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Thesis Abstract

Design and implementation of an Atomic Layer deposition System with a coupled in-
situ X-ray Photoelectron Spectroscopy tool — Kyle Shiel

Atomic layer deposition (ALD) is an important tool for the research and fabrication of
thin-films, used across a wide variety of applications, including the creation of thin
metal-oxides, used in the fabrication of high-k semiconductor devices. This scope of
this study was to design and build a ‘home-made’ ALD chamber, with a coupled in-situ
X-ray Photoelectron Spectroscopy (XPS) tool, in order to be able to characterise the
chemical components of thermally grown ALD films before exposing them to
atmospheric contamination. Thermally grown films of aluminium oxide were grown
using trimethylaluminium (TMA) as a precursor and H,O as a co-reactant. These films
were grown at differing temperatures and initial surface conditions, in order to test
which conditions led to the most ideal films. Titanium oxide films were also grown
using a similar method, (employing titanium isopropoxide (TTIP) as the precursor and
H,O as the co-reactant) to ensure the chamber was compatible with a variety of
different ALD techniques. While some degree of aluminosilicate growth was observed
for all aluminium oxide samples, the growth rates and film compositions for both the
TMA and TTIP films were similar to those observed in other studies. These findings
show that the system designed works as intended and shows its potential to be used
as a process characterisation tool for ALD thin-film processes.

Vi
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1 Introduction

1.1 Thesis Introduction and Project Aims

The focus of this work is to integrate a ‘home-built’ atomic layer deposition (ALD) with an X-
ray photoelectron spectroscopy (XPS) tool, which will be used to grow and analyse Al,O3 and
TiOz films, without the need to expose them to atmosphere before analysis takes place.
Atomic layer deposition is a thin-film deposition technique which was adapted from
chemical vapour deposition (CVD). ALD uses short, sequential pulses of a (usually metal-
organic) precursor which interacts with the surface of a given material. This precursor is
then pumped away, and the system is ‘purged’ of any excess material or reaction products
through flooding the system with an inert gas. Once the system is purged, a co-reactant is
similarly pulsed into the chamber to react with the adsorbed precursor. The excess of this
co-reactant is then also ‘purged’ from the system and this technique is repeated in a
stepwise, sequential fashion, until the desired film thickness is achieved. This ‘half-step by
half-step’ process is used to grow thin-films (usually oxides, nitrides, or metals) at a
monolayer scale, allowing for high control over the thickness of the films created. This high
level of control makes ALD a powerful tool in the fabrication of microelectronic devices,

such as MOSFETs, alongside other uses.

X-ray photoelectron spectroscopy (XPS) is a powerful surface characterisation technique,
which employs the quantised energy levels of inner shell electron emission to characterise
the atomic composition and state of materials’ surfaces. During this technique, the surface
of a material is bombarded with x-rays and, through the photoelectric effect, inner shell

electrons are emitted from atoms in the sample. These emitted electrons are recorded by a
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detector and, through analysis of their kinetic energies, the atomic shell from which they

originate can be determined.

The first part of this thesis focuses mainly on the design and characterisation of a home-
built ALD system with an in-situ PSP TX400 XPS surface characterisation system. This in-situ
XPS system allows for accurate characterisation of the surface chemistry of all ALD
processes, while preventing the surface contamination due to exposure to atmosphere
which is common in many XPS studies of ALD processes (1). Once this system design was
completed, an XPS study of individual Al,Os processes, using Trimethylaluminium (TMA) as
the precursor and H,O as the co-reactant, was carried out in order to better understand the
ALD process, and to help to calibrate the individual parameters required for better process
optimisation. This was repeated for different sample temperatures, as well as on a
hydrofluoric acid (HF) treated, and untreated samples. The growth rate of Al,03 on these
samples were then compared with literature values for similarly processed samples, to
ensure the process was optimised correctly. A further study of TiO; films grown using a
thermal ALD process was then completed, with processes carried out on this system, using
TTIP as the precursor, and H,O as the co-reactant, in order to ensure uniform film growth
was also possible with other precursors and recipes. This showed that clean uniform film
growth was possible for a variety of precursors and allowed for better understanding of

process optimisation on this system.
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1.2 Thesis Layout

This thesis begins with an introduction to the background and theory of both ALD and XPS
respectively, in Chapter 2, in order to ensure the reader has sufficient background in each
for future chapters. Chapter 3 describes the design of the ALD system, as well as the
electronic components needed, and the initial testing of the ALD valves and heating
solutions. An in-depth analysis of the Al,Os3 process is undertaken in Chapter 4, alongside
comparisons of the process with existing literature, with a similar explanation and
comparison of the thermal TiO; process with literature is completed in Chapter 5. Finally,

Chapter 6 contains the discussions and conclusions, as well as suggestions for future work.
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2 Theory and Background
2.1 Overview of Atomic Layer deposition processes

2.1.1 Origins of ALD process

Atomic layer deposition (ALD) is an adaption of the chemical vapour deposition (CVD)
process that was originally developed, by two independent discoveries, in both Leningrad
Technological Institute (LTI) in the Soviet Union (here called Molecular Layering) and at
Instrumentarium Oy in Finland (named atomic layer epitaxy) (2). The deposition process of
ALD consists of alternating, sequential pulses of a, usually organometallic or metal-chloride,
precursor (such as TMA), and a co-reactant, each followed by an inert gas ‘purge’ to ensure
no unwanted reactions between the two. Different co-reactants can be used during the
process to achieve different variations of the deposited film. Most commonly, oxides, using
an oxygen-based co-reactant (such as water), nitrides, using a nitrogen-based co-reactant
(such as ammonia) or metals, using hydrogen-based reducing co-reactants are grown, but
sulphides, chalcogenides, and fluorides can also be grown. The design of ALD precursor
chemicals is such that they have self-limiting surface reactions, allowing monolayer control
of the film growth, as well as creating a uniform, homogenous film over all available surface.
This makes ALD a powerful technique in the creation of microelectronic components, as well

as for creating films on high aspect ratio structures.

ALD originates from the work of Stanislav Koltsov and Valentin Aleskovsky in LTI in the
1960s. The group originally began with metal chloride reactions, but soon extended to other
substrates. These principles (which they coined ‘Molecular Layering’) were published in a

paper in 1967, where TiO, and GeO; were grown on SiO; substrates. This was followed by
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Koltsov’s professor’s thesis in 1971, which led to significant further research of molecular
layering by the group, for use in the areas of microelectronics and sorbents and fillers,

among others (3).

Shortly after this, in 1974, Tuomo Suntola and Jorma Antson developed atomic layer epitaxy
(ALE) for use in thin-film creation of electroluminescent displays. Originally growing ZnS,
Suntola and Antson patented ALE as a method of growing thin-films in 1977. In 1985, ALE
began to gather interest for use in the deposition of II-IV and IlI-V compounds (4). Metal
organic vapour phase epitaxy (MOVPE) and molecular beam epitaxy (MBE) later replaced
ALE as the main growth technique for these compounds due to more favourable surface

chemistry.

The two groups met at the first international ALE conference in 1990, and the technique,
now referred to as ALD, gained more traction as it was first applied to silicon-based
microelectronics and has since become essential for the creation of metal-oxide films for

high-k dielectrics and nanostructure fabrication.

2.1.2 Cyclic Process/ Self-limiting Nature

The main difference which separates ALD from conventional CVD processes is the exposure
of the substrate to the precursor and co-reactant in a sequential manner, rather than the
simultaneous exposure used in CVD. This is helped by the self-limiting nature of the
reactants used, allowing the precursor to react completely with the surface, before any
excess is ‘purged’ from the chamber by flowing an inert gas through the system, and the

system is evacuated using a vacuum pump. This is then repeated with the co-reactant, and
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the process is continued in this stepwise fashion until the desired film thickness is achieved.
This sequential, non-overlapping process allows for much greater control over the film
thickness than CVD processes, and the self-limiting nature of the chemical precursors

employed ensures that a much more conformal film is created.

This binary dose-purge-dose-purge step cycle is usually referred to in each ‘half-step’, where
‘Step A’ is the precursor dose and purge and ‘Step B’ is the co-reactant dose and purge. Each
precursor dose step can only react with a finite number of available sites on the surface of
the sample, and once these are filled cannot react with itself, causing the reaction to stop.
Once the excess precursor is purged from the chamber using an inert gas, the co-reactant is
dosed, again only reacting with the available reactive sites, creating a new surface which the
original precursor can again react with, allowing the cycle to be repeated. Due to this cyclic
process, the growth rate of ALD processes is described in terms of ‘growth rate per cycle’,
rather than the time-based growth rate used to describe CVD processes. The sequential
nature of ALD processes also ensure much more uniform films, as each reaction during each
step of the process is allowed to be driven to completion before the reactant is purged,

ensuring all surface sites have been reacted with, giving a much more homogenous film.
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Figure 2.1 Atomic layer deposition process cycle steps

Figure 2.1 shows an example of the cyclic ALD process, where precursor A reacts with an -
OH terminated substrate. The precursor is chemisorbed by the heated substrate but cannot
react with itself. Any excess unreacted precursor or by-products are purged by an influx of
an inert gas. Once the precursor has reacted with all available sites and any unwanted
excess pumped away, a new surface has been created. The co-reactant, B (here H;0) is then
pulsed into the chamber, which reacts with the surface created by A. This forms a
monolayer of oxygen (or -OH groups), leaving a reactive surface layer for precursor A to
react with. All excess and by-products created by the reaction between B and the surface
are then purged and the cyclic reaction can begin again. This is repeated until the desired

thickness of the film is obtained.
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This monolayer coverage per pulse is given by,

0 =U;—1.)t/0; (2.1)

where 0; represents the atomic density for one monolayer of coverage (6 = 1). /i is the
number of atoms impinging on a substrate of unit area per second, /. is the number of
atoms per second reevaporated from the substrate during deposition, and t; is the pulse
length (5). During a pulse, as the number of atoms of the precursor impinging on the
substrate, /;, falls to equal the number of atoms being evaporated from the substrate’s
surface, le, no more deposition can take place. Under ideal conditions, this will mean that all
physisorbed A and B species will evaporate off the surface of the substrate during each
pulse, leaving only a monolayer of chemisorbed A-B bonds. In reality, due to ‘islanding’ of
precursor during deposition, desorption of precursor during the process, and repulsion
between adsorbates, this is not always the case, and only a fraction of the monolayer may

be completed during each cycle.

