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Abstract 

This thesis explores a number of novel approaches for the deposition of metal oxides and fluorine 

doped metal oxide thin films using atomic layer deposition (ALD).  

The first experimental chapter details how hydrogen peroxide adducts can be used as stable 

hydrogen peroxide sources when combined with trimethylaluminium, diethylzinc and 

tetrakis(ethylmethylamino)hafnium(IV) for the atomic layer deposition of aluminium oxide, zinc 

oxide and hafnium oxide. Metal oxides deposited using hydrogen peroxide adducts (carbamide 

peroxide and sodium percarbonate) are shown to have improved growth rates and modified 

electrical properties when compared to a water based approach. Initially, aluminium oxide thin 

films were grown as a test bed to assess the potential of hydrogen peroxide adducts as hydrogen 

peroxide sources. Following this success, zinc oxide thin films were grown using carbamide 

peroxide. They are shown to have significantly increased sheet resistance values and different 

crystal morphologies when compared to films deposited using water. Hafnium oxide thin films 

have also been grown at low temperature using sodium percarbonate, they show enhanced growth 

rates when compared to water approaches. This is the first reported use of hydrogen peroxide 

adducts as hydrogen peroxide sources for atomic layer deposition. Analytical techniques such as 

thermogravimetric analysis mass spectroscopy (TGA-MS) and remote plasma optical emission 

spectroscopy (RP-OES) have been used to assess precursor decomposition and vapour phase 

composition. 

The second experimental chapter explores how ALD aluminium oxide can be doped with fluorine 

to produce thin film gate oxides which have a modified threshold voltage when incorporated into 

AlGaN/ GaN metal-insulator-semiconductor heterostructure field effect transistor devices. A 

+2.5V positive threshold voltage shift is observed in E-mode devices which may lead to safer and 

more energy efficient devices. Low energy ion scattering (LEIS) is used and demonstrated as a 

key analytical tool for the analysis of ALD thin films for the materialistic composition as well as 

determining potential reaction mechanisms.  
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The final experimental chapter explains the design and fabrication of a pulsed fluidised bed 

deposition tool for in situ synthesis of FAlMe2 using AlMe3 and powdered AlF3. The in situ 

synthesis allows for controlled spatial fluorine doping of ALD aluminium oxide. LEIS is used as 

a key analytical tool in assisting with the optimisation of deposition parameters as well as 

providing insight into reaction mechanisms.  This in situ synthesis method is the first documented 

approach which utilises an intermediate chamber for the production of ALD precursors.  The 

fabricated system is optimised and the FAlMe2 intermediate is captured and analysed via nuclear 

magnetic resonance spectroscopy (NMR). 

A hopeful outcome of this work is to provide new pathways and tools for the future benefit and 

advancement of the atomic layer deposition field. The novel approach of in situ synthesis may 

allow access to novel precursors, which cannot be synthesised by traditional methods and may 

allow for the deposition of compositionally unique thin films. 
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1.1 Introduction & Literature Review 

The material science of thin films has enabled the advancement and understanding of a vast array 

of nanotechnology and engineering topics. This advancement of thin film technology has driven, 

amongst other things, the miniaturisation of electronics which has given us extremely powerful 

devices that we wear, such as smart watches, or mobile phones that we put in our pockets. Thin 

films are of extreme importance in the fabrication of photovoltaics1, batteries2, semiconductor 

electronic devices such as light emitting diodes3, transistors4 and capacitors5 as well as medical 

and pharmaceutical applications6.    

Amongst the first practical semiconductor devices that involved thin film deposition were silicon 

MOS (metal-oxide-semiconductor) CAPacitors and resistors, which were developed towards the 

end of the 1960’s7. These early commercial devices lead to the development of metal-oxide-

semiconductor field-effect transistors (MOSFETs). MOSFET and MOSCAP device 

miniaturisation has ultimately allowed for faster and more compact components. This in turn led 

to the huge advancement of semiconductor devices which originally enabled the era of mainframe 

computers (1950-1980) and ultimately the current digital age (1980-2019). To put the extent of 

miniaturisation into perspective, capacitor size in the 1970s was in the range of 10µm (Intel 4004) 

which is the equivalent of ~200 capacitors per mm2. As of September 2018, 7nm capacitor nodes 

are used by commercially available mobiles processors (Apple A12 Bionic) which equates to a 

capacitor density of ~8.2x107 per mm2.  These advancements have been enabled through 

innovative thin film design and deposition techniques.  

A thin film is classed as a layer of material, which can range from a few Ångstroms (10-10m) to 

many microns (10-6m) in thickness. Thin films are applied to a large range of media for the 

fabrication of ubiquitous everyday materials.  Within the panoply of surface engineering, there are 

two main classes of vapour deposition processes that are exploited in order to do this. The first 

is physical layer deposition and the second is chemical layer deposition.  
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1.2 Physical Vapour Deposition Techniques 

The physical approach, known as physical vapour deposition (PVD), covers a wide range of thin 

film deposition techniques, which primarily convert a source material into the vapour phase and 

then deposit it to a substrate. For example, sputter- and evaporation- coating are two techniques 

which come under the umbrella term of PVD.  

1.2.1 Sputter Coating 

Sputter coating involves taking a target of a specific material, such as gold, and exposing it to a 

source of energetic ions / atoms, thereby knocking or ejecting (so-called “sputtering”) atoms 

from the target onto the substrate to be coated. Magnetron sputtering is one of the most common 

of these approaches. The approach utilises a combination of magnetic and electric fields to create 

a plasma of sputtering-gas in the vicinity of the target material. This plasma of energetic ions (as 

well as neutrals, atoms and molecules etc.) causes the target to sputter through ion collisions. Ion 

collisions causes atoms to be stripped from the surface of the target material, which transport to 

the substrate surface leading to deposition (Figure 1.1).  

This technique is widely used within the semiconductor industry to deposit a large range of 

materials during the fabrication of integrated circuits, metal contacts, resistors, capacitors and 

transistors. Sputter coating is also used within the optics industry for creating anti-reflective 

coatings, gratings, lenses as well as waveguides. Sputter coating is also used for scanning electron 

microscopy (SEM) sample preparation in order to deposit a conductive coating to enable imaging 

of non-conducting materials. 
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Figure 1.1: Diagram showing the working principle and basic set-up of a sputter coater system. 

 

High temperatures are not implicit for sputter coating which allows for the coating of temperature 

sensitive samples with high boiling point materials such as platinum (3825˚C8 at stp) and gold 

(2850˚C8 at stp). This enables SEM of biological samples and other temperature sensitive 

materials which would be destroyed or damaged using other deposition techniques. Sputter 

coating has also enabled the deposition of some refractory metals such as tantalum and tungsten 

which is not possible through basic thermal evaporation techniques. 
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1.2.2 Evaporation Deposition 

Evaporation deposition is also a common technique for the deposition which for metal thin films 

is typically done at high vacuum (10-4 Pa) and uses high purity target materials. The technique 

works by evaporating, at high vacuum, a source material either by Joule-heating a filament or by 

placing the source within a crucible which is then heated by a hot filament. The combination of 

heat and high vacuum lowers the boiling point of the target material and allows it to be vaporised. 

The vapour boils above the crucible (through convection) and is condensed onto the substrate to 

be coated (Figure 1.2). The deposition rate is controlled by varying the temperature of the source 

and the pressure within the chamber. A quartz crystal microbalance is often employed to monitor 

the deposition rate.  
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Figure 1.2: Diagram showing the working principle of thermal evaporation deposition. 

 

One of the most common uses of evaporation deposition is for the application of metal contacts 

onto organic light emitting diodes (OLED), thin film transistors (TFT) and solar cells. 

Evaporation of aluminium is widely used commercially for the metallization of polyethylene 

terephthalate (PET) film. Metallized polymer films are used in a wide range of applications ranging 

from decorative and food packaging to heat reflection and film capacitors. 
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Although PVD can be used for ceramic thin films too (e.g. nitrides, oxides, carbides, etc.), the 

physical vapour techniques are often employed when a metal film is required, because chemical 

approaches to metal film deposition require careful precursor selection and specific deposition 

conditions. Chemical vapour approaches often lead to metal films with a higher level of 

contamination, because chemical by-products can be adversely incorporated into the deposited 

films9.  

1.3 Chemical Vapour Deposition Techniques 

The second of the main vapour deposition techniques is known as chemical vapour deposition 

(CVD). This approach principally uses chemical sources, which are vapourised and transported 

to a substrate surface. These chemicals, known as precursors, react or decompose, on or above 

the surface of the substrate, thereby depositing a film or coating. CVD can be achieved at 

atmospheric pressure (e.g. in the glass coating industry) or within a vacuum chamber (typically 

used in microelectronics) in order to assist with the volatilisation of the precursors. Reduced 

pressure / vacuum conditions also aid with the removal of adverse volatile by-products. CVD is 

itself a vast subject and can be conducted using a wide variety of techniques. Most vacuum-based 

techniques are conducted at pressures within the range of 10-1-10-6 mbar. To achieve these 

pressures a vacuum chamber and vacuum pump are used.  

The simplest approach to CVD is to use a precursor which will decompose on the surface of a 

hot substrate. An industrial technique which demonstrates this approach is the deposition of 

polycrystalline silicon, which is deposited by using the precursor silane (SiH4) and decomposing 

it on a substrate at temperatures between 580 ˚C to 650 ˚C (1). 

(1) 

SiH4 (g)  Si (s) + 2H2 (g) 
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This simple single precursor decomposition reaction allows for controlled deposition of 

polycrystalline silicon in a uniform manner at relatively high deposition rates (10 to 20 nm per 

minute). The most important factors for this deposition approach are the reactor geometry, 

temperature & pressure control, as well as precursor concentration, carrier gas and dopant 

concentration if any. Polycrystalline silicon can be doped during the CVD process by adding a 

secondary dopant gas such as phosphine, arsine or diborane. These dopant gases change the 

deposition rate while also changing the material properties of the silicon. As the doping concept 

is central to this thesis, the influence of doping is considered further below. 

1.3.1 Doping of Semiconductor Materials  

Boron doping of polycrystalline silicon is known as p-type doping. The p in this case stands for 

“positive”, reflecting the nature of the charge carrier (a “hole”) in the valence band of the doped 

thin film. Phosphorus doping is known as n-type doping which in this case stands for “negative”, 

again indicating that doping generates a negative charge carrier (e.g. an electron) in the conduction 

band of the film (Figure 1.3).  

 

Figure 1.3: n-type doping (left,) phosphorus atom donates an electron becoming positive while creating a negative 
free charge carrier. p-type doping (right), boron atom accepts an electron becoming negatively charged while creating 

a positive hole. 

Si Si Si 

Si B Si 

Si Si Si 

Si Si Si 

Si P Si 

Si Si Si 
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Doping can have a huge effect on the electronic properties of materials.  Controlling dopants 

within deposited materials allowed for the p-n junction to be developed. A p-n junction has, what 

is considered, one of the most important properties for modern electronics. The p-n junction is 

simply the interface between two semiconductor materials, one which is p-doped and the other 

which is n-doped. This interface, due to the different dopant types, only allows conduction in one 

direction. An electrical component which only allows current flow in a single direction is 

commonly called a diode, which is used in a huge range of semiconductor electronic devices. 

Through further material manipulation a p-n junction can also be used to emit light. Photons and 

heat are generated when an electron from the n-region recombines with a hole in the p-region. In 

most diodes this phenomenon leads to the generation of heat however, if the correct materials 

are selected, photons can be generated. This type of diode is known as a light emitting diode 

(LED). Chemical vapour techniques have enabled the fabrication of p-n junctions using a huge 

variety of materials onto a large array of substrates.  

1.3.2 CVD of Metal Oxide Films 

Many CVD approaches use a single precursor for the deposition of a specific material. One family 

of materials that can be deposited through a single precursor approach are metal oxides. For the 

deposition of thin film metal oxides, two main categories of metalorganic precursors are used, 

these are known as metal alkoxides and β-diketonates.  

1.3.2.1 Metal Alkoxide Precursors 

Metal alkoxides are used in several techniques ranging from sol-gel10 to CVD11 for the synthesis 

of metal oxides. A metal alkoxide consists of the central metal atom bound to several alcohol 

ligands the number of which is dependent on the oxidation state of the metal center. A common 

alkoxide ligand used is isopropyl alcohol (propan-2-ol or isopropanol). This ligand is particularly 

useful as it is sterically bulky, which helps in the formation of volatile metal precursors. Steric 
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hindrance reduces the molecular interactions between monomer units, which in turn causes lower 

melting and boiling points.  

Titanium isopropoxide, (Ti{OCH(CH3)2}4), is one of the most widely used single source 

precursors for the deposition of titanium oxide12. At high temperature, the ligands decompose 

and provide an oxygen source for the formation of titanium oxide (2). 

(2) 

𝑇𝑖{𝑂𝐶𝐻(𝐶𝐻3)2}4 → 𝑇𝑖𝑂2 + 4𝐶3𝐻6 + 2𝐻2𝑂 

Deposition rate and morphology is controlled by the exposure rate, deposition temperature and 

pressure of the reaction vessel.  

Alkoxide-based precursors that are suitable for CVD processes can be synthesised from a large 

variety of metals with relative ease13. A common approach typically involves reacting an alcohol 

with a metal salt such as titanium chloride (3). 

(3) 

𝑇𝑖𝐶𝑙4 + 4 (𝐶𝐻3)2𝐶𝑂𝐻 → 𝑇𝑖{𝑂𝐶𝐻(𝐶𝐻3)2}4 + 4 𝐻𝐶𝑙 

This approach can be used to combine a range of metals with a large variety of alcohol ligands to 

make metal alkoxides for CVD applications.  

1.3.2.2 Metal β-diketonates Precursors 

Volatility and stability are the most important properties for CVD precursors. For certain metal 

centres, it is not possible to form a metal alkoxide with both of these parameters. Often, metal 

alkoxides will tend to form large cluster compounds (oligomers) which decompose before they 

become volatile.  This issue is most prominent for compounds containing metal centres of larger 

atomic mass.  
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To synthesise precursors of the heavier elements, bulkier ligands are needed to inhibit the 

tendency to form oligomers. One class of compound which achieves this are beta-diketonates. 

Beta-diketonates are a range of compounds which utilise ligands that are sterically bulky but also 

have multiple oxygen sites which can bind to a metal center. Examples of these type of molecules 

are aceytylacetonate (acac) (A), 2, 2, 6, 6-tetramethyl-3,5-heptanedionate (thd) (B) and 

hexafluoroacetylacetonate (hfac) (C). 

A) 

 

B) 

 

C) 

 

All these molecules contain two oxygen sites which can bond to a metal center. The bulkiness of 

the ligands help prevent oligomers or polymers of the compound from forming and maintaining 

monomeric species. In the monomeric form, compounds are a lot more volatile due to reduced 

interactions between monomers. β-diketonates are typically more volatile than alkoxide 

equivalents but are more restrictive for commercial applications due to cost. 
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Metal alkoxides and β-diketonates can also be used in combination with an oxide source to enable 

deposition at lower temperatures. Both classes of compounds will readily react with an oxygen 

source, such as water, at temperatures lower than the molecules decomposition point. This 

approach also reduces contamination due to by-products incorporated into deposited films. This 

is mainly because a substitution-based reaction will take place as opposed to a thermal 

decomposition one. Substitution reactions often produce more volatile by products. This is 

because ligands are evolved as whole entities rather than decomposing and fragmenting, as such 

reactions mechanisms are much cleaner which is evident upon comparing equation (2) and 

equation (4). 

(4) 

𝑇𝑖{𝑂𝐶𝐻(𝐶𝐻3)2}4 + 2 𝐻2𝑂 → 𝑇𝑖𝑂2 + 4 𝐶3𝐻7𝑂𝐻 

Combining two or more precursors together allows for an extensive range of compounds to be 

deposited. In this case, metal oxides can be deposited at a variety of temperatures to give a large 

range of morphologies (e.g. amorphous, polycrystalline etc.). For the deposition of metal oxides, 

additional oxygen sources are used with the precursors, to increase the purity and control over 

the stoichiometry of deposited films. The next logical step to improve quality of deposited 

material is to remove oxygen from the ligand and combine highly reactive and volatile precursors 

with oxygen sources. 

1.3.2.3 Organometallic Precursors 

Organometallics are a class of compounds which are defined by the presence of a metal-carbon 

bond.  These types of bonds can be highly reactive and exothermic to oxygen. This reactivity can 

vary from a slow oxidation over a prolonged period to instantaneously igniting. The latter is what 

is known as having pyrophoric characteristics. Several pyrophoric organometallics are used within 

semi-conductor fabrication as they tend to have considerable ambient volatility and react quickly 

and cleanly under controlled conditions. Trimethylaluminium (TMA) (D), diethylzinc (DEZ) (E) 
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and triethylgallium (TEG) (F) are a few examples of different metal centre pyrophoric 

organometallics which are commonly used within semi-conductor fabrication facilities. 

Pyrophoric organometallics are very effective precursors for the deposition of oxides of the 

organometallic metal center. The deposition of aluminium oxide using trimethylaluminium is of 

great importance for a huge variety of applications.  

 

 

 

 

1.4 Atomic Layer Deposition 

Atomic layer deposition (ALD) is a modified version of chemical vapour deposition and applies 

an inorganic thin film to a substrate in a sequential manner. This approach allows for precise 

control of deposited film thickness and composition. The premise of ALD is to adapt CVD based 

processes by separating a homogeneous gas-phase reaction into binary, tertiary or quaternary 

surface-mediated reactions. For instance, the CVD reaction between trimethylaluminium 

(Al(CH3)3) and H2O produces alumina (Al2O3) as follows: 

D) 

E) 

F) 
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(5) 

Al2(CH3)6 + 3H2O  Al2O3 + 6CH4 

When this reaction is applied to a surface, via a typical CVD approach, spontaneous growth of 

alumina occurs. Deposited film thickness is usually controlled by varying precursor exposure time, 

substrate temperature and the flow rates of reactants. In order to adapt this process for an ALD 

approach, the reaction is split into two (binary) reactions. The standard basis of ALD growth onto 

a surface is initiated by hydroxyl (-OH) sites (Figure 1.4). The proceeding reaction scheme is 

better explained by separating the reaction steps as below: 

(6) 

A:   -OH*
(ads) + Al(CH3)3  -O-Al(CH3)2(ads) + CH4 

B:   -O-Al(CH3)2(ads) + 2H2O  -O-Al(OH)2(ads) +2CH4 

Having a binary basis for an ALD process allows for precise control at the “atomic” level.  

Effectively, atomic layers are deposited due to the self-limiting nature of the reaction scheme. For 

alumina, the standard growth rate onto a silicon substrate is 1.1Å per AB cycle (Figure 1.5). Using 

the AB cycle growth rate, one can deposit a required thickness by simply repeating the AB cycle 

a specific number of times. For instance, for ~50Å of Al2O3, the AB cycle would be repeated 46 

times.  
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Figure 1.4: Diagram depicting the atomic layer deposition process between water and trimethylaluminium. 

 

 

Figure 1.5: Diagram showing 4 ALD cycles of TMA and H2O. Each cycle deposits 1.1Å of aluminium oxide. 

An example of how the binary approach of ALD can be advantageous is demonstrated by taking 

the typical deposition of silicon oxide: 

(7) 

SiCl4 + 4NH3 + 2H2O  SiO2 + 4[Cl]-[NH4]+ 
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When the above reaction takes place via traditional CVD techniques, the deposited product 

becomes highly contaminated with the unwanted by-product ammonium chloride14. If the 

reaction is split into a binary form, unwanted volatile by-products are removed between 

subsequent precursor exposures leading to less contamination.  

For an ALD process to deposit via a two-step sequential scheme, a substrate must firstly be 

exposed to a single precursor. The amount of exposure is controlled by how long the precursor 

source is open for, via an ALD valve and should ideally react with all sites present on the substrate 

surface. To do this effectively, an excess of precursor is used, which is sometimes called a 

“saturative dose”. This excess, usually in the form of a physiosorbed condensate or gaseous phase, 

must subsequently be purged out of the reaction chamber using inert gas flow and vacuum 

(Figure 1.6). If residual precursor is not completely removed before a subsequent precursor 

exposure, overlapping of precursor exposure will occur, resulting in uncontrollable (“non-

saturative”) growth (Figure 1.7). Non saturative deposition may not necessarily be detrimental 

but, the precise control over film thickness and stoichiometry will be affected.  
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Figure 1.6: Reactor pressure as a function of time. When a precursor is pulsed into the reactor, pressure increases 
and consequently decreases as the chamber is purged. This figure shows the optimal purge time for ALD 

deposition to prevent overlapping of precursor pulses. 
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Figure 1.7: Figure showing insufficient purge time between precursor pulses. This causes overlapping of precursor 
exposure which will result in CVD deposition and potentially uncontrollable growth. 
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1.4.1 The Role of Substrate Temperature (Tsub)  

The temperature at which an ALD reaction is conducted is utmost importance. Some reaction 

pathways may not occur, or a condensed layer of precursors could form on a substrate surface. 

Controlling the temperature of the substrate and reaction chamber, which an ALD process is 

performed within, is important to ensure an ALD mechanisms of growth occurs. Figure 1.8 

shows the different mechanisms which can occur if substrate temperature is not controlled and 

optimised.  

The substrate temperature at which ALD can occur effectively is known as the ALD window. 

Within this temperature range, a consistent growth per cycle is achieved due to self-limiting 

reactions taking place. Outside of this window, non-ideal atomic layer deposition will occur. Four 

different pathways may occur outside of the ideal ALD window. Incomplete reactions will take 

place when the temperature required is insufficient to drive the chemical reaction forward, and 

consequently a lower growth rate is achieved. Incomplete reactions may result in contamination 

from the precursors.  
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Figure 1.8: Transition between potential growth pathways as a function of temperature, when 
used in an ALD reactor set-up. 
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Condensation reactions can occur if the substrate temperature is low enough for the precursor to 

condense onto them. This results in condensed physisorbed precursors reacting, without a self-

limiting mechanism, meaning an enhanced deposition rate occurs. This enhancement may be 

uncontrollable and lead to “bulk” deposition. Decomposition deposition occurs when the 

substrate is hotter than the decomposition temperature of a precursor. This leads to the precursor 

instantaneously decomposing on the surface of the substrate. Again, this is not self-limiting and 

can be controlled by varying the precursor exposure time. The final type of deposition is 

evaporation which occurs when the substrate is hot enough for the deposition products to 

evaporate from the substrate surface. The evaporation of reaction products leads to a reduced 

deposition rate. 

Atomic layer deposition offers many benefits over conventional deposition approach such as 

CVD and PVD, both of which are affected by “line of sight” deposition meaning areas on the 

substrate which experience low precursor fluxes will not be coated15 (Figure 1.9). 

 

Figure 1.9: Diagram showing line of sight issue associated with PVD approach compared to ALD which is 
diffusion controlled and avoids this issue. 
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 ALD is not particularly affected by “line of sight” issues, if the adsorbate intermediates have 

sufficient surface mobility before reacting, and so uniform deposition across complex structures 

such as “trenches16” and “steps” is possible. ALD deposition is a favourable technique when 

making precise stacking structures that have alternating layers of materials which are required to 

have specific thicknesses. Stacking multilayer films produced via ALD are uniform even on 

complex structures17 with high aspect ratios. This has allowed for the miniaturisation of device 

stacking structures, such as capacitors and transistors, to be deposited onto uniquely shaped 

substrates. From 2007, ALD is one of the most important techniques in enabling sub 45nm 

transistors and has become one of the primary methods for applying gate dielectrics in transistor 

fabrication. 

1.4.2 Types of ALD Growth 

The initial kinetics of an ALD process are often dictated by the surface chemistry of the substrate, 

precursors being used and temperature of deposition. There are four standard types of initial 

growth mechanisms which are related to these parameters.  
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Figure 1.10: Four growth profiles for atomic layer deposition: 1. Linear growth, 2. Substrate enhanced,                    
3. Substrate inhibited 4. Substrate inhibited-growth enhanced 

Perfect coverage and self-termination of precursors can result in a linear deposition rate (or 

“growth per cycle”, GPC) (Figure 1.10(1.)). The linear increase in growth thickness occurs at a 

constant growth rate from the initial cycle to the last. Linear growth profiles have been reported18 

which can be altered by controlling deposition parameters. Even during the most ideal ALD 

processes the initial deposition rate often deviates. The second type of growth (Figure 1.10 (2.)) 

shows an initial enhancement of growth rate, which is dictated by the substrate surface chemistry, 

followed by a linear growth rate typically once surface coverage has been achieved. This type of 

growth has been seen to occur on many substrates and is associated with activated surface 

chemistry19,20. The opposite of surface enhancement can occur whereby the initial growth rate is 

reduced and increases until eventually saturating to become linear. This is known as substrate 

inhibition and growth per cycle progression can occur by increasing gradually to a linear value 

(Figure 1.10(3.)) or by passing through a maximum and decreasing to a linear value (Figure 

1.10(4.)). TMA-H2O onto a silicon dioxide substrate occurs through the first substrate inhibition 

scheme21 whereas TMA-H2O onto hydrogen terminated silicon occurs via the second21,22. 
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Growth rate profiles can help in the understanding of reaction dynamics between precursors and 

substrates, although this does not provide insight into how the growth proceeds mechanistically 

which would require further investigation to understand. 

A simple linear growth profile can be explained by assuming the surface has an even distribution 

of reactive sites which results in complete coverage of the initial surface which is then repeated 

after each ALD cycle. Deviation away from linearity has been shown to occur due to island growth 

formation23. Island growth formation occurs when precursor reactivity towards a surface is 

undesirable. The deposition of Al2O3 onto hydrogen terminated silicon using TMA-H2O leads to 

island growth. Hydrogen terminated silicon is relatively unreactive and will not readily be oxidised 

by H2O under standard ALD reactor temperatures24,25,20 . TMA will consequently only react with 

oxygen defect sites meaning a relatively small number of reaction sites are available. It is also 

possible for TMA to react in the vapour phase with residual water present in a reactor. This 

vapour-phase reaction has been shown to lead to nucleation of reactive sites on substrates26.  In 

both cases, these initial reaction site result in Si-O-Al-OH formation. These initial growth 

mechanisms have been studied extensively for TMA-H2O on H-terminated Si and have been 

shown to progress through two pathways. The first of these is growth of Al2O3 through reactions 

with -OH sites created by the reaction of Al-Me with H2O. This progression starts off slowly in 

no favoured direction resulting in island growth. These islands will eventually combine, and a 

complete film will form (Figure 1.11). The second and less obvious route, results in surface 

coverage through the catalysis of SiOx growth on the hydrogen-terminated silicon surface. 

Inconsequently the lateral growth of SiOx occurs during H2O pulses, which has been shown to 

be dependent on H2O exposure time25. This SiOx surface is reactive to TMA allowing for the 

deposition of Al2O3 via the typical TMA-H2O surface reaction (Figure 1.11). The realisation of 

these mechanisms was through the use analytical techniques such as LEIS27,28, XPS27,29, RBS30, 

XRF30 and FTIR28,31.  
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Figure 1.11: Illustration showing how nucleation of TMA-H2O process on hydrogen terminated silicon results in 
island formation and SiOx coverage. 

ALD is not without issues, especially so in an industrial environment where scalability and 

efficiency are vital. The ALD process of separating precursor exposure and purging leads to long 

deposition times. For instance, using the TMA-H2O system, a deposition rate of 1.1Å per cycle 

is achieved. Each cycle can take up to 25 seconds, if prolonged purges are used for precise 

thickness control. Purge times also scale as reactor size increases meaning much longer purge 

times are required especially if an ever increasing “batch” size scale-up approach is taken. For a 

relatively thin gate dielectric (20nm) this can translate to 90 minutes of deposition time in a small 

reactor chamber at elevated temperatures. If a high throughput is required, this is not a viable 

approach and could quickly become the bottle neck of a fabrication process.  

Precursor selection is of utmost importance when performing ALD deposition. High volatility 

and reactivity are required otherwise high temperatures and long exposure times are required. 

Precursors which fit this category tend to be hard to synthesise, hazardous and require process 

optimisation in order to deposit the required material in a controlled manner. This contrasts with 
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sputter coating where a target material is selected, a target produced and sputter conditions 

optimised. Precursor choice may be limited in the case of certain materials via ALD. Bulky ligands 

are sometimes used in order to make volatile precursors for the deposition of specific elements. 

Nucleation of deposited material can be altered as bulky ligands have varying degrees of steric 

hindrance (Figure 1.12). This hindrance can lead to island growth, delayed growth rates and 

incomplete coverage of sub-nanometre thick film. These issues can be compensated for if the 

specific mechanism is understood. In some cases, non-uniform growth is highly desirable32.  

 

Figure 1.12: Diagram showing the effects of steric hindrance on blocking potential growth sites. In the diagram 
four oxygen sites are blocked due to the steric hindrance caused by methyl groups attached to aluminium atoms. 

The red dotted circles on the planar view (right side) shows the steric incompatibility. In reality, methyl groups do 
not cause a great degree of steric hindrance compared to other ligands which are designed with this in mind. 

