed of a mixture of CH,, H,, and gases containing
the required dopant atoms, can be activated by a number of methods: hot filament, combustion
flame, radio frequency, microwave-plasma and direct current activation methods have all been
used, each requiring different reactant gases for optimal growth conditions™. Hot filament (HF) CVD
is one of the most often used CVD techniques; it was the first CVD technique to produce continuous
diamond films onto a substrate'®. An example diagram of an HF CVD reactor is given in Figure 2; the

setup was used by Chu et al. to investigate the mechanism of film growth via CVD for mixed **C and

B¢ gases®.
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Figure 2: Diagram of a HF reactor, as used by Chu et al. in their 1990 research into mixed *°C and °C
film growth mechanism. The setup is typical of a HF reactor: the substrate is kept beneath the
tungsten filament wires in a chamber kept at vacuum by a rotary pump. Mixtures of gases are

pumped into the chamber, controlled by flowmeters. The reactor shown here operated at pressures

of 24-27 Torr, substrate temperatures of 800-950°C and filament temperatures of 2000-2100°C.

Methane ratios of 0.3-1.0% were used. Diagram reproduced from Chu et al.’s 1990 paper™.
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Figure 2 shows a diagram of the HF reactor. The conditions for the 2¢c/Bc experiment are typical of
HF reactor conditions: these reactors usually operate at pressures of between 20 Torr and 30 Torr,
with a substrate temperature in the range 600-1200°C and a filament temperature between 2000°C
and 2600°C***"*® The gas phase is usually made up of around 1% CH, diluted in H,, although N, can
be included in small amounts (between 5% and 10% of the total gas volume in the chamber) to
increase the growth rate of the film: at high temperature filaments (around 2500°C) higher additions
of N, increased film growth rate, while for lower temperature filaments (around 2200°C) smaller

amounts of N, increased the growth rate®.

CVD diamond growth is due to a complex series of reactions which take place within the precursor
gases once they have passed over the activation site — in an HF reactor, the activation would be
provided by the tungsten hot filament. As the molecules pass over the filament, causing the gases to
heat to 2000°C or higher, the molecules fragment to form reactive radicals, such as -:CHj, as well as C
and H atoms. These fragments continue past the filament towards the substrate via diffusion and
convection, continuing to react with each other while in the gas phase®. Eventually the fragments
reach the substrate, and can either adsorb to the surface or desorb back into the gas phase.
Fragments may also diffuse along the substrate to find a reaction site: -CH; radicals will diffuse along
the substrate surface to find a monoradical site, although -CH; have been found to bind to biradical
sites”. While the steps described here give a very basic overview of CVD reactions, the final addition
of the :CH; radicals to the substrate is the driving step in diamond growth. A simplified diagram
showing the flow of precursor gases over the activation site, leading to fragments which eventually

adsorb onto the substrate surface, can be seen in Figure 3.
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Figure 3: Schematic showing the processes within an HF reactor for growing CVD diamond films. The
same principle of precursor gases passing over an activation site to form free radicals before
adsorption to the surface applies to all CVD techniques. Diagram reproduced from May’s 2000

review™.

1.1.2 CVD Diamond Films
Growth of diamond via CVD allows control of the type of diamond grown. Different film qualities,
such as single crystal, microcrystalline or nanocrystalline, give different surface morphologies, while

doping with atoms such as boron or nitrogen allow the electrical properties of the film to be altered.

Diamond films can be classified according to their morphology, as either single crystal films or
polycrystalline films. Polycrystalline diamond films include microcrystalline, nanocrystalline and
ultrananocrystalline, however compared to single crystal films these films can have a large number
of structural defects due to the grain boundaries between the individual crystals. Single crystal films
are therefore more desirable for electrical applications as current is not blocked by grain boundaries

as in polycrystalline films®.

The three types of polycrystalline films are a result of slightly different growth conditions and
methane ratios in the precursor gases. Microcrystalline films are wusually grown in

methane/hydrogen ratios of 2%, while for nanocrystalline films the ratio is slightly higher at 3% or

8
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more. Ultrananocrystalline diamond is grown in reactors containing a majority of argon rather than
hydrogen as one of the precursor gases, with comparatively small amounts of hydrogen®. The
different growth conditions of the films result in different grain sizes and sp® content of the films:
microcrystalline films have the largest grains and the smallest sp” content, while ultrananocrystalline
films have the smallest grains and largest sp’ content’. An example of the different growth

conditions of the film types is given in Table 2.

Microcrystalline Nanocrystalline Ultrananocrystalline
Pressure / kPa 0.9-2.0 2.7-4.4 16.0
Power / W 700 700 1200
Temperature / °C 450-550 625-725 <650
Time /h 40 5-20 5-6
H, Flow / sccm 200 200 1-2
CH, Flow / sccm 3 3 1
CO, Flow / sccm 8 8 0
Ar Flow / sccm 0 0 100
Grain size / nm 5000-10000 20-50 3-5

Table 2: Table detailing the different growth conditions for polycrystalline diamond films and the
resulting grain sizes of the crystal. Table adapted from Reinhard’s 2004 paper®®, with additional
information on grain sizes from Growth and Characterization of Nanocrystalline Diamond Films for

Microelectronics and Microelectromechanical Systems (2008)>°.

Single crystal diamonds can also be classified according to the defects within them: the classification
system sorts them into Type la, Type Ib, Type lla and Type llb. Type | diamonds contain nitrogen —
Type la has nitrogen on interstitial sites in the diamond lattice while diamond with nitrogen on
substitutional lattice sites is Type Ib. Here nitrogen does not play a role as a dopant and Type |
diamonds are insulators at room temperature due to the deep donor level formed in the diamond?®.
Type lla diamonds have no nitrogen impurities, while Type Ilb is boron-doped and has
semiconducting properties due to the electronically active impurities”’. Dopants can be incorporated
into CVD films by the addition of gases containing the required dopant during growth, such as the

addition of B,Hg as a precursor gas in order to grow boron-doped films?®.

One of the main advantages of CVD diamond growth techniques is the ability to tailor the thickness
of the diamond films grown by varying the deposition time®. Control of film thickness is essential,
particularly for films used in secondary electron emission experiments where film thickness affects

the yield measured™.
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1.2 Secondary Electron Emission

When a beam of primary electrons of sufficient energy is accelerated onto the surface of a solid, the
electrons can interact with the sample in a number of different ways, resulting in the emission of
secondary electrons®. Upon the interaction of the primary electrons with the solid, the electrons
lose their energy as a result of several different types of interaction, such as elastic and inelastic
scattering or x-ray generation®’. A diagram showing the types of radiation and electrons emitted is
shown in Figure 4, where the excitation volume (also known as the electron interaction volume) is
the volume within a solid where the electron beam interacts with the sample®?; it is dependent upon

the sample composition and the energy of the electron beam.

10
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Figure 4: Diagram showing the incidence of an electron beam on a surface and the radiation and
electrons that may be emitted as a result of electron interactions with the solid. Secondary electrons,
backscattered electrons and radiation such as x-rays and cathodoluminescence (emitted visible light
which is generated by incident electrons®) can all be emitted from within the sample upon exposure

to a primary electron beam. Diagram reproduced from the Northern Arizona University’s

Microanalysis Facility”.

The secondary electrons can be classified according to their energies and their interactions within
the solid. Backscattered electrons include elastically and inelastically scattered primary electrons®:
elastically scattered electrons are deflected through the sample at wide angles and suffer very little
energy loss, and thus have energies close to that of the primary electron beam; inelastically
scattered electrons have lost some of their kinetic energy upon interaction with the solid. Auger
electrons are a type of backscattered electron, which result from the filling of an inner shell vacancy

being accompanied by the emission of an electron (the Auger electron) from the same atom®.

® http://www4.nau.edu/microanalysis/Microprobe-SEM/Signals.html; accessed 09/04/2014

11
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‘True’ secondary electrons are slow electrons, defined as those having an energy of under 50 eV in
order to differentiate from other electrons being emitted from the surface of a sample®’. The 50 eV
limit is an estimate, as there will be some secondary electrons emitted with energies higher than
50 eV, and some backscattered electrons will be emitted with energies less than 50 eV, However,
both the number of high energy secondary electrons and low energy backscattered electrons is
considered to be small; hence 50 eV is an accurate limit. Furthermore, the secondary electrons
generated by excitation from the primary electrons can excite further secondary electrons in a

cascade effect, if their energy is sufficient. A diagram of the spectrum of emitted electrons as a
function of their energies can be seen in Figure 5.
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Figure 5: Schematic graph of the energy spectrum N(E) (in arbitrary units) of emitted electrons from
a surface after exposure to an incident beam. Secondary Electron (SE) and Back-Scattered Electron
(BSE) regions are shown, as well as Auger electron peaks, peaks from elastically reflected electrons

and peaks from inelastically scattered electrons (circled). Diagram edited from Low Voltage Electron

Microscopy: Principles and Applications™.

Figure 5 labels the types of electrons emitted from a sample as a function of their energy. The
secondary electron curve below 50 eV is determined by the internal cascade process. The energy
distribution of the secondary electron curve is independent of the incident electron beam energy®.
The backscattered electron region is made up of mostly inelastically scattered electrons; the
elastically scattered electrons have lost a fraction of their energy during a single collision. The peaks

in the backscattered region, such as those circled in Figure 5, are called ‘characteristic losses”.

12
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The process of secondary electron emission is described as a three step process: the first step is the
excitation of the secondary electrons in the solid by the primary electrons in the beam, second is the
transport of the secondary electrons through the sample to the surface-vacuum interface, and the
final step is the emission into the vacuum from the surface®. The transport of secondary electrons
through the solid is through either a single-scattering event, or a diffusion process as a result of
many scattering events. However, not all secondary electrons reach the surface of a sample, and of

those, not all are emitted.

1.2.1 Secondary Electron Yield
The ratio of the total emitted electron current, I;, to the primary electron current, I, is known as

the secondary electron yield* §, given in Equation 1.

§=12 Equation 1
Io

In Equation 1, I; includes all backscattered electrons as well as secondary electrons, and so § more
accurately describes the total yield. Secondary electron yield is often investigated as a function of
the primary beam energy, which for most materials gives the same characteristic bell curve®, as

shown in Figure 6.

13
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Figure 6: Schematic diagram of the secondary electron yield as a function of primary electron energy.
The three characteristic parameters are indicated: E; and E;; for which the yield is equal to one, and
E,, for which the secondary electron yield is at a maximum, &,,. Figure adapted from Dionne’s 1975

paper®.