2.1.3 ALD Temperatures

ALD processes are usually carried out at a substrate temperature of approximately 250°C,
much lower than the temperatures required for conventional CVD processes. This
temperature window, in which reaction saturation is possible and monolayer growth is
achieved, is known as the ALD temperature window. Temperatures outside of this window
can lead to non-ALD type growth during cycle reactions, which may lead to varying growth-
per-cycle during the process, or a less homogenous film, affecting the quality of the material

produced. At lower temperatures, surface reactions may be incomplete, leading to a lower
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growth rate per cycles and ‘pin holing’ in the film, which causes much rougher, lower quality
film creation. Lower temperatures can also lead to precursor condensation on the surface,
which can cause precursor ‘islanding’, leading to higher growth rates and inhomogeneity of
the film. At temperatures higher than the ALD temperature window, precursor desorption
may occur leading to precursor atoms leaving their chemisorbed state on the surface, also
causing lower growth rates and film ‘pin holing’. Higher temperatures can also lead to
precursor decomposition, causing unwanted reactions to occur, leading to higher growth
rates and less conformal films. To find the ALD temperature window for an individual recipe,
the process should be ran at a series of different temperatures, and both precursor and co-
reactant pulse lengths in order to ascertain the range best suited for a self-limiting ALD
process. Once the pulse length is increased to the limit needed to ensure all available
surface sites are reacted with, further increase should, due to the self-limiting nature of the
reaction, not increase the growth rate of the film. Likewise, a temperature range where a
self-limiting process can be seen, with all non-chemisorbed reactants desorbed from the
surface, and a similar growth rate per cycle can be found, showing a steady growth rate per
cycle as the film thickness increases. This will ensure that all surface reactions are complete
and show that no condensation or decomposition is occurring during the reaction (6). This
process optimisation is crucial for the ALD process, as it is necessary to ensure that there is a
sufficient amount of precursor available during each pulse to ensure complete film
coverage, and also to prevent unnecessary overuse of the precursors due to overly

extended pulse times.
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2.1.4 Variations of ALD processes

There are four main types of ALD processes which are employed across thin-film deposition.
Thermal ALD is the most common of these four and uses a heated substrate in order to
obtain the energy required for a surface reaction to take place. These thermal reactions rely
solely on the substrates thermal energy to fuel the reaction and are usually based on binary
versions of CVD processes. For thermal ALD processes, H,O or NH3 are most commonly used

as a co-reactant, in order to form oxides or nitrides of the precursor respectively.

The second most common type of ALD process is ‘Plasma-Enhanced ALD’ (PE-ALD), where a
plasma source is used to strike, for example, an O, or NHs; plasma above the substrate
surface, incorporating oxygen or nitrogen to the film as required. This plasma step replaces
the use of a co-reactant in the process and can be useful as it ensures a more reactive
substrate, allowing a wider array of precursors and substrates to be used (7). PE-ALD can
also be used when a precursor is water sensitive. It has also been observed to give cleaner,
more homogenous films, and reduces the number of by-products produced during the
reaction, making it easier to ensure the chamber is correctly purged before beginning the
next cycle (7). Finally, PE-ALD can be used at much lower temperatures than thermal ALD, as
the energy of the species in the plasma decreases the need for thermal energy to drive the

surface reaction.

Another commonly used ALD process is ‘Radical-Enhanced ALD’ (RE-ALD). Radical ALD is a
similar process to PE-ALD, however, instead of striking the plasma directly above the
substrate, the plasma is created remote from the surface, allowing only the plasma radicals
to react with the surface during the co-reactant phase. While this method provides less

incident energy to fuel the reaction than conventional PE-ALD, it also prevents the surface
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from being exposed to ion and electron bombardment due to the plasma. Since only the
plasma radicals interact with the surface, the film damage which can be caused by the high

energy ions and electrons of PE-ALD is prevented (8).

The final commonly used ALD process is ‘Photo-Assisted ALD’ (PA-ALD). During this ALD
process, UV light is shone on the surface. This allows the reactions to take place at a lower
temperature, as the reaction mechanic does not solely rely on the substrate’s thermal
energy to drive the reaction. The energy supplied to the reaction is weaker than that of PE-
ALD, and a co-reactant is still required, but it is much easier to control by adjusting the

parameters of the UV light used (9).

2.1.5 Al,O3 ALD Process

The TMA-H,0 Al,O3 ALD process is one of the most commonly used and well understood
ALD processes. It is considered an ‘ideal’ ALD process and has been studied with a wide
range of different process parameters. The variety and longevity of these studies, however,
can be somewhat problematic, as interpreting data from a large range of different
experimental procedures (different pulse times, substrates, temperatures, etc.) can be
difficult. Many of the older studies are also affected by out of date historical assumptions, as

explained below, which can also lead to some confusion (10).
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2.1.5.1 Process Chemistry

During the TMA-H,0 ALD process, the growth of Al,Os films is progressed through two, self-
limiting, ‘half-step’ processes; one associated with the precursor pulse, and one with the co-

reactant pulse. The reactions associated with each of these steps is given by,
(A) Al —OH* + AI(CH3); = Al — 0 — AI(CH5)," + CH,

(B) Al-CH;" + H,0 » Al— OH* + CH, (2.2)

where ‘“*" shows the available surface species (11). When performed as a cyclic process,
these reactions will cause the surface of the sample to switch from methyl-terminated (after
A) to hydroxyl-terminated (after B) and will continue to grow conformal films of Al,O3 (12).
However, studies have shown that the reaction mechanisms of the Al,03 process is more
complicated than these equations imply, showing that the surface -OH concentration can
affect the species which are adsorbed. Both the TMA and H,O pulses, while mainly reacting
through ligand exchange with the available surface, during their respective steps (both
producing methane as a by-product), will also react, through disassociation, with surface

oxygen bridges (13).

2.1.5.2 Temperature effects

The Al;Os3 thin-film growth window is usually accepted to be between approximately 150
and 300°C, as temperatures higher than this will cause TMA to begin to thermally
decompose. However, some studies have shown thermal ALD processes for Al,03 growth as

low as 30°C (12). Most research shows that increasing the substrate temperature for the
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process decreases the growth per cycle of the Al,Os film, as long as the reactions are
allowed sufficient pulse and purge times appropriate for film growth at the process’s
respective temperature. Research has shown that the reaction temperature has no effect on
the number of aluminium atoms adsorbed during the reaction of TMA with alumina, and
therefore, the reaction temperature does not change the mechanisms of the surface
reactions during film growth (10). However, increasing the substrate temperature will lead
to a variation in the amount of aluminium chemisorbed in a reaction between TMA and the
substrate, implying that the temperature of a substrate’s surface can have a large effect on
TMA adsorption during the initial cycles, as the TMA is reacting directly with the surface of
the substrate, rather than with the grown films at the later stages. For Al>Os films grown on
Si, for example, the clean Si surface will differ from the Al,03-OH surface (14). This implies
that the higher temperature leads to a lower concentration of -OH species on the
substrate’s surface, causing the lower growth per cycle for the process seen as the

temperature increases.

2.1.5.3 Cycle Number effects

The progression of the ALD process causes the surface of the substrate’s chemistry to
change as the precursor and co-reactant are deposited on it. Due to the non-ideal growth of
most films, owing to the varying number of surface -OH species as discussed above, the
initial growth stages of the film deposition can have different growth per cycle values than
those in the later stages. The growth of films can, therefore, be split into three different
growth sections. The first of these sections is the initial pulse, where the first cycle is

reacting only with reactive sites on the bare surface. The second is the during the
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preliminary cycles, where the precursor and co-reactant is most likely reacting with both the
substrate surface, and the surface of the ALD-grown material. The length of this intermittent
stage depends on the growth rate of the individual process, as well as the number and
availability of reactive sites on the substrates surface. The third stage is in the latter stages

of growth, when the reaction is occurring entirely on the ALD-grown surface (15).

These differentially reactive sections of growth lead to three groups of growth type
associated with the change from reaction with the substrate’s surface, to reaction with the
ALD-grown film, linear growth, substrate-enhanced growth, and substrate-inhibited growth.
Linear growth occurs when the number of reactive sites on the substrate is equal to the
number of reactive sites on the ALD-grown film, which causes the growth per cycle to be
constant, regardless of the reaction stage of the growth. Substrate-enhanced growth occurs
when the ALD-grown film has less available surface sites than the substrate, causing the
growth per cycle of the process to slow after the initial stages of the growth (16). Substrate-
inhibited growth, on the other hand, is seen when the deposited film has more reactive
surface sites than the substrate, which leads to a lower growth per cycle during the initial
stages of the process (16). The growth rate per cycle of both substrate-enhanced and
substrate-inhibited ALD will change to become constant once the initial stages of the growth
have ended and the film is reacting with the sites on the ALD-grown film only, as shown in

Figure 2.2

Studies have shown that the TMA and H,O ALD process exhibits substrate-enhanced growth
when grown on Si surfaces, and will have a higher growth rate per cycle during the initial

stages of the reaction (17).
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Figure 2.2 Linear, substrate-inhibited, and substrate-enhanced layer growth types

2.1.54 Early Assumptions

While ALD processes have been studied from as early as the 1960s, some conclusions made
on the basis of experiments conducted during this time have since been proven to not be
strictly true, leading to some assumptions which have hindered the understanding of ALD
growth. The first of these assumptions is that the growth per cycle of each ALD process is an
entire monolayer, which was originally assumed by Suntola and Koltsov in the early 1970s.
In reality, many more modern studies have shown that the growth per cycle for most ALD
processes (including the TMA-H,0 process) is less than a monolayer (18,19). While gas self-
terminating on a solid will, by definition, create a chemisorbed monolayer, this is not
necessarily true for the second half of an ALD reaction. This also damages the assumption of

“two-dimensional growth” during the ALD process, where, since a monolayer of material is
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assumed for each cycle, growth is only measured in the thickness of the film. This
assumption ignores the possibility of island growth, which has been seen in many studies

(20,21).

The second such assumption which can be harmful to the understanding of ALD growth is
that the growth per cycle will remain exactly constant over the growth of the film. This is
interlinked with the assumption that a monolayer of material is grown during each cycle. If it
is assumed that an entire monolayer is not grown during each cycle, then it can be easily
seen that the number of available sites on the surface may fluctuate cycle-to-cycle as the

composition of the surface changes (22).