 

Multi-element materials are a lot harder to deposit via ALD, especially if specific stoichiometries 

are required. Doping of ALD materials is also possible by periodically introducing a dopant 

precursor during deposition, which may be counter-intuitive as the dopant will only be introduced 

periodically during deposition, which is a consequence of the sequential nature of ALD. This may 

lead to atomic layering and so additional diffusion steps are required to produce stoichiometric 

doping of materials.   
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1.5 ALD Reactor Design 

Atomic layer deposition is performed using reactors designed specifically for the pulsed growth 

regime, nevertheless ALD reactors come in many shapes and forms. A typical ALD reactor 

includes: 

Deposition chamber: This is usually held under vacuum (10-3 bar/mbar) and surrounded by 

heating elements. The deposition chamber is usually separated into two sections, the substrate 

platen and the upper chamber. The substrate platen is where the main deposition occurs, and 

reactor conditions are optimised for deposition in this position. The platen usually has a heating 

element and multiple thermocouples so that the temperature can be precisely controlled. The 

upper chamber is the remainder of the chamber which is also heated and regulated. Within this 

upper chamber, non-ALD deposition is likely, due to precursor flow and purging dynamics. 

Within this section, additional ports are usually present which allow for in-situ analysis or plasma 

functionality to be attached. 

Precursor source: Precursors are usually contained within bubblers. Bubblers are specifically 

designed containment vessels which contain ALD precursors. Bubbler design is a key parameter 

for improving the mobility of precursors. A common design allows for flow gas to be passed 

through (bubbled) or over a precursor in order to aid with transport into the reactor chamber. 

Bubblers are usually surrounded by a heater jacket so the internal temperature can be increased 

to improve the volatility of the precursor contained within.   

High vacuum pump:  Used to purge the chamber and assist with the transport of precursors 

which may not be volatile under typical atmospheric conditions. An ALD reaction chamber needs 

to be constantly evacuated meaning that a pump is required which can handle a high throughput 

of gas while maintaining low pressures (0.1-10 mbar). This parameter is known as pumping speed 

and is the pump’s capacity to remove gas from the chamber. ALD vacuum pumps must also be 

capable of handling corrosive materials and are designed with bearings and seals for this purpose. 



 
26 

 

ALD valves: Provide accurate millisecond control of precursor exposure to the deposition 

chamber and substrate. These valves are a distinguishing feature of ALD reactors and are 

specifically designed to rapidly open and close under vacuum. They are also highly controllable, 

allowing the operator to vary the exposure time of a precursor on a substrate. These valves are 

vital to control the exposure and purging of precursors within the reactor system. The precise 

control of precursor exposure times allows for the manipulation of growth parameters as well as 

reducing processing times. 

Purge gas source: Most precursors used in ALD deposition are air-sensitive and so the reactor 

chamber is usually purged with an inert gas such as argon or N2 throughout the entire deposition 

process. Purge gas is also used to aid with precursor transport from the precursor bubbler to the 

reaction chamber. The purge gas can also be used to vent the vacuum pump, this helps prevent 

excessive deposition within the internal mechanism. 

Many ALD reactors will also contain a variety of reaction chambers, plasma, ozone generators 

and are equipped with analytical equipment such as FTIR, GC-MS, QCM and ellipsometers.  

1.5.1 Analytical Techniques  

Atomic layer deposition allows for the controlled deposition of thin films ranging from 1Å to 

1µm. At the lower thickness values, specialised analytical techniques are needed in order to 

determine properties of the deposited materials. Ellipsometry is one of the most used analytical 

techniques in determining the thickness or change in optical properties of a substrate after 

deposition has occurred. Various forms of ellipsometry exist, each of which helps develop a better 

understanding of the optical properties of the film. The first and most simple form of ellipsometry 

is single wavelength ellipsometry. For this, a single, monochromatic wavelength is selected 

(typically 630nm) and a polarised beam of light is reflected off the surface of a substrate at a 

specific angle. The reflected beam is analysed to determine any changes in polarity. Any change 

in polarity is related to the medium from which the beam has been reflected. This change provides 
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information about refractive index and thickness of the material. If a thin film is present on the 

substrate and has different optical properties, the polarisation will change compared to the original 

material. This change is related to the refractive index of the thin film as well as thickness. The 

second type of ellipsometry is known as spectroscopic ellipsometry (SE). This follows the same 

principle as the previous version but uses a wider wavelength range of light. The change in 

polarisation across the spectrum provides more information and allows for better models to be 

produced from the analysed data. The final type of ellipsometry is known as variable angle 

spectroscopic ellipsometry (VASE). Similar to spectroscopic ellipsometry, VASE uses a variety 

of reflection angles to gather information with regards to the change of polarisation at different 

wavelengths as a function of reflected beam angle. VASE analysis provides the greatest amount 

of information and allows for greater accuracy of modelling from the data. All ellipsometric data 

is compared to a model and parameters are derived in order to determine film thickness and 

refractive index. Interpretation of data can be quite complex, especially so if multiple layers of 

thin films are being analysed, or if the film absorbs wavelengths of light from the analysis beam. 

Ellipsometry is a non-destructive analytical tool which can also be fitted to an ALD reactor to 

provide real-time analysis of film thickness during deposition33. This type of analysis can provide 

insight to how an ALD growth profile proceeds.  

Another key analytical tool is a quartz crystal microbalance (QCM), which is an analytical tool 

that monitors the resonant frequency of a quartz crystal. As material is deposited onto this crystal, 

the resonant frequency changes as a function of mass deposited, from which film thickness and 

potentially density can be derived. This change in resonant frequency can provide information 

with regards to deposition rate per cycle as well as mechanistic information. As a surface reaction 

proceeds, ligand exchange and removal occurs. This change in mass can be determined from the 

change in resonance frequency. For the example of TMA and H2O, each successive TMA 

exposure will result in a mass gain based on the change from -OH to -O-Al(CH3)2. The change 

in frequency can be calibrated against ellipsometric thickness values and used to provide 

qualitative information with regards to reproducibility across deposition runs. QCM analysis only 
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provides information during a deposition and cannot provide further information with regards to 

the material properties of the deposited film.  

QCM analysis can also be coupled with gas chromatography mass spectroscopy in order to further 

determine the evolved species during an ALD deposition reaction. This information is useful in 

determining the chemical mechanism of deposition. Again, using the TMA-H2O example, it is 

theorised that after each precursor exposure, CH4 should be released. GC-MS will be able to help 

determine what the evolved gas is which will result in the confirmation of the theoretical 

mechanism, or otherwise. GC-MS can also be coupled to other analytical tools to help further 

determine reaction mechanisms. An example of this is the coupling of GC-MS to 

thermogravimetric analysis34.  

Thermogravimetric analysis is used to provide information with regards to the thermal properties 

of precursors. A precursor is placed within a tared boat which is placed within precise and highly 

sensitive scales. The precursor is then heated at a controlled rate and the temperature monitored. 

As temperature increases, thermally induced processes will occur such as melting and evaporation. 

These processes will result in a change of mass and will be reflected in a plot of mass vs 

temperature. This information is very useful for deciding the temperature to heat a precursor to 

for optimum volatility without decomposition occurring.  

The number of post-ALD analysis techniques is extensive. A few of the most commonly used 

tools are x-ray photoelectron spectroscopy (XPS), x-ray diffraction (XRD), scanning electron 

microscopy (SEM), transmission electron microscopy (TEM), energy-dispersive x-ray 

spectroscopy (EDX) and medium energy ion scattering (MEIS). Each of these techniques is 

highly specialised and requires expertise in order to perform and process the information they 

provide. As a generalisation XPS, EDX and MEIS provide information concerning the elements 

present in the film, XPS also elucidates the type of bonding between those elements. SEM and 

TEM provide visualisation of surfaces and XRD determines whether a material is crystalline and 

how the atoms are arranged. EDX is normally combined with SEM and TEM to provide a 
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visualisation of microstructure and the elemental distribution within a thin film. This is extremely 

useful when analysing ALD materials deposited onto substrates with nano or micron size 

architecture such as a trench within a capacitor17.  

1.6 Atomic Layer Deposition Precursors 

ALD is a chemical reaction deposition approach as opposed to a physical deposition approach, 

meaning precursor selection and process conditions are of utmost importance. Different 

precursors can cause deposited films to be contaminated with impurities as well as influencing 

the stoichiometry. These issues have detrimental effects to the material properties of the 

deposited film. To overcome these problems a vast number of precursors have been tested using 

a variety of ALD deposition techniques.  

1.6.1 Aluminium Precursors 

For the deposition of aluminium containing semiconductor compounds, it is widely accepted that 

the best precursor is TMA. As previously mentioned, TMA is an organometallic compound which 

is extremely reactive to oxygen, nitrogen, sulphur and phosphorus precursors. The reaction with 

H2O is often thought of as the model ALD system as the reaction is self-limiting and reproducible 

across a wide range of temperatures. TMA is often represented as a single aluminium atom 

surrounded by 3 methyl groups however, it mostly exists as a dimer35 in solution and gas phases 

(Figure 1.13). 
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Figure 1.13: 3D model of TMA dimer. Bridging methyl groups form the dimer through 3c-2e bonding. 

 

This structure is a consequence of three-center two electron (3c-2e) bonding between Al atoms 

across bridging methyl groups. A 3c-2e bond is a combination of bonding, non-bonding and anti-

bonding molecular orbitals. Filling the orbitals with electrons, results in two being present in the 

bonding orbital. The filling of the bonding orbital causes a bonding effect across the three 

elements (Al-C-Al). This bond is known to be electron deficient and is susceptible to reactions 

with electron pair donors (Lewis base). Reactions with a Lewis base leads to the formation of the 

more energetically favourable, two-center two electron (2c-2e) bonds. Examples of electron pair 

donor molecules are H2O: , H3N: , and F- (where “ : ” denotes a lone-pair of electrons).  

The structure of TMA has been extensively studied, using a wide range of techniques such as 

NMR36, single crystal x-ray diffraction37 and neutron scattering35. Time evolved NMR studies 

have been conducted to determine the reaction pathways of TMA with numerous compounds38,39. 

NMR studies are extremely useful for studying reaction progression and for structural 

determination.  
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TMA readily forms adducts with amines and other Lewis base compounds40. These adducts can 

be less reactive to oxygen and water which helps with handling and transport issues associated 

with the pyrophoric nature of TMA. Some adducts can even form in the gas phase, specifically in 

CVD processes as opposed to ALD, and result in alternative reaction pathways for the deposition 

of some materials41.  

Trimethylaluminium has many uses outside of ALD and CVD applications. The majority of TMA 

production is used for the synthesis of methylaluminoxane, which is an important catalyst 

activator in Ziegler-Natta catalysis42. Ziegler-Natta catalysis is the one of the most used 

approaches for the industrial production of polypropylene43.  

TMA can be synthesised through several published methods such as the magalium44, cryolite45 

and Grignard routes. Each route typically involves the reduction of an aluminium halide 

compound in the presence of a reactive metal which results in metal salt metathesis (8). 

(8) 

3𝐴𝑙(𝐶𝐻3)2(𝐶𝑙) + 3𝑁𝑎 → 2𝐴𝑙(𝐶𝐻3)3 + 𝐴𝑙 + 3𝑁𝑎𝐶𝑙 

Once synthesised, TMA is often further refined to increase purity which prevents unwanted by 

products from being incorporated into deposited materials. This is of utmost importance for the 

deposition of metal oxides for semiconductor applications as impurities can have an adverse effect 

on electrical properties.  

Atomic layer deposition of aluminium oxide using TMA is one of the most studied and 

industrially used ALD processes.  Aluminium oxide (Al2O3) is deposited in the semiconductor 

industry for its electrical insulating and thermal conducting properties. These properties make it 

an ideal compound to be used in conjunction with circuitry that needs to be electrically and 

thermally insulated46,47. Aluminium oxide has appealing mechanical properties, when crystalline, 

alumina (sapphire) has a hardness value of 9 on the Mohs scale48 (diamond has a value of 10) 
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making it suitable for shock resistant, grinding and machining applications. Alumina is also highly 

resistant to weathering caused by atmospheric moisture and oxygen and when applied to 

materials, it can act as a protective barrier coating. ALD alumina is used in the fabrication of a 

wide range of electrical devices due to its electrical, thermally insulating and mechanical 

properties49.  

1.6.2 Zinc precursors 

The ALD of zinc-containing compounds is the second most studied form of ALD. Zinc sulphide 

was one of the first materials deposited in the early development and understanding of the ALD 

technique50. Atomic layer deposition of zinc sulphide was the first industrial application to use 

the ALD technique. It was applied commercially to produce thin film electroluminescent 

displays51. 

Zinc oxide is also a very interesting material for a wide range of applications, this is especially so 

as it has piezoelectric properties as well as desirable electrical, optical and thermal properties. It is 

used in applications ranging from gas sensor devices52, thin film transistors (TFTs)53 to 

photovoltaic devices54. Advancement in zinc oxide ALD based applications will greatly benefit 

many fields of electrical device fabrication and could ultimately provide solutions that other 

deposition techniques do not offer.  

 ALD of zinc oxide typically uses a combination of an alkyl zinc precursor (dimethyl55 or diethyl56 

zinc (DMZ, DEZ)) with a reactive oxygen source such as water, ozone, oxygen plasma and to a 

lesser extent hydrogen peroxide. DEZ is the most common zinc precursor used in ALD due to 

its volatility and reactivity to oxygen precursors. DEZ has a vapour pressure of 20.8 mm Hg57 

(25˚C) compared to TMA which has a vapour pressure of 11.0 mmHg (20˚C). 
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Diethyl zinc can be synthesised using ethyl iodide or bromide and combining it with Na/Zn or 

Zn/Cu alloys: 

(9) 

2𝑍𝑛 + 2𝐶𝐻3𝐼 → 𝑍𝑛(𝐶𝐻3)2 + 𝑍𝑛𝐼2 

This results in the evolution of diethylzinc which can then be distilled. The by-product zinc iodide 

is a precipitate with a high melting point (446˚C). In the solid phase, at 100K, diethylzinc forms 

a linear C-Zn-C bond resulting in the ethyl groups in a mutual cis position58. 

 

Figure 1.14: Three dimensional representation of the diethylzinc molecule in the vapour phase. 

 

The morphology of ZnO thin films, deposited using DEZ can be influenced and controlled by 

several experimental parameters. Deposition temperature contributes significantly to crystal 

growth properties of ALD zinc oxide. By varying the temperature of deposition, the orientation 

of crystal growth can be manipulated. When growing ZnO using DEZ and H2O, the <002> 

orientation is the most favoured at temperatures below 70°C59,60. At temperatures above 
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70°C45,61,62, the <100> orientation is preferred and dominates until temperatures around 200°C47 

after which the <002> becomes favoured. This change in crystal orientation can affect the 

material properties of the deposited film.  

Zinc oxide, in most cases, has intrinsic n-type electrical conductivity properties. This n-type 

character is thought to be associated to defects and impurities. The number of defects and 

impurities can be influenced by deposition temperature. Typically, the lower the temperature, the 

more defects and impurities are present due to incomplete reactions and amorphous film growth. 

Historically, oxygen vacancies are thought to contribute to the n-type characteristic of zinc 

oxide63,64,65 however, more recently this has been thrown into doubt66. It has been shown that one 

of the biggest contributors to the n-type properties of zinc oxide is the inclusion of substitutional 

hydrogen67, which results in the lowering of oxygen content explaining why the conclusion that 

oxygen vacancies lead to n-type conductivity68. Hydrogen incorporation can be caused by 

incomplete reactions (OH sites) during synthesis or deposition. The number of vacancies can be 

controlled by the temperature of deposition or reactivity and sterics of precursors used. To 

increase conductivity in a ZnO system, limiting oxygen sources and increasing hydrogen is 

beneficial. A sensible approach would be to use as low of a temperature as possible however, low 

temperature deposition also incorporates impurities such as carbon from precursor ligands. These 

impurities can increase the resistance of a material system through several mechanisms. The 

lowest resistivity values for ALD ZnO reported in literature are 10–3 Ω·cm using deposition 

temperatures of approx. 200 °C69. 

Due to the n-type characteristic of zinc oxide, thin films can be produced that have relatively low 

resistivity values. A combination of low resistivity values and optical transparency makes zinc 

oxide an attractive material in transparent conductive oxide (TCO) applications. For zinc oxide 

to be considered as a replacement to current TCOs, it must have material properties similar to or 

better than those available. This is currently not the case: indium tin oxide (ITO) approaches can 

produce films with resistivity values of 7.2 × 10–4 Ω·cm70. The minimum documented values for 
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ALD ZnO are an order of magnitude different, within the 10-2-10–3 Ω·cm range. Through doping 

with cations such as Al, Ga and Ti the resistance values of ZnO can be further reduced. Using 

this approach, values in the 10–4 Ω·cm range have been reported71,72,73 highlighting that cation 

doped ZnO could be an alternative to ITO.  Zinc oxide is also relatively inexpensive when 

compared to ITO especially as indium supplies become scarcer74. 

1.6.3 Hafnium precursors 

Hafnium-based materials have attracted attention as potential high-k dielectrics75. Two of the 

most studied are semi-metallic hafnium nitride76,77 and dielectric hafnium oxide78, which has a 

relatively high dielectric constant (k =20-2579). In a similar way in which aluminium oxide replaced 

thermal silicon oxide as the main dielectric for MOSCAP and MOSFET applications, hafnium 

oxide has been proposed and used as a replacement to aluminium oxide80. Hafnium oxide not 

only has desirable dielectric properties but also has a higher melting point (2758 ˚C) meaning it 

has many high temperature applications. 

Atomic layer deposition is the most desirable method for the deposition of hafnium oxide in 

semiconductor applications. This is because it offers many benefits over PVD and CVD 

approaches such as precise control of thickness, composition and impurity concentration of thin 

films while also being able to coat high aspect ratio surfaces with amorphous material.  

One downside of the approach is long deposition times however, despite this, ALD is the 

preferred approach for the deposition of hafnium oxide within the semiconductor industry.  

Typical HfO2 deposition processes involve using a hafnium alkylamide such as 

tetrakis(methylethylamido)hafnium (TEMAHf Hf[N(CH3)(C2H5)]4)  or an alkoxide such as 

hafnium t-butoxide (Hf(O-t-C4H9)4). Precursors are often co-reacted with either water81 or an 

energetic oxygen source such as an oxygen plasma82. 
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Hafnium precursor synthesis pathways are similar to those previously discussed for aluminium. 

A hafnium halide such as HfCl4 is reacted with alcohol such as tert-butyl alcohol to form hafnium 

tert-butoxide (10).  

(10) 

𝐻𝑓𝐶𝑙4 + 4 (𝐶𝐻3)3𝐶𝑂𝐻 → 𝐻𝑓(𝑂𝐶(𝐶𝐻3)3)4 + 4𝐻𝐶𝑙 

Salt metathesis can also be performed using hafnium halide salts with Grignard or alkylithium 

reagents to produce organometallics such as dimethylbis(cyclopentadienyl)hafnium.  

1.6.4 Titanium precursors 

Titanium is found in the same group as hafnium and the oxide and nitride derivates are important 

for semiconductor and optical applications. Titanium dioxide is highly reflective of visible light 

while also absorbing UV radiation. For this reason, it is a suitable material for UV blocking optical 

applications as well as UV absorbing such as photocatalysis83.  Applying titanium dioxide via ALD 

onto high surface area materials is attractive for the field of catalysis84, photovoltaics85 and 

photoelectrolysis86. It has also been applied in a number of applications ranging from sensor 

technology87 and due to its biocompatibility, medical applications88. 

Titanium dioxide may be synthesised in variety of ways such as sol-gel89 but for thin film 

applications it may be deposited through PVD, CVD and ALD techniques. Titanium (IV) 

isopropoxide (Ti{OCH(CH3)2}4) is the most commonly used precursor within literature for the 

deposition of titanium dioxide via CVD and more particularly ALD90. Titanium (IV) isopropoxide 

can be reacted with H2O91,92, H2O2
93,94, O3

95,96 and O2 plasma97,98 to deposit titanium dioxide via 

ALD. The reported deposition rate of titanium dioxide (0.15-0.6Å /cycle) is relatively low 

compared to other ALD processes. Titanium isopropoxide thermally decomposes at 

temperatures above 250˚C meaning deposition above this temperature will have an element of 

CVD. Above this temperature, the growth per cycle is dependent on the exposure time of 
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titanium isopropoxide. A higher deposition rate (1.2Å/cycle) is achievable when using H2O2 at 

lower temperatures (100˚C)94 however, deposition using hydrogen peroxide as a co-reagent at 

higher temperature is similar to water (0.5-0.6Å/cycle).  

Titanium (IV) isopropoxide is relatively easy to synthesise and it typically done from the chloride 

salt by reacting with isopropanol (11). 

(11) 

𝑇𝑖𝐶𝑙4 + 4 (𝐶𝐻3)2𝐶𝐻𝑂𝐻 →  𝑇𝑖{𝑂𝐶𝐻(𝐶𝐻3)2}4 +  4 𝐻𝐶𝑙 

Titanium (IV) isopropoxide will react readily with water to form titanium dioxide (12). This 

reaction is the basis for CVD, ALD and sol gel synthesis routes techniques. 

(12) 

𝑇𝑖{𝑂𝐶𝐻(𝐶𝐻3)2}4 + 2𝐻2𝑂 → 𝑇𝑖𝑂2 + 4 (𝐶𝐻3)2𝐶𝐻𝑂𝐻 

The doping of ALD titanium oxide is an area of great interest as it improves and enables titanium 

dioxide as a possible high-k material. Bulk titanium dioxide has a high leakage but an appealing 

dielectric constant (k = 73)99. The most studied dopant for the reduction of leakage current in 

ALD fabricated titanium dioxide is aluminium. Studies have shown that aluminium doping can 

reduce the leakage current by multiple orders of magnitude90. 

1.6.4 Oxygen precursors 

The oxidation step of many ALD deposition processes often uses H2O as the co-reactant. This 

is mainly because water is easy to handle, cheap and works well with the majority of precursors. 

Water does have its own issues though. For alumina deposition, water can lead to pinhole 

defects100,101,102 and can also increase hydrogen content. The same is true for hafnia deposition, in 

which case the use of water leads to incomplete reactions and carbon contamination issues. 

Studies have been made to develop alternatives to water by using more reactive oxygen precursor 
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such as hydrogen peroxide, ozone, and oxygen plasma. Each has shown promise, but have issues 

associated with them that need to be resolved. For example, the use of oxygen plasma can yield 

poor uniformity, because plasma discharge suffers from areal variation of reactive species. Plasma 

approaches also use a lot more energy which adds cost and complexity to manufacturing 

processes.  

Hydrogen peroxide represents an attractive alternative co-reagent as it is similar to water, but 

much more reactive. The peroxide is relatively cheap and has many of the benefits associated with 

water. Increased reactivity allows for more complete reactions to take place, leading to films with 

improved stoichiometry. Hydrogen peroxide is a non-planar molecule with C2 symmetry and a 

highly reactive O-O bond. It can act both as an oxidizing or reducing agent depending on the pH 

of its environment ((13),(14)). 

Acidic: 

(13) 

2𝐶𝑒3+(𝑎𝑞) +  𝐻2𝑂2(𝑎𝑞) + 2𝐻+(𝑎𝑞) → 2𝐶𝑒4+(𝑎𝑞) + 2𝐻2𝑂 (𝑙) 

Basic: 

(14) 

2𝐶𝑒4+(𝑎𝑞) + 𝐻2𝑂2(𝑎𝑞) + 2𝑂𝐻−(𝑎𝑞) → 2𝐶𝑒3+(𝑎𝑞) + 2𝐻2𝑂(𝑙) + 𝑂2(𝑔)  

 The enhanced reactivity allows for lower processing temperatures making it a suitable candidate 

for use in conjunction with less reactive co-reagents and temperature sensitive materials.  A 

disadvantage of this increased reactivity is that hydrogen peroxide is thermodynamically unstable 

and at room temperature slowly decomposes into water and oxygen gas. If an inappropriate 

containment vessel is used, hydrogen can be catalytically evolved which can make materials 

potentially explosive meaning health and safety considerations are important when using H2O2.  
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The manufacture of pure hydrogen peroxide is almost impossible. Hydrogen peroxide is usually 

supplied as a water solution containing radical inhibitors. These solutions range from 3% up to 

98% peroxide content. The purchase of higher percentage solutions requires strict regulation. 

Solution concentrations lower than 70% are much more stable and allow hydrogen peroxide to 

be used in a practical way103. In most ALD studies 30-50% peroxide/water solution are used104. 

Studies have shown beneficial effects of using hydrogen peroxide in this form when used in 

conjunction with TMA105, DEZ106, TEMAHf107 and many other precursors. A key issue that most 

of these studies do not address is the contribution of the water also contained with peroxide 

solution. How does the combination alter the reaction mechanism and what effect does this have 

on the material properties of deposited films? Further improvement in material properties of 

ALD thin films maybe possible by considering the water content in peroxide solutions and 

attempting to optimise it. To do this, it must be appreciated that ALD processes occur through 

the transportation of precursors in the vapour phase. The vapour pressure of precursors is 

extremely important in determining the mobility of the precursor to the reaction chamber. Water 

has a higher vapour pressure than hydrogen peroxide meaning a larger proportion of it will be 

transported at a certain temperature and pressure.  This effect will be present in a H2O2/H2O 

solution meaning that a 30% solution will not be 30% in the vapour phase. Water will be the more 

abundant species and peroxide content will be much smaller. Another effect of using a 

H2O2/H2O solution is that as the solution is spent, the relative amount of water content will 

reduce while the peroxide will increase. This leads to variation in the water/peroxide ratio which 

will lead to a variability in the deposited materials. Producing and maintaining a fixed peroxide 

content is vital for a controllable and repeatable process.  

One company, RASIRC, has developed a gas membrane system specifically for vapour phase 

hydrogen peroxide processes. The membrane allows for a much higher relative percentage of 

H2O2 in the vapour phase. Higher percentage peroxide processing using this membrane technique 

has been shown to have many beneficial properties. One of the key advantages is an increased 

density of hydroxyl terminated surfaces108. This increase in hydroxyl termination is linked to an 
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increase in film density, a reduction in oxygen vacancies and helps prevent subsurface oxidation 

in ALD thin film oxides. Other benefits range from lowering of deposition temperatures, due to 

the reactive nature of hydrogen peroxide, as well as enabling some selective area deposition 

techniques.  

1.7 Atomic Layer Etching 

Atomic layer etching (ALE) provides a highly conformal way to remove specific materials from 

a substrate. The etching of Al2O3 is the most studied material system for ALE, the mechanisms 

can essentially be thought of as the reversal of ALD. In much the same way that ALD has a self-

limiting pulsed or “digital” mechanism to growth, ALE has a self-limiting step-wise mechanism 

for etching. The first thermal chemical ALE process was reported in 2015109 which used Sn(acac)2 

and HF to etch Al2O3 (Figure 1.15). The process fluorinates a surface using HF and then creates 

volatile materials using Sn(acac)2. The volatile products are removed from the surface under 

vacuum. This process removes an “atomic layer” of Al2O3 per HF/Sn(acac)2 cycle and can be 

repeated several times to remove a desired amount. The process can also be applied to many 

other metal oxides as well as metal sulphides, nitrides and phosphides such as ZnS, GaN and InP.  
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Figure 1.15. Reaction pathway for the Atomic layer etching of Al2O3 using Sn(acac)2 and HF. 

Since 2015 many advances and alternative etching pathways have been discovered. One route 

utilises TMA and HF to etch Al2O3
110. This route provides a very effective etching scheme 

preventing Sn contamination of the system, which can be an issue with the Sn(acac)2 approaches. 

The defining ability of this approach is that it is also possible to switch between etching of 

materials and growth of AlF3
111

 by changing the reaction temperature. Atomic layer etching shows 

much promise for the fabrication of advanced nano devices and materials as it provides a dry 

etching technique that etches spatially and conformally. Atomic layer etching reported in this 

thesis is concerned with thermal chemical routes. Other ALE techniques have been shown to 

operate in a binary fashion. A technique for self-limiting etching of silicon involves exposing the 

surface to a halogen source (Cl-) until saturation and then exposing to an argon plasma. 

Controlling the plasma power allows for the top layer of silicon chloride to be removed without 
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removing the underlying silicon112. This can then be repeated several times depending on the 

desired amount of silicon to be etched. As a plasma is used, the etching is directional or 

anisotropic which, can be advantageous as it allows for patterning, but it can also be an issue if 

conformal etching of a high surface area material, such as nanotubes or powders, is required.  