Figure 6 shows an example secondary electron yield as a function of primary electron energy graph.
E;, E;; and E),, are known as the characteristic parameters; E; and Ej; indicate the energies at which
the net current is zero, and therefore the number of incident electrons upon the surface of the
sample is the same as the number of electrons emitted*®. The secondary electron yield graph can be
explained in terms of the maximum penetration depth of the primary electrons and the escape
depth of the secondary electrons”. Below E;, the primary electrons reflect back as their energy is
not sufficient to penetrate the sample. The increase in yield between E; and E,, is due to the much
smaller penetration depth of the primary electrons compared to the escape depth of the secondary
electrons, thus the secondary electrons escape and the secondary electron yield increases for
primary electron beams with energies between E; and E,,. The penetration and escape depths are
equal when the secondary electron yield is at a maximum. The yield begins to decrease with primary
electron beam energies above E,, as the penetration depth is now much greater than the escape
depth, and so many of the generated secondaries are absorbed back into the sample before they

can reach the surface.

14
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1.3 Diamond Surfaces and Secondary Electron Emission

Diamond has many properties which make it a good candidate for secondary electron emission
experiments. Diamond has a bandgap of 5.47 eV*, where the bandgap is defined as the energy
difference between the top of the valence band and the bottom of the conduction band (E,, and E,
respectively in Figure 7). The distribution of bands within a solid determine its conductivity:
insulators have large bandgaps with filled valence bands and semiconductors small bandgaps, while
metals have overlapping conduction and valence bands, and hence electrons are free to move

throughout the solid. A diagram showing the band structure of diamond can be seen in Figure 7.

Negative Electron Affinity, X E
e e - 'I' —VAC

Work Function, ¢

EF_______________."L_

Band Gap

Ey =

Figure 7: Diagram showing relative position of the different bands in diamond. E_ is the conduction
band minimum, E,, is the valence band maximum, Er is the Fermi level and E,, is the vacuum level
at which electrons can be emitted from the surface into the vacuum. The work function, ¢, and the

electron affinity, y (which is negative for diamond), are also shown here.

When primary electrons strike the surface of diamond, secondary electrons are excited from the
valence band into the conduction band and move to the surface of the solid. In diamond, the
generated secondary electrons are able to escape the surface easily due to the negative electron
affinity, x, of the surface®. The electron affinity of a material is the energy difference between the
minimum of the conduction band and the vacuum level E,,,., with a material having either positive
or negative electron affinities. A material has a positive electron affinity if the vacuum level lies
above the conduction band minimum®°, while in materials such as diamond, the vacuum level lies
below the conduction band minimum under certain conditions and diamond is therefore said to
have a negative electron affinity>’. Thus, when secondary electrons are generated by primary
electrons and excited to the conduction band, they diffuse through the solid and upon reaching the
surface are emitted as they do not encounter an energy barrier to overcome. The work function, ¢,

is the difference between the vacuum level and the Fermi level, Er, defined as the maximum energy

15
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an electron can have when it is at 0 K, or the energy level representing the probability that the

occupation of the particular level is % at temperatures above 0 K*°.

1.4 Models Describing Secondary Electron Emission

Several models exist for the description of secondary electron emission, and these have been
adapted and improved upon over the years. This section aims to give an overview of the most
commonly used models for secondary electron emission, particularly for those models used in

simulations.

In 1957, Lye & Dekker developed a power-law theory for secondary electron generation in solids,
and further added to their theory by including the effect of straggling primary electrons>>. Electron
straggling is caused by a loss of energy via radiation and collisions>, and including straggling in their
calculations led to energy losses being equalised across the entire range of electron energies. Their

analytical approach yielded Equation 2.

i — 1 ZmEy )
Sm gn(zm) Gn ( Em ) Equation 2

In Equation 2, z,, is the value of z needed to maximise the function g,,(z), given by Equation 3.

1.35
1-e” % .
gn(2) = N Equation 3

Vaughan reduced the formula given by Lye & Dekker to simplify it, so that the formula itself was
written in fewer terms. He found that using their equation to work out secondary electron yields as a
function of impact energy E; gave close matches to those worked out using Equation 2*. Vaughan'’s

equation is given in Equation 4, with the v function given in Equation 5.

5 _ .
— = (v—el™)k Equation 4
Sm
p=2Liko Equation 5
Em_EO

k is a parameter based on the value of v given by Equation 5: if v is greater than 1, then k is 0.25,

while if v is less than 1, then k is 0.62.

A generalised version of the relation dependent entirely on the energies of the primary electron
beam was given by Lin & Joy in 2005, known as the semiempirical universal law for secondary
electron emission. They used the law for Monte Carlo simulation of the secondary electron yields of

44 elements to compare to a database®, and the model given by Lin & Joy is often built-in to

16
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secondary electron simulation programs such as CASINO*® (see section 2.3.2). The semiempirical
universal law is given in Equation 6.
—0.67 _ Eo —0.67
S 128 (ﬂ) [1 _ e te1(z) Equation 6
6m Em
1.5 Secondary Electron Emission from Diamond: Examples from Literature

Secondary electron emission from diamond surfaces have been studied using both experimental

techniques and simulations.

Many experiments carried out in the literature make use of a Faraday cup setup. A Faraday cup is a
metal cup which, in secondary electron emission studies, encloses the sample under a high vacuum,
with a small opening in the top to allow the primary electron beam to be aimed at the sample®’.
Backscattered and secondary electrons are collected by the Faraday cup, generating a current if the
Faraday cup is incorporated into a circuit®®. The current generated when the electrons are incident
on the Faraday cup is I; and hence the secondary electron yield can be calculated as the primary
electron beam current is already known. However, it should be noted that a Faraday cup will collect
all backscattered electrons: both those from elastic and inelastic collisions and true secondary

electrons, as there is no experiment capable of distinguish the electrons according to their energy"’.

Simulations of secondary electron emission are often based on Monte Carlo methods. The Monte
Carlo method is a probabilistic based algorithm which uses repeated sampling to generate numerical
data. Distributions of data can be generated by running the simulation continuously. For secondary
electron emission, the electron trajectory is mapped using random numbers to determine the path

length of the electron through the solid and the outcomes of scattering events™’.

Both reflection and transmission studies of secondary electron emission from diamond have been
studied (see Figure 8). In reflection mode, the secondary electrons are emitted from the surface of
the sample upon incidence of a primary electron beam. In transmission mode, a high energy
electron beam is aimed at the surface of a thin sample, and secondary electrons are emitted from

the other side.

17
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Figure 8: Diagram showing the difference between reflection and transmission measurements. In

reflection mode, secondary electrons are emitted from the top surface of the sample at an angle and

are collected by the upper screen in the diagram. In transmission mode, secondary electrons diffuse

through the sample and are emitted from the bottom surface of the sample, here being collected by

the lower screen.

Secondary electron yields from reflection modes tend to yield much higher values compared to

those measured from transmission: secondary electron yields of 132 have been measured for

diamond in reflection mode®, compared to yields of 4 in transmission mode experiments®.

Yater et al. used secondary electron emission measurements on 8.3 um diamond films to investigate

the current amplification gains of single crystal diamond. The energy distribution curves for the

maximum gains in both reflection and transmission mode are shown in Figure 9.

18
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Figure 9: Normalised electron distribution curves for an 8.3 um diamond film, where secondary
electron measurements have been made in both reflection and transmission modes. The peak
positions and peak width at FWHM for the two different modes are identical. Graph reproduced from

Yater et al’s 2011 paper®.

The normalised energy distribution curves shown in Figure 9 are very similar for both reflection and
transmission measurements, with the peak of the curve at 0.54 eV above the dashed line E_, and
FWHM peak width measurements of 0.35 eV. However, the transmission mode measurements were
made at substantially higher primary beam energies of 20 keV compared to 1 keV for reflection
mode: the higher primary beam energies usually needed for transmission mode measurements is
one of the main disadvantages of the setup. They measured a maximum secondary electron yield of

4 for transmission studies, and 18 for reflection studies.

Figure 10 shows a comparison between theoretical and measured secondary electron yields for an
aluminium sample in a reflection setup, where the theoretical values were simulated using a
particle-in-cell model rather than Monte Carlo simulation®. For primary beam energies higher than
200 eV, the theoretical results lie within the error of the measured results. For beam energies less
than 200 eV, the secondary electron yield for the experimental measurements are much higher than

the simulation. The simulation only takes into account secondary electrons, however the nature of
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the Faraday cup setup used for experimental results means that backscattered electrons from the

primary beam are included in the measurements for secondary electron yield.
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Figure 10: Comparison of simulated (blue line) and measured (red points) values for secondary
electron yield as a function of primary beam energy for an aluminium sample. There is overall better
agreement between yields at higher primary beam energy. Graph reproduced from Wang et al.’s

2012 paper®.

While Figure 10 is not for a diamond sample, it shows that by choosing appropriate simulations
there can be a fairly good match between measured and simulated results for secondary electron
emission. The shape of the yield curves for both theoretical values and experimental measurements
have an overall qualitative match, with the higher yields at lower primary electron beam energies for
the experimental data are assumed to be due to backscattered electrons counting towards the yield

rather than just secondary electrons, as the setup has no way of distinguishing between the two.

1.5.1 Reflection Studies

Secondary electron emission experiments are most often carried out in reflection mode, which is a
far easier mode to measure secondary electron yield in. In reflection experiments, there is no need
to grow fragile, thin free-standing films or to etch part of a substrate away in order to expose a
diamond window. Manufacturing transmission mode samples is harder and the films can be liable to
break when only nanometres thick. Consequently, as reflection mode experiments have been the

focus of a majority of research, there is more literature available for reflection experiments. A small

20



Sophie Osbourne
24/04/2014

selection of the data available will be reviewed here to give an idea of the many different

experimental factors and differences between samples which can affect secondary electron yields.

Yater et al. have carried out several experiments on the secondary electron yield of diamond
samples in reflection mode. Some of their experiments have focused on boron-doped samples with
different surface morphology: single crystal, polycrystalline and nanocrystalline. All three samples
were placed under an electron gun for secondary electron measurements using a Faraday cage®®.
They found that the single crystal and polycrystalline diamond samples both had yields of 3, while
the nanocrystalline sample had a higher yield of 16 when measured in reflection mode. Both sides of
the nanocrystalline diamond were measured for a reflection yield as it had been removed from its
substrate unlike the single crystal and polycrystalline samples, and the rear of the sample gave a
lower reflection yield of 4, which the authors attributed to a poorer sample surface. Overall, the
nanocrystalline diamond may have had a higher surface quality than both the other samples, as

single crystal diamond has better electrical conductivity properties due to the lack of grain

boundaries, and it would be expected to have a higher yield than polycrystalline diamond films.