The final assumption historically made about the ALD process is that the temperature of the
substrate, within the ALD temperature window, will have no effect on the growth per cycle
of the process. However, many studies have shown, as explained above, that the
temperature of the substrate may affect the number of available reactant sites on the
surface of the sample. This, coupled with the varying number of available sites due to
inexact monolayer growth, causes lower growth rates per cycle during lower temperature
processes. The TMA-H,0 process has also been shown to have lower growth rates at lower
temperatures (10). This effect has since been extensively studied, and the assumption has

been mostly abandoned by many studies.
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2.1.6 Al,O3 Applications

ALD deposition of Al,03 has a wide range of applications, available across microelectronics,
protective coating, and solar cell production. The use of Al,Os in the production of high-
permittivity gate oxides is one of the most widely studied areas of ALD. Deposition of Al,Os
on SiO; gate dielectric MOSFETs can help prevent tunnelling current through the gate
dielectric when it is built on a typical large-scale microelectronic processing scale (<1 nm).
Al,Os’s higher dielectric constant allows for thicker gate dielectrics to be made for the
required capacitance density, which helps to prevent electron tunnelling in the gate (23).
Al,O3 has also been used as a thin, uniform insulating material in magnetic recording heads,
due to its high accuracy thickness control, allowing for better quality recordings (24), as well
as being used as a protective coating for copper surfaces (25). Newer studies have also
shown the use of Al;0s as a solution for the passivation of p- and n-type Si surfaces, in the
production of solar cells (26). This shows that the production of Al,Os films, while well

studied, is still a vibrant and important area of ALD research.

2.1.7 TiO, ALD Process

As with the TMA-H,0 Al,O3 process, the downscaling of electronic components has led to an
increase in interest in many other ALD precursors and recipes. One such process, which has
been extensively researched, is the fabrication of TiO, thin-films from various precursors
and co-reactants. While a large variety of precursors and co-reactants are well studied for
the production of TiO; films, the use of titanium tetraisopropoxide, or TTIP, as a precursor
and water as a co-reactant is one of the more common routes, as it has shown to be a stable

thin-film production technique (27). During the TTIP-H,0 process, as explained above, the

Page 17



growth of TiO; films is advanced through the use two ‘half-steps’, one being the
introduction of the precursor, which is then purged before the co-reactant is introduced,

repeated in a cyclic pattern. The process chemistry for this reaction is given by,

(A) Ti—OH*+Ti{0CH(CH5),}, » Ti{OCH(CH3),}s + (CH3),0HCH

(B) Ti{OCH(CH3),};" + H,0 - Ti — OH* + (CH3),0HCH (2.3)

where “* shows the available surface species (28). Similar to the Al,O3 process, these
reactions will cause the surface of the sample to switch from methyl-terminated (after A) to

hydroxyl-terminated (after B).

TTIP has a similar temperature window to the TMA thermal process, with the growth
window usually seen to be between 150-300°C, with some decomposition seen above
300°C, and notable decomposition seen above 350°C. Films grown below these
temperatures show a notable drop in both growth rate and film quality and homogeneity
(27,29). As discussed above, due to the non-ideal growth of most ALD films caused by a
varying number of surface -OH species, the growth rate per cycle for this thermal TiO;
process varies slightly when comparing the initial stages of the reaction and the later cycles.
However, while the initial stages of the process (<5 cycles) do show a slightly lower growth
rate per cycle, this substrate-inhibited growth is likely due to the lower number of reactive
sites available on the bare surface than on the TiO; film, and after the initial interaction
between the precursor and the surfaces reactive sites the growth rate stabilises as the film

begins to grow (30).

Page 18



2.1.8 TiO; Applications

TiO, films have been widely studied for a great range of different applications, including
applications in semi-conductors, as nano-paint, in the production of nanotubes, and in
photocatalysis. It’s electrical, optical, and morphological properties make thin-films of TiO,
an ideal candidate for many environmental applications. TiO; is especially of interest in the
photocatalysis and semi-conductor areas due to its low cost, high efficiency and
photochemical stability (31). While photoactivity in TiO, thin-films is only seen under UV
radiation, doping these thin-films with nitrogen ions or certain metal oxides has been shown
to enable excitation even under visible light (32). TiO2's ability to be grafted onto various
organic compounds, which can improve the materials light absorption abilities, as well as its
non-toxicity, also allow for use in medical applications, such as targeted therapy (33). This,
along with the creation of titania nanotubes, has led to an increase in research into TiO3 in
biomedical application (34). As can be seen, TiO thin-film growth is still an area of great

interest to many different industries and an important are of ALD research.
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2.2 Overview of XPS

2.2.1 Introduction to XPS

In the early 1900s, following Albert Einstein’s explanation of the photoelectric effect, P.D
Innes recorded broad-band electron spectra as a function of velocity using a Rontgen tube,
Helmholtz coils, a magnetic field hemisphere, and photographic plates. Kai Siegbahn’s group
in Sweden, expanding on the work done by P.D. Innes, improved the equipment greatly, and
performed high-resolution x-ray photoelectron spectroscopy (XPS) for the first time, using
cleaved sodium chloride, in 1954. In 1967, Siegbahn released a detailed study of XPS and,
working with a group of engineers at Hewlett-Packard, produced the first monochromatic

XPS instrument in 1969.

XPS relies on the photoelectric effect, in which a material irradiated by x-rays of a constant
energy, hv, will cause electrons in the core levels of the material’s atoms to be ejected,
providing the x-ray energy is higher than the electron binding energy in the material. Since
energy in the system is conserved, the binding energy of the emitted electrons can be found

using the equation:

KE = hv — BE — § (2.4)

where KE is the kinetic energy of the emitted electron, recorded by the detector, hv is the
incident x-ray energy, BE is the electron’s binding energy, and ¢ is the work function, a
correction factor used to account for the small amount of kinetic energy given up by the
emitted electron as it is absorbed by the detector (35). Figure 2.3 shows the kinetics of

electrons being emitted from the core levels of an atom due to the photoelectric effect.
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Figure 2.3 X-ray photoelectron spectroscopy electron emission kinetics

This is useful for material characterisation as electrons are emitted from particular atomic
core levels, known as the s, p, d, and f subshells, and so will have well defined binding
energies, unique to each atom. Due to the energy of the incident x-rays being kept constant,
and the work function change being negligible, the recorded kinetic energy of an emitted
electron will also be well defined and can be used to determine the atomic element, and

core level from which it was emitted.
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2.2.2 Sampling Depth and Inelastic Scattering

Incident high energy x-rays (>1000 eV) can penetrate a material up to a depth of several
microns. XPS however, can only record the atomic characteristics of approximately the first
10 nm of a substance, due to inelastic scattering of emitted electrons within the sample.
Once an electron has been emitted from an atom’s core shell, it must travel through the
material before having its energy characterised by colliding with the XPS detector. These
electrons may interact with atoms within the material, leading to elastic or inelastic
scattering, depending on whether their kinetic energy changes, as shown in Figure 2.4.
Electrons which undergo inelastic scattering within the sample, before colliding with the
detector, cannot be used for surface characterisation, as they will not retain the quantised
energy associated with their emission from an atomic shell and so become part of the XPS
background spectrum. The probability of inelastic scattering occurring within a material is
dependent on both the energy of the electron and the material through which the electron

is travelling. This is given by the equation:

I(x) = Iyexp (/1(;_:2) 0059) (2.5)

Where I(x) is the electron intensity after travelling through a material of thickness x, lp is the
initial electron intensity, 6 is the angle of emission with respect to the surface normal, and
A (Ex,Z) is the electron escape depth and represents the depth at which photoelectrons have
a probability of 1/e of escaping the sample without losing energy. Electrons in this energy
range (50-1000 eV) typically travel up to 10 nm before losing energy through inelastic

scattering in a given material, which gives XPS its maximum characterisation depth (36).

Page 22



[
? cQ
| -"'--—--r--""'h. .
-~ S Ejected Electron
2”7 / S 7
| ’ ——f— \ AN
| ’ PO ~~. N
’ 7 / ~
| / e / o
I / /s’ - Photoemission
/ 4 dL'— =~ | \
| ! ! 71 N
I 4 y ~ | A \
| I I 7 I \ Y 1
I I / Al \ \
(' ] r \ [ |
1 I 1 ] '| 1
| ' 9 ) i I
b ! v j ] I
| \ A AN Y, | !
| \ “ y I I I
[ \ \ M R ,l ':
N \ | YT s
’
\ ’
| \ ‘ [ 1, ,I
I R 9 gl 4
\ "ﬁ._ - -
: “ S m———- : .
~
| \“ 1 P”I
I ‘.""I-L - -
I | T |
S o |
Transmitted Elastic Inelastic
Scattering Scattering

Figure 2.4 Emitted electron scattering interactions

2.2.3 Twin Anode and Monochromated Sources

In older XPS systems, such as the one fitted to the custom ALD system built during this work,
x-rays are created using a twin anode x-ray source. During x-ray generation, one of the two
anodes (usually aluminium and magnesium) is bombarded with electrons, which generates
x-rays. The source is housed with a thin aluminium window, which allows x-rays to pass
through, while protecting the sample from the fields generated by the source, as well as

suppressing the background bremsstrahlung radiation, and preventing filament

Page 23



contamination. However, when using twin anode sources, a small number of x-rays can be
produced by the second anode source, even when not in use. When this occurs, the x-rays
produced by the second anode will have a different incident energy than those created by
the first, corresponding to the material of the anode (1254 eV for Mg and 1487 eV for Al, for
example). The electrons emitted from the similar core levels within the sample will
therefore have different kinetic energies, depending on which anode’s x-rays they are
excited by, as seen in Equation (2.4). These differing kinetic energies will cause ‘ghost peaks’
to be seen, as the energy recorded by the detector will show different kinetic energies for

the same core levels, depending on the source of the incident x-rays (37).

Modern XPS systems, on the other hand, such as the industrial tool used for comparison in
this work, make use of monochromated x-ray sources, which use only one anode. In a
monochromated x-ray system, created x-rays are reflected off a quartz crystal. As the
incident x-rays are reflected off the parallel planes within the crystal, constructive
interference occurs. This focusses the x-rays more precisely on the sample, leading to
narrower XPS line widths, a lower spectral background, and a complete elimination of
unwanted x-rays from satellites and anode impurities, when compared with older twin

anode systems (38).

Page 24



2.2.4 Photoionisation Cross-Sections

The photoionisation cross-section (o) is defined as the transition probability per unit time
for excitation of a single photoelectron from the core level of an atom under an incident
photon flux of 1stcm2 (39). It is the number of electrons emitted from an atomic core level

per unit time, depending on the incident x-ray energy hv.