1.8 Applications of ALD Films 

1.8.1 Microelectronics 

Materials such as silica, alumina and hafnia (HfO2) are some of the most useful materials in 

electronics due to having high dielectric permittivity (“high-Κ” materials). Silica has historically 

been used as a gate dielectric in metal oxide-semiconductor field effect transistor (MOSFET) 

devices. It is simply made by annealing the silicon substrate, which a device is grown upon, within 

an oxygen environment. Silicon oxide film thickness can be controlled through a combination of 

optimum annealing conditions and or etching, however it is a problematic material when reducing 

the sizes of capacitors and/or transistor gate-channels, to maintain a constant capacitance, the 

dielectric thickness has to decrease, as capacitance is proportional to A /d (A is the capacitor area 

and d the dielectric thickness). Very thin layers (~ few angstroms) of silicon oxide have a reduced 

ability to prevent leakage of electrical current. This property is attributed to tunnelling 

mechanisms. The issue of layer thickness can be alleviated by applying a higher permittivity 

material as the gate dielectric. Depositing a material with a high dielectric value allows the use of 

a physically thicker film for the same capacitance, meaning it will provide leakage current 

prevention, whilst maintaining the device capacitance required. Alumina and hafnia are materials 

that have higher Κ-values compared to silicon oxide. They must be deposited to incorporate them 

into device architectures. This makes fabrication processes complex and time consuming which 

increases cost and lowers productivity. Deposition of these materials must occur in a very 

controlled way to minimise thickness variations.  This way, current leakage can be prevented while 

reducing a capacitor’s overall size. Depositing alumina and hafnia through ALD has allowed for 

progression in miniaturisation of capacitor devices.  
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Through precise fabrication, innovative device design and smart material selection, FET devices 

have become incredibly small, fast and relatively low power. The first metal-oxide-semiconductor 

field effect transistor was developed in 1959 at Bell labs by Dawon Kahng and Martin M. (John) 

Atalla. It used crystalline silicon as the main body of the device which provided a conduct channel 

between two metal contacts known as the “source” and the “drain” (Figure 1.16). Between the 

two contacts, a metal contact is positioned above the conduction channel with an insulating SiO2 

layer separating it from the crystalline silicon body. This section is known as the gate. Varying the 

voltage applied between the gate and the drain allows for a current between the source and drain 

to be ‘opened’ or ‘closed’.  This is because the electric field generated, due to the potential 

difference between the gate and channel, influences the number of charge carriers within the 

channel. Once the number of charge carriers is enough, a current will flow from the source to the 

drain. This ability to control the flow of current within a device provides a controllable switch for 

electronic applications.  

 

Figure 1.16: MOSFET diagram detailing the different components of a silicon based device. 

 



 
44 

 

The insulating layer between the gate contact and the body of the device prevents a conduction 

pathway between the gate and the source or drain. The layer allows for a potential difference to 

be established between the gate and the source or body of the device which creates an electric 

field. It is generally accepted that the greater the potential difference, the larger the generated 

electric field. Increasing the potential difference will result in a greater tendency for a leakage 

current and the breakdown of the insulating layer. A field-effect transistor can be implemented in 

a number of ways, it can either be always on (enhancement-mode or E-mode) or always off 

(depletion-mode or D-mode). Always on means that the channel is conductive when no voltage 

is applied to the gate however, once a specific voltage is applied, the channel will become closed 

and prevent current from flowing. Always off means that when no voltage is applied to the gate, 

the channel remains closed and no current will flow. Once the required voltage is applied to the 

gate, the channel will open and current will flow from the source to the drain. These two devices 

allows for logic gates such as NAND, AND, NOR, OR and NOT to be fabricated.  

ALD approaches have been used as a technique for the deposition of gate oxides during the 

fabrication of FET devices such as MOSFET and Metal-insulator-semiconductor-high-electron-

mobility transistors (MISHEMTs)113. The technique allows for the deposition of a conformal and 

consistent film with a required thickness.   

1.8.2 Barrier Coating of Temperature Sensitive Substrates 

Thin film coatings have been applied to polymer films since the early 1970’s as an effective 

solution for packing of food114, pharmaceuticals115 medical equipment116 and many oxygen 

sensitive products. These were originally metal films deposited onto a polymeric substrate via a 

number of different physical vapour deposition (PVD) techniques such as sputter coating117, 

cathodic arc118 and electron beam deposition. These metallised films offered distinct advantages 

over purely metal or glass alternatives due to being relatively cost effective, light weight, flexible 

and damage resistant which allows for greater variation in the design of the product being 

packaged. 



 
45 

 

 Progress in chemical deposition techniques (development of new precursors and processing 

techniques) has allowed for a variety of metal oxide thin films to be used in conjunction with 

polymers. This advancement has opened the possibility of having tailored thin films coated onto 

polymeric substrates for a huge variety of different applications.  Examples of these specifically 

designed thin films include; substrates which are semipermeable to specific gases119, transparent 

to specific wavelengths of light120, conductive121, anti-reflective122 and having specific dielectric 

properties123.  

A key property, which is desired by many industries, is the ability to protect oxygen and moisture 

sensitive products. A variety of different barrier materials may be applied to accommodate this 

need. However, no single solution can satisfy multiple industrial applications. In the case of 

packaging of food products124, in order to extend lifetimes, it is not needed for the packaging to 

be transparent or flexible, but it will need to be rugged, non-toxic, cheap and simple to make. 

Apply the same product to an opto-electronic application and it would almost certainly not be 

suitable. 

An industrial sector where gas barrier coatings are becoming more important is that of electronic 

displays. The development of high gas barriers is particularly important for the commercialisation 

of organic light emitting diode125, remote phosphor126 and electroluminescence technologies127. 

Using ALD to coat temperature sensitive substrates has progressively become more attractive.  

One of the most studied ALD reactions is that of trimethylaluminium and water producing 

alumina (Al2O3). This process acts as a good starting point when adapting a process for low 

temperature deposition. Alumina deposition is usually conducted at elevated temperatures 

(>200°C) that damage potential temperature sensitive substrates. A reason for a high temperature 

approach is to assist with the removal of by-products which leads to high purity films, as well as 

promoting clean, more complete reactions to take place. One way to alleviate thermal degradation 

is to use alternative oxygen precursors which are more volatile and reactive. Potential alternatives 

have been studied in literature, these include ozone128, hydrogen peroxide129 and oxygen plasma130.  



 
46 

 

 The operating range for most temperature sensitive substrates (polymers) is typically between 

30-130°C. This is usually because the substrate will either degrade, denature or the physical 

properties131 will change. Fortunately, due to the volatility and reactive nature of alkyl aluminium 

precursors, it is possible for alumina deposition to occur within this small temperature range. 

ALD of alumina onto polymer substrates has been documented to occur as low as 33°C132. Films 

made at these lower temperatures are usually less dense, highly contaminated and need long purge 

times for an ALD based deposition to occur. This is due to the condensation, as opposed to the 

reaction, of precursors onto substrate surfaces. Strict conditions are usually needed for successful 

deposition at low temperatures. If insufficient purge times are used, bulk, uncontrollable 

deposition will occur.  

An application of ALD to a temperature sensitive substrate is for the improvement of polymer 

encapsulation materials. From published research, the most successful alumina based ALD coated 

polymer substrate is polyethylene terephthalate (PET)133. Due to the gas barrier properties, PET 

is widely used in the food packaging industry especially for carbonated drinks. The polymer 

consists of repeating ethylene terephthalate monomer units and can be synthesised from dimethyl 

terephthalate, ethylene glycol and a number of antimony-based catalysts. PET is a promising 

substrate for flexible electronics as it is highly transparent, flexible and easy to produce. For this 

reason, a lot of research has been conducted in order to deposit a range of thin films to enhance 

water and oxygen transmission rates (OTR/WVTR) for sensitive applications such as organic 

light emitting diodes (OLEDs). Atomic layer coatings on PET have been shown to lower the 

OTR and WVTR by many orders of magnitude. The minimum reported OTR and WVTR values 

have been achieved through ALD nanolaminate thin films. Nanolaminate films are deposited by 

alternating the deposition of two different materials during an ALD process. The nanolaminate 

structure reduces the ultimate depth of pinhole defects meaning that a single defect can only 

penetrate to the underlying film. In the case of nanolaminates, this film is another barrier coating. 

This effectively increases the pathway of diffusion through pinhole defects.  
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1.8.3 Powder coating 

Atomic layer deposition has become an attractive technique for coating powder materials in a 

conformal manner with atomic control over deposited film thickness. The coating of materials 

for a large range of applications has been performed. These range from catalysis to pharmaceutical 

applications. 

The ALD of powder catalysts provides a controllable way of conformally coating high surface 

area materials with a desired amount of a specific material. The coating of catalysts with sub - 

nanometre thick films provides a way to maximise exposed surface area coverage with a minimal 

amount of material. This specifically applies to metal-based heterogenous catalysis as the surface 

area of metal coatings is related to catalysis rate. A large majority of metals based heterogenous 

catalysis also uses expensive metal such as Pt and Pd. ALD deposition techniques provide a route 

for minimal loading with maximum effect.  

ALD coating of high surface area catalysts also provides a way to stabilise catalyst materials and 

prevent degradation which may be associated with elevated temperatures or oxidation134. ALD 

coatings allow for sensitive control over surface functionality. Catalyst surfaces can be selectively 

modified to provide surface functionality such as hydrophobicity or hydrophilicity135. In some 

circumstances selective area deposition is also possible through ALD surface treatment and 

subsequent deposition136. Selective area deposition enables a large variety of potential structures 

such as core shell materials as well as nanoparticle deposition137. An example of nanoparticle 

deposition is through the application of platinum via plasma enhanced atomic layer deposition. 

This results in nanoparticle formation after a single cycle of ALD. Platinum nanoparticles are 

applicable to a huge range of catalysis systems, one of which is the photocatalysis of water 

splitting138.  

ALD powder coating has also been applied by pharmaceutical industry as a controllable way to 

modify pharmaceutically active materials. Surface treatment via ALD can modify the flow 



 
48 

 

behaviour of powders139 so that they are more easily dispersed. This is relevant for pharmaceutical 

applications as it helps in the formulation of materials for drug delivery. Powders can be coated 

to modify drug release profiles which helps optimise the efficiency of drug loading140. ALD 

coating can also provide a way to help stabilise active materials which in turn could increase shelf 

lives. Finally, ALD coating can provide a way to coat powdered nano- materials with antimicrobial 

coatings which may enable novel therapeutic techniques in the future141. 

Atomic layer deposition has developed from an early research interest into a vitally important 

deposition technique applied across a multitude of industries. Through continued research and 

industrial adoption, ALD and ALE look to become extremely important material manipulation 

techniques. With the huge progression seen with 3D printing in recent years one can imagine that 

ALD and ALE techniques may enable 3D printing at the nanoscale, providing a route for additive 

manufacturing of highly complex three-dimensional materials.  
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Analytical and Numerical Methods 

2.1 Ellipsometry 

Ellipsometry is a non-destructive analysis technique used to study thin films. It is performed by 

measuring the change in the polarisation of a light source which is reflected off a substrate surface. 

This change can be used to determine the refractive index and relative thickness of deposited 

films. The change in polarisatio is not measured directly but is inferred from the alteration in light 

intensity. This alteration in light intensity is due to the reflected light passing through multiple 

media and being reflected in a different plane to the incident light. 

The change in polarisation is typically characterised by the terms ψ (psi) and Δ (delta). These terms 

at a fixed wavelength of light are circular, meaning the same psi and delta values can represent 

different thickness values. ψ and Δ are related to the ratio of P and S plane polarised light through 

the equation: 

tan(𝜑) 𝑒𝑖∆ = 𝜌 = 
ř𝑝

ř𝑠
 

 (rho) is the ratio of p-polarised light to s-polarised light.   is a complex number but when 

related to ellipsometric parameters, it is only reported as a polar value. Tan(ψ) is the magnitude of 

reflectivity ratio and Δ is the phase.  Typically, ψ and Δ are plotted against one another. A change 

in either value, when compared to the original substrate, indicates a change to the substrate 

surface. This change is normally associated to a deposition effect (thickness increase) but it can 

also be due to an etching effect. 
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Null Ellipsometry 

The most basic type of ellipsometry involves using a single wavelength of light as the light source. 

This way, the effect of reflection is determined using a fixed refractive index and prevents the 

need for complex modelling of the results. This also means that certain assumptions are made 

with regards to the refractive index value and an approximate estimate of film thickness is needed. 

Spectroscopic Ellipsometry (SE) 

Issues associated with ψ and Δ representing multiple thicknesses are obviated when using a 

spectroscopic ellipsometry approach. This is because the intensity of a broad spectrum is 

measured as opposed to a specific wavelength of light. 

Once a value for ψ and Δ has been determined, either through null or spectroscopic ellipsometry, 

they are then used to create a model of the film-substrate system. Modelling is usually performed 

by a software package supplied by the instrument manufacturer. The use of such programs is 

relatively easy but requires an appreciation of the different fitting parameters and the system being 

modelled (e.g. multilayer). A good approach for modelling dielectric thin film systems is to simply 

compare them to a standard reference sample. Reference libraries are available for a wide range 

of bulk material systems. This approach is good when modelling an ideal system, however, thin 

film systems are not often ideal and deviate from bulk material properties. This deviation is 

normally due to films being less dense, impurity incorporation and changes in refractive index. 

Because of this, several models have been developed from first principles for dielectric systems. 

Lorentz, Tauc and hybrid Tauc-Lorentz models are typically applied to dielectric films, in order 

to achieve more accurate models for film data. Thickness values reported within this thesis are 

obtained using the new amorphous dispersion formulation and the Tauc-Lorentz formulation.  

The new amorphous1 dispersion formulation is a model designed by Horiba Jobin Yvon and is 

based on the Forouhi-Bloomer formulation2.   
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Variable Angle Spectroscopic Ellipsometry (VASE) 

Variable angle spectroscopic ellipsometry is the most informative ellipsometric technique as the 

angle of reflection can be altered. Studying the effect of reflection angle provides more 

information, as the effect of light pathlength can be fully evaluated. This way, parameters such as 

refractive index can be determined, to a higher degree of accuracy, and more accurate models can 

be fitted to the data.  

2.2 Four Point Sheet Resistance Measurement 

The sheet resistance of a thin film can be measured using a four point probe set-up. This approach 

uses four equally spaced electrical probes arranged in a linear configuration (Figure 2.13). 

 

Figure 2.1: Four point probe setup. Current is passed through end electrodes and the potential difference between 

the two inner electrodes is measured. Probes are positioned with a fixed length (s) between each. 

A fixed current (I) is passed between the two outermost electrical probes and the potential 

difference (V) across the two inner electrodes is measured. In order to determine the sheet 

resistance of a thin film, a current sweep is applied and the change in voltage is measured. A plot 

can then be drawn, showing the relationship between current and resistance. The gradient of this 

plot (m) is equal to the conductance of the sample. The inverse of conductance is resistance. The 

sheet resistance of a sample can be determined by using the resistance (1/m) measured by 
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performing a current sweep, multiplied by a correction factor (4.5324) which is constant for the 

setup used within this thesis.  This relationship can be described through the reasoning below: 

ρsheet = sheet resistance(Ω□) ρ = resistance σ = conductance 

𝜌 =
1

𝜎
 

𝜎 =
𝐼

𝑉
 

𝜌𝑠ℎ𝑒𝑒𝑡 = 
𝜋

ln(2)

1

𝜎
 

𝜌𝑠ℎ𝑒𝑒𝑡 = 
𝜋

ln(2)

1

𝑚
 

2.3 Thermogravimetric Analysis (TGA) 

Thermogravimetric analysis involves heating a sample at a specific rate, whilst monitoring mass 

change of the sample. The mass is accurately weighed using a precision balance in order to detect 

small changes during heating. The mass, as a percentage of the tared value, is plotted as a function 

of temperature. Using this plot, any mass change at different temperatures reveals information 

about thermally-induced events, such as evaporation, decomposition and phase changes etc.  

The typical reference standard used in TGA is calcium oxalate monohydrate. The chemical 

formulae and decomposition pathways are described below: 

CaC2O4.H2O  CaO + H2O + CO + CO2 

1. CaC2O4.H2O  CaC2O4 + H2O 

2. CaC2O4  CaCO3 + CO 

3. CaCO3  CaO + CO2 
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Figure 2.2: TGA of Calcium oxalate monohydrate, each mass loss step is associated with a specific 

decomposition step. 

Decomposition step Theoretical mass loss (%) Measured mass loss (%) 

1 12.3 12.4872 

2 19.2 18.8643 

3 30.1 30.2613 

Residual (mass remaining) 38.4 38.3819 

Table 2.1: Table showing theoretical mass loss based on decomposition pathways compared to measured mass loss. 

In Figure 2.2 and Table 2.1, the decomposition stages can be correlated to the mass lost during 

the analysis. As the theoretical and observed mass loss closely agree, it can be assumed that the 

hypothetical decomposition pathway, reflects what happens in practice.   

Further information can be determined by plotting the differential of mass loss versus the 

temperature. Changes in the gradient of the mass loss curve and inversions can highlight key 

thermal events such as melting, boiling and decomposition points. 
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2.4 Mass Spectroscopy 

Mass spectroscopy (MS) is the gravimetric study of atomic or molecular ionised species. The 

molecular mass of an unknown material is determined by ionising the material and accelerating it 

through an electric field, towards a detector. A magnetic field is applied along the trajectory of 

the accelerated ions and causes them to deflect. The degree of deflection is proportional to the 

mass (m) and charge (z) of the ion. When a material is ionised, it undergoes characteristic 

fragmentation to produce a distribution of m/z components. The resulting fragmentation pattern 

can be used as a fingerprint to identify chemicals within an unknown sample.  

Applying mass spectroscopy to TGA allows for the evolved gas to be identified. This is extremely 

powerful, as it can determine the mass loss at a specific thermal event and identify the associated 

chemicals released. 

2.5 X-ray Diffraction  

X-ray diffraction (XRD) is a non-destructive technique used to determine the periodic position 

on atoms within crystalline structures. Thin film X-ray diffraction is performed by irradiating a 

flat sample with x-ray radiation (typically from a Cu source, h = 1486.6 eV). A beam of 

collimated X-rays irradiates the sample at a variable angle () and can undergo diffraction at exit 

angles.  
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A detector is scanned to identify the diffracted x-rays over a range of angles. As the detector 

moves through different angles relative to the incident source, the intensity of detected radiation 

varies depending upon the atomic orientation within crystalline regions.  

Figure 2.3 illustrates the Bragg diffraction of x-rays by crystalline solids. The conditions for 

constructive diffraction are related by Bragg’s law: 

2𝑑 𝑠𝑖𝑛𝜃 = 𝑛𝜆 

Plotting x-ray intensity against the angle of the detector (2θ) produces a spectrum that is an 

arrangement of intense peaks, if the material consists of periodic crystalline atomic arrays. The 

position of these peaks, with respect to diffraction angle, represents the crystal orientation and 

can be used to identify crystal structures and orientations within a sample. Information can also 

be obtained by determining the full width half maximum (FWHM) of each specific peak as well 

as the relative intensity of each peak. The FWHM can be used to quantify the size of crystalline 

regions according to the Scherrer condition. The general trend associated with peak width is that 

the smaller the FWHM the larger the crystalline region.  

2.6 Remote Plasma Optical Emission Spectroscopy (RP-OES) 

Optical emission spectroscopy studies the elemental composition of a material based on the 

wavelength of emitted light, when a material is exposed to an ionising plasma source. Upon 

Figure 2.3: Bragg X-ray diffraction of a crystaline system. d spacing is equal to distance between repeating atom 
units. The angle of the incidence beam is know as θ. 

θ 

d dsinθ 
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exposure to a plasma, electrons may eject from the outer valence orbitals of constituent atoms or 

be excited into higher energetic states within the atom. The electronic vacancy or excited state is 

inherently unstable, which can be quenched by electrons from higher energy orbitals. 

Alternatively, the emitted electron may recombine with the atom, reforming the lower state again. 

This filling/relaxation process reduces the energic state of the atom, causing the release of a 

photon, to preserve the conservation of energy. The photon energy is related to the initial and 

final energy states of the atomic system. This energy change is characteristic to each element 

enabling identification of unknown samples. If a sample contains multiple elements, a spectrum 

of light will be emitted, that contains peaks at specific wavelengths (E = hc/. OES can be used 

as a quantitative tool, if standard samples are used to determine emission intensity profiles based 

on concentration. Comparing a sample to the calibrated emission profiles, allows for the relative 

elemental composition to be determined.  

2.7 Low Energy Ion Scattering (LEIS) 

Low energy ion scattering is a powerful analytical tool which allows for the analysis of the 

outermost atomic layer of a materials surface. It is conducted by probing the surface with a beam 

of monoenergetic noble gas ions and detecting the variable energy of scattered ions. The 

difference in energy between probing ions and detected scattered ions is indicative of the atomic 

mass of elements involved in the collision interaction. Using a known beam energy of noble gas 

ions allows for the compositional determination of a materials outermost surface.  

To understand LEIS, an appreciation of ion collision theory is required, which is described by 

Rutherford scattering. An analogy to help explain the interaction between ions, during collisions, 

is the interaction between a football and a ping pong ball. If a ping pong is fired at a football, it 

will recoil, and either be deflected off at a specific angle or bounce back from where it came. 

However, if the ping pong ball was made to be heavier than the football and again fired at the 

football, the football would then be affected and recoil forwards. The degree of energy transferred 
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is governed by the angle of the collision and the speed at which the “heavy” ping pong ball is 

travelling 

The interaction between ions and surface atoms can be derived entirely from classical physics 

using the principles of energy and momentum conservation. This derivation is known as two-

body elastic collision. If we take a particle with mass Mx with a velocity of Vo, then the energy is 

given as: 

𝜀𝑜 = 
1
2⁄ 𝑀𝑥𝑉0

2 

Impacting this particle into another (Figure 2.4), which is at rest, with mass My results in the 

energies after collisions being: 

𝜀1 = 
1
2⁄ 𝑀𝑥𝑉1

2  and  𝜀2 = 
1
2⁄ 𝑀𝑦𝑉2

2 

Where, 

𝜀𝑜 = 𝜀1 + 𝜀2 

Thus, 

1
2⁄ 𝑀𝑥𝑉0

2 = 1 2⁄ 𝑀𝑥𝑉1
2 +  1 2⁄ 𝑀𝑦𝑉2

2 

Additionally, we know that depending on the angle of collision: 

𝑀𝑥𝑉0
2 = 𝑀𝑥𝑉1

2 cos 𝜗1 +𝑀𝑦𝑉2
2 cos 𝜗2 

Therefore, 
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𝜀1 = 𝜀𝑜

(

 
𝑀𝑥𝑉1

2 cos 𝜗1  ± √𝑀𝑦
2 −𝑀𝑥 sin

2 𝜗1
2

𝑀𝑥 + 𝑀𝑦
)

  

And so, to determine the energy transferred during the collision: 

𝜀2 = 𝜀𝑜 (
4𝑀𝑥𝑀𝑦 cos

2 𝜗1

(𝑀𝑥 +𝑀𝑦)
2 ) 

During a LEIS experiment, the energy, mass of the primary noble gas ions and scattering / recoil 

geometries are all known. Consequently, determination of the surface elemental composition is 

dictated by the relationship between ε1 and ε2.  

 

Figure 2.4: Diagram of the experimental setup of a LEIS experiment 

Detection of scattered ion energy is the basis of LEIS in the determination of ε1. The change in 

initial and scattered ion energy can vary for the same composition of atom even at a fixed angle 
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of scattering. The difference in energy is due to primary ions penetrating deeper than the surface 

atoms. Ions can become neutralised as they penetrate below the surface atoms and then become 

re-ionised after scattering with a subsurface atom.  

A LEIS spectrum consists of scattered ion counts plotted against the scattered ion energy. Peaks 

at specific energy values correspond to the atomic mass of specific target atoms, e.g. the mass 

identifies the specific element and isotope of the atom. The binary collision peak seen within 

Figure 2.5 is due to He+ ions back scattering from a silicon atom. The tail at lower energies, 

leading up to the binary collision peak, is due to backscattering in the deeper sub surface layers 

(illustrated in Figure 2.4). The decrease in energy and intensity is due to the reionisation process 

of neutral scattered ions being less probable and causing a loss in energy. Ions detected at energies 

higher than the binary collision peak is known as plural scattering and originates from multiple 

scattering of He+ ions. 

For the LEIS analysis conducted within this thesis, the primary (He) ion beam was rastered over 

a 2000 μm × 2000 μm area at an ion fluence of 1 × 1014 ions/cm2 and 3 keV pass energy. A 
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Figure 2.5: LEIS of 3 keV He+ scattered over 145˚by a Si <100> substrate. The single peak illustrates the 
detection of binary collisions, re-ionized neutrals and plural scattering 



 
73 

 

vacuum of <10−8 mbar was maintained during the analysis. For so-called dynamic or sputter-

depth profiling analysis the instrument incorporates an Ar+ sputtering gun (59° incidence angle). 

Sputter etching of the films was achieved by rastering a 0.5 keV Ar+ beam over a larger area raster 

of 2500 μm × 2500 μm in which the gated primary-ion beam was rastered for compositional 

analysis. This approach is designed to avoid sidewall effects during compositional depth profiling. 

A downside of using the dynamic analysis technique, is that in common with all sputtering 

techniques there is the potential for errors in the depth scale due to collisional remixing and 

uncertainties with the sputter rates4. 

2.8 Nuclear Magnetic Resonance Spectroscopy (NMR) 

Nuclear magnetic resonance spectroscopy is the study of a unique property associated with the 

nuclei of elements known as spin. Spin in this regard is the orbital angular momentum operator. 

Nuclei with spin can possess a magnetic dipole moment. The magnetic moment is proportional 

to the spin and can be sensed by applying an external magnetic field. An atomic nucleus can have 

a different value of spin depending on its mass and numbers of protons and neutrons. Some 

nuclei have an integral spin value such as 1, 2 or 3, while others have fractional spins such as 

hydrogen and fluorine of which has a spin value of ½. In some exceptional cases (e.g. 12C) some 

nuclei have a spin value of zero.  
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Figure 2.6: Diagram showing the two spin states of a spin 1/2 nuclei in the presence of an external magnetic field 

(Bo) 

In the presence of an external magnetic field, for the case of spin ½ nuclei, two spin states can be 

differentiated + ½ and – ½ (Figure 2.6). With respect to the external magnetic field, the magnetic 

moment of one state is aligned and the other is opposed. The two states have a difference in 

energy, which is proportional to the magnetic dipole moment. For 1H and 19F nuclei, the magnetic 

moments (µ) are 2.7927 and 2.6273 respectively.  

2.8.1 1H NMR (proton) Spectroscopy 

1H NMR is the most technologically important and most commonly recognised form of NMR 

spectroscopy. It is one of the most used techniques for the study and determination of organic 

and organometallic substances. In order to carry out 1H NMR, the spectrometer must be tuned 

to the specific nucleus. After which, a radio frequency signal is broadcast at the sample and the 

external magnetic field is swept across an energy range. The receiver detects fluctuation in the 

broadcast radiofrequency signal which corresponds to the absorption by a hydrogen nucleus and 

results in resonance.  
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Protons all have the same magnetic moment which might lead to the conclusion that all hydrogen 

atoms should give resonance signals at the same magnetic field value. However, the electrons, 

and hence the chemical environment, which surround the proton effect the response to the 

applied external magnetic field. This causes a shift in the resonance value meaning a larger 

magnetic field is needed to give a resonance response. The more shielded the proton is, the greater 

the shift in response.  

1H NMR spectra are normally measured relative to a reference compound which is added to the 

sample being analysed. This is either in the form of a deuterated solvent such as d6-benzene or in 

the case of most organic compounds, relative to tetramethyl silane (TMS). Having a reference 

sample, allows for the intrinsic differences between each NMR analysis machine to be negated. 

Each NMR signal is dependent on the strength of the magnet used in a specific machine.  To 

allow for comparison of spectra from one machine to another, the resonant frequency differences 

need to be corrected for their field dependence. To do this, the resonance frequency is divided 

by the spectrometer frequency and multiplied by a million. The result is a value known as the 

chemical shift and is plotted on the x-axis of an NMR spectrum. 

During an NMR experiment, resonance peaks can become split into multiplets, due to a 

phenomenon called spin-spin coupling, which occurs when there is a small interaction between 

groups of protons, typically connected to carbon nuclei. An example of this is seen in the 1H 

NMR spectrum of ethanol: 

CH3 – CH2 – OH 

The CH3 is the methyl component, the CH2 is methylene and the OH is the hydroxyl component.  

Figure 2.7 shows the NMR spectrum of ethanol, in which the methylene peak is split into a 

quartet. This is due to the coupling of two protons (in equal environments) to 3 protons 

connected to the neighbouring carbon which results in four different spin configurations. The 

opposite coupling also occurs, but as the 3 protons are coupled to 2 protons, the resulting peak 
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is split into a triplet. Finally, no coupling occurs between the hydrogen attached to the oxygen 

and those attached to the neighbouring carbon which results in no splitting of the resonance peak. 

This is because, during room temperature measurements, bonds between oxygen and hydrogen 

are weakened and rapidly exchange which leads to decoupling the spin from neighbours5.  

 

2.8.2 19F NMR spectroscopy 

19F is a nucleus which also has a spin value of ½. The main difference between 1H and 19F nucleus 

is the range over which chemical shifts occur in 19F spectra, which is because the 19F nucleus has 

a higher magnetogyric ratio compared to 1H.  

Within this thesis, 19F NMR spectra are decoupled 19F{1H}. Decoupling removes the splitting 

due to 19F nucleus coupling with 1H nuclei. Coupling is very common in organofluorine 

Figure 2.7: NMR spectrum of ethanol with reference to TMS 
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compounds and can lead to complicated splitting of peaks. Decoupling removes this added 

complication enabling the identification of fluorine species in different environments. 