Another factor which can affect the secondary electron yield of diamond samples is the surface
termination. Surface termination describes the top layer of atoms on the diamond sample, where
atoms other than carbon have bonded to the dangling bonds of the surface atoms. Termination
removes any graphite formed on the surface from the dangling bonds recombining, which helps to
give higher secondary electron yield as graphite is a poor secondary electron emitter®. Less
electronegative species give higher secondary electron emission yields, with hydrogen and metals
such as caesium giving higher yields than halogens such as fluorine®. Yater et al. have compared the
effect of surface termination on boron-doped, single crystal diamond samples with bare, hydrogen-
terminated and caesium-terminated surfaces®. The bare surface had a yield of 3 at a primary beam
energy of 650 eV, while the hydrogen-terminated surface had a yield of 60 and the caesium-
terminated surface had a yield of 132, at a higher primary beam energy of 2900 eV. The presense of
hydrogen and caesium on the surface of the sample lowers the electron affinity to negative values,

thus allowing low energy electrons to escape the vacuum barrier.

While for bare surfaces on boron-doped diamond, there was no discernible difference between the
secondary electron yields measured on single crystal and polycrystalline diamond, the differences
between single crystal and polycrystalline diamond yields are noticeable with difference surface
terminations. For boron-doped polycrystalline diamond samples, a hydrogen-terminated surface has
a yield of 25, and a caesium-terminated has a yield of 77, again both at primary beam energies of

2900 eV. Polycrystalline diamond samples have grain boundaries which are not present in single
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crystal samples; scattering of electrons by grain boundaries and other impurities, which could scatter
escaping electrons back into the diamond sample, give single crystal samples and polycrystalline

samples their different secondary electron emission characteristics.

The introduction of dopants to CVD grown films also has an effect on the secondary electron yield.
Comparing polycrystalline, hydrogen-terminated samples, one doped with boron and one undoped,
shows a secondary electron yield of 10 for the undoped sample®, and a higher secondary electron
yield of 84 for the boron-doped diamond®. Shih et al.’s investigation into doping levels in
polycrystalline diamond films found that up to a point, increasing the boron content could give yields
as high as 84, and theorised that some boron is needed with the sample to provide electrical
conductivity for the secondary electron process. However, too high a boron concentration leads to
more frequent collisions of the secondary electrons with impurities within the diamond lattice, and

the secondary electron yield decreases.

Undoped, hydrogen-terminated polycrystalline diamond has been grown on many different
substrate types, including silicon (which is the substrate used in all experiments mentioned thus far

3 6167 " molybdenum, aluminium nitride, palladium and titanium. The secondary

in this section
electron yields are given in Table 3, where the secondary electron yields range from 10-18 at room
temperature. Secondary electron yields of over 45 have been measured for diamond on palladium
substrates after heating to 700 K, while upon heating the diamond on titanium sample, no evidence
of the film was found, suggesting inadequate adhesion of the film to the substrate®. While at room
temperature the substrate makes little difference to secondary electron yields, at higher

temperature substrate choice can make a difference to the yield value.

Substrate Secondary Electron Yield
Ascarelli et al. Si 10
Bekker et al. Mo 12
AIN 15
Mearini et al. Pd 18
Ti 13

Table 3: Table showing the differences in secondary electron yield of undoped, hydrogen-terminated
polycrystalline diamond at room temperature. The secondary electron yield values were taken from
Ascarelli et al.’s 2001 paper®’, Bekker et al.’s 1992 conference paper®, and Mearini et al.’s 1994

paper®.

22




Sophie Osbourne
24/04/2014

1.5.2 Transmission Studies

A transmission configuration is preferable to a reflection configuration, as it avoids any adverse
effects from the backscattered electrons passing the primary beam. However, the difficulty in
manufacturing the micron thick films (or even less) means that only in the past ten years have

transmission experiments on diamond films appeared in the literature.

Chang et al. did not simulate secondary electron emission; they measured the secondary electron
yield of a 200 um single crystal diamond sample at different primary beam energies, having
measured no gain through a polycrystalline sample of the same dimensions’’. At a primary beam
energy of 6 keV, they measured gains of 2-3, the same order of magnitude as Yater et al.’s later
experiments. At a higher primary beam energy of 8 keV, they measured a gain of 30, which is
considerably higher than other measured transmission yields. However, in their experimental setup
they consider all electrons emerging on the other side of the diamond film to be secondary
electrons, rather than making clear the distinction between primary electrons which have passed

straight through the film and ‘true’ secondary electrons.

Yater et al. measured secondary electron yields for reflection and transmission modes of two boron-
doped, polycrystalline diamond samples on silicon substrates: one 2 um thick with ‘medium’ doping,
another 5 um thick with ‘heavy’ doping”. They found no secondary electron transmission below
primary beam energies of 5 keV, but attributed this to the 0.25 um nucleation layer on the surface of
the diamond film. The high concentration of grain boundaries and defects within the layer scatter
and trap secondary electrons, and was thus attributed to non-existent yields at comparatively low
primary electron beams (the highest energy beam used was 20 keV) due to the defects within the
nucleation layer. Secondary transmission yields measured were between 1 and 3, but for reflection

were much higher, with a § of 12.

Yater et al. later tested a boron-doped, 150 nm film. The much thinner film gave much higher values
for secondary electron yields, and at lower energy primary beams: § values were 0.2, 1 and 5 at
primary beam energies of 3 keV, 4 keV and 5 keV respectively’®. Their experiments on the thin film
stopped at 5 keV as the primary beam energy, as at higher energies the high energy electrons
started transmitting straight through the diamond film, thus no longer giving a ‘true’ secondary
electron yield. Typically in the literature it is noted that the primary beam energy for transmission
mode measurements needs to be considerably higher (up to 20 keV) than the beam energies used in
reflection mode, but it is often for samples of the same thickness (microns) as those used in

reflection.
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A comparison of reflection and transmission mode secondary electron yields was made by Dvorkin
et al., using a theoretical model to predict the yields. The accuracy of the model was further
validated by experimental measurements’®. Their model gave predictions for the primary beam
energy needed for the maximum secondary electron yield, and for the maximum secondary electron
yield in a transmission mode configuration. The two equations used are shown in Equations 7 and 8,
and gave a § of 3-7 for primary beam energies of 15-30 keV. A separate equation was given for
maximum secondary electrons in reflection configurations, which is omitted from this review.
However, solving the equations for the particular sample tested gave a yield of 19 for a primary

electron beam of 1 keV in reflection experiments.

E,, = 17.2d°%6%5 Equation 7
do1n 1.9 1.9
6= ;EO e_(T) - e_(z) Equation 8
gap

In Equation 7, E,,, is defined as in Figure 6, and d is the membrane thickness. In Equation 8, B is the
probability of an electron escaping the surface, Eyq), is the bandgap energy, L is the carrier diffusion
length and z is the distance from the surface. The results from the experimental setup used by
Dvorkin et al. gave a maximum yield of 18 for a primary incident beam with a 950 eV energy in
reflection mode, and a transmission secondary electron yield of 4 for a primary beam with energy 25
keV with films of 5 um thick. The reflection results are within 10% error, and the transmission results

lie within the range predicted by the model.

Dimitrov et al. implemented an integrated model for secondary electron emission, using the
commercially-available VORPAL computational framework for secondary electron generation,
transportation and emission®. They estimated the transmission electron gain (the number of
secondary electrons reaching the surface of the diamond, connected to a metal contact) by counting
the number of free electrons which leave the diamond surface’®. Qualitative agreement was found
between previous experimental results and the simulations for secondary electron yield; an increase
in the maximum gain was found as the primary beam energy increased. However, experimental
results were for the total transmitted gain, rather than the secondary electron gain. These

transmission gain results were found to be accurately described by Equation 97

G[Ep, Er ()] = (aEy — b)(1 — e~¢Er®) Equation 9

b https://www.txcorp.com/vsim-all-about-vsim; accessed 10/02/2014
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In Equation 9, G; is the transmission gain, Ef(t) is the time-dependent internal field, and a, b, c are
coefficients with values chosen to best fit the previous experimental results. Further simulation work
found that three-dimensional simulation of the results was only accurate if conservation of
momentum of the electrons in the emission plane and the effective mass anisotropy of the lowest

conduction band are accounted for’®.

1.6 Aims of the Project

The aim of the project was to investigate the secondary electron yield of diamond films in both
reflection and transmission mode using a custom-built setup in the University of Bristol Diamond
Laboratory. Once configured, the setup was to be used to measure the secondary electron emission
of six diamond films of various thicknesses to determine the effect of film thickness on secondary

electron yield.

A secondary part of the project was to use free-to-download Monte Carlo software to simulate the
transport of electrons through the diamond film. The software could also be used to predict when
the primary electron beam had completely permeated through the sample in transmission mode

experiments, and as a way to determine the work function of the diamond films.

2 Experimental

2.1 Samples

For the experimental work, six samples of different thickness of diamond grown on silicon were
provided by Applied Diamond, Inc., a USA based company which specialises in providing single
crystal and CVD-grown polycrystalline diamond wafers for a variety of uses. The samples provided
were CVD-grown, undoped diamond on 1 cm x 1 cm silicon wafers. Unfortunately, the exact nature
of both the diamond and the silicon were unknown: the silicon may have been conducting or
insulating, and the surface morphology of the diamond samples was thought to be either
microcrystalline or nanocrystalline. It was assumed that all samples were the same and had been
grown under identical conditions, the only difference in growth conditions between samples being
the growth time to give the different thicknesses. The six samples had thicknesses of 20 nm, 35 nm,
60 nm, 80 nm, 120 nm and 150 nm. The thinnest sample tested in the literature for secondary
electron yield in transmission was the 150 nm, boron-doped sample tested by Yater et al. in 2004”%.
As the samples were intended to be tested in reflection and transmission modes, the back of the

silicon substrate was etched away to reveal the diamond grown onto the silicon, providing an

¢ http://usapplieddiamond.com/; accessed 19/04/2014

25



Sophie Osbourne
24/04/2014

approximately 2 mm in diameter hole through which transmission secondary electron
measurements could be made. The six samples, as arranged on the sample holder for experiments,

can be seen in Figure 11.

3>nm  80nm 150 nm

120 nm
20 nm E0 rifn Cu sample

holder

Figure 11: Photo of the sample stage and attached sample holder with the six samples to be used in
the experiments. The copper sample holder has a line cut out down the middle which the diamond
films can be lined up with to allow transmission measurements. The six samples, of varying thickness,

were secured using conductive silver dag.

The six samples were arranged on the copper sample holder so the hole in the sample was aligned
with the cut out in the sample holder. A conductive silver dag was used to secure the samples onto
the sample holder before the sample stage was transferred to the secondary electron setup. As well
as securing the samples, the dag would ensure good contact between the sample and the sample
holder, which would help to dissipate any charge accumulated on the surface. The samples were
stuck silicon side up; it was thought that by only exposing a smaller section of the diamond it might
make it easier to locate the diamond window for experiments once the samples were sealed inside

the vacuum chamber.

2.2 Experimental Method

The secondary electron experiments were carried out using a custom-built piece of apparatus
developed by Raquel Vaz during her PhD work at the University of Bristol"’. The setup designed was

a large vacuum chamber kept under 107 Torr vacuum using a turbo pump, in which a sample stage
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sat vertically beneath a Kimball Physics EGL-2022 electron gun. Any secondary electrons emitted
struck phosphor screens in reflection and transmission configurations, with photomultiplier tubes to

collect the intensity signals. Photos of the complete setup can be seen in Figure 12 and Figure 13.