For monochromated x-ray sources used in XPS systems, high energy electrons are focussed
on a water-cooled metal anode. This metal anode produces high-energy, non-
monochromatic x-rays, which are focused through a quartz crystal. The metal used for the
system’s anode will determine the photon energy (hv) of the x-rays produced. Most
commonly, magnesium (Mg Ka) or aluminium (Al Ka) are used, which have photon energies
of 1254 eV and 1487 eV respectively. The cross-section for every element using these two
photon energies was calculated by Scofield in 1976 (40). This Scofield table, which
references an element’s cross-section against that of the Cls peak (which has a cross-
section of 1), is still the most commonly used reference during XPS surface characterisation.
Through identifying the individual elements in the sample, and using the Scofield table, the
percentage elemental composition of a material can be estimated by dividing the peak
heights by their elemental cross-sections and finding the percentage of the total adjusted

peak intensity, as shown in Equation (2.6).

Recorded Peak Intensity

Adjusted Peak Intensity = Element cross — section

Adjusted Peak Intensity

Composition % = * 100 (2.6)

Sum of Adjusted Peak Intensities * (Kinetic Energy)0-7
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Dividing the adjusted peak intensity by Ewn®’ helps to ‘normalise’ the peaks. This is
necessary to account for the difference in wavelength due to different photon energies. This
helps adjust for the variation in the mean free path associated with electrons being emitted
at different energies, as the number of electrons recorded for an emission peak reduces due
to the volume of material from which an electron can emerge without inelastic scattering
reducing as the kinetic energy of the electrons decreases (41). This normalisation allows for

more accurate comparisons of peaks with a large difference in binding energy.

2.2.5 Chemical Shifting

It is also possible to identify the chemical state and chemical bonding characteristics of
atoms in a material using XPS. This is due to the “chemical environment” of an atom
influencing the binding energy of its electrons. Electrons in the core shells of an atom are
affected by both their attraction to the positively charged protons in the nucleus, and by
their Coulomb interaction with other electrons. This “chemical environment” of an atom is
affected by the atom’s oxidisation state, the identity of its nearest neighbour atom, and its
bonding hybridisation to its nearest neighbour atom. A change in any of these will cause a
redistribution in the atom’s valence electron charges, leading to the core electrons
experiencing a different Coulomb potential and, therefore, having slightly shifted binding
energies (42). Figure 2.5 shows the Si2p element peak, plotted alongside its oxidised
equivalent. Through analysis of these binding energy shifts and peak fitting software, XPS

can be used to find the bonds and oxidisation states of atoms within analysed material.
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Figure 2.5 Si2p element and oxide XPS spectrum of an unprocessed Si sample with native

oxide

2.2.6 Sample Charging

During XPS analysis, samples are bombarded with ionising x-rays which release electrons
from the surface of the sample. Photoelectron - and secondary electron emission, if the
sample has insulating properties - may cause positive charging within the sample, as the
insulating material will not have a sufficient number of free electrons for electron-hole
recombination to occur. Also, when using a monochromated x-ray source, an insufficient
number of electrons will be retained in the region of the sample to limit the effects of the
sample charging (38). This charging can cause the spectrum peaks to become shifted to
higher binding energies and may lead to spectra distortion. To combat this issue for
insulating samples, or if the system’s geometry does not allow for sufficient grounding, an

external electron source is most often used to replenish surface electrons, neutralising
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charging effects. The most common charge neutralisation tools are low voltage electron
flood guns (0-20 eV), UV light sources, or low voltage argon ion coupled with low-voltage

electron beams (42).

Due to the possibility of differing peak binding energy due to chemical shifting, as explained
above, charge reference peaks are used to ensure the electron binding energies are shifted
correctly. The most commonly used charge reference peak is the C1s peak. The binding
energy of the C1s peak is usually taken to be 284.8 eV and is used due to the presence of
adventitious carbon on all air-exposed conductive and semi-conductive materials. Recent
studies, however, have shown some doubt in the use of the C1s peak alone as a charge
reference peak, due to the effect of carbon adsorption inside vacuum systems, as well as

the effect of different substrates on the chemical nature of adventitious carbon (43).

2.2.7 In-Situ Characterisation

As discussed briefly above, exposure to atmosphere can lead to adventitious carbon and
oxygen depositing on the surface of the sample. During XPS analysis, which is primarily a
surface characterisation tool, these surface contaminants can play a large role in the

analysis of a material.

Figure 2.6 shows recorded XPS spectra for a TiO; film deposited by atomic layer deposition
taken both in-situ, and after a short (~5min) atmospheric exposure of the sample. As can be
seen, both the oxygen and carbon peaks show intensity increases, as well as changes to the
binding energy shifts and the respective peak profile after exposure to atmosphere. The

peak broadening seen in both spectra is consistent with the peak positions of C-O and C=0
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bonds in the carbon spectrum, and -OH bonds in the oxygen spectrum, all of which are
associated with surface contamination due to atmospheric exposure. As XPS spectroscopy is
often used when the oxygen and carbon peaks are of particular interest, this contamination
can easily skew results. This result shows the importance of in-situ film characterisation,
both to ensure the correct characterisation of the deposited films, and to ensure prevention
of film contamination during XPS measurements taken between growth cycles. In order to
gain a true understanding of the surface chemistry that underpins ALD reactions, and to
effectively characterise processes and precursors, in-situ characterisation is crucial as it
allows for spectra to be acquired during the film growth which represent the true nature of
the films. Furthermore it facilitates a better understanding of the film’s surface chemistry

during nucleation and subsequent growth (1).
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Figure 2.6 In and ex-situ high resolution XPS spectra of: (a) the C1s peak, and (b) the O1s
peak of a 1 nm TiO; film grown using a TTIP precursor and H>0 co-reactant on native oxide

Si, with a substrate temperature of 200°
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3 System Design

3.1 Basic Chamber Design

The primary concern behind the basic design of the ALD chamber presented in this work
was to allow the self-limiting nature of the ALD process to be observed, while also allowing
for transfer of samples between the ALD reactor and the UHV-XPS chambers without
contamination of the XPS chamber due to the ALD reactants. For this to be possible, the ALD
and XPS chambers needed to be isolated from one another. The ALD sample-stage also
needed to be able to hold ‘ESCA style’ sample stubs which were compatible with the XPS

system, while also providing a sufficient sample heating solution.

The basic design of the ALD system involved using a spherical Kurt J. Lesker vacuum
chamber, fitted with a roughing-backed TurboVac 361 turbo vacuum pump. These pumps
allow the pressure in the chamber to reach 1 x 10®mbar while idle, which facilitates
relatively rapid transfer of samples between the two vessels. This turbo pump, which is
backed by an Edwards RV5 rotary pump, can also be isolated during depositions in order to
prevent a build-up of deposited materials on the turbo pump blades. During depositions,
the chamber is opened to a separate Edwards LZM rotary roughing pump in order to keep
the pressure in the chamber low enough to ensure no contamination due to air on the
sample. Pirani and Penning gauges are also used to record the pressure in the chamber,
both during depositions and under normal conditions, respectively. A Pirani gauge is used
during depositions as the pressure range during depositions is within the Pirani gauge’s
range, and the fast response time allows the change in chamber pressure during pulses to
be observed, while the Penning gauge is used when the chamber is idle to ensure the

pressure in the chamber was sufficiently low and all process chemicals have been removed
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from the chamber. A loadlock and attached magnetic transfer arm are attached to the ALD
chamber, directly opposite the XPS chamber opening, allowing for transfer of samples
between all three chambers. Both the loadlock and XPS chambers are fitted with gate
valves, allowing each chamber to be isolated from the others, in order to prevent chamber
contamination due to atmospheric exposure while loading or unloading samples, as well as
during ALD processes. Wobble sticks are also fitted to both the ALD and XPS chambers to
allow transfer of samples between the transfer arm and the respective chamber stages.
Inlet pipes are fixed to the top of the chamber, through which the ALD process precursor
and co-reactants, as well as the inert ‘purge’ gas, are admitted to the chamber. Figure 3.1

shows a schematic of the basic design of the ALD chamber.
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Figure 3.1 Front and side view schematic of ALD chamber design
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3.2 Sample Heating and Stage Design

One of the most important aspects of the ALD system design was ensuring efficient and well
controlled sample heating. As discussed above, for a thermal ALD process to exhibit
monolayer growth, the substrate surface must be within the ‘ALD temperature window’.
The sample stage therefore needed to be able to both hold the "ESCA style’ sample stubs
used in the XPS system, and also provide heating to the sample. Samples were attached to
‘ESCA style’ sample stubs and were secured with silver paste, which both secures the
sample to the stub, and also ensures good thermal conductivity between the stud and the
sample. Figure 3.2 shows the sample stage design used for this ALD system. A small hole in
the top allows a sample stub to sit into the stage. Aluminium was chosen as the material for
the sample stage, as it ensures a good thermal conductivity between the heater and the
sample. A 2cm? ceramic heater, coupled with a thermocouple, was attached to the bottom
of the stage, with screws to hold it in place. This ceramic heater was chosen as appropriate,
as it would work efficiently under high vacuum, would not be damaged during the
depositions, and could be safely heated up to 600°C. An Arduino controlled proportional
integral derivative (PID) code was used to control the temperature. PID uses a control-loop
feedback mechanism to control variables (here temperature) and is used to ensure
accurate, automatic control of the temperature of the sample to within 0.1 °C. A 40V power
supply was used to power the ceramic heater and was attached through a PID controlled
transistor, and a MAX6675 board was used to allow the Arduino to read in the
thermocouple data. This sample stage was placed on a manipulator arm, allowing for
movement of the stage to help with sample transfers and to ensure the stage was not

obstructing transfers to the XPS chamber. This also allowed the sample to be moved to
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different positions in the chamber for depositions, ensuring that the process yielded

similarly grown films, regardless of the orientation of the sample.
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Figure 3.2 Sample stub holder and heating stage schematics

3.3 Chamber, lines, and precursor heating

Due to the high degree of control and short pulse times necessary for ALD, three Swagelok
solenoid ALD valves are used to control the flow of the precursor, co-reactant and purge
gas. As can be seen from Figure 3.3, two inlet pipes on the top of the chamber allow for a
precursor and co-reactant line to be connected to the system. Figure 3.3 shows a schematic

of these lines. The ALD lines are comprised of 4” Swagelok stainless steel piping, while
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vapour-draw ampoules are used for both the precursor and co-reactant bottles, and
Swagelok vacuum fittings were used for all connections, in order to help prevent air
contamination within the lines used. These lines, up to the ALD valves, are kept open to the
chamber, in order for the lines to be kept under vacuum, further ensuring no air
contamination in the lines and keeping the pressure in the delivery lines low, improving the
vapour draw during the dose of the process chemicals. Manual shut off valves are placed at
the end of each line in order to isolate the lines from the chamber, if necessary. The inert
gas ‘purge’ line was also attached to the end of the co-reactant line, to clean the line and

chamber of any unwanted reactants.
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Figure 3.3 Precursor, co-reactant, and purge chamber piping schematic
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These lines, along with the walls of the chamber, need to be maintained at an elevated
temperature in order to prevent condensation of the precursor or co-reactant along the
lines, as well as to prevent unwanted reactions along the chamber walls due to
condensation within the chamber. As these temperatures do not affect the mechanics of
the film growth, and do not need to be as precisely maintained, a less robust heating
method was appropriate. The lines and chamber were wrapped with heating tapes with
connected thermocouples, and the temperature controlled via PID temperature controller

boxes, accurate to a few degrees.