2.9 Scanning Transmission Electron Microscopy (STEM) 

STEM analysis involves the formation of images, produced by scanning of a primary electron 

beam through a thin sample. The sample must be sufficiently thin (<100nm) to allow electrons 

to pass through and then subsequently detected. The defining aspect of STEM is that the incident 

electron beam is focussed and rastered across a sample. This leads to higher resolution as multiple 

“images” are sown together to produce a complete image. Rastering of the beam allows for other 

analytical imaging techniques to be conducted during the analysis. One such technique is energy 

dispersive x-ray spectroscopy (EDS) which allows for elemental composition of a sample to be 

determined. The combination of EDS with STEM enables a microstructural image to be 

produced, which also identifies the elemental composition of different features of the sample.  

2.9.1 Energy Dispersive X-ray Spectroscopy (EDS) 

Energy dispersive x-ray spectroscopy determines the elemental composition of a sample. The 

premise is that each element has a characteristic electronic structure and upon excitation, with 

either higher energy electrons or x-rays, will emit a characteristic spectrum of x-rays. The emitted 

x-rays can be detected and processed for the identification of specific elements present within a 

sample. 
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2.10 Experimental Techniques 

ALD reactions were performed using sequential exposure with relevant precursor and co reactant. 

Precursors used were: Trimethyl aluminium (99.99%, Sigma Aldrich & Pegasus Chemicals), 

diethyl zinc (99.99%, Sigma Aldrich), H2O (epi-pure filtered), urea hydrogen peroxide (97%, 

Sigma Aldrich), sodium percarbonate (Sigma Aldrich), HF-pyridine (Pegasus Chemicals), 

tetrakis(ethylmethylamido)hafnium (99.99%, Sigma Aldrich).Urea hydrogen peroxide, sodium 

percarbonate and H2O were all transferred to stainless steel bubblers in a glove box filled with 

high purity N2 with O2, H2O levels <1ppm. Bubblers are thoroughly out gassed and back filled 

with ultra-high purity grade argon (BOC) once applied to the reactor system. 

Each ALD reactor was pumped using either an oil rotatory vane vacuum pump (Edwards E2M18) 

an ADIXEN ADP-122P or an Ebarra ESR20N multistage dry pump. The base pressure of the 

reactor systems without any flow gas is ~4 x 10-3 mbar. Mass flow controllers (MFC) were used 

to supply an independent source of N2 or Ar flow gas through the reactor manifolds and reaction 

chambers. A total N2 or Ar gas flow of 20sccm is typically used which produces a background 

reactor pressure ~4 x10-2 mbar for Cambridge systems and 2 x10-2 mbar for Oxford instruments 

OpAL and Picosun R200 systems.  

2.10.1 Sample preparation and ex-situ film analysis 

Boron-doped Si(100) wafers (p-type, PI-KEM) were cut into sample substrates with dimensions 

~1cm x 2cm. Wafers were used as received from the supplier’s packaging and were not further 

treated before deposition. The native oxide thickness was recorded for each sample before 

deposition. Boron doped Si(100) was used for all deposition studies either as the primary or 

spectator substrate. VWR super premium microscope slides were cut to relevant sample 

dimensions and used as glass substrates. After removal from the packaging, the glass was routinely 

subjected to acetone and isopropanol washing before being dried using pressurised N2. 
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Si<111>/GaN samples were cleaned using a series of acetone and isopropyl alcohol sonication 

cleaning followed by N2 plasma treatment (5 mins, 100W). 

Multiple wafer tokens are used in each deposition run, allowing the monitoring of how deposition 

varied at different locations within the reactor chamber. Variance in deposition thickness can give 

information with regards to precursor transport, gas flows and temperature differentials.  

Ex-situ ellipsometry was conducted using a single wavelength ellipsometer (Rudolph) using 

630nm incident light. Ψ, Δ values were recorded using an incident angle of 75°. Spectroscopic 

ellipsometry was conducted using a fixed angle (70°) spectroscopic HORIBA JobinYvonne 

spectrometer.  Ψ, Δ were determined over a 350-800nm wavelength range. Variable angle 

spectroscopic ellipsometry was conducted using 3 angles (60, 65 and 70˚) Woollam M-2000. Using 

the spectroscopic and variable angle spectroscopic data, models were produced to achieve values 

for film thickness and refractive index. Models with a 2 value <0.3 were considered to produce 

a good fit with experimental data achieved.  

2.11 Reactor Systems 

For all the reactor systems used within this thesis, many of the components are the same or have 

similar working principles. Key components which translate across all systems are: 

 N2 / Ar source   

 Mass flow controller  

 Precursor manifold  

 ALD valves 

 Precursor bubblers  

 Heated reaction chamber  

 Process controller  

 Vacuum pump.  

 Pressure gauge (Pirani) 
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Each individual component can be adjusted which aids in the optimisation of atomic layer 

deposition parameters.  

2.11.1 N2 / Ar Source 

A dry and inert gas source for the operation of the reactor is vitally important. This is because 

many of the precursors used for ALD are pyrophoric in nature. This means that the precursors 

will freely oxide and auto ignite in the presence of oxygen. The inert gas source minimises the 

likelihood of uncontrolled oxidation occurring. Ultra-high purity (99.99%) nitrogen and argon 

can be used in the system however, N2 was favoured as it remains inert in most applications and 

is significantly more economical than Argon. Argon is suitable for all applications but is 

significantly more expensive due to the relative abundance and the expense associated with 

purifying compared to nitrogen. It should be noted that nitrogen gas in some niche deposition 

approaches (plasma-ALD) and at high temperature can interact with precursors and substrate 

surfaces. 

2.11.2 Mass Flow Controller (MFC) 

A mass flow controller is the primary device that allows for the flow rate of inert gases within the 

ALD reactor to be controlled. Mass flow controllers used within most ALD reactors are thermal 

conductivity based MFCs.  
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Figure 2.8: Mass flow controller schematic. Shows the working principle of typical a typical MFC used within the 

ALD reactor 

A thermal MFC (Figure 2.8) operates by sampling a proportion of the flowing gas through a 

small metal capillary or sensor tube. The capillary (often Pt) is heated so that, when no gas flows, 

a very specific temperature profile is created, but once gas flows, this profile changes due to the 

conductivity of the gas. The change in profile is indicative of a specific gas flow rate. To change 

the gas flow rate to a certain value, a valve aperture is attenuated using a valve actuator which 

allows more or less gas to flow through the system. A feedback loop is created between the 

temperature profile and the desired gas flow, which has a response times of approximately three 

seconds for a typical MFC.  MFC’s are calibrated for a specific gas source, this is due to difference 

in density and thermal conductivity which affects the response of the sensor.  
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2.11.3 ALD Reactor Valves 

An ALD valve is essentially a very quick firing, pneumatic, one-way valve. The need for a quicker 

opening and closing valve is very important for the ALD process. Having a valve which operates 

quickly, while also accurately, allows for precise and reproducible amounts of precursor to be 

transported (pulsed) into the reaction chamber. The immediate benefit is that it reduces the purge 

time between precursor pulses as a small optimum amount of precursor can been transported. 

This in turn reduces the amount of wasted precursor allowing for more deposition per gram of 

precursor. 

ALD valves allow for precursor held within bubblers to be outgassed in a more controlled way 

which helps prevent bumping of liquid and solid precursors as well as exposure to the external 

atmosphere.  
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Figure 2.9: Side view schematic of a “normally closed” ALD valve illustrating the working principle.             

1. Pneumatic actuator assembly. 2. Thermal isolation coupling housing. 3. Thermal isolation coupling stem.         

4. Bonnet nut. 5. Bonnet. 6. Diaphragm. 7. Seat. 8a. Body. 8b. Welded VCR end connections 

Typically, a “normally closed” ALD valve is fitted to a precursor manifold. The ALD valve is 

operated electronically with the assistance of a pilot solenoid valve. The solenoid valve (Figure 

2.10) regulates when pressurised gas enters the ALD valve. The amount of gas which enters the 

ALD valve is dictated by how long the valve is open. When the solenoid valve is operated, 

compressed gas passes through and into the spring loaded actuator of the ALD valve. The 

increase in pressure compresses the spring within the pneumatic actuator assembly (Figure 2.9 

(1.)) causing the piston to lift  which in turn lifts the sealing diaphragm ((Figure 2.9 (6.)). Flow 

gas or precursor then passes through the ALD valve. Once the flow of compressed gas into the 

actuator is stopped, via the solenoid pilot valve (Figure 2.10), the pressure within the actuator 

reduces and the spring loaded piston is forced down. This causes the diaphragm to reseal the 

ALD valve. 
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Figure 2.10: Illustration of ALD valve fitted with a solenoid pilot valve. The solenoid valve controls the flow of 

gas into the ALD which in turn operates whether the ALD valve is open or closed. 

2.11.4 Precursor Containers or Bubblers 

Precursors for ALD are usually kept within specifically designed bubblers, which come in a huge 

variety of designs. Bubblers typically used on the Cambridge Savanah 100 reactor (Figure 2.11) 

are relatively simple and are designed for vapour draw, which simply means that the precursor 

vapour is drawn through the open ALD valve, due to the pressure difference between the bubbler 

and reactor. 
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Figure 2.11: Photograph of a Sigma Aldrich precursor bubbler. A manual valve is fitted to the top to allow for 

purging of the attached segment when air sensitive materials are contained within the bubbler. 

Vapour draw is a very simple way to transport precursors which have relatively high vapour 

pressure. However, some precursors have insufficient vapour pressure and need assistance to 

transport effectively. One means of achieving more effective precursor transport is by bubbling 

gas through the precursor, which is the origin of the term bubbler for the precursor container.  

Precursor containers that are designed to bubble precursors utilise the flow of an inert carrier gas 

through a dip tube (Figure 2.12), which passes up through the precursor and out of the exit port. 

The bubbling of the carrier gas maximises the entrainment of precursor into the vapour phase.  
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Figure 2.12: Diagram of ICAM precursor bubblers. The bubbler has three ports with manual valves attached. 

Two of the ports allow for the gas bubbling of precursors that have poor volatility. The largest port allows for the 

filling of the bubbler with precursor6. 

2.11.5 Deposition Chamber 

The reaction chamber is where substrates are positioned, and the chemical precursors interact 

with the substrate. Each reactor used has a unique reaction chamber design, but some 

components are common by necessity, such as the ability to control the temperature, gas flow 

rates and pressure monitoring. The reaction chamber must also be sealed against the external 

atmosphere.  

2.11.6 Pressure Gauges  

The pressure gauge equipped to the Savannah 200 ALD reactor system is positioned between the 

reactor and the vacuum pump. The positioning of the gauge allows for the pressure of the reactor 

to be monitored when the gate valve is shut (preventing vacuum from being applied). The type 
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of gauge used to monitor the pressure is a linear convection vacuum gauge, this is also known as 

a Pirani gauge.  

A Pirani gauge detects the pressure of a system as a function of the residual gas-phase heat 

dissipation. The principle being that a heating element, typically platinum, with a fixed heat output 

loses more heat at higher pressures due to more collisions with the surrounding gases.  

 

A Pirani gauge detects a change in pressure by monitoring the temperature-induced resistance 

change in a platinum element which is exposed to the test environment. In order to detect the 

change in resistance, a Wheatstone bridge is used, which is a configuration of resistors (Figure 

2.13) arranged to determine the change in resistance by monitoring the potential difference 

between two points within the bridge. For a Pirani gauge, resistors, R1 and R2 have a fixed 

resistance, RVar is a variable resistor and RPt is the platinum element. The potential difference 

between points A and B is monitored. When the resistance of RVar / R1 = RPt / R2 the potential 

difference and current between points A and B will be 0. The variable resistor can be adjusted to 

VG 

 

RPt 

R1 R2 

Rvar 

A B 

C 

D 

+ 

Figure 2.13: Electronic schematic of a Wheatstone bridge. This arrangement is often used within a Pirani gauge. 
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accommodate for the resistance of the Pt element so that the potential difference reads zero. At 

this current and voltage zero point, the above equation can be rearranged to: 

𝑅𝑃𝑡 = 
(
𝑅𝑣𝑎𝑟
𝑅1
)

𝑅2
 

This allows for the resistance of RPt to be measured. 

The initial zero point of a system can be determined and set to a known pressure value. As the 

pressure changes, the potential difference between points A and B will change and can be 

correlated to a change in pressure.  

2.11.7 Process Controller 

The process controller typically consists of process logic controller (PLC) which monitors and 

controls all of the electronic components. In the case of an ALD reactor, the PLC will typically 

control the operation of vacuum pumps, ALD valves, MFC’s and heaters while also receiving 

information from pressure gauges and thermocouples. The PLC acts as a control center as it 

receives commands from the operator via an attached computer and then translates them into 

independent electronic signals. Operating many of the components simple consists of switching 

them on or off (ALD pilot valves) but for some it involves regulation of signals. For the case of 

the heaters, a PID function is used by processing the information gathered from resistor 

temperature detectors and regulating the heater elements so that a specific set point temperature 

can be achieved and maintained.  
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2.11.8 Cambridge Nanotech Inc. Savannah 100 Atomic Layer Deposition System  

The Cambridge Nanotech Savannah 100 reactor is an atomic layer deposition system which is 

designed for research-based deposition. The system is very versatile which means it can be 

adapted and repaired relatively easily. The system has a few unique approaches and features which 

are detailed below: 

2.11.8.1 Deposition Chamber 

The deposition chamber in the Savannah 100 ALD reactor is relatively simple in its design 

(Figure 2.114) and is essentially a hollow discoid split in the middle to form a base and lid. In the 

base of the chamber are two ports: one is connected to the vacuum pump; and the other to the 

precursor manifold. An O-ring is place between the lid and base to form a seal. Once a vacuum 

is applied, the vacuum force causes the lid to seal to the base.  

The deposition chamber is heated via two independent concentric heating rings, which supply 

heat to the outer and inner parts of the reaction chamber, to provide an even temperature across 

the deposition zone. Two resistor temperature detectors (RTD’s) are fitted to the reaction 

chamber to measure the temperature distribution. 

 

 

Figure 2.14: Reaction chamber for Cambridge Savanah reactor with the lid open and closed. The lid is closed 
manually and seals when vacuo is applied. 
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2.11.8.2 Precursor Manifold 

The precursor manifold consists of pipework and valves which connect the precursor bubblers 

to the ALD system. The manifold consists of a main flow pipe through which inert gas flows. 

Attached to this main flow pipe are multiple ALD valves each connected to a separate precursor 

bubbler. The ALD valves operate allowing precursor to flow through the main flow pipe and into 

the reaction chamber (Figure 2.15).  

 

Figure 2.15: Schematic drawing of precursor manifold as presented in the reactor software. 

The precursor manifold is constructed from Swagelok piping and VCR fittings. VCR assemblies 

are exceptionally good in providing a gas-tight system. Piping and fittings are all made from high 

purity stainless steel (316). Piping is connected using a highly polished, single use gasket between 

two electro polished flanges. This provides an exceptional, non-permanent, gas tight seal (Figure 

2.16). 
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Figure 2.16: Swagelok assembly guide for VCR fittings7. 

To enclose the system, the female nuts are rotated into either a male nut or screw body. This 

causes the two flanges to compress and imbed into the metal gasket, sealing the system. The 

maximum leak level of this assembly (when assembled correctly) is between 4 x 10-9 and 4 x 10-11 

std cm3/s depending on the gasket type used. This low leakage rate provides suitable sealing of 

the system for ALD to conducted. 

For an effective ALD process to proceed, purging and transport of precursors is very important. 

The precursor manifold has the functionality to be heated to a specific temperature to assist with 

transport of precursors. The manifold is seated within a specifically shaped heater block (Figure 

2.17). This allows for improved transport of precursors, the use of lower volatility precursors and 

prevents condensation of precursors as well as reducing purge times. The bubblers and manifold 

do not contain an internal thermocouple and so in order to heat the system to a specific 

temperature, a heating equilibrium time must be accounted for before carrying out an ALD 

process. 
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Figure 2.17: CAD drawing illustrating the heating block used to control the temperature of the precursor manifold. 

2.11.8.3 Edwards Rotary Vane Vacuum Pump 

The working principle of a rotary vane pump is based on positive displacement of gas fed into 

the system. The pump acts on the sealed reactor system and withdraws gas from the system. This 

is done through the rotation of a rotor and an attached blade. The blade acts on the stator, forming 

a seal and pulling gas into the system. The blade is dual spring loaded and as it is rotated it will 

compress and expand in order to maintain a constant seal with the stator. Edwards describes this 

mechanism through 4 steps (Figure 2.18). Induction is the first step of the process whereby gas 

is introduced into the system. The rotor moves the blade so that gas is isolated within the stator 

and is move towards to exhaust valve. As the blades continue to rotate, the gas is compressed 

against the exhaust valve. Once this pressure exceeds the valve limit, it opens and exhausts the 

gas. The process then repeats. 
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2.11.8.4 Reactor Layout 

 

Figure 2.19: Illustration of ALD reactor 

 Figure 2.19 is taken from the reactor software and shows the basic layout of the system. 

Precursors are contained within bubblers, which are subsequently attached to the precursors 

manifold.  Inert carrier gas flows through the precursor manifold, into the reactor chamber and 

out into the trap/pump. The system is built using Swagelok piping and fittings as well as KF 

Figure 2.18: Cross sectional view and working principle diagram of an Edwards rotary vane pump 
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(Kwik flange) clamps. A Pirani gauge is used to monitor the pressure of the system. A stop valve 

is positioned between the chamber and the trap/pump. This allows for the system to be pumped 

and vented in a controlled manner. 

The reactor is operated using a process control box and software programmed using LabView. 

The software acts as a simple user interface and requires the user to input a recipe. A recipe 

consists of basic commands where by the operator list commands in the required order. 

Parameters such as pulse time, purge time, reactor temperatures can all be adjusted within the 

software. Below is a simple recipe for a standard two precursor process: 

 

Instruction # Value 

0 Pulse 0 0.01 

1 wait 

 

7 

2 Pulse 1 0.01 

3 wait 

 

7 

4 go to 0 500 

 

The recipe tells the reactor to: 

0. Pulse line 0 by opening the ALD valve for 0.01 seconds.  

1. Wait for 7 second (this purges the reactor) 

2. Pulse line 1 by opening the ALD valve for 0.01 seconds 

3. Wait for 7 seconds 

4. Start from step 0 (do this 500 times) 

Creating this loop allows for 500 successive deposition cycles to be carried out.  
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2.11.9 Oxford Instruments OpAL reactor 

The Oxford Instruments OpAL reactor is an ALD tool with 4 independent precursor sources 

attached.  The large reaction chamber allows for multiple wafers to be processed simultaneously. 

The system also has a remote plasma source attached which can produce nitrogen, argon and 

oxygen plasmas. The system is designed for research based operation. 

2.11.9.1 Reactor Layout 

The deposition chamber is connected to 4 independent precursor sources of which 3 can be 

independently heated to a specific temperature between 25-200˚C. The same three sources can 

also be fitted to a bubbling line which allows for argon to be bubbled through the source container 

(Figure 2.20).  The platen which substrates can be positioned onto can be heated to a maximum 

value of 400˚C. The chamber is usually operated at a base pressure of 10 mbar.  

The remote plasma source has been employed within this work as a cleaning tool to generate an 

N2 plasma. It is more specifically used in Chapter 5 as a cleaning tool to prepare electronic devices 

before deposition.  
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Figure 2.20: OpAL reactor diagram. The image shows how gas lines feed the reactor, precursors and the ICP source
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2.11.9.2 Deposition Chamber 

The reaction chamber of the OpAl system has multiple zones of heating which allows for a higher 

degree of control (Figure 2.21). The center stage is positioned to allow the precursors to be 

transported and shower down onto it. This also holds true for the positioning of the plasma unit. 

It allows for a remote plasma to shower down onto the center stage which helps with conformality 

of deposited materials. Precursor lines are fed through the chamber lining and enter the chamber 

above the baffle plate. The baffle plate disrupts gas streams giving them a more chaotic flow 

which helps with mixing and causes more even distribution of gas flow throughout the system. 

 

 

Figure 2.21: OpAl deposition chamber layout 
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2.11.9.3 ADIXEN™ ADP-122P Dry Pump 

The ADIXEN ADP-122P dry pump consists of 5 root stages. A root stage consists of two 

double-lobe impellers which rotate in opposite directions within a housing (Figure 2.22 (1. , 3.)). 

Each rotating impeller independently lowers the inlet pressure (Figure 2.22 (a.)) which pulls gas 

into the system after which the gas is compressed and transported to the opposite side of the 

housing (Figure 2.22 (b.). The compressed gas then passes out through the exhaust (Figure 2.22 

(c.)) as it is prevented from passing back through the mechanism. After the first stage, another 4 

stages follow which further decreases the ultimate base pressure as well as the pumping capacity. 

The bearings are coated with a fluorinated grease which helps prevent corrosion from hazardous 

chemicals which pass through the system.  

 

Figure 2.22: Working principle of two double-lobe impeller roots pump8. 1. Clockwise turning double lobe 

impeller. 2. Pump housing 3. Anti-clockwise turning double lobe impeller.  
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2.11.10 PICOSUN™ R200 

The Picosun R200 is a widely used tool for thermal ALD research. It is equipped with a patented 

hot-wall design which separates all the precursor inlets and through further adaptation, enables 

fluidised bed powder coating.   

2.11.10.1 Reactor layout 

The Picosun R200 reactor has a main reaction chamber that is heated by an element that covers 

the entire circumference of the deposition chamber. The chamber is feed by 4 independent 

precursor sources and a N2 flow gas source (Figure 2.23). Each precursor source is also fed by a 

N2 carrier gas source. The specific carrier gas flow rate can be controlled for each precursor line 

source. This enables a unique ability of the system called boosting. Boosting is simply the process 

of increasing the carrier gas during a precursor exposure cycle which increases the uptake of 

precursor into the source line from a bubbler.  

The deposition chamber can be heated to 500˚C and each bubbler heater zone to 200˚C. The 

deposition chamber is designed to have extra functionality with the addition of components 

which are easily added and removed. One example of this is a sample holder that is suspended 

from the lid of the reactor which helps with the positioning of substrates. 
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Figure 2.23: Picosun reactor layout. The image shows how gas lines feed and exit the reaction chamber 
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2.11.10.2 Deposition Chamber 

The deposition chamber of the R200 is heated by a larger element which runs around the 

circumference. The outer wall heaters control the temperature of the chamber sample stage. An 

appreciable equilibrium time must be used when first heating the reactor and when placing a 

sample on the stage. Heat is lost more rapidly when the reactor is at higher pressures and so when 

the reactor is heated, it is kept under vacuum in the idle state.  

Figure 2.24 depicts the reaction chamber of the R200 and shows key features. 

 

Figure 2.24: Diagram showing basic reactor layout of Picosun reaction chamber. 1. Reactor lid. 2. Precursor and 

purge gas inlets. 3. Top hat. 4. Sealing gasket for top hat. 5. Sample holding mesh. 6. Vacuum source. 
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2.11.10.3 Ebara ESR20N Multistage Roots Pump 

The Picosun R200 is pumped using an Ebara ESR20N multistage roots pump which operates 

under the same principle as described previously (Figure 2.22). 

A modified Picosun R200 is used briefly in chapter 6 to conduct a powder based deposition 

study. 
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3.1 Abstract 

The study of oxygen precursors for ALD is not as extensive as those for metal precursors, of 

which the overwhelming majority will freely react with water at elevated temperatures. Some metal 

precursors are less reactive which has resulted in more reactive oxygen sources being used such 

as H2O2, O3 and oxygen plasma however, the number of oxygen precursors tested is limited.  

The study herein investigates alternative hydrogen peroxide sources in the form of adducts 

(carbamide peroxide and sodium percarbonate). The use of these adducts for the deposition of 

amorphous AlxOy, poly crystalline ZnO and amorphous HfOx is demonstrated. The composition 

of the vapour evolved from the hydrogen peroxide sources was studied and characterised using 

TGA-MS and RP-OES. Deposited thin films was analysed using ellipsometric techniques, 

electrical testing and XRD.  

3.2 Introduction 

Atomic layer deposition of aluminium oxide is by far the most studied ALD system within 

literature. The most common approach is the use of trimethylaluminium (TMA) and water1,2,3,4. 

The chemical mechanism of this system is considered as being close to the ideal in terms of self-

limiting reactions which lead to conformal thin film deposition. The reaction of TMA and H2O 

when applied sequentially demonstrates a true self-limiting reaction process. This is because each 

step reacts with surface sites, created by the previous step, producing a new surface site which 

will not react with itself. In the case of a TMA exposure, it will react with -OH sites to create -O-

Al-Me. The Al-Me bond will not react further until exposed to a reactive source such as water 

which will result in new Al-OH surface sites. TMA and water studies provide a model system for 

the testing of alternative oxygen sources. Deviation away from a non-ideal system can be related 

to the tested oxygen source and comparisons can be made to the extensive literature studies 

available.  
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A large variety of oxygen sources has been tested within the literature. These sources include O3
5, 

oxygen plasma6, H2O2
7,8,9, N2O10, NO2

11, N2O2
12 and even organic sources such as iPrOH13 and 

CH3COOH14. Many alternative oxygen sources involve different reaction mechanisms, which 

result in the deposition of films with different material properties. Oxygen sources that do not 

contain hydrogen, provide a route to reduce adventitious hydrogen incorporation within 

deposited films. Alternative sources which contain other elements such as nitrogen and carbon, 

may result in films that contains these impurities too. Different oxygen precursors also result in 

different surface reactions and alternative surface absorbate terminations. For instance, ozone 

and oxygen plasma processes will result in -O termination as opposed to -OH, which dramatically 

changes the reaction pathway of subsequent processes.  

Most alternative oxygen sources are used to provide an increased reactivity and enable the use of 

less reactive precursors, as well as providing a route for low temperature deposition approaches7. 

Hydrogen peroxide is a more reactive alternative to H2O and has been shown to enhance -OH 

(hydroxyl) surface density. The following studies details a novel approach applying H2O2 as an 

oxygen precursor in a pseudo-anhydrous way. The term pseudo-anhydrous is used as at elevated 

temperatures, H2O2 will readily decompose into H2O and O2 however, the approach taken 

releases hydrogen peroxide in the absence of H2O.  

Results and Discussion 

3.3 Carbamide Peroxide Deposition Studies 

3.3.1 Aluminium Oxide (Al2O3) 

Urea hydrogen peroxide (carbamide peroxide) is used by many industries to produce hydrogen 

peroxide solutions. It contains 30% H2O2 by mass and freely dissolves in many polar solvents. 

Upon dissolution, free peroxide is evolved, dissociating from urea, allowing for peroxide solutions 

to be made. Carbamide peroxide is safe, stable and easy to transport. It is formed when urea and 
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hydrogen peroxide are combined, which crystallise together and form an adduct due to hydrogen 

bonding between oxygen or nitrogen to hydrogen not bound to the parent molecule (Figure 3.1). 

This hydrogen bonding is not a permanent chemical bond and can be broken if enough heat or 

reduced pressure is applied. Using this approach, it should be possible to evolve pure H2O2 

vapour by reducing the pressure of the surrounding environment. Pure H2O2 has a theoretical 

boiling point of approximately 150.2°C15 compared to urea which melts at 133°C16 and 

decomposes before boiling. Differences in melting and boiling points allows for particular 

fragments of the adduct to be vapourised at specific temperatures. The same principle can be 

applied to H2O/H2O2 however, due to the interactions of the constituents, a sample containing 

50% H2O2/H2O content has a boiling point of approximately 120°C15. It should also be noted 

that due to equilibrium effects, it is practically impossible to produce pure H2O2 

97% carbamide peroxide (Sigma Aldrich) was placed within a standard pencil, single valve bubbler 

and attached to a Cambridge Nanotech Inc. Savannah 100 Atomic Layer deposition system. 

Growth studies using TMA and carbamide peroxide were conducted for a range of substrate 

temperatures. Growth rate was also determined as a function of H2O2 pulse length. Silicon <100> 

substrates were positioned across the reactor stage as described in Figure 3.2.  

 

 

 

Figure 3.1: Carbamide peroxide depicted to show hydrogen bonding from hydrogen to oxygen or nitrogen.  

Urea and hydrogen peroxide units are bound through hydrogen bonding. 
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Figure 3.2: Cambridge Savanah 100 reaction chamber layout. Substrates are labelled from 1 to 3 and placed 

across the heated stage. 

Deposition studies were carried out for a range of substrate temperatures from 100˚ to 300˚C. 

300 cycles of TMA and H2O were conducted with precursor exposure times of 0.01s and 0.2s 

used for TMA and H2O2 respectively. 15 second purge times were used in-between subsequent 

precursor pulses. An argon flow gas rate of 10 sccm was applied during deposition. Control 

studies of H2O and TMA were conducted using the same exposure and purge times. The control 

studies allow for a direct comparison to be made for this particular reactor system, thus ruling out 

any unnecessary inconsistencies between different reactors. All other deposition parameters were 

kept the same for the initial H2O2 and H2O studies. Deposition thickness measurements were 

made using spectroscopic ellipsometry as described in the Methodology chapter. 
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Figure 3.3 shows the different growth rates achieved with different H2O2 exposure time with a 

fixed TMA exposure using a substrate temperature of 200˚C. It can be seen at lower exposure 

times, (pulse lengths) a lower growth rate is achieved. No positive increase in growth rate is seen 

after increasing the exposure time from 0.1s to 0.2s. H2O2
 is less volatile than H2O and TMA 

meaning less vapour is transported when similar exposure times are used. H2O2 is also bound to 

urea meaning volatility is further reduced compared to a pure solution. For these initial 

experiments, the carbamide peroxide source was kept at ambient temperatures for a direct 

comparison to H2O. These factors may explain the difference in growth rates as a function of 

H2O2 exposure time. If insufficient peroxide content is within the headspace of the precursor 

bubbler, then longer exposure times will not lead to saturated surface reactions and therefore 

increased growth rate in comparison to H2O.  