Figure 12: Front view of the secondary electron setup developed by Vaz in the University of Bristol
Diamond Laboratory. The labelled components in the photo are as follows: a) electron gun, b) visual
port for alignment of samples before measurements, c) connections for screen and stage biasing (if
needed), d) camera (not used in these experiments), e) loading port, and f) electron gun control box.

Photo credit Vaz (2013)".

In Figure 12, the electron gun (a) can be controlled by the electron gun control box (f), but LabView
software was developed for fully automated measurements. The electron gun had been fully
calibrated prior to these experiments, and hence the LabView software could change all the settings
on the electron gun concurrently. LabView software could also be used to monitor outputs in the
case of manually controlling the electron gun. The visual port (b) was covered during experiments
with phosphor screens to avoid light from outside the chamber reacting with the phosphor. The

loading port (e) allowed samples to be removed without bringing the entire system up to air.

27



Sophie Osbourne
24/04/2014

-
s 3
%
s

Y
e

Figure 13: Side view of the secondary electron vacuum chamber, showing the various ports
connected to the chamber and their uses. The labelled components are a) the electron gun, b) holder
for photomultiplier tube for reflection measurements and c) covering around port to ensure light did
not enter the vacuum chamber, d) holder for photomultiplier tube for transmission measurements, e)

visual port (here covered with foil), and f) the connection to the turbo pump keeping the system at

vacuum. Photo credit Vaz (2013)".

In Figure 13, holders for photomultiplier tubes can be seen for both reflection (b) and
transmission (d) modes. During experiments, the phosphor screens emit light when electrons
(backscattered, transmitted primaries and true secondaries) strike the screens. An intensity

signal is read by the photomultiplier tubes, which is then recorded by LabView software on the

computer.

Within the setup were several screens for measuring secondary electron emission. Initially both
the single reflection screen and two transmission screens were phosphor screens, which would

emit light when an electron struck the surface. The inside of the main chamber can be seen in

Figure 14.
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Reflection Screen

Sample
Stage

Transmission Screens

Figure 14: Inside of the chamber custom-built secondary electron emission setup. The system is
typically under 107 Torr vacuum. An electron gun is position vertically above the sample stage, and
the secondary electrons are collected at the reflection and transmission screens. Here the reflection

screen is a green phosphor screen, while the transmission screens are copper plates.

In Figure 14, the stage holder (on which the sample stage is placed), the reflection screen and the
transmission screens are all supported on the same plate, secured on the side of the chamber. This
can be removed from the setup to allow easier alterations to the screen configurations. The sample
stage can be removed from the stage holder while the system is under vacuum and then completely
removed from the system using the loading port, allowing the samples to be changed if necessary

without bringing the whole system up to vacuum.

The reflection phosphor screen was placed at 45° angle to the sample to try to collect only
secondary electrons instead of other backscattered electrons from both inelastic and elastic
collisions. Archard calculated the size of a “back-scattered cone”, a geometrical region of space into
which backscattered electrons would be emitted®. The higher energy electrons are expected to be
emitted at small angles to the primary electron beam, and hence the 45° angle for the screen was

chosen to collect the lower energy electrons, the majority of which should be true secondaries.
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The second transmission screen was placed at a 45° angle to the first transmission screen, which was
arranged parallel to the sample above it. The second screen was also covered by a copper mesh,
which could be biased. By biasing the second screen at a low voltage (expected to be around 50 V), it
was expected that the high energy transmitted primary electrons would travel straight to the first
transmission screen and be collected there. Any low energy secondary electrons would be affected
more by the biasing on the second screen and would therefore travel to the second screen instead,
allowing separate measurements of transmitted primaries and emitted secondaries to be made.
Biasing could also be used on the reflection screen, however previous work had shown that biasing
the reflection screen was not necessary. A diagram showing the arrangement of the screens can be

seen in Figure 15, where the screens, grids and sample are all grounded.

Photomultiplier ~ Phosphor
Tube Screen

Primary e

Secondary e

\ Sample

Secondary e
Phosphor
Screen

4

’

Phosphor

rd
]
Screen

Photomultiplier
Tube

Photomultiplier
Tube

Figure 15: Arrangement of screens within the secondary electron setup, where dashed the black
dashed lines near the angled reflection and transmission screens represent the copper meshes for

biasing. Two different colour phosphor screens are used in transmission measurements.
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In Figure 15, the two transmission screens are different colours to represent the different phosphors
used. The two screens were made up using phosphors which emitted light in different regions of the
visible spectrum: the primary electron screen (and also the reflection screen) would emit green light
when the screen was struck by electrons, while the secondary electron screen would emit red light.
The phosphor P15 (a self-activated zinc oxide phosphor, Zn0O.Zn) was used for the emission of green
light, while the phosphor P22R (a europium-activated yttrium oxide-sulphide phosphor, Y,0,S +
Fe,0;) was used for the emission of red light. The phosphor screens were prepared by making up a
suspension of the phosphor powder with deionised water, which was then deposited onto a glass
screen using a pipette and left to dry. The glass screens had been pretreated with a thin layer of

metal to prevent the phosphor screens charging.

2.2.1 Reflection Measurements

The reflection experiments were twofold. First, the entire sample area needed to be scanned in
order to locate the diamond window. A fully automated LabView program known as Beam Scan was
used, during which the primary beam voltage was set and the deflection voltage of the beam was
altered in the x and y directions by the software. The intensity measurements from the
photomultiplier tubes were recorded by the LabView program and the output file could be analysed
using a separate LabView code to render the intensities as an image of the samples beneath the
electron gun. The image was labelled with the x and y deflection voltages and hence the position of

the samples could be read from the file.

Once the position of the diamond window was known, the deflection voltages could be set and a
different LabView program, known as Energy Scan, could be used. This LabView program would aim
the electron gun at the same area of the sample while sequentially increasing the primary beam
energy of the electron gun from 200 eV to 5000 eV at intervals set by the user. The intensity of the

light emitted by the phosphor screen was recorded by the software at every primary beam energy.

Before the results for the reflection measurements could be analysed, it was important to run a
control sample through the Energy Scan program. For this purpose, a cleaned piece of copper was
used. Assuming that the background signal, Syqckgrouna, is much less than the intensity signal from
diamond, Ssampie, then the secondary electron yield can be calculated as a ratio of Sggmpie to the

intensity signal from the copper, S¢opper, as given in Equation 10".

s
§ = sample Equation 10

Scopper
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However, as detailed by Vaz when first calibrating the setup'’, Equation 10 is valid as a relation for
calculating secondary electron yield as long as a correction factor, §¢opper(Ey) is included. The
correction factor is equal to the secondary electron yield for the copper reference sample at each
primary beam energy, which can be found in the literature”’. So the secondary electron yield at a

primary beam energy of E, is given by Equation 11.

Ssam e .
§=7 2 - Scopper (Ex) Equation 11
copper

2.2.2 Transmission Measurements

Once the position of the samples had been determined in reflection mode there was no need to
rescan the samples in transmission mode using the Beam Scan program. Therefore, only the Energy
Scan program was used during transmission experiments. Calibration proved to be more difficult for
the transmission samples, as the collection of a reference signal as per reflection measurements was
not a suitable method. Thick samples such as the copper used in the reflection calibration would
emit few, if any, secondary electrons in transmission mode; regardless very little literature exists on
secondary electron yields in transmission mode for thin samples which could be used as a reference.
Therefore while transmission measurements were originally using the phosphor screens, the results
could only be given as relative intensities and no results could be calculated for secondary electron
yield using the phosphor screens in transmission mode. Alterations were consequently made to the
setup so that copper screens could be used in place of the phosphors, and then Equation 1 could be
used to calculate the secondary electron yield. Further issues with the transmission mode

experiments are covered in Section 3.2.

2.3 Modelling Secondary Electron Emission

Further to the experimental work carried out, a search was carried out into the available software
which can be used to model secondary electron emission. Monte Carlo codes are often used, having
the advantage that in order to run for a certain sample no experimental data is needed (for example,
escape depth of the electrons); the user-defined inputs such as sample composition are
supplemented by empirical models which are more often than not built into free-to-use Monte Carlo
based software’®. However, Monte Carlo simulations can take an excessively long time to run and

statistical uncertainties cannot be eliminated if run for a finite time period”.

2.3.1 Secondary Electron Emission Modelling Software
Both commercial and free-to-download secondary electron emission software is available, based on

Monte Carlo methods. A selection of these are detailed below. It should be noted however that
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when secondary electron yields are calculated, no distinction is made between secondary electrons

transmitted through a sample and secondary electrons reflected from the surface.

2.3.1.1 Commercially Available Programs: CST Particle Studio™ and Electron Flight Simulator

Within the Computation Simulation Technology Particle Studio™ (CST PS) package, there is a mode
within which secondary electron emission can be modelled®. The CST PS is able to analysis particle
dynamics in three dimensions, incorporating Furman’s model for secondary electron emission and

Vaughan’s model for the secondary electron yield®.

CST PS has been used by Hamme et al. to study secondary electron emission within the electron
collector of a high power tube, and within a superconducting TESLA cavity®®. They found that the
probabilistic-based model needs accurate fitting parameters to describe the material in order to get
accurate simulation results, but that overall the simulation is a successful tool for analysing
secondary electron emission. No papers were available which stated the use of CST PS for simulation

of secondary electron emission from diamond films.

Electron Flight Simulator claims to be the most widely used Monte Carlo simulator of its kind', but
while it can accurately model electron trajectories through a solid as a function of energy, hence
giving a penetration depth value, it is geared more towards the simulation of x-ray generation rather
than secondary electron emission. Figure 16 shows an example of the Electron Flight Simulator

modelling capabilities for a BaTiO3; sample.

d https://www.cst.com/Products/CSTPS/StationaryParticleTrackingSolver; accessed 10/02/2014
¢ https://www.cst.com/Content/Media/CST-Charged-Particle-Simulation.pdf; accessed 10/02/2014
f http://www.small-world.net/efs.htm; accessed 10/02/2014
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Figure 16: Example screenshot of electron trajectories mapped in BaTiO;, as shown on the Electron
Flight Simulator webpage®. The software is able to track the change in electron energy as they travel
through the sample; the software is able to map a large number of trajectories but the software is

geared more towards x-ray simulation.