3.4 ALD Valves and Calibration

3.4.1 How ALD Valves Work

The ALD valves used for this system were Swagelok ALD-3 valves, fitted with 24V electronic
solenoid pilot valves. These ALD valves use a pneumatic actuator to control a normally-
closed cobalt-based superalloy diaphragm. Compressed air is fed into the attached solenoid
valve but is blocked from the outlet port by a ‘diaphragm’ held in place by a spring with a
low spring constant. This diaphragm has a small pinhole, which ensures the solenoid valve’s
upper chamber has the same pressure as the compressed air line. When the solenoid valve
is in its ‘closed’ position, the armature of the solenoid is pushed forward, covering the ‘vent’
line of the solenoid’s upper chamber. When an electrical current is applied to the solenoid,
the coil creates a magnetic field, which causes the armature inside the valve to retract,
uncovering the upper chamber’s ‘vent’ line. This causes the air in the upper chamber to
escape, leading to a pressure reduction in the upper chamber. This pressure reduction

allows the compressed air in the lower chamber to lift the diaphragm, which causes
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compressed air to flow through the solenoid, into the ALD valve. This compressed air then
enters the ALD valve’s pneumatic actuator. This influx of compressed air causes the actuator
to retract, as the pressure contracts the spring within the ALD valve’s upper chamber. This,
in turn, opens the diaphragm valve, allowing the gas to flow through the valve. Once the
compressed air stops flowing into the ALD valve, a vent in the side of the valve allows the
compressed to escape, causing the spring within the valve’s pneumatic actuator to force the
diaphragm closed. These ALD diaphragm valves allow for the very precise control over pulse
times necessary for ALD processes, while the attached solenoids allow them to be
controlled electronically. Figure 3.4 shows a schematic of this solenoid/ALD valve system in

both the closed and open positions.
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Figure 3.4 ALD valve with solenoid activation open and closed position schematic
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3.4.2 Calibration and System Limitations

The ALD-3 valves used are equipped with an optical sensor which monitors the state of the
ALD valve. When a sufficient voltage is supplied, the optical sensor will return this voltage
while the ALD valve is in the ‘open’ position. The rising and falling edges of this output signal
were used as an estimate for the response time of the ALD valves. Figure 3.5 shows the
response curve of the ALD valve, alongside the command pulse sent by the Arduino used to

electronically control the valves.

(a — Arduino Signal
—— ALD Response

Response

0 5 10 15 20
Time (ms)

ALD Vavle Opening Response ALD Valve Closing Response

(b) ©

Response

070 072 074 076 078 170 070 072 074 076 078 170
Time (us) Time (us)

Figure 3.5 (a) ALD opening response curve compared with Arduino signal, (b) ALD valve

opening response curve, (c) ALD valve closing response curve

As shown in Figure 3.5, while the delay between the command signal and valve state, 12ms,

may be noticeable, with respect to the time scale of the system, the response time of the
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ALD valves, the rising and falling edge of which are on the ps scale, are short enough to be
irrelevant to the system’s performance. The delay seen between the control signal output
and the ALD valve’s response is most likely due to a delay in the response seen by the
solenoid valve activation, as the pressure in the upper chamber of the solenoid valve will
not ‘instantaneously’ change when the vent line is covered/uncovered. While in the ‘open’
position, the diaphragm will not open until the pressure is the upper chamber is low enough
to allow the difference in pressure between the two chambers to push the diaphragm open.
Similarly, in the ‘close’ position, the pressure in the two chambers may take time to become

equalised, before the diaphragm valve closes.

The Arduino system’s response time, however, may be a limiting factor of the minimum
response time of the ALD system. The Arduino’s output response time was found to be on
the millisecond scale, and the system was incapable of sending control signal of less than
=10ms. Fortunately, pulse times shorter than this are generally not required for vapour-

draw ALD systems, and so the process should not be affected.

3.5 Electronics and Arduino Code

An Arduino Uno was used for control of both the ALD sample stage temperature, and the
ALD valves’ pulse times. An Arduino was chosen for this purpose due to its accessibility,
variety of applications, and the stability of its response times. A difficulty encountered while
using the Arduino for this purpose, however, was that the Arduino’s output pins can only
output a maximum of 5V. Due to the ALD-3 valves’ solenoids requirement for a 24V supply
to activate, a voltage relay was needed to ensure a high enough voltage could be used to

open the ALD valves, while also being controlled by the Arduino software. This relay,
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powered by a separate 24V power supply, was activated by the 5V Arduino output, sending

the 24V signal to the solenoid and activating the valve, as seen in Figure 3.6.

An Arduino PID code was used to control the temperature of the sample stage. As a 40V
power supply was necessary to ensure the stage could reach high temperatures, a 5V
activated transistor was used to allow the Arduino’s output to control the sample heating.
The PID code recorded the temperature of the sample stage, and applied 5V to the
transistor when the temperature dropped too low, activating the transistor and allowing the
40V power supply to reach the ceramic heater, causing the temperature to increase. Once
the stage reached the desired temperature, the Arduino’s output signal would cease,
deactivating the transistor and cutting off the power to the ceramic heater. A schematic of

this circuit can be seen in Figure 3.6, along with the ALD relay driver.

The Arduino code used to control this process can be found in Appendix A

ALD Circuit
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I
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MAXE675
ARDUINOAREEF
UNO 3 GO
4 I0REF D12
4 RESET PWM D11 =
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4 GND D8
4 GND
- Vin D7
PWM D6 |
4 A0 PWM D5 |-
4 A1 D4 ALD-3
. ﬁ% PWIM Bg - ALD Relay ALD3
444 TXD1f
4A5 RX DO ALD-3
+24V
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Figure 3.6 ALD heating and valve activation Arduino wiring schematic

4 ALD of Al,O3

4.1 Al,Osz Chemical Process

As discussed in section 2 above, the TMA-H;0 Al;O3 process was chosen as the initial recipe
for this system due its wide variety of applications in the semiconductor and beyond, as well
as being a relatively well understood ALD process. The interactions of the TMA and H;0
during film growth have also been documented in many studies (44,45). Figure 4.1 shows

the chemical makeup of the TMA molecule.
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Figure 4.1 Trimethylaluminium (TMA) molecule

When this molecule interacts with an -OH terminated surface, an approximation of the
chemical reaction can be seen in Equation (2.2). An idealised version of this process is also
seen in Figure 4.2, where each ‘half-step’ of the film growth is represented. The first of
these steps shows the influx of TMA during the TMA pulse. This molecule begins to interact
with the -OH terminated surface. When the reaction begins, many of the bonded CHj;
molecules bond with the hydrogen on the surface, creating methane gas (CHa). For the
remaining Al-CHs bonds, the aluminium bonds with the surface oxygen, creating an O-Al-CH3
bond, leaving a CHs surface on the substrate. An inert gas is then pumped through the
system in order to ‘purge’ the chamber of any excess, unreacted TMA molecules, as well as
removing any CH4 biproducts from the system. Once this purge is completed, the H;0 co-
reactant is pulsed into the chamber. Again, one of the hydrogen atoms in this molecule
interacts with the CHs surface, creating the CHa biproduct, while the remaining OH reacts
with the Al in the film, creating the Al,Os film and leaving and -OH surface, ready to begin

the start of the next cycle (44).
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Figure 4.2 TMA-H;0 thermal ALD chemical process steps

4.2 Process Details

In this work, p-type (100) silicon was chosen as the starting substrate. XPS was used to
analyse the Si sample after 1, 2, 5, 10, 20, 50 and 100 cycles of TMA and H,0. This process
was performed on native oxide Si samples heated to 150 and 250°C in order to understand
the role that substrate temperature plays in the surface chemistry, and on a HF treated Si
sample (5% HF solution for 15 minutes) heated at 150°C in order to examine the nucleation
on pristine silicon substrates and understand how the presence of oxygen in samples with
the native silicon oxide present affects the nucleation and growth. All processes were
commenced with a reactor base pressure of 5x103 mbar. The aperture times used for the
precursor dosing were 80 ms for trimethylaluminum (TMA) and 80 ms for the oxidizing co-

reactant H;O, as well as a 10 s nitrogen purge time in between each precursor and co-
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reactant pulse, with the precursor and co-reactant temperatures at 40°C and room

temperature, respectively.

Each TMA and H20 pulse increased the pressure in the reactor to 3x10! and 9x102 mbar,
respectively. Peak fitting was performed using AAnalyzer, implementing Voigt functions
(46). EDX mapping was also performed, using a Hitachi S5500 Field Emission scanning
electron microscope (SEM) in order to study the elemental distribution through thicker

films.

4.3 Al,Os Process Characterisation

As detailed above, the ALD growth was carried out in a sequential fashion where the
number of cycles deposited on the same sample was progressively increased, with the
sample undergoing XPS analysis in between the deposition steps. Figure 4.3 shows the high-
resolution XPS spectra of the film growth from 1-100 cycles for the HF treated Si sample.
Spectra for the HF treated sample are presented as it was the ‘cleanest’ of the three
samples (as expected), showing the least initial oxygen. This allowed the oxygen signals to
be attributed entirely to the growth process originating from H>O and discount the
possibility of dissociation of the native SiO, providing oxygen to the surface chemical
reactions. Figure 4.3(a) shows the evolution of the Si2p and Al2p peaks for increasing cycle
numbers. Note that even after one cycle evidence of aluminium on the surface can be seen,
despite its relatively low photo-ionization cross section. The suppression of the bulk silicon
signal with increasing cycles, seen at a binding energy of 99.4 eV is observed as expected
when an overlayer is deposited, although the suppression appears to be more pronounced

than one would expect for typically reported growth rates of 0.1 nm per cycle (47). The
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increase in the number of ALD cycles also results in a progressive shift to higher binding
energy of the Si2p peak associated with oxidation of the silicon substrate and the formation
of aluminium silicates (48). This suggests a strong interaction between the precursors and
silicon substrate. Notably, we still observe a Si2p signal even after 100 cycles (where one
would expect a film of approximately 10 nm in thickness), which indicates that there
appears to be some diffusion of silicon from the substrate into the aluminium oxide film.
The silicon concentration is of the order of 5% (49). Other works using SIMS to examine ALD
deposited Al,O3 films on silicon have shown similar results but not remarked on the silicon
signal (50). Figure 4.3(b) shows the fitted spectra of the evolution of the Si signal, taking into
account the intermediate oxidation states of silicon between the bulk Si and SiO; (51). The
intermediate oxidation states of Si'*, Si?* and Si3* can be seen, with an obvious growth as the
cycles progress. A number of stoichiometries of aluminium silicate are thermodynamically
stable and it is beyond the scope of this work to identify which are present in our films.
Typically, Al-silicate has a lower dielectric constant than Al;0s and as such, methods to
overcome the incorporation of silicon into thin ALD films could be an important step in

maximising the k-value of the resulting films.