The position of the silicon substrate also seems to influence growth rate. The largest growth rate 

is achieved at position 2. which is located at the center of the reaction chamber. Position 3, 

furthest from the source has a much-reduced growth rate when compared to position 1. and 2. 

This indicates poor precursor transport or insufficient exposure. In a typical TMA and H2O 

process, this growth variance across the reaction chamber is normally insignificant.  
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Figure 3.3: Plot of average growth rate per ALD cycle at different silicon positions as a function of carbamide 

peroxide pulse length using a deposition temperature of 200°C.  

The variation in growth rate as a function of exposure time and silicon substrate position is also 

seen as a function of substrate temperature. A 0.15 second exposure time of H2O2 was used for 

temperature deposition studies in order to maximise the amount of active precursor transported 

to the reaction chamber. Figure 3.4 shows the effect of substrate temperature on the growth rate 

when 300 cycles of TMA and H2O2 is applied to Si <100> substrates. 
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Figure 3.4: Plot of average growth rate per ALD cycle at different silicon positions as a function of deposition 

temperature with a fixed peroxide and tma pulse length of 0.15s and 0.01s respectively.  

At lower temperatures (100°C), growth rates at silicon position 2. and 3. were higher than position 

1. As reaction temperatures are increased (150°C), the growth rate increases at all positions, 

however, the relative growth rate at each position shifts. The growth rate at position 1. increases 

dramatically with positions 2. and 3. increasing to a lesser extent. Growth rates at the highest 

temperature tested (200°C) shift once again. Position 1. at 200°C has the highest growth rate for 

the entire study whereas position 2. reduces slightly and position 3. dramatically reduces to the 

lowest value of the study. This peculiar growth behaviour is not seen when using H2O and is 

unique to the H2O2 from carbamide peroxide. This growth behaviour could simply be due to the 

insufficient vapour pressure of the H2O2 source, meaning that the amount of transported 

peroxide is limited. Coupled with uneven gas flows throughout the reactor, this could explain the 

irregular deposition of Al2O3. To improve the deposition conformality across the reaction 

chamber the carbamide peroxide bubbler was heated to 50°C and a growth study was rerun.      
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300 cycles of TMA and H2O2 deposition was performed at the 100°C and 200°C to enable 

comparison with the previous studies. 

Oxygen 
Precursor 

Growth 
Temperature(°C) 

Growth Rate 
(Å per cycle) 

Std Dev 
Bubbler 

Temperature 

H2O 100 0.843 0.005 Ambient 

 200 0.884 0.001 Ambient 

H2O2 100 0.614 0.028 Ambient 

 200 0.447 0.077 Ambient 

H2O2 100 0.846 0.020 50˚C 

 200 0.933 0.001 50 ˚C 

Table 3.1: Growth rate and standard deviation comparison showing the effect of heating carbamide peroxide to 

50˚C. 

The standard deviation of deposited film thickness is based on the average of the 3 silicon pieces 

placed across the reactor (positions 1., 2. and 3.). Heating the carbamide peroxide has a dramatic 

effect on the growth rate and conformality of the deposition across the reaction chamber. 

Comparison between growth rates and the standard deviation of those values across the reactor 

provides a measure of the deposition conformality. It is clear that when the carbamide precursor 

is not heated, the growth is inhibited and does not proceed conformally across the reactor. 

Heating the carbamide to 50˚C, for the deposition of Al2O3 at a substrate temperature of 200°C, 

yields conformal growth with enhanced growth rates compared to water equivalents (Table 3.1 

). 

The difference in growth rates, can also be characterised by carrying out a larger number of 

deposition cycles. Using only 300 cycles, a difference in growth can be masked by experimental 
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and measurement errors. Depositing thicker films gives a more representative difference in 

thickness variation and can provide a more accurate assessment of deposition uniformity. 

Therefore, an assessment was made using 1500 cycles of TMA (0.01s pulse, 15s purge) and 

carbamide peroxide (0.15s pulse, 15s purge) at a substrate temperature of 200˚C, which was then 

compared to the equivalent TMA and H2O deposition conditions.  
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Figure 3.5: Al2O3 film thickness measurement for 1500 cycles of TMA and either H2O2 (with bubbler set to 

50˚C) or H2O (ambient temperature).  

The film thickness uniformity achieved by heating the carbamide peroxide to 50˚C shows a 

substantial improvement and the resulting uniformity is comparable to the H2O approach. Use 

of hydrogen peroxide evolved from carbamide peroxide also shows an increased growth rate of 

approximately 5-6% in comparison with the water precursor. This results in a film thickness of 

140nm compared to 133nm for the H2O approach. 
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3.4 TGA-MS Investigation 

Heating carbamide peroxide to 50°C for deposition studies should not cause significant precursor 

degradation, whilst promoting the release of H2O2 at reduced pressures.  TGA-MS studies of 

carbamide peroxide were conducted: firstly, to confirm H2O2 is present in the vapour phase (as 

opposed to H2O or urea); secondly, to determine the precursor decomposition characteristics. 

Figure 3.6 shows the thermal gravimetric profile. The first major mass loss is seen between 70-

80°C, which results in a 40% mass loss, that is attributed to the release of H2O2. This is consistent 

with the mass percentage of hydrogen peroxide fraction of the carbamide peroxide molecule 

(36.2%)17. The slight difference between the theoretical and measured losses may be attributed to 

adsorbed H2O or other contaminants. 
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Figure 3.6: TGA profile of carbamide peroxide. Sample was heated to 300˚C at a ramp rate of 5K per minute. 
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The compounds lost at each mass loss step, labelled in Figure 3.6, are summarised in Table 3.2.  

Section Fragment lost Theoretical mass loss (%) Observed mass loss (%) 

A H2O2 32.6 40 

B + C C2H5N3O2 + C3H3N3O3 67.4 54.3 

Table 3.2. Table summarising TGA profile of Carbamide Peroxide. 

A detailed study was carried out across the temperature region 30-100˚C, using a slower ramp 

rate (0.1K/min) whilst also analysing the evolved gas using mass spectroscopy. Mass spectroscopy 

aids identification of the evolved gas upon heating carbamide peroxide. If the assumptions are 

correct and agree with literature17, then the initial mass loss will be confirmed as species related 

to H2O2.  

Fragment Mass (m/z) Fragment Mass (m/z) 

H2O2 34 H2O 18 

HOO 33 HO 17 

O2 32 O 16 

Table 3.3: List of potential peroxide ionisation fragments which may be detected by mass spectroscopy 

Table 3.3 details key ion fragments which were monitored during mass spectroscopy sampling 

of the evolved gas. These fragments are associated with the ionisation of H2O2. It should be noted 

that water is an ionisation fragment of H2O2 and some of the masses recorded could simply 

identify the release of water vapour from carbamide peroxide. Detection of masses 33 (OOH) 

and 34 (H2O2) is unlikely if the vapour evolved from carbamide peroxide is simply H2O. 
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Figure 3.7: TGA profile of carbamide peroxide using a 0.1K heating ramp rate. Sample heated to 100˚C. 

A slow temperature ramp rate was used in order to achieve high responsivity, so that the detection 

of specific ions could be related to thermal mass loss events. Figure 3.7, Figure 3.8, Figure 3.9, 

and Figure 3.10 show the slow ramp TGA/DTGA profile and the corresponding mass 

spectroscopy data. All the fragments typically associated with H2O2 are observed and increase 

with corresponding thermal events in the TGA and DTGA traces. From this data, the mass 

change and release of peroxide between the ranges 55-81°C is not a constant process. It seems 

that the mechanism for the release of H2O2 is complex.  
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Figure 3.8: Differential TGA plot showing the change in mass as a function of temperature. A value of 0 

corresponds to a constant rate. 

It is documented that carbamide peroxide has a melting point between 75°C and 85°C. This 

melting event appears to occur within the TGA plot and is characterised by a sudden change in 

the rate of mass loss which is detailed further within the DTGA plot (Figure 3.8). A deviation 

occurs when the rate of mass loss suddenly increases or decreases. Distinct thermal events occur 

at 65.5°C (A.), 70°C (B.), 71°C (C.), and 77.8°C (D.), which correspond to sudden evolution of 

hydrogen peroxide that is detected by the mass spectroscopy trace over the same temperature 

range (Figure 3.9, Figure 3.10). This sudden release is thought to be associated with outgassing 

of material trapped within the crystal structure during the carbamide peroxide phase change from 

solid to liquid.  
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Figure 3.9: Mass spectrometer ion current for O, OH, H2O and O2 ion fragments plotted as a function of 

TGA sample temperature. 

It can also be seen that a secondary gas evolution even occurs at 77.8˚C which also corresponds 

to a mass loss rate change as seen in the DTGA trace. This gas evolution process spans a 

temperature range and continues up to approximately 83˚C. It should also be noted that each 

trace does not return to a baseline value until after the thermal event which begins at ~77˚C and 

ends at 84˚C meaning, gas is evolved throughout this entire temperature range.  



 

 
119 

 

30 40 50 60 70 80 90

0.00E+000

5.00E-012

1.00E-011

1.50E-011

Io
n
 c

o
u
n

t

Temperature(C)

 OOH

 H2O2

 

Figure 3.10: Mass spectrometer ion current for OOH and H2O2 ion fragments plotted as a function of TGA 

sample temperature. 

TGA-MS studies show that evolution of hydrogen peroxide accounts for the mass loss when 

carbamide peroxide is heated to 100°C. Drawing comparison to previous ALD deposition of 

Al2O3 allows for certain conclusions to be deduced. Heating a bubbler containing carbamide 

peroxide to 50°C will not have a detrimental effect to the composition of the contained material 

in terms of mass loss and decomposition. Reducing the pressure of the surrounding environment 

(pulsing the precursor) will evolve hydrogen peroxide in a controllable manner and transport fixed 

amounts of peroxide vapour to the reaction chamber. The amount is fairly constant over many 

pulses and leads to conformal deposition. It must be noted that it is not advised to increase the 

bubbler temperature beyond 50˚C as beyond this value, thermal degradation may occur. It also 

advised within the literature not to store carbamide peroxide above 60˚C as it will pose an 

explosive risk17. 
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3.5 Zinc Oxide Deposition 

The atomic layer deposition of zinc oxide (ZnO) using diethyl zinc and carbamide peroxide, as 

an oxygen source, was investigated. The atomic layer deposition of ZnO is typically conducted 

by using diethyl zinc (DEZ) and H2O. This leads to the deposition of zinc oxide in a sequential 

manner with evolution of ethane (1.). The reaction between diethyl zinc and water can easily be 

separated into sequential exposure steps providing a sequential self-terminating approach, like 

TMA and H2O, for the deposition of zinc oxide thin films: 

(1.) 

𝑍𝑛(C𝐻2𝐶𝐻3)2 + 𝐻2𝑂 → 𝑍𝑛𝑂 + 2 C𝐻3𝐶𝐻3 

This ALD process is amongst one of the most studied approaches within the literature. The 

reaction pathway and surface reactions are very similar to the TMA-H2O process and many 

comparisons can be made between the two reactions. Diethyl zinc is a highly volatile and reactive 

organometallic zinc precursor, so much so, that it is classified as a pyrophoric material. 

Many ALD processes result in the deposition of amorphous thin films which require further heat 

treatment in order to make them crystalline. In some circumstances amorphous materials are 

more desirable as they offer benefits such as reducing negative effects associated with highly 

crystalline materials. An example of this is amorphous Al2O3 which is a better dielectric material 

than the crystalline phase because the chaotic order prevents leakage conduction pathways from 

forming at grain boundaries. 

The ALD of ZnO leads to the deposition of crystalline/poly-crystalline films at temperatures as 

low as 30˚C18,19. Using hydrogen peroxide in place of water for the deposition of zinc oxide may 

lead to enhanced growth rates, as seen with Al2O3, and growth of different crystal orientations. 
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This may influence the electrical properties of the film such as increasing or decreasing the sheet 

resistance, as a consequence of varying charge carrier mobility due to grain boundary scattering.  

Growth studies were performed at a range of temperatures by pulsing DEZ (0.02s) and hydrogen 

peroxide (0.15s) consecutively. Carbamide peroxide was heated to 50°C and purge times of 15s 

were used in between precursor pulses. Control studies were conducted using H2O to allow for a 

comparison between the two methods. Comparing the two approaches (Figure 3.11 and Figure 

3.12 ) shows differences in the growth per cycle values. The H2O process produces an average 

growth per cycle value of 1.54Å and 1.23 Å at 150°C and 200°C respectively. Whereas the H2O2 

co-reagent results in growth values of 1.37Å and 1.24Å per cycle respectively. These values are 

significantly different at 150˚C and over many cycles they lead to more apparent differences in 

deposited film thickness.  
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Figure 3.11: Growth profile of ZnO2 using H2O2 and DEZ at 150˚C and 200˚C.  Film thickness is plotted 

against number of ALD cycles and a linear fit is applied. 
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Figure 3.12: Growth profile of ZnO2 using H2O and DEZ at 150˚C and 200˚C.  Film thickness is plotted 

against number of ALD cycles and a linear fit is applied. 

The lower deposition rates of ZnO at 200°C are slightly counterintuitive especially if we compare 

to the growth trend seen with TMA. It might be expected that at higher temperatures growth 

rates would be increased due to more favourable reaction kinetics and more effective precursor 

transport. The drop in growth rate at temperatures >200°C seen here has been well documented 

in literature18,19, 20, 21elsewhere. The cause is not fully understood however, at higher temperatures 

the preferred crystal growth orientation shifts from <100> to <002> which may account, in part, 

for some of the variances. It has also been postulated21, that the desorption of reactive zinc species 

at temperatures greater than 180˚C as well as dihydroxylation causes a reduction of reactive sites.  

Higher reaction rates influences the crystallite sizes within the film. Smaller crystallite sizes can 

affect the perceived refractive index of the deposited film when measured by spectroscopic 

ellipsometry. The refractive index has a large effect on the perceived film thickness when 

modelled using ellipsometric data. Typically, the less dense the film (thus the density of dipoles), 
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the lower the actual refractive index, for a given material. If a measured film has a lower density, 

compared to the standard value and it is modelled using a standard refractive index, then the 

modelled thickness will be lower than the actual thickness. The opposite is also true for films 

denser than standard measured materials. This thickness inaccuracy can have a subsequent effect 

on the measurement of other materialistic properties such as sheet resistance. 

The growth rate differences, at the two temperatures tested, show a difference between H2O and 

H2O2 approaches. The growth rate difference for H2O2 depositions is smaller than the H2O 

approach. This difference may highlight mechanistic variation between the two approaches.   

3.5.1 X-Ray Diffraction Measurements 

X-ray diffraction measurements were made on the thicker samples (1500 cycles) grown within 

this study. Film preparation and analysis parameters are described within the Methodology 

chapter pp66. X-ray diffraction data (Figure 3.13) shows differences between films deposited at 

different temperatures dependant on the oxygen precursor. Table 3.4 shows the different crystal 

orientation peak positions for ZnO. 

Crystal orientation Peak (2θ) 

<100> 31.67˚ 

<002> 34.31˚ 

<101> 36.14˚ 

<102> 47.40˚ 

<110> 56.52˚ 

Table 3.4: List of potential crystal orientations for ZnO and corresponding XRD peak positions 
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There are many similarities between XRD traces of the hydrogen peroxide and water approaches 

when using a substrate temperature of 150°C. Peak positions indicate that both approaches lead 

to a similar mix of crystal orientations. The only difference can be seen in the relative intensity of 

the <100> peak (31.7) with the H2O2 approach having a larger peak intensity. The difference may 

identify a higher degree of crystallinity or a more favoured growth orientation.  

Greater differences can be seen between the ZnO films grown using the two co-reagents at 

200°C. The hydrogen peroxide leads to smaller more evenly distributed peaks (<100>, <002>, 

<101>) whereas for the water co-reagent the <100> peak remains the most intense. The 

predominant peak for the peroxide approach at 200°C is the <002> (34.31˚). This is the 

energetically favoured orientation22 and is preferred when ZnO is deposited using DEZ and H2O 

at temperatures >220°C.  

The water based process, at 200°C, is more comparable to the peroxide and water approaches at 

150°C, in terms of crystal orientations. The higher deposition temperature leads to a lower degree 

of crystallinity which is characterised by a reduction of XRD peak intensity for the <100> 

orientation.  

In comparison with another study which utilised H2O2/H2O solution in the growth of ZnO films 

via ALD using DEZ23, the dominant peak at 150˚C in their studies is the <002> with a more 

even distribution across the <100>, <002> and <101> at 200˚C. The results presented here 

differ from those recorded in the literature which potentially shows that a difference in the 

composition reactive vapour leads to differences in crystal growth orientation.  
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Figure 3.13: XRD analysis of ZnO ALD films deposited at 150°C and 200°C using either H2O or 

carbamide peroxide as oxygen precursors. 



 

 
126 

 

The <002> crystal orientation grows perpendicular with respect to the substrate surface. It is the 

preferred orientation when surface sites are not hindered by steric effects. These effects are 

minimised at higher temperatures due to reduction of adverse side reactions. Enabling the <002> 

preferred growth orientation at a lower temperature could identify that peroxide is allowing for 

more completed reactions to take place, reducing reaction site hindrance and allowing crystal 

growth to occur perpendicular to the substrate surface. This reasoning explains why the <002> 

orientation is favoured when using ozone, which is an even more reactive oxygen source.  The 

peaks present in the 200°C peroxide XRD sample have relatively low intensity and are 

considerably broader than those in other samples. This indicates that the film is more amorphous 

in character and the polycrystalline regions are smaller. 

3.5.2 Sheet Resistance Measurement 

As previously mentioned, ALD ZnO is a transparent semiconducting oxide. This characteristic is 

frequently attributed to oxygen vacancies which promotes n-type conductive properties. The 

more vacancies, the greater the conductivity. A general trend with ZnO films is that the thinner 

the film, the less conductive it is, because of reduced carrier mobility via interface scattering. For 

this reason, when drawing comparison between deposition properties, similar film thickness must 

be compared.  

Sheet resistance measurements of deposited films were measured to identify whether the peroxide 

co-reagent leads to any differences in electrical properties. Sheet resistance was determined using 

a 4 point probe approach (methodology chapter) and each sample was tested 3 times at 5 different 

positions across the sample. Thus, a total of 15 data points were used to give an average sheet 

resistance value. Figure 3.14 shows the sheet resistance of ZnO deposited at 200°C as a function 

of oxygen precursor used and number of ALD (AB) cycles. The differences seen from the plots 

are quite dramatic and identify that the ZnO deposited using hydrogen peroxide is a lot less 

conductive than the water approach. This difference in sheet resistance is many orders of 



 

 
127 

 

magnitude and identifies a substantial effect across a series of samples. This increased resistance 

coincides with amorphous properties previously identified by XRD analysis.  
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Figure 3.14: Sheet resistance as a function of the number of ALD cycles and oxygen precursor.             

Deposition carried out at 200˚C. Each data point represents the mean of 5 positions across each sample tested 3 

times. Error bars display the standard deviation of test data. 
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Figure 3.15: Resistivity as a function of ZnO film thickness and oxygen precursor. Deposition carried out at 

200˚C. 

More recently, the conductivity of zinc oxide materials deposited via CVD methods has been 

attributed to hydrogen incorporation. Hydrogen can be included at dopant levels through several 

potential routes including atmospheric water exposure and from deposition reactions. 

Conclusions cannot be made with regards to the level of hydrogen incorporation via this hydrogen 

peroxide approach. However, the hydrogen peroxide co-reagent has been shown to increase -

OH* surface density which can lead to either an increased deposition rate, more dense films and 

reduced number of oxygen vacancies. Other studies of ZnO deposition using hydrogen peroxide, 

up to this point, have all used a solution of water and hydrogen peroxide. Consequently, it is not 

as easy to contrast those studies from deposition studies made using pure water. In this study, the 

significant differences in sheet resistance show a clear effect when using hydrogen peroxide 

sourced from carbamide peroxide. 
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3.6 Remote Plasma – Optical Emission Spectroscopy (RP-OES) Analysis  

A study was made to determine how peroxide precursors are transported in the vapour phase, as 

well as determining whether insitu ICP-OES is a useful analysis tool for the analysis of vapour-

phase precursors used in ALD applications. For this study, a different peroxide precursor (sodium 

percarbonate) was tested. The Optix™ remote plasma optical emission spectroscopy (RP-OES) 

system supplied by Gencoa was position on the exhaust line of an Oxford instrument OpAl 

deposition system. It was used to monitor pulses of precursors as they pass through the system. 

The three precursors which have been testing using this method are H2O, carbamide peroxide 

(NH2CONH2.H2O2) and sodium percarbonate (Na2CO3·1.5H2O2). To assist with precursor 

transport, both peroxide precursors were heated to 50˚C.  

Sodium percarbonate is an adduct of sodium carbonate and hydrogen peroxide. It forms an 

orthohombic crystal structure24 as illustrated in Figure 3.16 . 

 

 

 

 

Figure 3.16: Ball-and-stick image showing part of the crystal structure of sodium percarbonate. 

Colour code: Sodium: purple, Carbon: dark grey, Oxygen: red, Hydrogen: white 
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RP-OES analysis provides a “real-time” emission spectrum of the plasma created within the 

analysis tool. This allows for in situ analysis of exhaust gases from the ALD system and allows 

each precursor to be analysed individually. Using RP-OES each of the precursors were pulsed for 

0.1s with a purge time of 100s for water and carbamide peroxide and 60s for sodium percarbonate. 

Spectral peak emissions for H, O, OH and CH species were tracked, and the emission intensity 

plotted (Figure 3.17, Figure 3.18, Figure 3.19). For each of the precursors, the relative intensity 

ratios of H and OH emission were used as a comparison tool. 
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Figure 3.17: Plot of remote plasma fragment emission intensity as a function of time for 0.1s pulses of H2O.  
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Figure 3.18: Plot of remote plasma fragment emission intensity as a function of time for 0.1s pulses of carbamide 

peroxide 
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Figure 3.19: Plot of fragment emission intensity as a function of time for 0.1s pulses of sodium percarbonate 
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Precursor H:OH optical emission ratio 

H2O 2.427 

Carbamide peroxide 2.394 

Sodium percarbonate 2.104 

The relative peak heights between the H and OH traces were compared to give ratio values. This 

ratio was calculated as the variance between the values is smaller than the variance between 

relative peak intensities from multiple peaks.  The average ratio values were gained by analysing 

twenty different precursor doses.  

H:OH ratios will be lower if a precursor contains more -OH fragments per molecule. For the 

instance of HO-OH, each molecule contains two -OH fragments whereas for HOH it only 

contains one potential -OH fragment. This ratio can be used to help identify which precursor 

yields the most hydrogen peroxide relative to water. It is worth remembering that free hydrogen 

peroxide will readily decompose into water and hydrogen, especially at elevated temperatures. 

Due to the positioning of the RP-OES probe, the peroxide species will have travelled through a 

hot reactor (150˚C) and will have partially decomposed. The difference in the ratios between 

hydrogen peroxide precursors can identify the rate of hydrogen peroxide released and whether it 

has decomposed into H2O within the precursor vessel. From the results (Table 3.5) the precursor 

which yielded the most peroxide is the sodium percarbonate. The differences between carbamide 

peroxide and water are very small but notable.  

 

 

 

Table 3.5: Table showing H to OH emission ratio for different oxygen precursors. 
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A strange trend is observed when analysing the data for sodium percarbonate. The initial 10 pulses 

from the precursor have a very large oxygen characteristic. The reason for this is could be due to 

partial decomposition of H2O2 into O2
 and H2O (2.). When averaging the H/OH ratio for sodium 

percarbonate, these initial 10 pulses were not included. 

(2.) 

2𝐻2𝑂2 → 𝐻2𝑂 + 𝑂2  

RP-OES can also be used to analyse the retention time of precursors within the reactor system. 

Real-time analysis of hydrogen and hydroxide optical emission peaks allows for an appreciation 

of the required purge times needed to prevent crossover between precursor exposure. For the 

case of water, carbamide peroxide and sodium percarbonate, monitoring the intensity of hydrogen 

and hydroxide emissions during a precursor exposure, allows for a comparison of required purge 

times. Purging reactive precursor is the most time consuming stage of any ALD cycle. Using RP-

OES analysis, the optimum purge time, which enables ALD but prevents CVD, can be found.    
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Figure 3.20: The optical emission intensity of H and OH during a 0.1s exposure of water or carbamide 

peroxide as a function of time. Plot demonstrates the relative amount of time for pulsed species to be purged 

through the reactor. 
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Figure 3.21: The optical emission intensity of H and OH during a 0.01s exposure of water or sodium 

percarbonate as a function of time. Plot demonstrates the relative amount of time for pulsed species to be purged 

through the reactor 



 

 
135 

 

0 10 20 30 40 50 60 70

0

2

4

6

8

10

12

14

16

18

20

A
rb

it
ra

ry
 s

p
e
c
tr

u
m

 i
n
te

n
s
it
y

Time (s)

 H (H2O2carbamide)

 OH (H2O2carbamide)

 H (H2O2Sodium percarbonate)

 OH (H2O2Sodium percarbonate)

 

Figure 3.22:The optical emission intensity of H and OH during a 0.1s exposure of carbamide peroxide or 

sodium percarbonate as a function of time. Plot demonstrates the relative amount of time for pulsed species to be 

purged through the reactor 

Figure 3.20 shows the OH and H emission traces for a 0.1s exposure of water and carbamide 

peroxide. The water exposure is from a vessel kept at ambient temperature (~21˚C) results in a 

large increase in the OH and H emission. The intensity of each emission line is also similar for 

the carbamide exposure although the carbamide peroxide is held at 50˚C. The trace shows that it 

takes a longer time for the H and OH emission for the water exposure to reduce to a baseline 

value. This indicates that the water is taking longer to transport through the reactor and be purged 

compared to hydrogen peroxide. Whether this is an effect due to the composition of the vapour 

evolved from carbamide or simply because the vessel is heated is unknown.  

Comparison of water and the sodium percarbonate shows that the vapour evolved from sodium 

percarbonate produces a much smaller intensity of H and OH emission. Due to this, comparison 

between the time to reach baseline values isn’t as valuable. However, it can be said that a 0.1s 

pulse of sodium percarbonate takes less time to pass through the reactor. The two different 
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peroxide precursors can also be compared, namely it takes more time for a 0.1s carbamide 

peroxide pulse to reduce to baseline emission value compared to sodium percarbonate. Both 

precursors were heated to 50˚C. The difference seen in emission intensity as well as the difference 

the integrated intensity of each pulse shows that the carbamide peroxide evolves more vapour. 

However, comparing the H:OH ratio shows that the vapour evolved from the sodium 

percarbonate contains a larger fraction of H2O2. Hydrogen peroxide has a lower vapour pressure 

than water and so if the hydrogen peroxide within carbamide peroxide decomposes at a quicker 

rate then this increases the amount of water present resulting in an increase in the H:OH ratio. A 

higher ratio of H2O:H2O2 will result in a larger vapour pressure causing more vapour to be 

transported in the 0.1s exposure. 

One outcome of the RP-OES study, which is surprising, is that for a 0.1s pulse time of water, it 

takes >30s for the H and OH emission to reduce back to baseline values. Bearing in mind that 

the RP-OES is positioned in the tailpipe of the reactor, which isn’t heated, this value is 

significantly longer than typical ALD purge times. Repositioning the RP-OES system closer to 

the reactor platen, may enable a more complete understanding of the purge times required for 

specific precursor and allow for more effective optimisation of processes. 

The RP-OES study also allowed for precursors to be tested before carrying out deposition studies 

to ensure vapour is being evolved which enables the minimum vapourisation temperature to be 

found. After testing the feasibility of sodium percarbonate as a potential hydrogen peroxide 

source, it was subsequently used for deposition studies. 
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3.7 Sodium Percarbonate Deposition Studies 

3.7.1 Deposition Study of TMA and Sodium Percarbonate 

Sodium percarbonate was used as a hydrogen peroxide source and growth studies were 

conducted. The first of the growth studies was to deposit aluminium oxide using TMA (Figure 

3.23). Growth studies were conducted at 150˚C by pulsing sodium percarbonate (0.1s) and TMA 

(0.1s) each followed by a 30 second purge time. The sodium percarbonate was heated to 50˚C to 

assist with transport and release of hydrogen peroxide. 
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Figure 3.23: Growth study of Al2O3 using TMA and sodium percarbonate as a function of number of ALD 

cycles at a reaction temperature of 150 ˚C. 