2.3.1.2 NISTMonte and NIST DTSA Il

The National Institute of Standards and Technology (NIST) has developed a Monte Carlo simulation
known as NISTMonte, which has the capability to define complex sample geometries. NISTMonte
models the generation and subsequent absorption or detection of x-rays, and also backscattered
electrons, however the electron trajectory is no longer tracked once the energy of the electron
reaches below 50 eV?!, and thus the software is not properly set up for secondary electron emission.
A combination of NISTMonte and another software model called MONSEL allows NISTMonte to be
used for secondary electron emission modelling, which gave a good match between experimental
data found in the literature and the simulations for secondary electron yield®’. However, this edited
code is not available for free download. NISTMonte has been updated since 2005, when Ritchie®
originally described the program, to a new program known as NIST DATA 11", but there is still no

setup for secondary electron simulation.

¢ http://www.small-world.net/image7.gif; accessed 10/02/2014
h http://www.cstl.nist.gov/div837/837.02/epq/dtsa2/index.html; accessed 10/02/2014
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2.3.2 CASINO

CASINO (abbreviated from monte CArlo Simulation of electroN trajectory in sOlids) is a widely used
Monte Carlo simulation program used for the simulation of electron transport and scattering in bulk
solids. Examples of using CASINO for secondary electron emission include studies by Prawer et al.
into the region around an ion impact where the secondary electron emission is suppressed, using
electron-hole density information from CASINO simulations at different primary beam energies®.
Yater et al. used CASINO to investigate stopping distances of electrons with boron-doped
nanocrystalline diamond films: they found a good match for the energy distribution in the sample
and predicted penetration depth of the primary electron beam between the CASINO simulations and

the energy-dependent electron range calculation®® (which was developed by Kanaya & Okayama).

Morozov et al. compared the results of Monte Carlo simulations from CASINO and another Monte
Carlo simulator, Geant4, to their experimental results for electron energy distribution functions for
10 keV electron transmissions through 300 nm ceramic films®. Geant4 is a simulation written in

C++5

, with the capabilities to be adapted for simulations in x-ray astronomy and radiotherapy
techniques, as well as secondary electron emission studies®. Geant4 was found to provide energy
distributions much closer to the values measured experimentally, with uncertainties of 3% for
Geant4 compared to 8% for CASINO. They previously attributed to the discrepancies between
experimental and theoretical results from CASINO due to the simulation not tracing the high energy

secondary electrons®’. However Geant4 is a less intuitive software package involving a complicated

setup and more knowledge of computing beyond the comparatively user-friendly CASINO.

To date, there are two versions of CASINO available for free download and use, a two dimensional
version and a three dimensional version. Examples of simulations from both types are detailed in the

next sections.

2.3.2.1 CASINO 2D

CASINO v2.4 was originally developed for scanning electron microscope techniques, particularly low-
energy beam applications in bulk materials®. It can also be used for backscattered electrons, and
models the intensity of an electron beam as it travels through the sample, which gives an indication
of whether or not electrons (either primary or secondary) would be transmitted through a thin film.
Figure 17 shows the result of a simulation on a 60 nm diamond sample, where the primary beam has

an energy of 2.5 keV.
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Figure 17: Screenshot of the energy distribution simulation of electrons from a primary beam of 2.5
keV on a 60 nm diamond film. The backscattering coefficient is given as 0.06 by the software, where
the backscattering coefficient deals only with emerging from the sample with energies greater than
50 eV*. The coloured lines represent the amount of energy the electrons in that region have left as a
function of their primary energy: for example, the darkest shaded regions are surrounded by purple

lines, suggesting that at this point in the sample, they still have 90% of their original energy.

Figure 17 shows the energy distribution of electrons within a 60 nm diamond film. Other graphical
results also produced concurrently by CASINO v2.4 include backscattered and transmitted energies
and the angle of backscattering. This version of CASINO does not have any built-in capabilities for
secondary electron analysis, however it can be used to see whether or not any electrons would be
expected to be transmitted through a sample. Figure 17 has regions of low energy electrons at the
bottom of the sample, suggesting that some transmitted electrons would be expected for a primary

beam of 2.5 keV.

2.3.2.2 CASINO 3D

CASINO v3 was developed in order to handle the simulation of electrons in complex, three-
dimensional samples. Features such as user-defined, complex samples and secondary electron
emission based on the Modller equation and Plasmon theory (for fast secondary electrons and slow

secondary electrons respectively) were added to the software®.
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Figure 18: Screenshot of the 3D CASINO simulation for a 2.5 keV beam incident on a 60 nm diamond
sample. The generated 3D image can be manipulated to different zoom levels and rotated to
different views. A small number of electron trajectories can be seen on both the top and bottom

surfaces of the sample.

Figure 18 shows the three-dimensional simulation of the sample simulated in Figure 17. Agreement
can be seen between the two samples in that the two-dimensional simulation predicts some low
energy electrons leaving the bottom of the sample, and in the three-dimensional simulation, a small
number of electron trajectories can be seen leaving the bottom of the sample. However, while there
are clearly some backscattered electrons, if not secondary electrons, escaping the surface, the

software gives both the backscattered and secondary electron coefficients as zero.

While the software is able to handle three dimensional modelling and secondary electron
generation, personal user experience of the software has been poor. Simulations take a large

amount of computer memory, and only rarely finish calculations for secondary electron coefficients.
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Furthermore, there is no specification for whether or not the secondary electrons generated are

reflected from the surface of the sample or transmitted.

A combination of both CASINO 2D and 3D was used in the simulation study carried out as part of the
project, due to the relative ease of software use compared to other free-to-download Monte Carlo
software and the range of data the software could simulate. However, Monte Carlo simulation
programs such as CASINO each sample as a homogeneous sample®, free of defects, which affects

the diffusion of the electrons within the sample and hence the secondary electron yields calculated.

3 Results and Discussion

As mentioned in Sections 2.2.1 and 2.2.2, the experimental work was undertaken in two parts.
Originally the phosphor screens were in place, and measurements could only be taken from one
phosphor screen at the time due to LabView programming. Therefore Beam Scan experiments were
run in reflection mode to determine the positions of the samples, followed by Energy Scan in
reflection mode and transmission mode for the phosphor screens. Alterations were later made to
the setup to determine transmission secondary electron yield using copper plates instead of the

phosphor screens.

3.1 Reflection Experiments

Once the x and y values were determined from the Beam Scan experiments, the Energy Scan
program was used on all six samples in reflection mode and the intensity measured from the
phosphor screens. Using the calibration process described in Section 2.2.1, the intensity signal was
scaled against a copper reference sample and literature data for the secondary electron yield of
copper at a series of energies, where the maximum yield from copper is 1.43 at 500 eV’’. The scaled
secondary electron yield plots can be seen in Figure 19, and the secondary electron yields are given

in Table 4.
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Figure 19: Secondary electron yield curves for all six samples as a function of primary beam energy.

All samples peak at lower primary beam energies, however the calibration data is not available for

energies below 500 eV and hence the peak may in fact be at lower energies. The 60 nm sample

exhibits a broad peak at higher energies before the yield rapidly decreases from 3400 eV onwards.

Sample Thickness / nm Secondary Electron Yield Peak Position / eV
20 2.90 500
35 1.53 600
60 1.54 700
80 0.79 700
120 0.88 500
150 1.42 500

Table 4: Secondary electron yields and the primary beam energy each peak appears at for each

sample. The three samples where the peak position appears at 500 eV may have peaks at lower

energies (200 eV — 400 eV), however calibration data are not available for this range of energies.

Figure 19 and Table 4 show a general trend with the secondary electron yields and thicknesses: the

thinner samples tend to give higher yields. The trend would certainly be expected in transmission

mode, as in the thinner samples the excited secondary electrons have less distance to travel to the

transmission emission surface and therefore less chance of being reabsorbed into the sample. A
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dependence of secondary electron emission on sample thickness has been found®, for thicker
samples than those tested (comparing 100 nm to 4 um) and for diamond grown on substrates rather
than diamond windows. The argument given by Ternyak et al. is that the thicker films are less
conductive and so thinner films allow the electrons to move through the sample better and are
emitted easier; however this is a comparison of um thick films to nm thick films and for boron-doped

samples. Nevertheless, a dependence on film thickness can be seen.

While the values of secondary electron yield quoted in Table 4 are given as the reflection secondary
electron yields, for diamond windows it is expected that some of the generated secondary electrons
will have been emitted from the transmission surface rather than the reflection surface. However, as
secondary electrons emitted from the transmission surface have to travel further through the
sample, it is expected that the secondary electrons emitted from the transmission surface while
measuring reflection yields are a fraction of the total number of secondary electrons generated in
total. In order to confirm this, a useful comparison would be between the samples here and samples
with the same characteristics grown on a silicon substrate. It is not possible to carry out this
experiment in the current setup as the diamond grown on the silicon is on the underside of the

sample once it is stuck to the sample stage.

The broad second peak for the 60 nm sample is completely unexpected. However, later experiments
found out that the beam deflection towards the spot does not have same coordinates at different
energies as the deflection to a point is done by voltage. The second peak could be due to silicon
secondary electron peak (which is unlikely as the secondary electron peak for silicon is at low
primary beam energies of around 450 eV*®) or backscattered electrons. The 45° angle screen was
chosen on assumption that any inelastic/elastically scattered electrons would have enough energy to
be reflected at small angles to the primary beam, providing the beam is vertical. So if the primary
beam is deflected by a large amount, the angle it hits the sample at could cause more backscattered

electrons to hit the phosphor screen, resulting in the second peak at higher primary beam voltages.

3.2 Transmission Experiments

Two sets of phosphor experiments were carried out: one involving phosphor screens and one
involving copper plates. Originally the setup shown in Figure 15 was used, with the intensity
measured from the screen directly beneath the sample. While running these experiments confirmed
that the setup worked, all transmitted electrons were measured, which would be a mixture of low
energy true secondary electrons and transmitted, high energy primary electrons. The data from

these experiments are presented in Section 3.2.2, but it should be noted that there was no available
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calibration for transmitted secondary electron vyields and therefore the data presented are

intensities only.

The setup was brought up to air and dismantled in order to place the second phosphor screen into
the holder and test the electronic connections, ensuring everything was grounded. However, before
the setup was reassembled, it was decided that the phosphor transmission screens would be
replaced with copper plates. By using copper plates, the secondary electron yield could be calculated
directly from the primary beam emission current, as controlled by the electron gun control box, and

the current from the transmission screen as recorded by a multimeter.

3.2.1 Transmission Simulations

One of the advantages of CASINO 2D over its 3D counterpart is the ability of the software to display
the electron energy distribution throughout a slice of the diamond sample. CASINO 2D was used to
simulate the electron energy distributions for all six samples, with primary beam energies from
0.1 keV to 5 keV in steps of 0.1 keV. These simulations were run to give an estimate of when
transmitted primary electrons could start striking the phosphor screens or copper plates as they
were being emitted at the same time as the secondary electrons. The results from these simulations,
plotted as a graph of primary beam energy for transmission against diamond film thickness, are

shown in Figure 20.
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Figure 20: Graph of simulation-predicted primary beam energies needed for primary electron
transmission against diamond film thickness. In CASINO 2D, the ability to change the work function
of the sample is unavailable, so it is assumed to be the same as the value set in its 3D counterpart,

where the work function is automatically set at 5.5 eV. The simulation results give a straight-line
relationship between film thickness and primary beam energy. The R® value is 0.9969, setting the y

intercept to zero gives a lower R? of 0.7126.