Figure 4.3(c) shows the evolution of the O1s signal (initial binding energy, 531 eV) which can
also be seen to shift to higher binding energies in later cycles. This shift to higher binding
energy of the O1s maximum is correlated with the growth of the Al,Os film (and a small
contribution from Al silicates), as the contribution from the metal oxide peak will have a
higher binding energy than that of the O1s signal, causing the peak to ‘shift’ as more metal
oxide is formed in the sample. The carbon evolution shown in Figure 4.3(d) is also observed
to agree with the above area data, with the C1s signal increasing in intensity, before being

suppressed after later cycles due to the growth of the aluminium oxide film. This increase in
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intensity is attributed to the creation carbon-aluminium bonds arising in the initial stages of
growth due to incomplete surface reactions, where the CHs groups on the TMA molecule
are not effectively removed. The binding energy position is slightly lower than that for
adventitious carbon, consistent with that of metal-carbon bonds (52). However, at higher
cycle numbers, this carbon-aluminium bonding stops, and the C1s signal can be seen to
decrease as the surface carbon signal is suppressed by the aluminium oxide signal. As the
cycle number increases, the carbon remaining in the film becomes oxidized, as evidenced by

the shift to higher binding energy.

Page 47



110 100 50 80 70 108 104 102 100 98 96
1 6 I. L L 1 1 1 6 T - .I 1 1 L 7
a) Si2p & Al2p - b) Si2p fits 1
14 _f‘\ -2 g 2 g
— cadilieac W - 5 5
@121 - 10 L2 10
s ™ i . 20 gg -5
;10 + 50 1o
s N /\. - 100 100f 4
o 84 -8
) A A 3
% 61 fi ¥
2 - I W =)
S 44 iE -4
0 i
O w‘-——.——-ﬁj: WH |
2 i 2
Fi
0. . e o [,
110 100 30 80 70 106 104 102 100 98 96
538 536 534 532 530 528 526 524 290 288 286 284 282 280
1 6 1 1 1 1 1 1 L 1 6 1 1 1 1 1 L
(c) Ols i 7@ s T
e, iy
144 M : 4 i :
_"-ﬂ N 10 i «.'-.4.'-_‘_«-‘4--«“-'4“'" R oy g 10 L
S 121 o 20 F12 s I h 20 s
g . 50 e s, 50
S 10 o 100[-10 R it 100[ 3
% 84 -8 FY S
"; A‘ ."l
s F6 3] s 3
- ",
3 ] 4 2 - "” 2
o
21 -2 . e e R
14 P R e e e -1
O T T T T T T T O T T T T T T
538 536 534 532 530 528 526 524 230 288 286 284 282 280

Binding Energy (eV) Binding Energy (eV)

Figure 4.3 High resolution XPS spectra of the film growth from 1-100 cycles on native oxide
Si, with a substrate temperature of 150°C for: (a) Si2p and Al2p peaks, (b) fitted spectra for
the Si and SiO; signal evolution, with an inset showing the intermediate oxidation states of

the Si peak, (c) O1s peak, (d) C1s peak.

Figure 4.4 shows a 60° off-angle XPS spectrum of a sample, compared with a spectrum
acquired at normal incidence for the Si2p/Al2p region. Angle resolved XPS provides more
surface sensitive information and comparison of peak profiles at normal emission and with
those taken at different take off angles can give an idea of the surface localisation of
elements present in the sample (53). The spectra in Figure 4.4 shows a similar profile both at
normal emission and at 60° off angle, indicating that the aluminium and silicon are

distributed uniformly throughout the film.
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Figure 4.4 Normal and 60° off angle spectra of the Si2p and Al2p peaks

Figure 4.5 shows the peak area of the core levels for each element detected during XPS as a
function of cycle number and compared for each of the samples (150°C, 250°C, 150°C HF
treated). In each case the areas are normalised to the signal from the underlying silicon

substrate.

Figure 4.5(a) compares the total peak areas of each of the intermediate oxidation states, or
sub-oxides, between Si and SiO2 for each sample, normalised to the bulk silicon signal. The
sub-oxide fits were completed using the binding energy positions outlined by Himpsel et al
(51). The intermediate oxidation states can be seen to grow at with increasing cycle
number. This rise in sub oxides is attributed to the significant interaction of the ALD

precursors with the substrate layer, resulting in Al silicate growth (50) . The increase is

Page 49



linked with the diminishing Si signal, due to continued growth of the aluminium oxide with

cycles, which is suppressing the bulk signal.

Figure 4.5(b) shows the O1s peak intensity for each sample, again normalised to the silicon
bulk. This plot shows a slightly lower concentration of oxygen in the HF treated sample in
the initial stages, due to the removal of the SiO2 layer by the Hf treatment, leading to a
cleaner bare Si sample. By the time 10 cycles have been deposited, an increased oxygen
content is observed for the HF treated sample, indicating increased Al oxide growth, while
the 250°C and 150°C sample remain indistinguishable. However, beyond 10 cycles, a rapid
increase in oxygen content is observed for the 250°C sample, indicating that the higher
temperature process has a significant contribution to a higher growth rate per cycle once

early-stage precursor-interface surface interactions have saturated.

The behaviour observed in Figure 4.5(b) is mirrored in Figure 4.5(c), which shows the Al2p
peak intensity for each sample as a function of the number of cycles, also normalised to the
silicon bulk. The HF-treated sample facilitates a higher initial growth rate of Al oxide, with
the signal growth beginning to slow towards the later cycles. The higher temperature of the
substrate for the 250°C sample again appears to result in a higher growth rate beyond 10
cycles. Once the substrate-interface interactions have saturated and bulk effects begin to
dominate, both the native and HF treated Si display a similar growth rate, which is to be
expected as they are kept at the same temperature. Each of these plots show a larger
relative peak area for the 250°C sample, indicating that the 250°C sample has the highest
film growth rate of the three in the early stages. This higher growth rate is most likely due to

incomplete surface reactions at the lower temperature (54).
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Figure 4.5(d) shows the intensity of the C1s peak in each sample, normalized to the total Si
signal. The intensity is seen to rise through the first ~10 cycles for each sample. Secondary
ion mass spectroscopy (SIMS) work by Gosset et al. observed a similar phenomenon, which
is attributed to carbon from the TMA reacting at the surface, with the initial monolayers of
the deposited oxide layer containing a high concentration of unreacted methyl groups (55).
This reaction is limited to the Si — Al oxide interface, with the continued growth of the
aluminium oxide layer resulting in the decreasing intensity of carbon at >20 cycles. The raw
area of the C1s peak begins to decrease for increasing numbers of cycles (not shown) in the
HF treated and 250°C samples as is already observed for the 150°C sample after just 20

cycles.

In order to further understand the interactions of the TMA molecules with the surface, we
investigated the ratio of carbon present at the surface solely from TMA, to the aluminium
signal Figure 4.5(e). This was achieved by subtracting the initial adventitious carbon signal
from the total carbon signal following each deposition and gives an idea of the extent to
which methyl groups are removed from the TMA molecules during the surface reaction. In
the early stages of growth, it is clear that reaction is incomplete, particularly for the samples
where the native oxide is present. For example, at 250°C the ratio is approaching 3:1
indicating that most TMA molecules at the surface are fully intact, perhaps only present on
the surface through physisorbtion. The situation is quickly resolved however and by the
time 20 cycles are reached, we see complete removal of all carbon from the TMA as it

facilitates aluminium oxide growth.
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Figure 4.5 Peak area of the core levels as a function of the number of cycles for: (a) sum of
the intermediate oxidation state, or sub-oxide, areas, normalised to the silicon bulk (b) O1s,
normalised to the silicon bulk, (c) Al2p, normalised to the silicon bulk, (d) C1s, normalised to

the silicon bulk, (e) ratio of carbon present at the surface attributed to TMA, to the

aluminium signal

In order to understand the stoichiometry of the Al-oxide film grown, the respective peak
areas of the aluminium and oxygen signals in the aluminium-oxide layer is shown in Figure
4.6, plotted against cycle number, up to 100 cycles. Figure 4.6(a) shows the intensity of the
peak component attributed to Al-oxide growth in both the Al2p and O1s spectra, adjusted
for the relative sensitivity factor of the core level, for each deposition step and indicates

that in the early stages of growth there is less oxygen present than one would expect in a
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stoichiometric Al,Os film, consistent with the observation that Al remains bonded to carbon
during the first few cycles. Figure 4.6(b) shows the ratio of Al:O in the film as the growth
proceeds. Ultimately after 100 cycles we see the ratio approaching 60:40 at higher cycle

numbers, which is to be expected for a stoichiometric Al,Os layer.