The deposition of aluminium oxide using sodium percarbonate at 150˚C results in a deposition 

rate of 0.92Å per cycle. This value is very similar to use of H2O as a co-reagent on the same 

reactor. This growth rate demonstrates that despite having a much smaller vapour pressure, 

enough vapour is evolved for the saturative growth of aluminium oxide to occur.  
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3.7.2 Deposition Study of TEMAHf and Sodium Percarbonate 

Growth studies using sodium percarbonate were conducted in conjunction with 

tetrakis(ethylmethylamino)hafnium (TEMAHf) for the deposition of hafnium oxide (HfOx). 

Deposition was conducted at a range of temperatures and compared to water. Pulse times of 0.1s 

and 0.1s were used for TEMAHf and sodium percarbonate respectively. 15s purges times were 

used in-between subsequent precursor pulses. The sodium percarbonate container was heated to 

50˚C.  

Hafnium oxide was successfully deposited at 150˚C, 200 ˚C and 250 ˚C (Figure 3.24, Figure 

3.26, Figure 3.28). Deposition was also conducted using H2O at the same temperatures using the 

same pulse and purge times to act as a comparison (Figure 3.25, Figure 3.27, Figure 3.29). 
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Figure 3.24: Hafnium oxide film thickness as a function of the number of ALD cycles deposited at 150˚C 

using sodium percarbonate as the oxygen source 
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Figure 3.25: Hafnium oxide film thickness as a function of the number of ALD cycles deposited at 150˚C 

using H2O as the oxygen source 
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Figure 3.26: Hafnium oxide film thickness as a function of the number of ALD cycles deposited at 200˚C 

using sodium percarbonate as the oxygen source 
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Figure 3.27: Hafnium oxide film thickness as a function of the number of ALD cycles deposited at 200˚C 

using H2O as the oxygen source 
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Figure 3.28: Hafnium oxide film thickness as a function of the number of ALD cycles deposited at 250˚C 

using sodium percarbonate as the oxygen source. 
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Figure 3.29: Hafnium oxide film thickness as a function of the number of ALD cycles deposited at 250˚C 

using H2O as the oxygen source 

Comparing the growth rates at the three different temperatures show several interesting features 

(Figure 3.30, Table 3.6). The growth rates at 200 and 250˚C shows that the sodium percarbonate 

and water-based processes result in similar values however, the growth rate of hafnium oxide at 

150˚C seems to be enhanced by 0.14Å per cycle when using sodium percarbonate. Whilst this 

value seems small, it is a >10% increase when compared to water and could allow for fewer pulses 

of precursor to achieve a specific thickness meaning processes are also faster. This can be 

important when considering production throughput and capital plan costs in an industrial 

environment. This enhanced growth rate could be associated with the enhanced reactivity of 

hydrogen peroxide which results in a greater number of reacted sites. It also should be noted that 

the refractive index of both the H2O and H2O2 approaches are in close agreement at throughout 

the temperature range (Table 3.6). The similarity helps to identify that optically, a similar material 

is deposited via the two approaches.  
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Figure 3.30: Comparison of hafnium oxide growth rate per cycle as a function of temperature and oxygen 

precursor. 

 

Deposition temp (˚C) 150 200 250 

Growth rate Å/cycle H2O 1.11 1.06 0.84 

Average refractive index 2.036 2.083 2.122 

Growth rate Å/cycle H2O2 1.25 1.02 0.84 

Average refractive index 2.030 2.100 2.146 

 

Table 3.6: Growth rate per cycle values and the average refractive index of deposited films for the two oxygen 

precursors at different deposition temperatures. 
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3.8 Experimental 

The deposition of aluminium oxide and zinc oxide was conducted on a Savannah 100 

(Cambridge Nanotech Inc., USA) reactor system. TMA and H2O or carbamide peroxide were 

alternatively dosed into the ALD reactor for growing aluminium oxide thin films. DEZ and 

H2O or carbamide peroxide were alternatively dosed into the ALD reactor for growing zinc 

oxide thin films. TMA, DEZ and H2O have sufficient vapour pressure at room temperature for 

the deposition of the ALD aluminium oxide and zinc oxide. Carbamide peroxide was heated to 

50˚C for most of the deposition studies. The delivery pipelines and manifold valves were heated 

to 100˚C to prevent the condensation of precursors. The exhaust pipeline and gate valve were 

heated to 100˚C to remove excess precursors and by-products. Ultra-high purity argon gas 

(BOC 99.998 %) was used as a carrier gas at a flow rate of 10 sccm. The ALD reactor was 

maintained at a stable low pressure of 0.1 mbar by an Edwards RV3 rotary vane oil pump. 

Table 3.7 details the typical timing sequences used for deposition of aluminium oxide and zinc 

oxide thin films. 

Precursor Exposure time (s) Purge time (s) 

TMA 0.01 15 

DEZ 0.02 15 

H2O 0.01 15 

Carbamide peroxide 0.15 15 

Table 3.7: Precursor pulse length and purge times for ALD of aluminium oxide and zinc oxide thin films. 

A typical ALD cycle was conducted through the following steps: (a) 0.01s dose of TMA; (b) a 

15s purge of Ar gas under vacuo to remove excess TMA and any by-products; (c) a 0.01s dose of 

H2O, and (d) a 15s purge of Ar gas under vacuo to remove excess H2O and any by-products. In 

these deposition studies, the ALD of aluminium oxide and zinc oxide was performed at a range 

of temperatures between 100˚C and 250˚C. 



 

 
144 

 

The testing of hydrogen peroxide adducts (carbamide peroxide and sodium percarbonate) and 

the deposition of hafnium oxide was conducted on an Oxford Instruments OpAL thermal 

ALD reactor. The precursors TEMAHf, carbamide peroxide and sodium percarbonate were 

alternatively dosed into the ALD reactor the RP-OES testing and the deposition of hafnium 

oxide thin films. TEMAHf and sodium percarbonate do not have sufficient vapour pressure at 

room temperature and so the bubbler containing the precursor was heated to 90˚C and 50˚C 

respectively. The delivery pipeline and manifold were heated to 100˚C, while the upper chamber 

of the system was maintained at 150˚C to prevent condensation and assist with the removal of 

precursors and by-products. The exhaust pipeline contained within the reactor was heated to 

100˚C to remove excess precursors and by-products. Ultra-high purity argon gas (BOC 99.998 

%) was used as a carrier gas at a flow of 10 sccm. The ALD reactor was maintained at a stable 

low pressure of 0.05 mbar by an Adixen A103P dry pump. Table 3.8 details the typical timing 

sequences used for deposition of hafnium oxide thin films. 

Precursor Exposure time (s) Purge time (s) Bubbler temperature (˚C) 

TEMAHf 0.1 15 90 

Carbamide peroxide 0.1 15 50 

Sodium percarbonate 0.1 15 50 

H2O 0.1 15 RT 

Table 3.8: Precursor pulse length, purge times and bubbler temperatures used for RP-OES testing and the 

deposition of hafnium oxide thin films. 

A typical ALD cycle was conducted through the following steps: (a) 0.3s dose of TEMAHf; (b) 

a 15s purge of Ar gas under vacuo to remove excess TEMAHf and any by-products; (c) a 0.01s 

dose of H2O, and (d) a 15s purge of Ar gas under vacuo to remove excess H2O and any by-

products. In these deposition studies, the ALD of hafnium oxide was performed at a range of 

temperatures between 100˚C and 250˚C. RP-OES testing was conducted at a fixed  reactor 

temperature of 150˚C to represent a typical ALD study.  
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A variety of ex-situ characterisation techniques were employed for the characterisation of the 

aluminium oxide, zinc oxide and hafnium oxide thin films. The films were also grown onto a 

number of different substrates including, Si (100) wafers (p-type, PI-KEM) and glass (VWR 

super premium microscope slides). Si wafers were used straight from the manufacturer and the 

glass slides were subjected to acetone and isopropanol washing before being dried under 

pressurised nitrogen. Film thickness was determined using spectroscopic ellipsometry. The 

ellipsometry was conducted using a fixed angle (70°) spectroscopic HORIBA JobinYvonne 

spectrometer.  Ψ, Δ were determined over a 350-800nm wavelength range. Using the 

spectroscopic data, models were produced to achieve values for film thickness and refractive 

index. Models with a 2 value <0.3 were considered to produce a good fit with the experimental 

data achieved. XRD was used to determine which forms of zinc oxide was present within 

deposited films. A Rigaku Miniflex diffractometer with a Cu Kα (λKα = 1.4505 Å) and a θ/2θ 

Bragg Brentano configuration. The angular range of collection was set to 2θ = 20˚ to 2θ = 60˚ 

in order to cover the range of the major ZnO peaks and to avoid the Si(100) substrate peak at 

2θ = 70˚. The scans were conducted using the “Fourier transform” method. Scan steps of 0.05˚ 

and a scan time of 20s per step were used.  

3.9 Conclusions 

Alternative hydrogen peroxide oxygen precursors offer valuable routes to deposit metal oxide 

thin films via ALD. Hydrogen peroxide adducts have been shown to evolve hydrogen peroxide 

which can be used in ALD for a range of metal oxides. Processes using hydrogen peroxide have 

all been based on hydrogen peroxide / water solutions. These solutions always have a major 

contribution from water and so reaction mechanisms will be affected. In this study, the use of 

solid state hydrogen peroxide adducts provides a route to eliminate the use of aqueous water 

solutions. The use of urea hydrogen peroxide as an oxygen source for the deposition of zinc oxide 

has been shown to increase the resistivity of deposited thin films when compared to water 
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approaches. This property may be useful for the fabrication of zinc oxide thin film transistors25 

where reduced carrier concentrations are needed for optimum gate-switching.  

RP-OES has been demonstrated to be a useful tool in the analysis of precursor vapour 

composition. It allowed for the alternative hydrogen peroxide adduct, sodium percarbonate, to 

be screened as a potential oxygen precursor source and compared to other sources. This justified 

the use of the precursor and led to deposition studies of aluminium oxide and hafnium oxide. 

Successful deposition demonstrated that sodium percarbonate can be used as an oxygen source 

for ALD applications. Higher deposition rates of hafnium oxide are achieved, at low 

temperatures, which may be desirable for some low temperature applications such as flexible 

electronic based on polymer substrates. This study of hydrogen peroxide sources provides a new 

approach to oxygen sources for the ALD field which can be used with a multitude of metal 

precursors.  
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4.1 Abstract 

This chapter investigates novel approaches for the incorporation of fluorine into atomic layer 

deposited aluminium oxide and is compared to a technique previously reported from the 

literature. The first approach demonstrates how using a combination of trimethyl aluminium 

(TMA) and water ALD cycles with TMA and HF-pyridine cycles allows for a full range of 

compositions from AlF3 to Al2O3 to be deposited. The second approach enables lower levels of 

doping through a novel in-situ atomic layer etching (ALE) and precursor synthesis approach. ALD 

grown AlF3 is etched via ALE and the by-product FAlMe2 is used as a fluorine source for the 

ALD of fluorine doped aluminium oxide.  Low energy ion scattering is utilised to study the surface 

through thickness composition of deposited films. The deposition of fluorine doped aluminium 

oxide is incorporated into enhancement mode AlGaN/GaN metal-insulator-semiconductor 

heterostructure field effect transistors and the effect on threshold voltage is studied. It was found 

that a positive threshold voltage (up to +2.5V) is achieved when fluorine doped aluminium oxide 

is used as the gate oxide in combination with gate-recessing. This shift may provide a route to 

safer and more energy-efficient MISHEMT devices 

4.2 Introduction  

In the design of metal-oxide-semiconductor field effect transistor (MOSFET) based devices a 

high-Κ dielectric is typically used to separate the gate from the rest of the device. This electrically 

isolates the gate contact from the rest of the device, while also creating a planar capacitor which 

can generate an electric field. Within a field effect transistor, the gate part of the architecture 

provides a controllable way to attenuate the conductivity of the conduction channel between the 

source and drain of the device1. The gate influences the channel through applying a potential 

difference between it and the source of the device. Varying the potential difference between the 

gate and the source (VGS) provides a mechanism to influence the density of charge carriers within 

the channel and allows a device to be switched on and off. The high-Κ dielectric separates the 

gate from the channel preventing a conduction pathway between the gate and any other parts of 
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the device (source, drain or body). The dielectric must therefore be electrically insulating while 

also being able to permit an electric field. This permittivity is enhanced by using a material which 

can be readily polarised while holding a charge. Polarisation within the material causes the surface 

dipole states to become the opposite charge to that being applied (Figure 4.1). Applying a positive 

voltage will shift the average equilibrium position of dipole charges within the material to be 

attracted and aligned. This has an effect across the entire material causing the opposite side, to 

which the voltage is applied, to become positively charged. The more the material is charged, the 

greater the polarisation and the larger the permittivity.  

 

Figure 4.1: Diagram showing the effect of applying an electric field to a high-k material within a capacitor or 

when acting as a gate within a MOSFET device. 

The degree of polarisation within a dielectric material increases the amount of charge that a 

material can hold while producing an opposing electric field at the top contact of the gate and at 

the gate-channel interface within a MOSFET device.  The total amount of charge that can be held 

within a material is called the capacitance. Capacitance within a gate dielectric causes an electric 

field to be produced, this field will remain present until the charge within the dielectric layer has 

drained.  

The ability to store an electric field is measured by relative electrical permittivity which is 

represented by the relative dielectric constant (Κ). The term relative electrical permittivity (χe) or 
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dielectric constant (ε) is classified as the permittivity of a material relative to vacuum permittivity 

which is given the value of 1: 

(1.) 

𝜒𝑒  =  𝜀 − 1 

The larger the dielectric constant of a material used to create a fixed dimension capacitor, the 

larger the capacitance. This relationship is summarised by the equation: 

(2.) 

𝐶 =  
𝛫𝜀0𝐴

𝑡
  

Where C is the capacitance, Κ is the dielectric constant, ε0 is the permittivity of space, A is the 

area of the metallic plates and t is the thickness of the dielectric material. The symbols ε and Κ 

are interchangeable however, Κ is normally used as it avoids confusion between ε and ε0. The 

first term being the dielectric constant of a specific material and the second being the dielectric 

constant of a vacuum. 

Materials which are good insulators, with a Κ value larger than silicon oxide, are often referred to 

as high-k within the semiconductor field. Silicon dioxide (SiO2) is a dielectric material that has 

been used historically for the fabrication of FET devices. Other materials such as aluminium 

oxide (Al2O3) and hafnium dioxide (HfO2) have better dielectric properties and have replaced 

silicon dioxide as the gate oxide in the majority of modern devices2. 

Historically, in metal-insulator-semiconductor (MIS or MOS where the insulator is an oxide) FET 

devices, the gate dielectric (SiO2) is created by thermally annealing the crystalline silicon body in 

an oxygen atmosphere3. Annealing at different temperatures and varying times, allows for the 
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SiO2 thickness to be controlled4. Permittivity is a material constant, but the capacitance of the 

layer is directly related to the thickness which can be seen in (2.). The thicker the SiO2 layer, the 

lower the capacitance. Due to the material properties of SiO2 and tunnelling effects, there is a 

physical lower limit of material thickness that can be used to prevent conductivity through the 

gate5. This means the size of functioning SiO2 based FETs is controlled by the amount of current 

and voltage that is to be used in the device. To overcome this limiting factor, other dielectric 

materials are now used such as aluminium oxide (Al2O3) and hafnium oxide (HfO2).  

Al2O3 or HfO2 can be incorporated into a MOSFET and MOSCAP devices using a variety of 

deposition techniques. Atomic layer deposition (ALD) is a technique used for the deposition of 

gate dielectrics in the modern fabrication of these devices6, because it is a highly controllable and 

reproducible deposition technique. A typical deposition cycle for aluminium oxide involves 

exposing and reacting the surface of a substrate with trimethylaluminium (TMA). Excess TMA is 

purged from the reaction chamber, followed by an exposure to water and subsequent purging. 

This process will deposit ~1.1Å of aluminium oxide onto the substrate7. The deposition cycle is 

then repeated several times depending on the desired thickness of the film.  

ALD Al2O3 has intrinsic positive traps due to oxygen vacancies within the material8. These 

vacancies of O2- means a higher relative density of Al3+ ions are present which induces a more 

positive charge state within the material. This defect-induced positive charge will create a field 

that will have a subsequent effect on the channel region of a device (via the switch-on voltage or 

density of interface states). Having a defect-induced positive charge is not necessarily problematic 

as the intrinsic field can be altered by increasing or decreasing the voltage applied to the gate9. 

However, this means that the default field will be positive, when the gate is not biased, which 

influences more negative charge carriers to be present in the conduction channel. This 

characteristic is a problem if the device is required to switch off when the gate is also switched 

off (no voltage being applied).  The intrinsic charge can influence the conduction channel to 

remain partially open when used in high voltage / high power applications. This could be 
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detrimental leading to failure of any electrical device being switched by the transistor. In order to 

fully close the channel, a negative voltage needs to be continually applied to the gate during 

operation and power is consumed to maintain the device in an off-state. This consumption 

reduces the device efficiency and potentially the reliability. It also means that if the MOSFET 

device were to fail, it would not fail OFF meaning the conduction channel would still pass current 

which could be dangerous or damaging to electrical equipment. The efficiency and scale of 

MOSFET and MOSCAP devices is important in this modern age of battery powered mobile 

devices especially for lithium-ion battery protection circuits10 and reducing power loss. 

One way to materialistically reverse the intrinsic charge traps associated with ALD aluminium 

oxide, is to dope it with more electronegative ions11. The most electronegative and effective ions 

that can be used is fluoride. Fluorine doping of aluminium oxide will offset the intrinsic charge 

associated with oxygen vacancies. By controlling the amount of fluorine doping, the defect 

induced positive charge can be made less positive, neutral or even negative.  

Fluorine doping, during the fabrication of GaN-based MOSFET devices, has been previously 

explored by exposing the GaN channel to a CF4 plasma12, over coating with Al2O3 and then 

annealing. During the annealing process fluorine diffuses into the alumina, reducing the positive 

charge characteristics of the bulk while also reducing the number of trap states at the interface 

between the gate oxide and the channel12. The effect of this is observed by a positive shift in the 

threshold voltage (Vth) when performing CV measurements on MISHEMT devices.  

Fluorine can also be injected into materials using a technique called ion implantation, which is 

often used for semiconductor fabrication, to incorporate p and n-type dopants into 

semiconductors.  Ion implantation has been used since the 1970’s to implant dopants to control 

the threshold voltage of Si-based MOS transistor devices13. The basic principle of ion 

implantation is to; create a source of ions, accelerate them using an electric field; filter the ions 

using a magnetic field to separate different charged ions; and inject the filtered ion beam into the 

substrate (Figure 4.2). This process implants the ions within the substrate at various depths, 
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dependent on the size of the ions being implanted, as well as their kinetic energy. The ion 

implantation depth or “range” usually consists of a Gaussian distribution of the dopant 

concentration, unless other diffusion mechanisms, such as “channelling” along different 

crystalline orientations occurs. The distribution of dopant ions can be modelled using what is 

known as binary collision approximation, leading to the Gaussian distribution with respect to 

number of ions and depth within sample.  

 

Figure 4.2: Diagram showing a basic ion implantation process. 

Another technique, which is explored here, is to incorporate fluorine into ALD Al2O3 using an 

in-situ approach, whereby the Al2O3 precursors themselves contain a small proportion of fluorine 

which is then incorporated into the deposited material. Volatile fluorine can be combined with 

water in a number of ways to produce a hybrid fluorine/water source. An ammonium fluoride 

(NH4F/H2O) solution14 has been used in place of water during ALD deposition of aluminium 

oxide. This solution, during an ALD process, creates a pulse of vapour which contains water, 

ammonia and hydrogen fluoride. All three of which could be incorporated into the final alumina 

film, although the ammonia is much more soluble in water than the HF, which is evident from 

the increasing alkalinity of the precursor solution as HF is used up. Nevertheless, it should also 

be noted that nitrogen incorporation15 can also have a similar effect as fluorine with respect to 
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reducing the bulk defect states within aluminium oxide. Combining fluorine and nitrogen doping 

of the gate aluminium oxide within a MISHEMT device can lead to a positive shift in the 

threshold voltage16.  

This chapter introduces a novel fluorine doping approach which allows for controllable doping 

of ALD Al2O3, which is compared with the ammonium fluoride solution doping approach. The 

F-doped Al2O3 produced by this new method, is electrically characterised in GaN-based 

enhancement mode MOSFETs produced in collaboration with researchers at the University of 

Glasgow. Low energy ion scattering is utilised to determine surface chemistry as well as relative 

fluorine content of deposited aluminium oxide films. Electrical characterisation is also performed 

which identifies how the different doping methods alter device performance. The research 

discussed in this chapter forms the basis of a proposed mechanism for the incorporation of 

fluorine. Consequently, the development of a novel in-situ doping deposition approach is 

described, which uses a combination of atomic layer etching and atomic layer deposition for in-

situ production of fluorine containing precursors. This further work is discussed in Chapter 6. 

Results and Discussion  

4.3 NH4F/H2O approach to fluorine doping of aluminium oxide  

Fluorine doping of ALD aluminium oxide using an ammonium fluoride solution has been 

reported previously16. The ammonium fluoride approach taken here replicates this approach as a 

means of comparison for alternative doping techniques. Deposition studies were conducted onto 

a variety of substrates in order to investigate materials properties. For LEIS and ellipsometry, 

Si<100> and Si<111>/GaN wafers were used. Electrical characterisation was conducted when 

MISHEMT devices were produced, they consisted of Si<111>/AlN nucleation layer/graded 

AlGaN layer/ C doped GaN at 5 x1018cm-3/undoped GaN/1nm AlN/27nm AlGaN/2nm GaN 

(Figure 4.3). The devices were processed by mesa etching, ohmic contact formation, SiNx 

passivation, gate foot opening, F ion implantation14 (for E-mode devices), ALD gate deposition 
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(Al2O3 or F:Al2O3), 30 minute forming gas anneal (FGA) at 430°C, T-gate formation and probe 

pad formation.  Gate length and widths were 1.5μm and 100μm respectively. Each device coupon 

was approximately 10 x 10mm. ALD growth studies were carried out using an Oxford 

instruments plasma OpAL reactor system. A typical recipe for the deposition of fluorine doped 

aluminium oxide using ammonium fluoride solution would consist of repeating cycles of TMA 

(Pegasus Chemicals) and 40% solution of NH4F/H2O (Sigma Aldrich). For each cycle, 0.02s of 

TMA exposure is followed by 10s of purge time. A subsequent exposure of 0.02s of ammonium 

fluoride solution is applied which is also followed by 10s of purge time. This cycle is then repeated 

any number of times dependant on target thickness is. Typically, this would be 200 cycles for 

depositing the gate oxide layer. Deposition was conducted at 200°C with a 100sccm Ar purge 

(Table 4.1). 
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Figure 4.3: Si<111>/AlN nucleation layer/graded AlGaN layer/ C doped GaN at 5 x1018cm-

3/undoped GaN/1nm AlN/27nm AlGaN/2nm GaN D mode and E mode devices. 

 

Precursor conditions 

Reactor Platen Temp (°C) 200 Precursors TMA NH4F / H2O 

Reactor Wall Temp (°C) 150 Temperature (°C) Ambient Ambient 

Flow gas Ar Exposure time(s) 0.02 0.02 

Flow rate (Sccm) 100 Purge Time (s) 10 10 

 

Table 4.1. Conditions for deposition of fluorine doped alumina using 40% ammonium fluoride solution. 

Source Drain 

SiNx Passivation 

Gate Gate Dielectric 

SiNx Passivation 
GaN 

Cap AlGaN Barrier 
AlN Spacer 

GaN 

Channel 
C-doped GaN Buffer and AlGaN 

transition Silicon <111> 

substrate 

Source Drain 

SiNx Passivation 

Gate Gate Dielectric 

SiNx Passivation 
GaN 

Cap AlGaN Barrier 
AlN Spacer 

GaN 

Channel 
C-doped GaN Buffer and AlGaN 

transition Silicon <111> 

substrate 

F-treated 
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Before each deposition, substrates were cleaned using a combination of a 15 minute sonication 

in acetone (Sigma Aldrich), a subsequent 15 minutes sonication in isopropyl alcohol (Sigma 

Aldrich) followed by a 5 minute exposure to 150W nitrogen plasma within the reaction chamber. 

This specific substrate preparation was used as it replicates the work previously reported in 

literature16. The fluorine content of these films is below the detection limit of low energy ion 

scattering and so LEIS data is not available. The growth rate of this approach at 200°C is 

0.9Å/cycle compared to the typical 1.1Å/cycle for Al2O3 from TMA and H2O. 

4.4 HF-Pyridine / H2O approach to fluorine doping of aluminium oxide 

Fluorine doping of aluminium oxide using hydrogen fluoride pyridine (HF-Pyr, also known as 

Olah’s reagent17) has not previously been reported. The use of HF-Pyr has been widely 

documented when conducting atomic layer etching18 and atomic layer deposition of metal 

fluorides19 however, it has not been reported as a precursor for fluorine doping of ALD metal 

oxides. 

It is reported that the vapour from a 70% hydrogen fluoride, 30% pyridine solution does not 

contain any detectable pyridine20.This provides a safer alternative to using HF gas which would 

require more advanced handling techniques and pose a greater health and safety risk. 

Measurements of HF-Pyr have reported that the solution has a hydrogen fluoride vapour pressure 

of 90-100 Torr at room temperature21. This means that the headspace above the solution, within 

the precursor’s bubbler, contains a significant amount of vapourised HF gas. To put this into 

context, the vapour pressure of the HF is approximately 4 times that of water at room 

temperature22 (23.8 Torr). This “pure” HF gas is what is used during ALD deposition cycles. 

Deposition studies were conducted onto a variety of substrates in order to investigate material 

properties. For LEIS, Ellipsometry and XRD studies, Si<100> and Si<111>/GaN wafers were 

used. Electrical characterisation was conducted when MISHEMT devices were produced, they 

consisted of Si<111>/AlN nucleation layer/graded AlGaN layer/ C doped GaN at 5 x1018cm-
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3/undoped GaN/1nm AlN/27nm AlGaN/2nm GaN (Figure 4.3). The devices were processed 

by mesa etching, ohmic contact formation, SiNx passivation, gate foot opening, F ion 

implantation14 (for E-mode devices), ALD gate deposition (Al2O3 or F:Al2O3), 30 minute 

forming gas anneal (FGA) at 430°C, T-gate formation and probe pad formation.  Gate length and 

widths were 1.5μm and 100μm respectively. Each device coupon was approximately 10 x 10mm.  

ALD growth studies using HF-Pyr were conducted on an Oxford instruments Plasma OpAl 

system. A variety of recipes were used in order to develop and investigate how HF-Pyr can be 

used to dope aluminium oxide to varying degrees. Initial investigations looked at depositing purely 

AlF3. A typical deposition would consist of two parts, the first being a small nucleation layer of 

Al2O3. To deposit this, a repeating cycle of 0.02s TMA exposure and a 3 second purge followed 

by a 0.02s exposure of H2O and a 3 second purge.  The nucleation layer is repeated for 15 cycles 

after which the AlF3 deposition cycle would commence. This cycle consists of a 0.02s exposure 

of TMA and a 3 second purge followed by a 0.02s exposure of HF-Pyr (Sigma Aldrich) and a 10s 

purge. The AlF3 deposition cycle is repeated systematically to investigate the deposition rate. This 

initial work mimics that within the literature23 in order to determine parameter differences 

between the reactor systems used. It is reported that the deposition rate of AlF3 is 1.0-1.1Å/cycle 

at 150°C, 0.74Å/cycle at 175°C and 0.5Å/cycle at 200°C. The deposition rate achieved in this 

work was significantly greater than that reported in the literature23. Growth studies were 

conducted and deposition rate of AlF3 at 175°C was 1.78 Å and the deposition rate at 200°C was 

1.61Å, determined by spectroscopic ellipsometry.  

This enhanced deposition rate could be attributed to two main factors. The first and potentially 

largest factor, is that due to the large pressure differential between the precursor bubbler and the 

reaction chamber, a partial background pressure of HF was present during the deposition due to 

passing of the ALD valve. It was discovered that the ALD valve passed a small amount of HF 

while the bubbler was opened using a manual bellow valve. This was evident during the process 

by a slight increase in the background pressure of the reactor while the manual valve was open. 
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This HF vapour can lead to a small CVD contribution, increasing the deposition rate and making 

the process mechanism somewhere between ALD and pulsed CVD.  

The second factor which could have led to the increased deposition rate is slightly more elaborate. 

Within the OpAl reactor there exists several different regions that have different temperatures. 

The reactor chamber has heated walls and a heated sample stage (the platen). Typically, the walls 

are heated to a different temperature compared to the desired sample temperature.  In the case 

of AlF3 deposition, the reactor walls are heated to 150°C and the platen temperature to either 

175°C or 200°C. Within the literature, the deposition of AlF3 at 150°C is almost double that at 

200°C. Bearing this in mind, AlF3 will be deposited at a higher rate on the walls of the reactor 

(3.).  

(3.) 

𝐴𝑙(𝐶𝐻3)3 + 3𝐻𝐹 → 𝐴𝑙𝐹3 + 3 𝐶𝐻4 



 

 
162 

 

This wall growth provides a source of AlF3. A proportion of the TMA will react with this AlF3 

during transport, before reaching the substrate surface, and form FAlMe2 
23. This product is 

volatile and will be transported to the substrate and react with any free Al-Me or Al-OH sites. 