Figure 20 shows a straight-line relationship from the data as plotted, showing that thinner films will
start transmitting primary electrons at much lower primary beam energies, which would be
expected. Experiments from literature tend to carry out transmission experiments at much higher
primary beam energies, typically between 10 keV and 20 keV, but the simulations show that the
5 keV limit on the electron gun is more than sufficient for the much thinner films. Even without
biasing the second screen, it should still be possible to measure some secondary electron emission
on the planar screen for several primary beam energies before transmitted primaries start to be

measured as well.

In Figure 20, while most of the points fit the line, the 20 nm point lies slightly below the line of best
fit. Further simulations were carried out on thinner samples than those tested to see what the
relationship was between the primary energy needed for transmission and film thickness for

samples of 10 nm thickness or less. The results are shown in Figure 21.
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Figure 21: Graph of primary beam energy needed for primary electron transmission as a function of
diamond film thickness, as predicted by the Monte Carlo simulation program CASINO 2D. A non-
linear relationship can be seen between primary beam energy and film thickness for film thicknesses

of 10 nm or less.

In Figure 21, the addition of simulation results from films of 10 nm, 5 nm, 2.5 nm and 1 nm thickness
can also be seen. Unlike the results from thicker films, there is a non-linear relationship between film
thickness and primary beam energy for these thinner films, predicting a decrease which may
eventually lead to a point lying on the origin. To confirm any relationship between primary beam
energy and diamond film thickness, further simulations should be carried out for thicker films to see

if the linear relationship continues for films thicker than 35 nm.

3.2.2 Phosphor Screen Experiments

Once the Beam Scan program had been used to locate the hole, transmission Energy Scan
experiments were run for the six diamond samples using the planar phosphor transmission screen to
measure secondary electron emission. No biasing was applied to the copper mesh across the screen,
and the beam current was kept constant for all experiments at 3.0 pA. The intensity results for the

samples can be seen in Figure 22.
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Figure 22: Plot of the measured intensity of secondary electrons in arbitrary units against the primary
beam energy. The secondary electron intensity peak stays between 500 eV and 700 eV regardless of
the thickness of the diamond film. A much higher peak can be seen for the 60 nm sample, with the

highest intensity measured at 3500 eV.

Figure 22 shows the measured intensities of electrons striking the phosphor screen as a function of
primary beam energy. The samples all have secondary electron peaks in the same area, with the
highest peak of 274.7 for the 20 nm sample, which would be expected as the thinner the sample, the
less distance secondary electrons have to diffuse through the sample to reach the transmission
surface and hence there is a much smaller chance that these low energy electrons will be
reabsorbed into the diamond lattice. However, this reasoning would suggest that the thickest
sample, 150 nm, would have the smallest secondary electron intensity. Instead, the 80 nm sample

has a much lower intensity peak of 51.4. The peak intensities for each sample are detailed in Table 5.
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Sample Thickness / nm Peak Intensity Peak Position / eV
20 2747 700
35 98.7 600
60 103.2 700
80 51.4 500
120 56.2 500
150 85.7 400

Table 5: Peak intensities and the primary beam energies the peaks were generated at for each of the
six samples. The peak intensity tends to decrease with increases in the thickness of the samples, with
the exception of the 150 nm sample, which has the fourth-highest measured intensity, and the

80 nm sample, which has the lowest intensity.

From both Table 5 and Figure 22, the intensity peaks are at low primary beam energies, and there is
a general trend of decreasing intensity with increasing sample thickness. Both 80 nm and 120 nm
have far lower intensities compared to the other four samples. While they are expected to have
lower intensities than the thinnest samples, the intensities are considerably lower than the other
intensities. As mentioned previously, when Energy Scan is used the set x and y deflection values
move the primary electron beam different amounts as the primary beam energy increases. If the
primary beam was not striking the centre of the window originally, then a smaller proportion of the
electrons in the primary beam would be striking the diamond to excite secondary electrons.
Therefore, an error in positioning of the beam could explain why the 80 nm and 120 nm sample

results are so much lower than the other four samples.

All of the samples have a second peak starting at about 1500 eV, most noticeable in the 60 nm
sample. While for the 20 nm sample, this could be the start of primary electrons being transmitted
(as predicted by the simulation results from Figure 20), the appearance of the second peak is too low
for the other samples for the cause of the peak to be primary electrons. The consequent decrease in
measured intensity suggests that primary electrons may not be the cause, and there may be a fault
in the setup. If high energy primaries were being transmitted and measured, the measured intensity

would be expected to increase with consequent increases in primary beam energy.

The large peak for the 60 nm sample is unexpected, and while primary electrons may be transmitted
at beam energies above 2600 eV and the peak is at 3400 eV, the sharp increase starts at 1700 eV,
which is around the same energy at which other samples exhibit the second, smaller peak. A sharp
increase could be due to damage to the film, causing it to break and allowing a ‘clean’ path for the

primary electron beam to strike the phosphor, however if the film had broken during experiments
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the intensity would not be expected to decrease again as the primary electron beam energy
continued to increase. The sample diamond window was therefore thought to still be intact, so the
anomalous peak could be explained by the electron beam moving so drastically away from the
diamond window that it was in fact travelling directly through the line in the sample holder next to
the sample, as there was a gap between the 35 nm and 60 nm samples (see Figure 11). The decrease
in intensity could be due to the deflection of the beam reaching the edge of the next sample, or the
edge of the slit in the sample stage, resulting in a smaller proportion of the electrons being
transmitted. However, a similar peak appeared in the reflection data (see Figure 19), and it could be
argued that there may in fact be a fault with the sample, or contaminants present, however it is
interesting that there only seems to be an effect at higher energies, as both the reflection and
transmission experiments exhibit a secondary electron peak in the same region as the other
samples. The appearance of the secondary electron peak in the same region for each sample would
be expected, as the doping and surface termination of each sample is the same, it is only the sample

thickness that has changed.

Regardless of the second peaks, the preliminary phosphor screen experiments show that the setup is
suitable for measuring secondary electron emission in transmission mode. As a suitable calibration
was unavailable for transmission mode experiments with phosphor screens, the equipment was

dismantled and a different experimental setup tested.

3.2.3 Copper Screen Experiments

After preliminary experiments were run using the phosphor transmission screens, the setup was
updated to use copper plates instead. By using copper plates, no further calibration was needed as
the secondary electron yield became a ratio of the set primary beam current and the measured
secondary electron current from the transmission screens. The new experimental setup is shown in

Figure 23.
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Figure 23: Diagram showing the arrangement of the screens after removal of the transmission
phosphor screens and their consequent replacement with copper plates. The dashed lines represent
the copper meshes. While not shown, the copper plates could be connected up to an external
multimeter, from which the current generated from electrons striking the copper surface could be

read.

Both copper plates in Figure 23 were grounded and connected by a series of wires inside the vacuum
chamber to external ports on the chamber to allow connections of the plates to multimeters.
Currently the LabView Energy Scan program is only configured to read phosphor screen intensities
and thus the current produced by emitted electrons was measured manually from the multimeter.
However, upon replacing the screens inside the setup and running Beam Scan in reflection mode to
determine the position of the samples, several experimental issues began to arise, as detailed in

Section 3.2.3.1.
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3.2.3.1 Experimental Issues
After the copper screens were placed inside the setup and the chamber brought back down to
vacuum, new Beam Scan experiments were run in reflection mode to determine the position of the
20 nm and 35 nm samples, which were currently placed under the electron gun. It was expected that
fairly clear images would be produced, which would allow easy location of the hole on the sample
substrate. The image produced for a Beam Scan at a primary beam energy of 1200 eV is shown in

Figure 24, which is far less clear than expected.
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Figure 24: Screenshot of analysed data outputted from Beam Scan LabView program to determine
the location of the 20 nm and 35 nm samples at 1200 eV primary beam energy. While two darker
areas can be made out indicating the possible location of the samples, the hole is not well enough

defined to allow a precise estimation of its location along the sample stage. The x and y coordinates

here correspond to the deflection voltage applied to move the beam to a particular location.

Figure 24 is very blurred, and it is difficult to determine many features of the samples and substrate
holder. The much lighter area in the top of the image is likely to be the edge of the metal substrate
holder, which would deflect a lot of electrons. The bottom of the image, where it is much darker
than the rest of the image, indicates the area beyond the sample holder. Likewise, the location of
the hole in the silicon substrate would be expected to be clearly a lot darker than the surrounding
silicon. However, it is difficult to discern the two samples, let alone the holes in the substrate with

any certainty. The hole on the left sample is faintly visible, but not with any clarity to guarantee that
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the centre of the hole would be directly beneath the primary electron beam, hitting the edge of the

silicon etching would lead to error in the results.

A couple of reasons were suggested for the poor quality of the Beam Scan. First, it was thought that
perhaps during the dismantling of the chamber that some dust had been attracted to the electron
gun filament. Despite covering the opened ports of the main vacuum chamber while the new
screens were being fitted, it is possible that some dust entered the system when the screens and
sample holder was replaced inside the chamber. The primary beam voltage and the primary beam
current were both increased, with the idea that the increased voltage and current would burn any

impurities off the filament, and thus the clarity of the images would be improved.

The image clarity failed to improve after twelve runs, where the beam voltage was increased up to
1500 eV (however the higher voltage was found to decrease the quality of the image further) and
the beam current increased up to 8.7 pA. Despite the prolonged increase in voltage and current,
carried out over the course of a week, the image quality did not improve. Any dust should have been
burnt off the filament, and so a new solution was needed. It was suggested that the filament may
have burnt out and need replacing; however as an idea this was held as an absolute last resort. A
large amount of time would be lost recalibrating the settings needed for optimum beam
characteristics at each primary beam energy step, and therefore it was decided to try other methods

for improving the Beam Scan image.

As the exact properties of the silicon substrate were not known, it was thought that the silicon could
actually be charging and then discharging randomly, causing the blurs in the image. For secondary
electron emission experiments, a substrate needs to have good conductivity properties to allow
excess charge to move to the metal sample holder and away from the sample surface, thus
preventing surface charging®®. One of the most common methods of reducing surface charge is often
used in Scanning Electron Microscopy (SEM), involving the coating of the sample with nm-thick
layers of metal, typically gold or silver’. It was decided that one of the mid-thickness samples, either
60 nm or 80 nm would be coated with a silver coat of several nanometres. The effect of the silvering
on the film was unknown, the films are quite thin and delicate and it was unknown whether or not
the silvering process, carried out in the Electron Microscopy Unit at the University of Bristol, would

damage the film.