The ratio in the initial stages of growth again clearly indicates that the film is Al rich and the
oxygen deficiency correlates with the increased carbon content in the early cycles. This is
coupled with a much higher growth rate in the initial stages (56). Figure 4.6(c) shows the
growth in thickness of the AlxOy layer at each cycle number deduced from XPS overlayer
intensity calculations using the method described by Kim, et al (57). Again, the film can be
seen to have an extremely high initial growth rate (4 nm after 5 cycles) indicating there is
significant interaction with the surface causing the suppression of the bulk silicon signal.
When compared with the results for the Si2p spectra discussed earlier, it appears that there
is consumption of some bulk silicon which we have shown diffuses even through relatively
thick films. This process, coupled with the retention of carbon from the TMA in the first few
cycles, results in a very high measured growth rate when using the bulk silicon as the
reference point. However, after about 20 cycles we see a constant lower growth when the
ideal ALD process takes over, the carbon concentration reduces, and the Al:O ratio
approaches the expect value. An average growth rate of 0.96A per cycle can be seen for the

sample, in line with the observations of other authors (49,58).
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Figure 4.6 (a) Al2p and Si2p peak intensity contributed to Al-oxide growth, adjusted for their
respective relative sensitivity factor, (b) Al:O ratio in the film plotted against cycle number,

(c) AlOy layer thickness plotted against cycle number

As XPS is sensitive to only the first few atomic layers, in order to confirm the elemental
distributions suggested by XPS results in thicker films, EDX mapping was employed to
measure the distribution of the elemental signals through a 200 nm thick Al,Oz layer grown
on native oxide sSi, with a process substrate temperature of 150°C. Figure 4.7(a) clearly
shows of a thin, ~15 nm, SiOx layer on top of the silicon substrate, with the Al-oxide film on

top and O and Al uniformly distributed throughout as expected (Figure 4.7(b) and (c)
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respectively). Figure 4.7(d) shows the silicon EDX map, and it can be noted that silicon is also
evenly distributed throughout the AlOy film, more evidence of continuous silicate growth

and the upward diffusion of silicon from the substrate even through several hundred ALD

cycles.

Aluminium EDX mapping
Interfacial SiOx layer

Si Substrate

Oxygen EDX mapping Silicon EDX mapping

Figure 4.7 (a) EDX mapping of a thick AlOy film, (b) aluminium EDX mapping of the film, (c)

oxygen EDX mapping of the film, (d) silicon EDX mapping of the film
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4.4 Al,O3 Conclusions

As can be seen from the above data, the lower sample temperature leads to a lower initial
growth rate for the AlOy films during the initial stages of growth. This is most likely
attributed to the lower surface temperature leading to incomplete surface reactions along
the Si surface, as explained above. As shown in Figure 4.5, while the growth rate for the
250°C sample is higher than the 150°C samples, Figure 4.5(e) clearly shows less carbon
contamination in the early stages of the film on the Hf treated sample. While Figure 4.6
clearly shows a varying of film composition and a lower growth rate during the initial stages
of the growth rate, even of this cleaner sample, this is most likely due to the creation of an
interfacial SiOx layer, which has been seen in other studies (59). EDX mapping for the films
show that an interfacial layer of SiOx is created before the Al\Oy film growth begins.
However, as shown in Figure 4.6, in the latter stages of the film growth, the growth rate per
cycle comes in line with the values accepted in other works, as well as the Al2p and O1s

ratios coming closer to the 2:3 expected in and Al,Os3 film.

Along with the creation of an interfacial layer during the initial stages of the film growth, all
films also exhibit growth of aluminosilicates, which (as shown by the EDX mapping) are
distributed evenly throughout the films. While this aluminosilicate growth is observed
during the early stages of growth by other authors (50,60) it is present in the films shown
here up to 100 cycles. The growth of silicates in these films is most likely due to the lack of
carrier gas used for the TMA and H;0 respectively, possibly due to the overexposure of the

surface to the precursor and co-reactant during the early stages of the film growth.
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5 ALD of TiO;

5.1 TiO, Chemical Process

TiO2 was chosen for the latter half of this work due to the stability of the films produced, as
well as the robustness of the recipes used, and its variety of applications in photocatalysis,
semi-conductor fabrication and beyond. The use of TTIP and H20 in the growing of TiO; films
has also been well documented (61,62). Figure 5.1 below shows the chemical makeup of the

TTIP molecule.

H,C

Figure 5.1 Titanium tetraisopropoxide (TTIP) molecule

As shown in Figure 5.2, the first ‘half-step’ of each cycle is begun when the TTIP molecule is

introduced to the -OH terminated surface. When the precursor begins to react with the
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surface, an intermediate step of Ti{OCH(CHs).}s is created, with (CH3),OHCH created as a
biproduct. This excess biproduct is then flushed from the chamber during the subsequent
‘purge’ step, which also removes any unreacted TTIP. Once this is completed, the co-
reactant is pulsed into the system. This H;O co-reactant serves to react with the
Ti{OCH(CH3)2}s surface, again creating more (CH3),OHCH biproduct, and creating a new -OH
terminated surface. This process is then repeated until the desired thickness of the film is

achieved (28).
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Figure 5.2 TTIP-H,0 thermal ALD chemical process steps

5.2 Process Details

P-type (100) silicon with resistivity of 5-9 Q-cm was again chosen as the starting substrate

for this work. While a similar process was implemented for the growth of both Al,O3 and
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TiO2, some differences in the recipes were needed in order to obtain the best films for both
processes. The aperture times used for the precursor and co-reactant for the recipe used for
the TiO; films were 1.5s for TTIP, and 0.2s for H,0, with an inert nitrogen gas purge time of
6s used between each ‘half-step’. The samples for this recipe were heated to 150°C, and XPS
was employed at 10,25,50,75,100, and 300 cycles. The process was commenced at 5x1073
mbar, with the pressure increasing to ~1.5mbar and ~2mbar for the precursor and co-

reactant respectively.

Peak fitting was again performed using AAnalyzer, implementing Voigt functions.

5.3 TiO;, Process Analysis

As explained above, a similar ALD process to the one used for the Al;Os film growth was
completed in order to grow TiO; thin-films. This process was carried out in a sequential,
step-wise manner, where the number of cycles of film growth was progressively increased,
with XPS employed for surface analysis in between these steps in order to characterise the
film growth at a variety of stages. Figure 5.3 shows high-resolution spectra showing the

evolution of different elements of the TiO> film growth from 10-300 cycles at 150°C.

Figure 5.3(a) shows the evolution of the Si2p peak as the cycle number increases. The bulk
Si2p signal can be clearly seen to be suppressed as the cycles number increases, with no Si
signal can be seen after 150 cycles, and only a small amount being visible after 100 cycles.
This Si suppression implies a growth rate of ~0.9A per cycle, which is in-line with other such
studies (63,64). During the early stages of film growth, some oxidation states of the Si2p

peak can be seen, which are attributed to the native oxide on the surface of the substrate.
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However, after 50 cycles, this SiO; signal is almost completely suppressed by the TiO; film
growth, showing that no silicates growth is observed for this process. Figure 5.3(b) shows a
similar evolution for the Ti2p*? and Ti2p? signals. Note that due to Ti’s relatively low
photo-ionization cross section after 10 cycles the Ti2p signal is only barely visible. The
position of the Ti2p peaks at 458.5 eV and 464.5 eV respectively show that the entirety of
the Ti2p signal can be attributed to TiO,, with no Ti metal signal (usually seen at 454.1 eV

and 461.1 eV) visible at any stage during the film growth.

Figure 5.3(c) shows the O1s component of the film growth. Like the Ti2p evolution, the
amount of oxygen in the film can be clearly seen to increase with higher cycle numbers. The
majority of the O1s signal for this film can also be seen to shift dramatically from its position
at 531 eV during the initial stages (which is associated with oxygen in the native silicon oxide
on the surface of the sample) to a lower binding energy of 529.3 eV as more and more of
the oxygen in the surface of the sample is associated with oxygen within the titanium oxide
film than with the native oxide. After 150 cycles, almost all of the O1s signal shown is at this
lower binding energy, implying that all of the oxygen present was due to the substrate’s
surface oxide prior to the beginning of the film growth. At 300 cycles, a peak at high binding
energy can once again be seen, which is most likely due to the adsorption of water vapour
to the surface, as the sample was sitting in vacuum for an extended periods of time before

being scanned for a final time.

Finally, Figure 5.3(d) shows the Cls signal at each cycle number. These spectra show an
increase in the intensity of the carbon signal during the earlier cycles before the signal is
supressed in the later cycles. This signal suppression is due to less carbon being

incorporated into the film at later growth stages, and the signal associated with the surface
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and initial cycles’ carbon being suppressed by the peaks associated with the TiO, growth.
Similarly to during the Al,Os process, this increase in carbon during the earlier stages of the
film growth is attributed to carbon bonds within the film during the earlier growth stages
due to incomplete surface reactions, where the CHs groups from the TTIP precursor are not
removed effectively and some carbon in incorporated into the film. However, some carbon
is seen to be incorporated throughout the entirety of the film, likely due to incomplete
surface reactions, and film contamination within the chamber. At 300 cycles, an increase in
the carbon signal is again observed, particularly at high binding energy, which is associated
with C-O and C=0 bonds. As with the O1s peak, this can be attributed to the sample sitting

in vacuum before being scanned.
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Figure 5.3 High resolution XPS spectra of the film growth from 10-300 cycles for: (a) the Si2p
peak, (b) Ti2p*? and Ti2pY/? peaks, (c) the O1s peak, (d) the C1s peak, on a native oxide Si
substrate
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Figure 5.4 shows the thickness of the TiO; film plotted against the cycle number. These
thicknesses were calculated using the “Thickogram” XPS thickness calculation outlined by
Cumpson, et al (65). The “Thickogram” uses a graphical method to compare the intensity of
the substrate and overlayer, taking the binding energy and R.S.F of both into account to
estimate the thickness of grown films from XPS spectra. From these thickness calculations, it
is obvious that the growth rate of the TiO; films is much more stable than that of the Al;Os
films grown during this work, with much les dependence on an interfacial layer during the
initial growth stages. This is in line with the findings of other such studies, showing a much
more uniform growth rate per cycle during the initial growth stages (27). No thickness
calculations are shown above 100 cycles, as the “Thickogram” method of thickness
calculations can only be used with XPS spectra when both the film and substrate are clearly
visible. As XPS can only penetrate the first ¥~10 nm of a substance, films thicker than this
cannot be measured using XPS analysis. The average growth rate associated with this
process is 0.88A, which is well within the literature values associated with similar thermal
TTIP processes (63,64). Further future work may involve an analysis of the initial stages of
growth of a similar TiO; film grown using TTIP in order to ascertain the growth mode during

the very early stages (<10 cycles) of film growth.
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Figure 5.4 TiO; film thickness plotted against cycle number from 10-100 cycles

Finally, Figure 5.5 shows the percentage composition of the TiO; films. Figure 5.5(a) shows
the percentage composition of the sample’s surface at varying cycle numbers from 10-300.
Here, the carbon increase during the initial stages of the growth can be clearly seen, before
it begins to be supressed after 100 cycles. The percentage composition of both oxygen and
titanium can also be seen to stabilise in the latter stages of the film growth. However, even
in the earlier stages of the growth, the ratio of both elements can be seen to be much more

stable than during the Al,Os process.