 

Figure 4.4: Potential binary mechanism for the atomic layer deposition of aluminium fluoride. 
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This potential side reaction  (4.) will move the reaction away from being self-limiting to one which 

is enhanced by the amount of FAlMe2 transported.  

 (4.) 

𝐴𝑙𝐹3 + 2 𝐴𝑙𝑀𝑒3 → 3 𝐹𝐴𝑙𝑀𝑒2 

It has also been reported that on certain Al-F surfaces, HF can adsorb through hydrogen bonding. 

This forms an adsorbed AlF2¯ species24 which acts as a potential HF source that facilitates the 

reaction of FAlMe2 with an Al-F surface by generating CH4. A similar mechanism is proposed 

for the formation of AlF3 via ALD of TMA and HF (Figure 4.4) 23. 
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Figure 4.5:  Proposed etching mechanism of AlF3 when exposed to TMA. 
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A combination of reactions (Figure 4.4 and Figure 4.5)  occur simultaneously and lead to the 

growth and etching (via FAlMe3) of AlF3. The equilibrium between the growth and etching 

mechanisms is dependent on temperature, TMA exposure time, pressure of reactor and inert gas 

flow rates25. Higher inert gas flow rates will increase the transport of volatile surface species and 

vice versa. It has been shown at higher substrate temperatures that the etching mechanism is more 

favourable due to the FAlMe2 species becoming volatile. As deposition temperature increases, the 

lower the growth rate is, until eventually a negative (etching) growth rate is achieved23. 

The original aim of growing AlF3 was to incorporate it into Al2O3 as a dopant using a super cycle 

deposition approach, whereby two different deposition cycles, of varying amounts, are themselves 

cycled in sequence as illustrate in Figure 4.6. This approach is analogous to the computer 

programming concept of a “nested loop”. It should also be noted that super cycles can also be 

used to make repeating multilayer films26. 

 

Figure 4.6: An ALD super cycle is illustrated by the red arrowed line. It shows a cycle which is repeated “z” 

times that consists of a repeating cycle of TMA and water that is cycled "x" times followed by a repeating cycle of 

TMA and HF which is cycles "y" times. 

"z" times

TMA

"x" times

Water

TMA

"y" times

HF
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 Using this approach, it is possible to dope materials via ALD by having a large offset between 

the number of “x” and “y” cycles. Once the deposition is complete, the materials can then be 

annealed to diffuse the dopant throughout the deposited thin film (Figure 4.7). 

 

Figure 4.7:  Super cycle deposition followed by annealing to diffuse dopant throughout host material. This 

illustrates two supers cycle of one TMA/HF cycle to four TMA/H20 cycles. z=2, x=1, y=4 

4.5 LEIS Analysis Studies 

The incorporation of fluorine into Al2O3 was tested using LEIS which probes the surface of a 

sample and produces an elemental content breakdown. Using LEIS while also sputtering through 

a thin film allows for an elemental depth profile to be produced. This profile will identify if 

fluorine is being incorporated into the alumina, if it is evenly distributed and quantify the relative 

content between tested samples. To help aid with the understanding of these profiles, we can look 

at a trace of ALD Al2O3 (Figure 4.8) which depicts the typical features of a LEIS energy spectrum. 

The plot of energy against yield tells us the number of ions detected at specific energy values. 

Each element, when atoms are ejected through collisions, will have a specific amount of energy 

transferred to it. This energy value is dependent on mass and charge of the atom ejected as well 

as the mass of the sputtering ion (e.g. He). Once detected, the energy value can be used to uniquely 
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identify each specific element. For aluminium oxide, the main constituents are oxygen and 

aluminium. Due to the large differences in atomic mass, these two elements are easily resolved 

within the experiment and have peaks at 1500eV (O) and 1650eV (Al) respectively.  

A depth profile energy spectra plot (Figure 4.8) contains multiple energy spectra each of which 

is taken after a specific sputter dose exposure to the sample. Each trace is associated with an 

increasing sputter dose which corresponds to a an ever increasing number of sputtered atoms 

leaving the surface of the sample. Sputter dose is closely associated with total number of atoms 

removed from the sample.  
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Figure 4.8: LEIS energy spectra of Al2O3 film. Each plot shows analysis after sputtering sample. Trace 0 is the 

top surface and trace 23 the deepest. 

As further sputtering occurs through the aluminium oxide layer, energy spectra peaks change 

from detecting aluminium to silicon from the underlying substrate. This transition is seen in 

Figure 4.9 which is a continuation of Figure 4.8 but shows the energy transition from sputtering 

through the final part of the aluminium oxide film to the consequent silicon from the bulk 
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substrate. The peak energy value shifts from 1650eV to 1700eV which corresponds to the mass 

difference between aluminium and silicon. Knowing the total sputter dose to reach this region 

gives us a value which corresponds to a specific aluminium oxide film thickness. This value can 

be used to compare the relative thickness of aluminium oxide based films.  

One issue of LEIS is when attempting to differentiate between elements which have similar 

atomic mass. This is the case for Al (26.981) and Si (28.0855) meaning that resolving precisely 

when the Al film ends and the Si starts is difficult when comparing energy peaks associated with 

each. A more precise way to determine this interface is to instead look at the oxygen energy peak 

as this peak will decrease rapidly once the aluminium oxide layer has been sputtered away.  
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Figure 4.9: LEIS energy profile showing the transition from aluminium oxide to bulk silicon. Trace 19 is the 

top surface and trace 44 the deepest. Trace 19-23 are the same as in the previous figure. 

Each elemental peak present within each of the traces can be summarised as a function of sputter 

dose. To do this, an energy peak associated with a specific element is integrated and the area 

plotted against sputter dose. Each element trace is overlaid, and an elemental depth profile is 

achieved (Figure 4.10). 
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Figure 4.10: Integrated yield of energy profile plotted against sputter dose to give a depth profile of an ALD 

deposited aluminium oxide film. 

As previously mentioned, for Al2O3 deposited on silicon, we can use the oxygen depth profile to 

help determine when the Al2O3 ends and the silicon substrate begins. For the oxygen trace it is 

observed that a stable integrated yield is followed by a sudden decrease as sputter dose increases 

(Figure 4.10). The stable region represents the bulk Al2O3 thin film. When the oxygen yield 

reduces, this is the start of the sputter transition from Al2O3 towards Si. This oxygen yield 

progressively reduces until a value close to zero. This signifies the total removal, through 

sputtering, of Al2O3 from the surface of the sample and detects the underlying substrate. The 

integrated yield of oxygen at the beginning of this transition section is recorded and the sputter 

dose at half of this value is used for determining comparative thickness of films. The integrated 

value of the trace divided by this specific dose value allows for a relative concentration of a specific 

element in every 1e15 ions cm-2 sputtered. This value can be used to make a comparison of 

elemental composition between different films.  
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Using this approach, the fluorine content of aluminium oxide films can be investigated. In the 

first instance, the fluorine content of films deposited using a super cycle approach has been 

investigated to determine the relative amounts of fluorine incorporated as a function of relative 

cycles of TMA-HF and TMA-H2O. The first film analysed consists of 15 cycles of TMA and H2O 

followed by 100 cycles of TMA and HF deposited onto a Si<100> substrate. This deposition was 

conducted at 170°C with exposure times of 0.02s and purge times of 3s, 3s and 10s for TMA, 

H2O and HF respectively. The initial TMA and H2O deposition was conducted to act as fresh 

nucleation surface for the consequent TMA and HF deposition.  

LEIS energy spectra of the deposited film are shown in Figure 4.11. The stacked spectra show a 

clear stoichiometric AlF3 layer has been deposited which transitions through an AlxFyOz region 

into Al2O3 and the Si<100> substrate. Each element is plotted as a function of sputter dose in 

Figure 4.12. This helps to visualise the transition between the different regions throughout the 

film. This approach is the most useful and will be used as the main way to describe analysis for 

the rest of this thesis. The depth analysis data is further visualised in Figure 4.13.  
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Figure 4.11: LEIS energy spectrum for 15 cycles TMA-H2O followed by 100 cycles of TMA-HF deposited 

onto Si<100>. Each spectrum is taken after sputtering of the surface is conducted. Trace 1 is the top surface 

and trace 30 the deepest. 
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Figure 4.12: LEIS depth profile showing integrated yield of aluminium/silicon, fluorine and oxygen for the 

sample detailed in Figure 4.11. 

 

Figure 4.13:  Representation of depth profile from Figure 4.12 and Figure 4.11. The top most layer (left) 

contains AlF3 which transitions into Al2O3 and finally into Si <100> from the substrate (right) 

This analysis and visualisation demonstrates what a pure ALD AlF3 (Figure 4.12) and a pure 

ALD Al2O3 (Figure 4.10) sample looks like so comparison can be made when analysing thin films 

deposited using AlF3 super cycles within Al2O3.  

A super cycle approach of TMA-HF/TMA-H2O deposition was repeated 100 times at a ratio of 

1:1 on top of 50 cycles of TMA-H2O which had previously been deposited onto a Si<100> 

substrate. The deposition was conducted at 170 °C with precursor pulse times of 0.02s and 3 

second purge times for TMA/H2O exposure and 10s purge times for HF exposure.  The 50 cycles 

of TMA/H2O were conducted to act as a clean surface to promote nucleation. 

AlF3 AlFxO{3-x)/2} Al2O3 Si 



 

 
172 

 

LEIS analysis of the film (Figure 4.14) shows a significant amount of fluorine within the film to 

the point where it could be considered AlF3 with oxygen inclusion. The 50 cycles of TMA-H2O 

are clearly defined by a sudden increase in oxygen with a huge reduction in fluorine. The oxygen 

integral can be used to gain an appreciation of the AlF3/Al2O3, Al2O3 and Si substrate regions.  
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Figure 4.14: LEIS depth profile of 100 cycles of TMA-HF/TMA-H2O at a ratio of 1:1 on top of 50 cycles 

of TMA-H2O conducted on a Silicon<100> substrate at 170°C. 

 

As can be seen from this profile, the incorporation of TMA-H2O cycles at a ratio of 1:1 has not 

really had much of an effect on the composition. The film is thicker if it is compared to the 

previous deposition (Figure 4.12) but this is a consequence of conducting an increased number 

of cycles (200 compared to 100). To test this further, a ratio of 9:1 (TMA-H2O: TMA-HF) was 

Figure 4.15: Representation of depth profile from Figure 4.12 and Figure 4.11. The topmost layer (left) contains AlF3  

which transitions into Al2O3 and finally into Si <100> from the substrate (right) 

AlF3 AlFxO{(3-x)/2} Al2O3  
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deposited using the same conditions. The total number of TMA-H2O, TMA-HF cycles are kept 

at 200 and the 50 TMA-H2O cycles of the nucleation layer remain the same. 
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Figure 4.16: LEIS depth profile of 20 cycles of TMA-HF/TMA-H2O at a ratio of 1:9 on top of 50 cycles of 

TMA-H2O conducted on a silicon<100> substrate at 170°C. 

The depth profile analysis above, Figure 4.16, shows that having a significantly larger proportion 

of TMA-H2O cycles compared to TMA-HF leads to a thicker film with less fluorine and more 

oxygen. The deposited film seems to be a mixed AlxFyOz material that has a gradient of fluorine. 

The highest amount of fluorine is at the surface and decreases through the mixed phase film area. 

The oxygen content seems to maintain a similar value that doesn’t fluctuate to a large degree 

between the fluorine containing material and the initial fifty non-fluorine containing TMA-H2O 

cycles. The difference in total thickness and relative amounts of fluorine are explained through a 

combination of varying the number of TMA-HF cycles per TMA-H2O coupled with the TMA-

HF etching effects which have been previously mentioned. To test this further, the deposition of 

each sample was repeated at 200 °C which, according the literature, is the temperature where a 

TMA-HF deposition approach has a small to zero net gain. This small to zero net gain is due to 

the competing reactions of etching and forming of AlF3.  Figure 4.17 shows the depth profile 

analysis of the repeated 1:1 ratio deposition conducted at 200 °C compared to the deposition at 
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170°C. It shows that the total film thickness is reduced at the higher temperature. The reduced 

growth rate effect is most apparent in the top TMA-HF/TMA-H2O region. The reduction of this 

region shows that the one hundred growth cycles of TMA-H2O/TMA-HF at 200 °C is thinner 

than the same number of cycles at 170°C. This reproduces the competing growth and etch effects 

observed within the literature but also demonstrates that AlF3 deposition still occurs when 

combined with a TMA-H2O cycle.  
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Figure 4.17: LEIS depth profile showing 1:1 ratio TMA-HF: TMA-H2O deposition conducted at 170°C 

and 200°C 

The effect can also be studied by repeating the 1:9 TMA-HF: TMA-H2O deposition at 200 °C. 

The reduction in film thickness observed between the 170˚C and 200˚C 1:1 ratio samples is 

reduced significantly when a 1:9 ratio is used. Figure 4.18 shows a slight decrease in the 200 ˚C 

1:9 ratio layer however, it is relatively small and can be attributed to the reduced HF exposure 

time. 
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Figure 4.18: LEIS depth profile showing 1:9 ratio TMA-HF: TMA-H2O deposition conducted at 170°C 

and 200°C 

The 1:9 ratio approach also shows a clear fluorine concentration gradient throughout the layer. 

ALD super cycle deposition approaches will typically deposit stacked layers that have clear regions 

of the two materials being deposited27,28. In the case of the 1:9 approach, it would be expected 

that you would see alternating fluorine and oxygen rich regions. In the LEIS analysis of the film, 

it is seen that a fluorine gradient is present through the 1:9 film. The most fluorine rich region is 

towards to outermost surface and reduces in a non-linear fashion towards to Al2O3 50 cycle layer. 

An explanation for this gradient is that during the deposition, a secondary source of fluorine 

builds up. This additional source has previously been discussed as being AlF3 deposited 

throughout the reactor and not just on the substrate. Deposition will occur on the walls of the 

reactor which are heated to 150 ˚C.  At 150 ˚C the growth rate per cycle is larger than that at 

170˚C and 200 ˚C. AlF3 on the reactor walls will react with TMA during TMA-H2O cycles to 

produce AlF(CH3)2. This volatile by-product will react with surface sites on the substrate 

providing an alternative source of fluorine. The more TMA-HF cycles that occur, the more AlF3 

is deposited on the walls of the reactor and so the greater amount of fluorine is incorporated into 
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the deposited film. This accumulation during a super cycle deposition approach is detrimental if 

a controlled and reproducible amount of fluorine is to be incorporated into aluminium oxide. 

For the application of fluorine doping in aluminium oxide gate dielectrics, the content of fluorine 

incorporated at the 1:9 cycle ratio is far too large. To reduce this further, a larger ratio could be 

used (e.g. 1:100) however, the target deposition thickness for gate dielectrics is 20nm. This is 

equivalent to approximately 180-185 cycles of TMA and H2O. At a ratio of 1:9, this is the 

equivalent to 9 TMA-HF cycles for the whole film. These 9 cycles lead to a high amount of 

fluorine incorporation and reducing further will not result in a much lower dopant value. Another 

detrimental effect of using a large difference in the ratio of super cycles is that it leads to a film 

composition containing two separate regions. A different approach is needed to achieve the 

dopant levels desired, while also being diffuse throughout the deposited material.  

One approach taken to achieve this goal is to pre-dose the reaction chamber with AlF3 and 

conduct a typical TMA-H2O deposition. During this process, the TMA exposure will etch the 

AlF3 on the walls creating AlF(CH3)2 (Figure 4.5) which will transport to the surface of the 

substrate and incorporate fluorine. The amount of fluorine incorporated can be controlled by 

depositing various amounts of AlF3 on the walls of the reactor. To test this approach, a growth 

study was performed to determine the relationship between number of TMA-HF pre-dosing 

cycles and the amount of fluorine incorporated into a subsequent film deposited by 250 cycles of 

TMA-H2O. 

AlF3 was deposited onto the reactor wall at 150 °C using a pulse time of 0.02s for both TMA and 

HF-Pyridine precursors. The purge time for both was kept at 10s with an Ar flow rate of 100sccm. 

A systematic number of HF-TMA cycles was performed before a Si<100> wafer token was 

placed within the reactor on the substrate platen which was set to 200 °C. The initial experiments 

are detailed within Table 4.2. 
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The value of fluorine counts per dose is derived from the integrated area of the fluorine counts 

across the film divided by the sputter dose value (1 x 1015 ion/cm2) where the signal from oxygen 

is reduced to half. As previously described, this oxygen signal reduction point signifies the end of 

the Al2O3 film when sputtered. Table 4.2 is plotted in Figure 4.19 which shows an exponential 

distribution that has an initial large increase in f content between 0 and 25 pre-dose cycles with a 

tendency towards a maximum amount of fluorine content irrespective of increased TMA-HF 

No of Pre-Dose Cycles 0 5 10 25 100 

Total Number of Pre-Dose Cycles 0 5 15 40 140 

Fluorine Counts Per Dose 15 82 937 1616 1865 

Table 4.2: Describes experiment TMA-HF pre dose cycle number, the accumulative total number of cycles and 

the number of counts of fluorine detected within the LEIS depth profile of each Al2O3 sample grown. 

Figure 4.19: Plot showing how the number of TMA-HF pre dose cycles increases fluorine content on a 

subsequent 250 cycles of TMA-H2O deposition. The fluorine content is normalised against counts per sputter 

dose. 
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cycles. This maximum value is close to stoichiometric AlF3 being deposited. It can be inferred 

that having a large amount of AlF3 present on the walls leads to etching and transport of the 

FAl(CH3)2 during the 250 TMA-H2O cycles used for film deposition. This transport results in the 

deposition of a mixed composition material with the AlF3 content increasing with more pre-dose 

TMA-HF cycles.  The relationship between fluorine content and number of TMA-HF pre-dose 

cycles is not simple because it assumes that all AlF3 is consumed between Al2O3 depositions which 

it is not. It is more appropriate to plot the accumulative number of TMA-HF pre-dose cycles, as 

they were performed consecutively (Figure 4.20).  

This accumulation number is a better representation of the total amount of AlF3 available for 

fluorine incorporation. Another key trend observed is that film thickness decreases with an 

increase in fluorine concentration. VASE thickness values confirm this trend and have been 

plotted in Figure 4.21.  LEIS film thickness is inferred from sputter ion dose at half of the oxygen 

maximum. This relationship is plotted in Figure 4.22 and Figure 4.23  demonstrating that, for a 

fixed number of TMA-H2O cycles, as fluorine concentration increases, total film thickness 
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Figure 4.20: Plot showing how the total number of TMA-HF pre dose cycles increases fluorine content within a 

subsequently deposited film of 250 cycles TMA-H2O. The fluorine content is normalised against counts per 

sputter dose. 
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decreases. Multiple factors will contribute to this reduction in relative sputter depth profile film 

thickness. 
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Figure 4.21: VASE thickness values as a function of TMA-HF pre-cycles. Fluorine content as a function of 

TMA-HF pre-cycles is also plotted to show the correlation between the two. 

Sputter depth profile thickness is a function of the total number of atoms that are removed 

whereas ellipsometry thickness is associated with the path length of light and change in 

polarisation. This view is a simplistic way to compare and contrast the relative thickness values 

given by each analysis technique. Ellipsometry is dependent on refractive index and so if you have 

two films with the same thickness but one has a lower refractive index, generally, it will also have 

a lower density. Comparing the sputter depth profile of two films with the same ellipsometric 

thickness, but different densities, will show as having a different thickness. This difference is 

because the denser film will have a larger number of total atoms to sputter and so a higher dose 

is needed to completely sputter the film away from the substrate.   
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Figure 4.22: Oxygen depth profile of 250 cycles of TMA-H2O films after varying pre-dosing of reaction 

chamber with TMA-HF. 
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Figure 4.23: Plot of film thickness against relative amount of fluorine per sputter dose 
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AlF3 has a lower density then Al2O3 and a lower refractive index (Table 4.3). When comparing 

the two, if the deposition rate resulted in a similar ellipsometric thickness, then the sputter depth 

thickness of the AlF3 would be thinner than the Al2O3. Applying this principle to a system that is 

progressively becoming more doped with fluorine leads to the conclusion that refractive index 

and density will both reduce. This trend is generally seen in the ellipsometry and sputter dose 

thickness analysis. From this we can infer that at a higher number of TMA-HF pre-doses, a less 

dense, thinner film with a lower refractive index is deposited. This variation must be considered 

when depositing fluorine doped aluminium oxide as a gate dielectric as gate oxide thickness has 

a dramatic effect on device characteristics. 

 
AlF3 Al2O3 

Density (gcm-2) 2.88 3.95 

Ri (n) (@632.8nm) 1.36 1.7659 

Crystal structure Rhombohedral Trigonal 

 

Table 4.3: Material properties of crystalline aluminium fluoride and aluminium oxide 

Several mechanisms for the fluorine incorporation throughout a deposition cycle can be 

postulated. The first pathway is due to the etching of AlF3 on the walls of the reactor by TMA 

which creates the volatile precursor FAl(CH3)2. This chemical is transported to the substrate 

surface and reacts with –Me or –OH surface sites. This mechanism is explored further in 

subsequent chapters. 

The second pathway is due to the reaction of H2O with AlF3 to produce HF and Al(OH)3 (5). 

(5) 

𝐴𝑙𝐹3 + 3𝐻2𝑂 →  𝐴𝑙(𝑂𝐻)3 + 3𝐻𝐹 
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 The release of HF on each pulse of water coupled with the FAl(CH3)2 produced on the TMA 

dose leads to the incorporation of fluorine into the deposited film through the consumption of 

AlF3. 

The reservoir of AlF3 that is deposited after 140 cumulative cycles of TMA-HF leads to a large 

amount of fluorine incorporation. It was found that the level of fluorine incorporated into 

subsequent Al2O3 films did not diminish even after a large amount of “over coating” Al2O3 is 

deposited. The initial thought was that if enough aluminium oxide is deposited over the 

aluminium fluoride then it will act as a barrier. This would then prevent consequent TMA 

exposure from encountering an AlF3 surface however, even after over coating with 200nm of 

Al2O3, fluorine is still incorporated into subsequently deposited material.  

The most effective approach taken to remove AlF3 contamination was to expose the reaction 

chamber to a nitrogen plasma. It is documented that a nitrogen plasma is effective at removing 

surface fluorine species and even more so when compared to an oxygen plasma29. This is due to 

the formation of NF3 being more kinetically favourable than oxygen analogues30. For the case of 

ALD AlF3, nitrogen plasma treatment of the reactor was found to reduce the amount of fluorine 

contamination within consequent deposited aluminium oxide films. The effectiveness of this 

removal approach was tested by coating the walls of the reactor with AlF3 and studying the 

incorporation of fluorine into ALD alumina after varying exposure time to nitrogen plasma. The 

reactor wall had an AlF3 coating which, after 250 cycles of TMA and H2O, initially lead to 310 

fluorine counts per ion dose (1e15 ions per cm2). An N2 plasma was activated for 5 minutes after 

which, a new silicon token was placed within the reactor, 250 cycles of TMA-H2O were 

performed and the fluorine content determined using LEIS. Various N2 plasma exposure times 

were tested, and the accumulative number is plotted against F content in Figure 4.24. Reactor 

walls were maintained at 150°C and the substrate platen temperature at 200°C. The fluorine 

content does eventually reduce to an undetectable level after 120minutes of plasma exposure time. 

The trend itself isn’t quite linear and interesting features are present within the depth profiles of 



 

 
183 

 

different exposure times. As seen before, the VASE calculated film thickness is lower for films 

with higher concentrations of fluorine but increases as the fluorine content is reduced (Figure 

4.25). This further supports the trend seen during the pre-dosing of AlF3 study. 
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Figure 4.24: Fluorine incorporated into 250 cycles of TMA-H2O decreased with total exposure time of N2 

plasma. 
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Figure 4.25: VASE thickness values as a function of cumulative nitrogen plasma dose. LEIS fluorine content 

as a function cumulative nitrogen plasma dose is also plotted to show the correlation between the two. 

An apparent difference in the deposited film after N2 plasma treatment of the reactor is the 

location of the fluorine throughout the film. The fluorine content seems to accumulate at the top 

surface of the film after which the content decreases and gives a flat even distribution throughout 

the remainder (Figure 4.26). This increase in fluorine content at the surface of the film cannot 

be explained by a progressive increase in available fluorine, as in previous deposition studies, 

because the only source of fluorine is from the AlF3 on the reactor walls. The only transport 

mechanisms are due to FAl(CH3)2 in-situ synthesis and HF release due to the reaction in ((5). 

Further kinetic and mechanistic potential explanations exist. The first mechanism is associated 

with a progressive increase in FAl(CH3)2 generation due to etching of the AlF3 creating a larger 

surface area. The more etching that occurs, the more active sites become available for further 

etching and creation of AlF(CH3)2. The generation of FAl(CH3)2 is not self-limiting and is dictated 

by surface area and temperature. This would help explain a progressive increase of F content 

which would increase with each subsequent TMA/H2O cycle. This is not the case for film 

deposited post nitrogen plasma treatment and so additional pathways may exist.  
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Figure 4.26: LEIS depth profile of 250 cycles of TMA-H2O after 5 minutes of N2 plasma treatment to 

removal residual AlF3 from the walls of the reactor. 

Another potential explanation could be due to mobility of fluorine within aluminium oxide. In a 

typical material, this mobility would lead to diffusion of fluorine throughout the film resulting in 

an even distribution. In the case of ALD, each successive layer of Al2O3 can potentially act as a 

“sink”. This will provide a continual diffusion gradient resulting in an accumulation of fluorine at 

the growing edge with a residual amount of fluorine remaining in the already deposited material.  

Nitrogen plasma treatment provides an effective way to remove or passivate AlF3 contained on 

the reactor walls. This allows for minimal pre-dosing of the reactor and consequent removal to 

enable an effective route for reproducible fluorine incorporation into Al2O3. This method has 

been used to deposit fluorine doped aluminium oxide with a fluorine content higher than that 

which can be achieved using ammonium fluoride solution. 5, 10 and 15 pre-dose cycles were used 

in the deposition of fluorine doped aluminium oxide as a gate oxide during the fabrication of 

MISHEMT devices. The pre-dose is also consequently reduced during N2 plasma cleaning of the 

substrate meaning deposition trends are not fully relatable to the previous studies.  
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4.6 Device Performance and Electrical Characterisation 

Fluorine doped aluminium gate oxides were implemented during the fabrication of MISHEMT 

devices and electrical performance testing was performed. The approach taken for device 

fabrication was to pre-dose the reactor with 15 TMA-HF cycles which consisted of 0.02s exposure 

times for TMA and HF with each followed by 15 seconds of purge time. The reactor walls were 

set to 150˚C while the reactor stage was at 200˚C. Before each deposition, substrates were cleaned 

using a combination of a 15 minute sonication in acetone (Sigma Aldrich), a subsequent 15 

minutes sonication in isopropyl alcohol (Sigma Aldrich) followed by a 5 minute exposure to 150W 

nitrogen plasma within the reaction chamber. After deposition, devices were subsequently 

forming gas annealed at 430˚C for 30 minutes.  

Device structures have been discussed previously and were formulated by a wider consortium 

within the Engineering and Physical Sciences Research Council Programme Grant No. 

EP/K014471/1 “Silicon Compatible GaN Power Electronics”. The purpose of the electrical 

testing was to determine the influence of fluorine doping on the threshold voltage of the 

MISHEMT device. Fabrication was conducted across multiple universities which can often lead 

to inconsistencies between batches of device fabrication. These differences are not accounted for 

within this performance testing but must be considered when drawing conclusions.  

Figure 4.3 acts as a reminder at this point and describes the device architecture which has been 

fabricated. Identical E (enhancement) mode devices (A and B) were fabricated to study the effects 

of a fluorine doped gate oxide. Evaluation of the electrical properties of these devices involves 

applying a constant potential difference (10V) between the drain-to-source (VDS) a voltage sweep 

of the gate relative to the source (VGS) is performed while monitoring the current passing from 

the source-to-drain (IDS) as well as the current from the gate-to-source (IGS) (Figure 4.27, Figure 

4.28, Figure 4.31, Figure 4.32).   The second test is conducted by applying zero volts to the gate-
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to-source (VGS) and increasing the voltage applied between drain and source (VDS) while 

monitoring the drain source current (IDS)(Figure 4.29, Figure 4.30). IDS plotted again VGS while 

performing a voltage sweep allows for the threshold voltage (VTH) of the device to be determined 

as well as any leakage current between the gate and source. Increasing the voltage applied between 

the drain and source while monitoring the current, allows for the breakdown voltage to be 

determined.   
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Figure 4.27: IDS against VGS. The 3 plots show 
varying sweeps in VGS this gives 3 data points to 

calculate threshold voltage. The data is for Device A 

Figure 4.28: IDS against VGS. The 3 plots show 
varying sweeps in VGS this gives 3 data points to 

calculate threshold voltage. The data is for Device B 

Figure 4.30: IDS and IGS against VGS. VGS = 
0v. The plot is showing the IDS and IGS up to 

200V VDS demonstrating no breakdown with low 
level of current leakage.  The data is for Device B 

Figure 4.29: IDS and IGS against VGS. VGS = 
0v. The plot is showing the IDS and IGS up to 

200V VDS demonstrating no breakdown with low 
level of current leakage.  The data is for Device A 
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Figure 4.32: IDS and IGS against VGS. The 3 plots show varying sweeps in VGS this gives 3 

data points to calculate threshold voltage as well as leakage current. IGS shows no breakdown up 

until 15V. The data is for Device B 

Figure 4.31: IDS and IGS against VGS. The 3 plots show varying sweeps in VGS this gives 3 

data points to calculate threshold voltage as well as leakage current. IGS shows no breakdown up 

until 15V. The data is for Device A 



 

 
189 

 

Device Threshold Voltage Breakdown Voltage GS breakdown Voltage 

A -E Mode +2.3 >220V >15V 

B- E Mode +2.5 >220V >15V 

Ref- E mode +0.99  - - 

NH4F-E mode16 +2.3 - - 

Table 4.4: Summary of electrical properties of devices produced using AlF3 etching and NH4F fluorine doped 

aluminium oxide compared to aluminium oxide. Fluorine doped aluminium oxide via both NH4F and AlF3 

routes result in a positive threshold voltage shift when compared to aluminium oxide. 