The sample stage was carefully removed from the vacuum chamber, but unfortunately the 60 nm,
80 nm and 120 nm were loose on the stage. The 60 nm sample was chosen for silver coat, and after

silvering the 60 nm sample and the 120 nm sample were compared under an optical microscope.
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The 80 nm sample film looked like it had been damaged and no film could be seen, however a blue
reflection could be seen in the window on the 120 nm sample so this sample was chosen for

comparison. Images from the microscope can be seen in Figure 25.

Figure 25: Images taken from the optical microscope of the 60 nm sample (A) and 120 nm sample (B)
at 10x optical zoom. For the 60 nm sample, the film is not visible, suggesting the film has shattered,
however the silvering does seem to have been successful. The 120 nm sample film is clearly visible,

showing a slight blue tint.

In Figure 25, the 120 nm sample labelled B shows the expected difference between the film and the
substrate, where the film has a slight blue tint. The 60 nm sample however seems to no longer be
visible in the window. The edge of the hole is ragged rather than smooth, suggesting that the film
has shattered. Further evidence to the broken film is given by the scratches which can be seen in the
hole, which more than likely came from the microscope slide which was placed under the sample to
support it. The silvering has worked, however the sample is not longer suitable for secondary
electron emission experiments. It is thought the same breaking of the film happened to the 80 nm
sample, and that therefore it was the samples becoming loose from the silver dag that caused the

film to shatter rather than the silvering process.

The 20 nm, 35 nm and 150 nm samples remained secured to the sample holder. Although the 20 nm
and 35 nm films are incredibly delicate, as they did not come loose from the sample stage it was
thought that these films may still be intact. As with the 120 nm sample, the 150 nm sample showed
a blue tint when held up to the light. It was decided that preliminary experiments would be carried
out using the 150 nm sample and the copper plate setup, as the 150 nm film could still be seen in
the window, and the 120 nm may have been weakened after coming loose from the silver dag and

consequently being replaced onto the sample holder and therefore could be liable to break.
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3.2.3.2 Preliminary Data from New Setup

The 150 nm screen was thought to still be intact, so the 150 nm sample was positioned under the
electron gun and the Beam Scan program run. After several runs, despite the indistinct quality of the
image, the x and y deflection voltages for the beam at 1200 eV were satisfactorily determined. It had
previously been found that the x and y coordinates did not stay constant as the primary beam
energy changed as they represent deflection voltages, not straight Cartesian coordinates as
previously thought. For example, higher primary beam energies needed much higher x and vy
deflection voltages to move the beam to the same point on the sample as lower beam energies. As
the LabView software was written to hold the x and y deflection coordinates, it was decided that
these experiments would all be run manually. While far more time consuming, there was a much

higher chance of keeping the beam in the same place and producing reliable results.

Two other small alterations were made to the experimental procedure. First, the primary beam
current, which was independent of the primary beam energy, was increased from around 2.9 YA to
10 pA. As the current could fluctuate slightly during experiments, the primary beam current for each
primary beam energy was recorded. A bias of 40 V was also put on the copper mesh above planar
transmission screen: the planar copper plate was used first by itself to ensure that current generated
by electrons could be measured, and a bias was applied to help attract the low energy electrons. As
the 150 nm film was not expected to start transmitting primary electrons along with secondaries
until the primary beam energy reach 4600 eV, a bias on the planar copper plate for the duration of
the experiment was not expected to attract a large number, if any, of primary electrons along with

the secondaries.

Prior to running the experiment, the electron gun was turned on and the beam aimed far away from
the sample and the background current measured, which remained steady at 0.04 pA whenever else
it was checked during the experiment. To find the exact position of the hole, the deflection voltages
were set to the values decided for a beam energy of 1200 eV, then the x and y values were altered
to scan over the area. The current generated from electrons striking the copper plate was monitored
as the x and y voltages were changed: the highest current was thought to represent the primary
beam striking the centre of the diamond window. The current generated was recorded from the
multimeter for each primary beam energy, as was the primary beam current, and therefore the
secondary electron yield could be calculated as per Equation 1. The results from the experiment are

shown in Figure 26.
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Figure 26: Graph of the change in transmitted secondary electron yield with primary beam energy.
Two experiments were run: one from 500 eV to 5000 eV in steps of 100 eV, and a second from 100 eV
to 1000 eV in steps of 50 eV, to check reliability of results and further probe the lower end of the

curve.

The change in secondary electron yield with primary beam energy can be seen in Figure 26. For both
experiments, the peak in secondary electron yield was at 600 eV, slightly higher than the intensity
peak position of 500 eV from the preliminary experiments. After the peak the secondary electron
yield started to decrease to a plateau at higher primary beam energies. It would be expected that
the secondary electron yield may start to increase from 4600 eV as this was the primary beam
energy predicted by CASINO to be the point at which primary electrons started to be transmitted as
well. There is no clear increase; all the values of secondary electron yield fluctuate between 0.011
and 0.014 for primary beam electrons between 4600 eV and 5000 eV, which suggests that primary
electrons had not yet started to be transmitted. However, Yater et al. did not expect primary
electrons to be transmitted through their 150 nm sample until the primary beam energy was over
5000 eV’?, so perhaps an increase in yield for the planar copper plates would have been seen if the
experiment could have been carried out at higher primary beam energies. Furthermore, the data
lack the high energy second peak visible for all samples in Figure 22. Therefore the peak may be due

to an experimental issue with the phosphor screen; the screen may not have been properly
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connected, leading to the screen collecting charge and discharging later on. However, the
discharging would be a random process while the second peaks all start to appear around 1500 eV in
a systematic pattern. While for the 20 nm sample this may be primary electrons starting to be
transmitted through the sample, the primary electrons would not expected to be transmitted until

much higher energies for the thicker samples, as shown in Figure 20.

In Figure 26, the values for secondary electron yield are different for the two experiments carried
out: 0.40 for the experiment carried out in primary beam energy steps of 50 eV, and 0.31 for the
experiment carried out in 100 eV primary beam energy steps. Furthermore, a smaller peak can be
seen at 450 eV with a value of 0.29 for the experiment carried out in 50 eV steps. The second peak is
thought to be an issue with a setting on the electron gun called focus. The focus is adjusted to
minimise the ‘spot size’ when the electron beam strikes the sample. The electron gun had been
previously calibrated to find the ideal focus for the smallest spot size, and the values from the
previous calibration were used during this study. It was decided that the focus would be altered to
see the effect of the focus on the secondary electron yield, and the data from the experiment are

plotted in Figure 27.
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Figure 27: Plot of transmitted secondary electron yield against primary beam energy for adjusted
focus results, where the focus was optimised to maximise secondary electron yield. The secondary
electron yield has changed from the earlier results, shifting the peak across to 750 eV with a value of

0.43.

Figure 27 shows the new secondary electron yield results for optimised focus. The experiments were
carried out between 600 eV and 1000 eV at intervals of 25 eV; 600 eV was the original peak location
but as the peak was very sharp rather than the ‘bell-shaped’ curve expected, the region between
600 eV and 1000 eV was chosen for focus alteration to see if in fact the secondary electron yield
decreased more uniformly if the focus was changed. Despite 600 eV previously being the location of
the 0.41 yield peak, the result shown in Figure 27 is much lower than expected, despite the peak
location previously being repeatable. Plotting the data in Figure 27 on the same scale as that in
Figure 26 shows that the peak shape is the same but just shifted across for the peak location to
stand at 750 eV, and with only a slightly higher yield. The focus was calibrated using the phosphor
screens, trying to minimise the spot size on the phosphor screen with the beam striking the
phosphor screen directly. The calibration process was harder at lower primary beam energies, and
perhaps further investigation into focus would be worthwhile in order to better calibrate the
electron gun filament. As only a small section of the diamond can be struck by the primary electron

beam, a higher transmission secondary yield would be associated with a small spot size contained in
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the entirety of the diamond window. Further work could include repeating the calibration process to

check the focus calibration curve.

Comparing the reflection and transmission yields for the 150 nm sample, the reflection peak of 1.42
at 500 eV is higher than that of the transmission yields, which is 0.43 at 750 eV. The higher yield for
reflection mode is expected, the secondary electrons have to travel through to the other side of the
sample before being emitted while in reflection mode the electrons generated near the sample
surface have less distance to travel and more chance of being emitted. However, the potential of
transmission secondary electron emission for photomultiplier devices is high: the stacking of several
films in a transmission configuration could lead to much higher yields than in reflection mode, due to

a cascade effect.

3.3 CASINO 3D Simulations

CASINO 3D simulations were also carried to simulate the secondary electron yields of the samples at
different energies. In literature, results are either said to agree with simulations or simulations are
used to predict where maximum yield should be and then experiments used to verify but it is rare to
find plots of secondary electron yield as a function of primary beam energy. A plot of simulated
secondary electron yield as function of primary beam energy has not been found for diamond, only
aluminium, where overall the curve has a qualitative shape match between simulation and
experiment but experiment has higher yields at lower primary beam energies — there is no real

distinction between backscattered and secondary electrons.

The exact work function of these particular samples is unknown so three values used — 5.5 eV (given
by software when diamond selected as sample composition), and then 3.9 eV and 2.85 eV which are
literature given highest and lowest work functions for hydrogen-terminated diamond®. The results
for the simulations for the 150 nm sample are given in Figure 28, as both reflection and transmission
yields have been calculated for the 150 nm sample. The other graphs can be found in Appendix 8.2.
The CASINO software does not make clear the configuration of secondary electron measurement
(reflection or transmission), but simulated peaks of above 1 would suggest a reflection

configuration.
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Figure 28: Secondary electron yield curves for the 150 nm thick sample as a function of primary beam
energy, for three different work functions. By comparing experimental results to the simulated curves

it is possible to estimate the work function of the diamond samples used in the experiments.

In Figure 19, the simulations with lower work functions give higher secondary electron yields — there
is a smaller energy barrier for the secondary electrons to overcome to reach vacuum level, which as
a negative electron affinity material poses no barrier to electron emission. The shape of the curve
most closely matches the reflection yield curve as seen in Figure 19, and the higher yield values
suggest that these secondary electron yields correspond to yields measured in a reflection
configuration. The work function which is closest to the measured reflection yield of 1.42 is the
curve for a 5.5 eV work function. The result is surprising as 5.5 eV was used as a diamond work
function only as it was the set value in the software itself, however the work function of bare
diamond is given as 5.5 eV** and after repeated exposure of the samples to the electron beam any
hydrogen termination would have been destroyed. However, the software simulates perfect
samples, taking no account of grain boundaries or other samples imperfections, and also does not
account for secondary electrons below 10eV due to software restrictions, so a true secondary

electron is defined by the software as having an energy between 10 eV and 50 eV.
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Finally, with an estimated work function for the samples of 5.5 eV, which is surprisingly high, the

simulated secondary electron curves for all samples with a 5.5 eV work function have been plotted

in Figure 29.
1.4
1.2
'c 1
9
: )0 nm
2038
© 35 Nm
Q
I'l>J. 60 NM
s 0.6
e =80 Nnm
]
[} —
& 04 120 nm
\\ =150 nm
02 ———
0 T T T T 1
0 1 2 3 4 5
Primary Beam Energy / keV

Figure 29: Secondary electron yield curves in reflection mode for all samples at a work function of 5.5
eV. The maximum secondary electron yields vary from 1.17 for the 150 nm sample and 1.33 for the

60 nm and 120 nm samples.