Figure 5.5(b) shows the percentage composition of TiO> films grown using similar processes
as different substrate temperatures. The 100°C shows a slightly lower percentage of oxygen
in the final film, most likely due to incomplete reactions caused by the insufficient heat
energy needed to drive interactions at the lower temperature. The carbon percentage in

each of the films is also seen to decrease slightly as the temperature of the substrate
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increases. This is attributed to the increased temperature ensuring a more ideal film growth,

having sufficient energy to allow the surface reactions to be completed.
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Figure 5.5 Percentage composition of the TiO; films: (a) from 10-300 cycles, (b) of a thick, 20
nm film grown at 100, 150, and 250 degrees

5.4 TiO, Conclusions

As shown in the above data, while the TiO; films grown do exhibit some non-ideal growth
during the early cycles, similar to the AlOy films, growth stabilisation is observed much
earlier during the growth cycle for TiO; films. As shown in Figure 5.3(d), during the early
stages, some excess carbon is observed in the films, most likely due to incomplete surface
reactions during the initial growth stages, leading to some CHs groups from the TTIP
precursor not being successfully purged from the film. From Figure 5.3(a), the growth of the
TiOz film can be seen to entirely suppress the Si signal after 150 cycles. This suppression
shows that no silicates were grown during the TiO; deposition cycles, giving a cleaner film

than the AlxOy counterpart.
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Figure 5.3(b) shows the evolution Ti2p signal as the deposition cycle number increases. The
positions of the Ti2p¥?2 and Ti2pY/? peaks, at 458.5 eV and 464.5 eV respectively, show that
during the growth cycles, all of the Ti incorporated into the grown film is converted to TiO»,
showing that the surface interactions during the film growth are completed successfully
during each step. Figure 5.5(b) shows the influence of different substrate temperatures on
the film growth. The 100°C exhibits a slightly higher percentage of carbon in the film than
those grown at a higher temperature. This is attributed to incomplete surface reactions
during the deposition due to insufficient energy to correctly drive the interactions at the

lower temperature.
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6 Conclusions

6.1 Discussions and Conclusions

The results and work above show the workings of a ‘home-built’ atomic layer deposition
system, coupled with an in-situ x-ray photoelectron spectroscopy analysis tool. As can be
seen from the above data, the system design was implemented successfully and thermal
film growth was achieved for both AlyOy, and TiO. films, using both TMA and TTIP as
precursors, respectively, with H,O as a co-reactant in both cases. For both processes, the
growth rates and composition of the films produced agreed with those reported by other
studies growing similar films. A higher temperature for both films led to cleaner final films,
which is attributed to the lower temperature processes leading to incomplete surface

reactions due to insufficient energy to drive the reactions to completion.

An interfacial layer was also observed during the early stages of the films’ growth, which can
be seen on the EDX mapping of the AlOy film. This interfacial layer growth is most likely
caused by the reaction of the precursors and co-reactants with the bare Si, rather than with
the surface of a grown film. However, as can be seen from the plotted growth rates of both
processes, the TiO, process stabilises much faster than the AlOy process, likely due to the

creation of a much smaller interfacial layer.

Using a bubbled precursor, or attaching an inert gas line to the precursor input line may
help with this interfacial layer creation, as well as preventing silicate production during the
AlOy process, as a constant inert gas flow during the precursor doses may help to prevent
unwanted reactions with the silicon surface during the early stages of growth. Using mass
flow controllers to control the flow of the inert gas used may also be useful to ensure

greater control of the purge steps, and to better control the pressure within the chamber.
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When compared with films grown using a commercial Oxford Plasma Technology FlexAl ALD
system, the films grown over the course of this work had both a much higher carbon
content and a higher growth rate per cycle. The higher carbon contents seen in the films
grown using the ‘home-built’” ALD system outlined in this work is attributed to a higher
system base pressure during depositions. This higher pressure is due to it being necessary to
isolate the turbo pump during depositions to prevent a build-up of precursor on the turbo
blades. On the commercial FlexAl system, a specialised, heated turbo pump is employed,
allowing the turbo pump to run during depositions, lowering the system’s base pressure

during deposition cycles.

Another reason for the higher growth rates and carbon contents of the films grown by this
system may be due to a higher partial pressure during the precursor pulses. When
comparing the TiO, processes on both systems, the partial pressure during the precursor
doses when using the ‘home-built’ system is higher (~2mbar) than on the commercial FlexAl
system (~0.4mbar). This higher partial pulse pressure leads to a much larger amount of Ti

being pulsed into the system during the dose step, causing a higher growth rate per cycle.

The partial pressure difference between these two systems shows an issue with the
reporting of recipes within the area of ALD research. Previous research most commonly
reports only the dose times used for the precursor and co-reactant in recipes. This has a
similar problem to the one described above; similar dose times across different systems can
lead to varying amounts of precursor in the system during dose steps, due to different
partial pressure increases caused by the precursor. This partial pressure difference can be
caused by varying chamber sizes, wall and line temperatures, ampoule pressures, precursor

line lengths, and a variety of other chamber variables. Using partial pressures as a method
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of reporting precursor pulses is a more appropriate system, as it ensures the same amount

of a precursor is interacting with the surface of a sample across a variety of systems.

6.2 Future Work

As this is, comparatively, a small study, some further research into this area in the future
would be beneficial. Ideally, a wider array of precursors and co-reactants could be used in
order to grow and compare a wider variety of atomic layer deposition films. Repeating these
experiments at a wider range of process parameters (temperature, dose times, purge times,
etc.) would also be beneficial, to help gain better understanding of the effects of changing
parameters on the film growth. These films could also be compared with films grown using
similar parameters in an industrial scale ALD tool, to ensure the films are of comparable
quality. Comparing films grown on a system with a different geometry to the one used in
this work, using similar dose times, could also be a case for further study, as it would help
compare the difference reporting only dose times makes to the quality and stoichiometry of

films grown across different systems.

Some of the limitations of this ‘home-built’ system could also be addressed in the future,
including setting up a ‘bubbler’ line for precursors that use a bubbled ampoule, attaching
more specialised, heated pumps, to prevent precursor build-up on the pump blades, and a
system to help further automate the sample transfer process. A plasma system could also

be attached, to allow the use of PE-ALD, allowing for a greater variety of films to be grown.
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Appendix A
ALD Code

#include <PID vl.h>
#include "max6675.h"
#include <stdio.h>

#include <string.h>

const int TempSet = 150;

const int TMALength = 20;
const int H20Length = 80;
const int PurgeLength = 10000;
const int WaitTime = 10000;
const int Cycles = 10;

int ktecSO = 12;
int kteCsS = 10;
int ktcCLK = 13;

MAX6675 ktc(ktcCLK, ktcCS, ktcSO);

//output pin for heater
#define PIN OUTPUT 3

//Define Variables
double Setpoint, Input, Output;

//Initial Parameters
double Kp = 2, Ki = 5, Kd = 1;
PID myPID(&Input, &Output, &Setpoint, Kp, Ki, Kd, DIRECT);

L1177 7777777777777 7777 77777777 777777777777777
struct Valve {

int pin;

int valvedel;

int pumptime;
} valvel, valve2, valve3;

Valve valves[3] = {valvel, valve2, valve3};

int buttonPin = 7;
int run;

void setup()

{
valvel.pin = 4;
valve2.pin = 5;
valve3.pin = 6;

valvel.valvedel = Purgelength;
valve2.valvedel = H20Length;
valve3.valvedel = TMALength;

valvel.pumptime WaitTime;
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Serial.begin(9600) ;
delay (500) ;

//initial variables
Setpoint = TempSet;

//PID on
myPID.SetMode (AUTOMATIC) ;

run = 0; //starts stopped

pinMode (buttonPin, INPUT PULLUP) ;

pinMode (valvel.pin, OUTPUT) ; //Sets the pin as an output
pinMode (valve2.pin, OUTPUT) ;

pinMode (valve3.pin, OUTPUT) ;

}

void loop()
{

int valvenum = 0;
for (int i = 1; i <= Cycles; i++)

{
if (Input >= 0)
{
Serial.println (" ")
Serial.print("Cycle no. ")
Serial.println(i);
Serial.println (" ")

///Runs PID Controller for 7 seconds///

int starttime = millis();

int endtime = starttime;
while ((endtime - starttime) <= valvel.pumptime)
{

Serial.println(ktc.readCelsius())
delay (200);

//Uses celcius read from max as input
Input = ktc.readCelsius()
myPID.Compute () ;
analogWrite (PIN OUTPUT, Output);
endtime = millis();

}

digitalWrite(valvel.pin, HIGH) ;
delay(valvel.valvedel);
digitalWrite(valvel.pin, LOW) ;

////////Runs PID heatexr/////////////////////

starttime = millis();

endtime = starttime;
while ((endtime - starttime) <= valvel.pumptime)
{

Serial.println(ktc.readCelsius());
delay (200);
//Uses celcius read from max as input
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Input = ktc.readCelsius();
myPID.Compute () ;
analogWrite(PIN_OUTPUT, Output) ;
endtime = millis();

}

Serial.println (" ")

Serial.print ("TMA Pulse no. ") ;
Serial.println (i) ;

Serial.println (" ")

digitalWrite(valve3.pin, HIGH) ;
delay(valve3.valvedel) ;
digitalWrite(valve3.pin, LOW) ;

////////Runs PID heatex/////////////////////

starttime = millis();

endtime = starttime;
while ((endtime - starttime) <= valvel.pumptime)
{

Serial.println(ktc.readCelsius())
delay (200);

//Uses celcius read from max as input
Input = ktc.readCelsius();
myPID.Compute () ;
analogWrite (PIN OUTPUT, Output);
endtime = millis();

digitalWrite(valvel.pin, HIGH);
delay(valvel.valvedel);
digitalWrite(valvel.pin, LOW) ;

////////Runs PID heatexr/////////////////////

starttime = millis();

endtime = starttime;
while ((endtime - starttime) <= valvel.pumptime)
{

Serial.println(ktc.readCelsius())
delay (200) ;

//Uses celcius read from max as input
Input = ktc.readCelsius();
myPID.Compute () ;
analogWrite (PIN OUTPUT, Output);
endtime = millis();

}

Serial.println (" ")

Serial.print ("H20 Pulse no. ")
Serial.println (i)

Serial.println (" ")

digitalWrite(valve2.pin, HIGH) ;
delay(valve2.valvedel) ;
digitalWrite(valve2.pin, LOW) ;

Serial.println('pulse number ');
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Serial.print (i),

}

}

while (1 == 1) {
Serial.println(ktc.readCelsius());
delay (200) ;
//Uses celcius read from max as input
Input = ktc.readCelsius();
myPID.Compute () ;
analogWrite (PIN OUTPUT, Output);
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