Figure 29 shows the secondary electron yield curves for all samples with a work function of 5.5 eV.
Even with different sample thicknesses, the 0.5-1.0 keV region of the curve shows remarkably similar
behaviour, with a standard deviation of 0.07 between the results. While the curves deviate from one
another on the latter part of the curve, as Monte Carlo simulation is a random number generator-
based simulation, the curves could in fact be identical, allowing for fluctuations in the random
nature of the simulation. While the reflection curves in Figure 19 show a general decrease in yield
with increases in sample thickness, at higher energies (above 4 keV) the simulations appear to

predict an increase in secondary electron yield with sample thickness.

While the possibility of simulating secondary electron yields is useful for comparison of experimental
results, particularly if the software could be tailored for an exact film composition for which

literature data may not be available, the CASINO software is limited. It can predict the overall shape
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expected of secondary electron curves, but perhaps provides a better building block from which a

more advanced code could be developed.

4 Conclusions

The emission of ‘true’ secondary electrons, defined as those with energies of less than 50 eV, takes
place when electrons within a material are excited by those in a primary electron beam, and
consequently these excited electrons are able to escape from the surface of a material, such as a
diamond film. In the literature, the secondary electron yield from diamond films has been measured
extensively in reflection mode, where secondary electrons are emitted from the incidence point, but
much less so in transmission mode, where much thinner films are needed to ensure the secondary
electrons travel to the other side of the film. While some simulation work on secondary electron
emission in transmission mode has been carried out, there is usually little distinction between the
true secondary electrons emitted, and those that have been backscattered. Furthermore,
comparisons between simulation and experiment for diamond and few in number, and the literature
focuses more on the analysis methods used in simulation rather than on the simulation results

themselves.

A custom-built setup has been used to measure secondary electron emission in reflection mode and
transmission mode under high vacuum. The setup currently makes use of calibrated phosphor
screens for the reflection measurements, where the intensity of the light generated upon incident
electrons is measured, and copper plates for the transmission measurements, where the current
generated by the incident electrons is measured. Six diamond film samples of varying thickness were
tested in both reflection and transmission mode, and simulation work carried out to predict the
primary beam energy needed for primary electron transmission and the theoretical secondary

electron yield.

For the reflection secondary electron yields, measured using the phosphor screens, the highest yield
was found to be for the thinnest sample, 20 nm, with a value of 2.90. A slight dependence of
secondary electron emission yield on film thickness could be seen, however the thickest film of

150 nm had a higher yield of 1.42, almost double that of the 80 nm film.

In transmission experiments, all the films were only tested using the transmission phosphor screens;
however the setup was later altered to overcome some problems with calibration, as the

transmission phosphor screen data could not be scaled as the reflection data were. Using the copper
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plates, a transmission yield of 0.43 at 750 eV was found for the 150 nm sample, using current
measurements rather than intensities from the phosphor screen to calculate the yield. The
transmission yield is much lower than the reflection yield, which would be expected, but also
considerably lower than Yater et al.’s 150 nm film, which had a yield of 572, However, Yater et al.’s
boron-doped films are expected to have higher yields than the undoped samples used in this study,

as the boron provides a higher degree of electron conductivity not seen in undoped samples.

Finally, Monte Carlo based programs known as CASINO 2D and 3D have been used to make
predictions about the experiments presented here. CASINO 2D has been used to predict the primary
beam energy at which primary electrons may be transmitted through the sample, while CASINO 3D
has been used to simulate secondary electron yield curves for all the samples, with different work
functions. For transmission, it was predicted that a primary beam energy of at least 4600 eV would
be needed for the 150 nm sample for primary electrons to be emitted from the transmission surface,
which is much higher than the 750 eV where the secondary electron peak was measured. CASINO 3D
predicted that samples of different thicknesses would give similar secondary electron yields in
reflection mode provided the work function of the sample was the same. CASINO has no function for
doping, termination or surface morphology, the inclusion of which would better model the diamond
films grown using CVD techniques; however the CASINO code could be further investigated to see if

these properties could be included into the simulations.

5 Future Work

There is great scope for future work with the project, particularly once the system is fully set up.
First, it may be best to replace the samples: as previously explained, at least two of the films were
thought to have shattered during experiments. It may be worthwhile looking at new ways of fixing
the samples to the sample holder as well. The silver dag used helps the conductivity and helps to
prevent some surface charging; however the strength of the adhesive means that removing the
samples more likely than not causes the diamond films to shatter. Particularly for reflection
experiments, it is important that the sample is stuck film-side down so that the only diamond
exposed to the primary electron beam is the window. If the sample was stuck silicon-side down, the
entire diamond film would be exposed which would not be ideal due to some of the positioning
issues with the primary beam, although a comparison between secondary electron emission in
reflection mode of the diamond window and the diamond film on the sample would no doubt be an

interesting comparison. To keep the current film configuration, a conductive silicon support could be
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fixed along the edges of the diamond film which could then be secured to the sample holder with
the silver dag. There may still be some damage done to the films while removing the supports from

the sample holder; however the damage may be a lot less than currently.

Once a new set of sample has been acquired, a full set of experiments needs to be completed in
transmission mode for the current setup, with only the planar transmission screen directly below the
samples measuring transmitted current. The next step would be to turn on the mesh bias voltage on
the second, angled screen. It may first be necessary to alter the bias voltage to ensure only true
secondary electrons are attracted to the second transmission screen and measured. A starting
voltage would be 50 V, and from there the voltage could be raised or lowered depending on the
measured current, and whether or not 50 V attracts no electrons or a high proportion of electrons

which may include high energy primaries.

The final step in the setup of the secondary electron setup would be to remove the arm supporting
all the screens and add a third transmission screen, also at 45° to the planar transmission screen,
and a corresponding mesh over the top which could be biased. The third screen would be a
phosphor screen, the same as the reflection screen, and would need a photomultiplier tube for
measuring the intensity of the light generated by the electrons striking the surface. The proposed

final setup of the screens inside the vacuum chamber is shown in Figure 30.
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Figure 30: Diagram showing the proposed arrangement of screens inside the secondary setup, where
the dashed lines represent the copper meshes. The transmission copper plates could be connected up
to a multimeter which could be read in tandem with the phosphor screen intensity measurements
from the photomuiltiplier tube to provide a calibration for the transmission setup, thus setting up the

system to take all secondary electron measurements using phosphor screens.

The proposed configuration in Figure 30 allow secondary electron measurements in transmission
mode using the phosphor screen, where the intensities could be calibrated against the current
measured on the angled copper plate. The two experiments would not be able to be run
concurrently: first the secondary electron measurements would need to be run with the copper
plates measuring current. The bias voltage would then be removed from the copper plate mesh and
applied to the phosphor screen mesh. The intensity signal generated by the phosphor screen should
exactly match the current measured by the copper screen, so by calibrating the intensity signal

against the current, a secondary electron yield for transmission using the phosphor screen could
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then be calculated, allowing secondary electron measurements to be made purely using the
phosphor screens in both reflection and transmission mode. Once the setup is fully calibrated, a
wider variety of films can be tested in both reflection and transmission mode. Starting with a boron-
doped sample would be recommended, to see if results from Yater et al. on the thinnest films found
in literature so far are comparable to results from the custom-built setup’®. Further investigations

could include:

1. Effect of the level of boron doping on transmission secondary electron yield, and whether
the optimum boron concentration for optimum secondary electron yield differs between
films of different thicknesses

2. Effect of different surface terminations, such as hydrogen termination and caesium
termination to see if caesium termination gives far higher yields as in reflection mode, and
whether both the higher quality emission surface and the diamond surface upon which the
primary electron beam is incident need to be treated for a particular surface termination for
optimum secondary electron yields

3. Effect of surface morphology on transmission secondary electron yield, and whether the
results are comparable to the effects of surface morphology in reflection mode

4. Effect of the substrate the diamond is grown on, and whether the technique used to remove
the hole in the substrate affects the diamond surface enough to affect the secondary

electron yield, and therefore whether or not free-standing films are preferable

Further work could also be done with the simulation work. CASINO is by far the best free-to-use
Monte Carlo simulation available; however it does have considerable drawbacks. One advantage of
CASINO is that, providing the origin of the source code is acknowledged, further alterations can be
made to the code itself’>. CASINO is currently limited by its inability to tell between transmitted
primary electron and true secondary electrons emitted in transmission mode, issues with surface
terminations (upon setting hydrogen as the surface of the sample for example, the program no
longer runs), and the generation of perfect lattices in which dopants, grain boundaries and other
impurities cannot be included. Investigation into exactly how the CASINO program works could allow
modification of the codes and calculations used to accommodate hydrogen surface termination and
possible random allocation of dopant species within the uniform carbon lattice. By including more
variables such as termination, doping and surface morphology into the code, simulation which closer
match experimental conditions can be run, hopefully leading to more accurate simulation results

with respect to the experimental data.
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8 Appendix

8.1 Glossary of Terms

1) Secondary Electron Yield (SEY)

I Total emitted electron current

Iy Primary electron current

E, Primary electron energy

E;, Ey Electron energy when SEY is 1

En, Electron energy for § = &,

E, Valence band energy

E, Conduction band energy

X Electron affinity

E,qc Vacuum level

0] Work function

Er Fermi level

Om Maximum SEY

Zm Value of z to maximise the g,,(z) function
E; Impact Energy

d Membrane thickness

B Probability of an electron escaping the surface
Egap Bandgap energy

L Carrier diffusion length

z Distance from the surface of the sample
G; Transmission gain
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E¢(t)

a,b,c
Sbackground
Ssample

Scopper

6copper (Ex)

Time-dependent internal field

Fitting parameters

Background intensity signal

Intensity signal from sample

Intensity signal from copper sample, used as reference

Correction factor used in analysis of reflection yield data

72

Sophie Osbourne
24/04/2014



8.2 CASINO 3D Simulation Plots
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Figure 31: Simulated secondary electron yield curves for the 20 nm sample at a selection of different

work functions.
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Figure 32: Secondary electron yield as a function of primary beam energy for a simulated 35 nm

sample with a variety of different work functions.
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Figure 33: Simulated secondary electron yield curves for a 60 nm sample at several work functions.
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Figure 34: Secondary electron yield curves from simulations of 80 nm thick sample at three different

work functions.
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Figure 35: Simulated secondary electron yields curves for 120 nm sample at three work functions.
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