E mode devices fabricated using ALD fluorine doped aluminium oxide have shown a 

reproducible positive threshold voltage shift when compared to undoped aluminium oxide 

(Table 4.4). The fabricated devices show a breakdown voltage from drain to source to be greater 

than 220V and greater than 15V for gate to source. These properties are required for a MISHEMT 

high power device to operate safely and effectively. The properties were also quite consistent 

between the two devices tested showing, from an ALD deposition and total device fabrication 

point of view, a degree of reproducibility.   

LEIS data of spectator wafers (Si<111>/AlN nucleation layer/graded AlGaN layer/ C doped 

GaN at 5 x1018cm-3/undoped GaN/1nm) show fluorine present within the deposited film and 

an accumulation at the substrate interfaces (Figure 4.33 & Figure 4.34).  
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Figure 4.33: LEIS depth profile of 250 cycles of TMA-H2O following 15 pre-dose cycles of TMA-HF onto 

GaN/Si substrate 
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Figure 4.34: Repeated LEIS depth profile of 250 cycles of TMA-H2O following 15 pre-dose cycles of TMA-

HF on GaN/SI substrate. Ga energy profile not analysed to provide better resolution for Al, O and F lines. 
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LEIS depth compositional profiles for both types of spectator wafer show similar materials 

deposited on both. The oxygen trace shows that the film deposited on GaN/Si wafer is thicker 

in terms of sputter dose thickness. The film deposited onto a GaN/Si substrate has an oxygen 

half dose thickness of 97.1 x 1015 ions/cm2 while the film deposited on Si<100> has a value of 

91.4 x 1015 ions/cm2 (Figure 4.34, Figure 4.35, Figure 4.36).  
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Figure 4.35: LEIS depth profile of 250 cycles of TMA-H2O following 15 pre-dose cycles of TMA-HF on 

Si<100> substrate.  

The difference seen in oxygen half dose thickness values may be attributed to several explanations. 

Both substrates were cleaned using the same chemical rinse approach as well as N2 plasma 

treatment. Each substrate will contain a different type of surface oxide after nitrogen plasma 

treatment. The initial surface chemistry presented by each substrate will be significantly different 

which could account for a difference in initial growth rate. This initial growth rate will have a 

greater influence on total average growth rate if the film is relatively thin.  Conversely, if we look 

at the oxygen trace independent of the other traces, the difference in perceived thickness could 

simply be due to a difference in native surface oxide for each type of substrate. The interface 

between the substrate and thin film shows a clear increase in fluorine content in both cases. This 
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shows a preference for fluorine to migrate to this area. This will undoubtedly influence the 

interface states which affects the electrical properties of the gate oxide on the conduction channel. 

What can be said about the deposition approach is that it has led to a relatively similar thickness 

of fluorine doped aluminium oxide with a relatively similar amount of fluorine doping. The total 

integrated fluorine content for the film deposited on the GaN/Si substrate is 1246 counts whereas 

for the Si<100> substrate the total fluorine content was 1283 counts. The difference in values is 

remarkable low and shows that analysis of the silicon spectator wafer is a good comparison to 

GaN/Si and device substrates.   
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Figure 4.36: Comparison of the LEIS depth profile for Si<100> and GaN/Si substrates with 250 cycles of 

TMA-H2O following 15 pre-dose cycles of TMA-HF.  
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Additional information was obtained from cross sectional scanning transmission electron 

microscopy (STEM). Electron transparent TEM lamellae were prepared by the lift out technique, 

using a FEI Helios 600i, Ga ion, dual beam FIB; a final polishing step at 5 kV was applied. 

 

Figure 4.37: Full layout of test device. Tested 
MISHEMT device situated on the top left of image. 
This can be seen in optical microscope image in figure 

below. 

Figure 4.38: Optical microscopy image of 
MISHEMT devices 

Figure 4.39: Focussed region of selected MISHEMT 
device where focus ion beam (FIB) milling is to be 
conducted. The source is located on the left and the 

drain on the right. The contact pad at the bottom is for 
the gate electrode. 

Figure 4.40: STEM image of device post FIB 
processing 
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Figure 4.43: STEM EDX mapping image of recess etched area of device showing further elemental composition 
as well as where elemental line scan is performed. 

Figure 4.41: STEM image of FIB cross section of 
device. Starting from the bottom of the image to the 
top, the device architecture can be seen. (Figure 4.3) 

Figure 4.42: STEM EDX mapping image of recess 
etched area of device showing elemental composition. 
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Figure 4.44: Plot of EDX line scan showing elemental composition based on counts from K and L lines. 

STEM analysis was performed in a probe side aberration-corrected JEOL 2100FCS microscope 

operated at 200kV. Both bright field (BF) and high angle annular dark field (HAADF) images 

were captured in STEM mode. Scattered electrons were collected using a HAADF detector over 

a semi-angle ranging from 70 – 190 mrad to produce z-sensitive dark field images.  

TEM/EDX analysis of a FIB cross section shows a detailed device structure and confirms the 

fluorine content within the aluminium oxide of the tested device (Figure 4.44). The fluorine 

distribution is more evident when compared to the LEIS data of the GaN spectator wafer. The 

distribution seen from the EDX is post anneal and post electrical testing both of which have an 

influence on fluorine mobility. Fluorine is more highly concentrated at the interfaces of the gate 

oxide in comparison to the LEIS data. The TEM images show that the ALD layer is highly 

conformal with a thickness of approximately 20nm. This thickness agrees with the LEIS data and 

predicted growth-per-cycle rate of F doped Al2O3.  
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4.7 Experimental 

The deposition of aluminium oxide and fluorine doped aluminium oxide was conducted on an 

Oxford instruments plasma OpAl reactor. TMA and H2O were alternatively dosed into the 

reactor for the growth of aluminium oxide thin films. TMA and HF-pyridine were alternatively 

dosed into the reactor for the growth of AlF3 thin films. Alternative cycles of TMA and H2O with 

TMA and HF-pyridine were initially used to deposit fluorine doped aluminium oxide. Consequent 

fluorine doping as conducted by pre dosing the reaction chamber with TMA and HF-pyridine 

after which TMA and H2O were alternatively dosed into the reactor which resulted in the 

deposition of fluorine doped aluminium oxide. Fluorine doped aluminium oxide was also 

deposited by alternatively dosing TMA and an ammonium fluoride solution (40% NH4F:H2O). 

The delivery pipelines and manifold lines were heated to 100°C to prevent condensation of 

precursors and by products. The reactor walls were heated to 150°C and the substrate platen was 

heated to 200°C. Ultra-high purity argon gas (BOC 99.998%) was used as a carrier gas at a flow 

rate of 100sccm. Ultra-high purity nitrogen gas (BOC 99.998%) was used to supply nitrogen to 

the plasma unit. Plasma treatment was conducted using a nitrogen flow of 100sccm and a plasma 

power of 150W for varying exposure times. The ALD reactor was maintained at a stable low 

pressure of 0.05 mbar by an Adixen A103P dry pump. Table 4.5 details the typical timing 

sequences used for the deposition of aluminium oxide and aluminium fluoride and fluorine doped 

aluminium oxide. 

Precursor Exposure time (s) Purge time (s) 

TMA 0.02 15 

HF-Pyridine 0.02 15 

H2O 0.02 15 

NH4F:H2O 0.02 15 

Table 4.5: Precursor pulse length and purge times for ALD of aluminium oxide, aluminium fluoride and 

fluorine doped aluminium oxide. 
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A typical ALD cycle was conducted through the following steps: (a) 0.02s dose of TMA; (b) a 15s 

purge of Ar gas under vacuo to remove excess TMA and any by-products; (c) a 0.02s dose of H2O, 

and (d) a 15s purge of Ar gas under vacuo to remove excess H2O and any by-products. For the 

deposition of aluminium fluoride, a typical ALD cycle would be conducted using the following 

steps: (a) 0.02s dose of TMA; (b) a 15s purge of Ar gas under vacuo to remove excess TMA and 

any by-products; (c) a 0.02s dose of HF-Pyridine, and (d) a 15s purge of Ar gas under vacuo to 

remove excess HF and any by-products. A combination of the two previous cycles would be used 

to pre dose the reactor with AlF3 and then deposit fluorine doped aluminium oxide. 

A variety of ex-situ characterisation techniques were employed for the characterisation of the 

aluminium oxide, zinc oxide and hafnium oxide thin films. The films were also grown onto a 

number of different substrates including, Si (100) wafers (p-type, PI-KEM) and GaN on silicon 

(IQE). Si wafers were used straight from the manufacturer and the glass slides were subjected to 

acetone and isopropanol washing before being dried under pressurised nitrogen. GaN on silicon 

wafers were cleaned using a combination of a 15 minute sonication in acetone (Sigma Aldrich), a 

subsequent 15 minutes sonication in isopropyl alcohol (Sigma Aldrich) followed by a 5 minute 

exposure to 150W nitrogen plasma within the reaction chamber. Film thickness was determined 

using spectroscopic ellipsometry. The ellipsometry was conducted using a fixed angle (70°) 

spectroscopic HORIBA JobinYvonne spectrometer.  Ψ, Δ were determined over a 350-800nm 

wavelength range. Using the spectroscopic data, models were produced to achieve values for film 

thickness and refractive index. Models with a 2 value <0.3 were considered to produce a good 

fit with the experimental data achieved.  

4.8 Conclusions 

Fluorine doping of aluminium oxide was successfully conducted and methods were developed to 

allow for the deposition of fluorine doped aluminium oxide. LEIS studies allowed for this control 

to be studied and provided an effective way to characterise fluorine content within an ALD thin 

film. Metal-insulator-semiconductor high mobility field effect transistors were fabricated with the 
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incorporation of fluorine doped aluminium oxide as the gate oxide. Devices were tested and it 

has been shown that the incorporation of fluorine results in a positive shift in threshold voltage. 

This shift is thought to be associated with a reduction in the intrinsic positive charge of ALD 

aluminium oxide. The complete mechanism for this reduction is not fully understood however, 

it is thought to be associated with the filling of oxygen vacancies and replacement of oxygen 

atoms with the more electronegative fluoride ion. Fluorine can act as either a donor or acceptor 

of electrons which enables charge compensation/neutralisation within the bulk aluminium oxide. 

The reported method for fluorine doping of aluminium oxide has shown promise in enabling 

future high-power MISHEMT devices by providing a technique for the manipulation of threshold 

voltage through controlled gate oxide deposition. The approach taken has a number of factors 

such as reaction chamber temperature, chamber surface area and pre-dosing steps which would 

prove difficult to replicate and transfer to another reactor. These parameters are highly variable 

between different reactor systems meaning replication across reactor systems would take 

significant effort.  The chapter which immediately follows presents a novel way to alleviate these 

issues and provides a more controlled and scalable approach. 

Enabling the control of ALD fluorine doped aluminium oxide allows for deposition to also be 

applied in other far reaching applications such as catalysis31, as a barrier film in magnetic tunnel 

junctions32 or to allow for the controlled incorporation of Al and F in zinc oxide for TCO 

applications33,34.  
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5.1 Abstract  

A novel approach for the fluorine doping of aluminium oxide has been explored which has 

resulted in the development of a pulsed fluidised bed powder atomic layer etching system. The 

system exploits atomic layer etching, for the in situ generation of volatile fluorine precursors for 

the atomic layer deposition of fluorine doped aluminium oxide. A range of parameters was 

investigated to establish their effect on fluorine incorporation into atomic layer deposited 

aluminium oxide thin films. How these parameters are used to control the fluorine content is 

considered. The fluorine species, created in situ, is analysed using NMR to identify its molecular 

configuration. NMR spectroscopy studies confirm the existence of FAlMe2, which is the theorised 

species created during the etching of AlF3 with AlMe3. The research provides an effective and 

practical way to deposit fluorine doped aluminium oxide without the use and generation of 

hydrogen fluoride.  

5.2 Introduction  

In the previous chapter, a new method was developed for fluorine doping in aluminium oxide 

and was shown to provide a route for increasing the threshold voltage of MISHEMT E-mode 

devices. This demonstration may open a pathway for increasing the limits of current high-power 

field effect transistors. Fluorine doping may also provide advances in other areas yet to be tested 

such as capacitors, memory devices and transparent conducting oxides.  

Further understanding of reaction pathways and more practical methodologies for the 

implementation of fluorine doping are required. The method developed in chapter 4 was shown 

to be effective but suffered from several issues. If the approach is to be applied by other research 

groups, it would require significant conditioning and calibration testing before deposition. This is 

due to reactor specific conditions such as surface area and temperature controls which affect 

fluorine doping. This chapter explores a new methodology which takes the previous approach 
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and applies it in a more practical and controllable way. The new method also allows for further 

investigation of surface mechanisms and reaction pathways of ALE and ALD techniques. 

The most restrictive aspect of the previous approach is the fact that AlF3 must be grown on the 

reactor walls. This growth leads to several conflicting issues. The first and most obvious is that 

the reactor is consequently contaminated with AlF3 and must be removed before the reactor can 

be used for other deposition approaches. This is not normally an issue as ALD deposited materials 

are not usually volatile and so remain where they are deposited. The fact that AlF3 can be etched 

upon exposure to TMA means that fluorine will be incorporated into any consequent films that 

use TMA as a precursor. TMA is one of the most used ALD precursors meaning if ALD of AlN, 

Al2O3 etc is performed, fluorine will be incorporated. This may have adverse effects on the desired 

materials and electric properties of the deposited films. The amount of TMA converted into the 

etching by-product will also be controlled by the surface area of AlF3 available as well as the 

temperature of the AlF3. These parameters will vary drastically between reactor designs leading 

to inconsistencies. Removing the AlF3 source from the reaction chamber will help to alleviate 

these issues as it will provide a way to control surface area and source temperature. 

Removing the AlF3 source presents two possible choices. The first is to have an intermediate 

chamber which can be by-passed where TMA and HF can be reacted to produce AlF3. TMA and 

H2O can then be pulsed through this chamber to produce a controlled amount of FAlMe2 and 

HF which is then transported to the main reactor chamber for the deposition of F-doped Al2O3. 

This approach appears reasonable but still involves the use of the dangerous fluorine source HF-

pyridine. It would be desirable to remove as many hazards from the process as possible.  

A second, safer and more practical option is considered. Instead of synthesising the AlF3 via an 

ALD approach, it would be much easier to use a commercially available AlF3 source. Anhydrous 

AlF3 powder is available from a wide range of suppliers. This powder would be an ideal fluorine 

source as it removes the issue of handling HF materials and can easily be removed from a 

container after use. Using an AlF3 powder does present issues of its own. For instance, the powder 
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needs to be self-contained to prevent transport into other parts of the reactor, the surface area of 

the powder may contribute significantly to the deposited product and the extra surface area means 

longer purge and retention times will be required for ALE and ALD processes to complete. 

Taking these issues into consideration and to initially test powdered AlF3 as a fluorine source, a 

powder ALD approach was taken. 

5.2.1 ALD Powder Coating 

ALD powder coating is a technique which has attracted much attention. This is especially so in 

catalysis applications as it provides a way to coat large surface area materials with functional 

layers1. ALD powder coating is also used in the production of anode and cathode lithium base 

battery materials2,3 . Several different approaches have been taken in order to achieve conformal 

ALD coating of powders. It is widely accepted that if powders are static during ALD coating only 

partial coverage occurs, consequently powders need to be agitated, so that all surfaces are exposed 

to precursors, in order to achieve conformal coating. The industrial coating of powders often uses 

spray coating approaches within either a fluidised bed or drum set-up. During drum coating, a 

chamber is rotated containing a powder with a coating nozzle positioned within the chamber. In 

a similar way to a tumble drier, a drum coater can be set to rotate at a specific speed in or to 

provide constant agitation to the powder being coated. This methodology has been applied to 

ALD applications and has been shown to be an effective way to agitated particles during atomic 

layer deposition4.  

Fluidised bed ALD is an interesting concept as the typical way to fluidise a powder is to use a 

fluid (liquid or gas) which agitates particles, suspending them, allowing total surface exposure to 

precursors. A high flow of gas is typically needed in order to agitate powder particles which is 

counterintuitive to ALD deposition approaches as they typically need low pressures to transport 

precursors and remove volatile by-products. Fluidised powder bed agitation would therefore be 

limited to only coating powders with ALD approaches that work effectively at near atmospheric 
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pressures. The number of atmospheric or near atmospheric ALD systems is very limited and 

typically require long purge and exposure times.  

High gas flows are used to create non-bubbling fluidised beds, but this is not the only approach 

to fluidise a bed of powder particles. Mechanical approaches have been used to provide effective 

agitation of powders. These include magnetically coupled stirring mechanisms as well as vibrator 

motors5. These alternative approaches allow for the low pressures required in ALD to be realised 

while also providing a route to fluidising powders. Mechanical means of agitation often requires 

bespoke reactor design or extensive modification of commercially available reactors.  

An alternative approach which provides the benefits of a gas fluidised bed without the need for 

constant atmospheric pressure is a pulsed fluidised bed6. A pulsed fluidised bed is static for the 

most part but can be pulsed with a gas flow to rearrange the orientation of the powder. This can 

be done several times to allow particle surfaces to be exposed to ALD precursors. Due to the 

self-limiting nature of ALD, exposing powder particles to multiple pulses of the same precursor 

will not lead to uneven growth. Precursors will only react with active surface sites and then self-

terminate preventing further reactions. Combining ALD with the pulsed fluidised bed approach 

allows for particles to be agitated and coated while also retaining a vacuum. A short pulse of gas 

can be used to agitate powders which can then be evacuated from the reaction chamber. This 

technique provides an effective way to transport precursors and remove volatile by-products, 

allowing for an ALD reaction approach to be maintained. 

Implementing a pulsed fluidised bed on a commercially available ALD reactor requires significant 

effort in order to modify parts and potentially change software control routines. To avoid this, a 

self-contained modification is preferable.  
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5.3 Implementation of Fluidised Bed in Picosun System 

This approach was followed using a Picosun reactor by modifying the so-called reactor “hat”. 

The hat is simply a part which can be removed from the reactor but provides a more ideal setup 

for different ALD applications.  The typical “hat” consists of a graduated straight vertical tube 

with a large flange situated at the widest end. Within this graduated tube, a mesh can be 

positioned, and samples placed on top to be coated (Figure 5.1).  

The hat is easily removed and replaced to enabled other coating options. A hat was designed 

which allows introduction of a small pulsed fluidised bed canister. A pulsed fluidised bed canister 

design was previously implemented by the Chalker group for the ALD coating of powdered 

materials. It is this design which will be used to test the viability of performing ALE of AlF3 

powder within an ALD reactor. 

The canister design allows for flow gases to be redirected which creates an upwards force on a 

powder bed (Figure 5.2). Varying the amount of gas which pass through the reactor allows for 

Figure 5.1: Diagram showing basic reactor layout of Picosun reaction chamber. 1. Reactor lid. 2. Precursor and 
purge gas inlets. 3. Top hat. 4. Sealing gasket for top hat. 5. Sample holding mesh. 6. Vacuum source. 
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the powder to be agitated. Each flow gas line into the reactor is controlled by a mass flow 

controller. This allows for precise control of gas flow through the reactor and pulsed mode 

operation (boosting) whereby flow gas and precursor can be intermittently admitted into the 

reactor at an increased flow gas rate. This pulsed operation was coupled with the use of a gate 

valve, positioned at the vacuum source, to create a pulsed fluidised bed with precursor retention. 

This enables agitation of powders whilst retaining the precursor within the reaction chamber. The 

increased retention time allows for the precursor to diffuse throughout the large surface area, 

which is typically associated with powdered materials, for more effective coating.  

The canister is easily disassembled which enabled loading and unloading of powders. The design 

has been shown to conformally coat silica particles with TiO2 7. Using this setup to provide 

agitation during ALE required further development, building on the previous fluidised bed 

approach. 

Figure 5.2: Implementation of pulsed fluid bed canister into reaction chamber. The canister is positioned so flow 

gas is forced through the bottom and up through the frits which agitates the powder. The gas then flows through 

the top frit and through to the vacuum source. The powder is fully contained between the two frits. 1. Reactor 

Lid. 2. Precursor and purge gas inlets. 3. Canister sealing gasket. 4. Bottom frit (60µm pore size). 5. Powder 

chamber. 6. Top frit (60µm pore size). 7. Vacuum source. 
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5.3.1 Testing of Aluminium Oxide Deposition Process with AlF3 Powder Fluidised Bed 

System 

Atomic layer etching of AlF3 powder for the synthesis of fluorine precursor for the deposition of 

the fluorine doped aluminium oxide was performed by using a SUNALETM R-200B ALD 

(Picosun Oy) reactor system which was modified to create a pulsed fluidised bed etching canister. 

This initial study used 1.0g AlF3 powder (Sigma Aldrich) which was positioned between the two 

sintered frits within the pulsed fluidised bed canister.  Spectator wafers were positioned at location 

4., referred to as “position 1” and location 6. related to as “position 2” based on Figure 5.2. 

These locations were chosen to gauge the difference in the deposited material before and after 

the AlF3 bed. The ALD reactor was pumped using a dry mechanical vacuum pump. The base 

pressure of the reactor without any flow gas was <1 hepta Pascal (hPa) which is the equivalent to 

1 mbar. Separate mass flow controllers (MFC) were used to provide N2 (BOC 99.9% ultra-high 

purity UHP) carrier gas for each precursor source. An additional MFC supplied an independent 

source of N2 flow gas through the reactor. Each separate MFC attached to the four possible 

precursor sources delivers a constant flow of 100sccm of UHP N2 carrier gas into the reaction 

chamber. The main inlet of carrier gas delivers UHP gas at a flow rate of 300sccm. The total N2 

gas flow produced a background reactor pressure of ~20hPa. The recipe used for the deposition 

of Al2O3 is detailed in Table 5.1. A multi-precursor pulse approach as well as “boosting” of 

400sccm was used to allow for the conformal etching of AlF3 particles and to help prevent their 
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agglomeration. The reaction chamber was set to 200˚C and the precursor bubblers were at 

ambient temperature. The reactor operating pressure was 19.0 mbar.  

 

 

 

 

 

 

 

 

 

Table 5.1: Picoson recipe for pulsed fluidised bed deposition. The details for an equivalent of 200 

cycles of TMA and H2O are described. 
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5.3.2 LEIS Analysis of Film Deposited Using AlF3 Powder 

The equivalent of 200 TMA-H2O cycles were completed and the deposited films were analysed 

by LEIS. Analysis of the position 1 spectator wafer (Figure 5.3, Figure 5.4) shows that no 

detectable fluorine is present within the film. This shows that minimal back diffusion of the 

generated fluorine precursor occurs in the reactor setup.  
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Figure 5.3: LEIS energy depth profile of sample at position 1. Legend shows total sputter ion dose. 0 

represents the top surface of the sample and each subsequent line is the surface after sputtering.  
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Figure 5.4: LEIS depth profile showing Al, F and O content of deposited film at position 1. 

LEIS energy depth profile analysis of the sample at position 2 shows a significant amount of 

fluorine incorporation into the film (Figure 5.5, Figure 5.6). This confirms that volatile fluorine 

species can be produced from powdered AlF3 by passing TMA and H2O through an agitated 

powder bed. The fluorine distribution differs from previously produced samples using an ALD 

AlF3 source. In this case, the fluorine content gradually increases towards the surface of the film 

and reaches a maximum at the surface. In all previous cases, the maximum amount of fluorine is 

present at the surface but the distribution throughout the rest of the film is somewhat different. 

The aluminium-to-silicon transition in the depth profile is also more pronounced, with Al counts 

decreasing in the vicinity of the Si substrate.  
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Figure 5.5: LEIS energy depth profile of sample at position 2. Legend shows total sputter ion dose. 0 
represents the top surface of the sample and each subsequent line is the surface after sputtering. 

0 10 20 30 40

0

200

400

600

800

1000

1200

1400

1600

1800

in
te

g
ra

te
d

 y
ie

ld

Dose (1e15 ions/cm²)

Al/Si

 F

 O

 

Figure 5.6: LEIS depth profile showing Al, F and O content of deposited film at position 1. 

A comparison of the two films at each position (Figure 5.7) shows several differences. The most 

apparent is the difference in film sputter dose / thickness. The film grown at position 2 is 

approximately a third as thick as the film grown at position 1. This variation in growth rate was 
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seen in the chapter 4 when using super cycles of TMA-HF and TMA-H2O. The incorporation of 

fluorine reduces the growth rate significantly. This reduction will again be linked to the dual 

etching and growth mechanism which occurs at 200˚C. HF is produced during H2O exposure to 

the AlF3 powder. The HF fluorinates surface Al-OH and Al-Me sites leading to the generation of 

FAlMe2 after subsequent exposure to TMA. The consequence of this is that deposited Al2O3 may 

be etched away. The competing reactions of FAlMe2 and AlMe3 onto -OH and F sites will also 

occur, leading to competitive etching and growth mechanisms, however, the dominant deposition 

process results in a net growth, but at a reduced rate compared to normal TMA and H2O (e.g. 

1.1Å/cycle). 
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Figure 5.7: LEIS depth profile comparison between the Al, F and O content of films grown at position 1 and 
position 2. 

Confirmation that AlF3 powder may be used as a reactive fluorine source to produce volatile 

fluorine species upon exposure to TMA and H2O, justifies the further development of an atomic 

layer powder etching in situ precursor synthesis system.  
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5.4 Development of External Fluidised Bed System  

5.4.1 Design and Development 

Creating an external pulsed fluidised bed for ALD applications provides many benefits over one 

situated within a reaction chamber. A disadvantage of an internal system is that the temperature 

control would be affected by the chamber / platen deposition. For the case of TMA etching of 

AlF3 powder, varying the temperature allows for further experimentation to understand the 

reaction mechanisms and to afford more control of the fluorine incorporation. If the external 

pulsed fluidised bed can be positioned above a TMA source, it is possible to differentiate between 

the fluorine species created when AlF3 powder is exposed to TMA and when it is exposed to 

H2O. This allows for the species created in situ to be captured and analysed.  

Various system designs were considered and assessed. Within the constraints of the equipment 

available, the design was based on an external chamber fitted to a Cambridge Savanah reactor 

system. This reactor system provided the most flexibility, in terms of process control, as it is 

relatively easy to modify and adapt its control hardware compared to others such as the Opal or 

Picosun systems. The Cambridge reactor system is relatively simple, making it much easier to 

implement modifications. The reactor does have some unique features such as the precursor 

heater jacket system which uses resistance temperature detectors to control its heating elements, 

as opposed to thermocouples. Also, the control software only operates on a bespoke hardware / 

operating system. One limitations of the reactor system is the number of control ports for ALD 

valves and precursor lines which in this case is four. Another is the system has a maximum of 

eight heating channels. The maximum reactor chamber temperature is 350˚C and the maximum 

precursor heating temperature is 200˚C. With these limitations in mind, an external fluidised bed 

system was designed, built and tested. 
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Figure 5.8: External pulsed fluidised bed system for in-situ precursor synthesis through ALE for ALD 
deposition of fluorine doped aluminium oxide. 1. Mass flow controller. 2. ALD valve. 3. ALD valve. 4. Three-
way ALD valve. 5. Manual bellows valve. 6. Precursor bubbler. 7. Lower VCR sealing gasket with metal frit 
(60μm pore size). 8. Heated powder bed. 9. Upper VCR sealing gasket with metal frit (60μm pore size). 10. 

ALD valve. 11. Manifold (see methodology) 12. Heated reaction chamber. 13. Stop valve. 



 

 
218 

 

 

Figure 5.9: Picture of working system fitted with a bubbler containing TMA. 

Figure 5.8  is a diagram detailing the different parts of the system which were designed and 

assembled as shown in Figure 5.9. The premise of the system is that it can be integrated into the 

existing Cambridge Savanah  

5.4.2 Operating Principle of System 

The precursor system is fed by a pressurised argon line which has been split from the main feed 

to the manifold. This feed is followed by an “always closed” ALD valve (2. in Figure 5.8) which 

opens and closes allowing argon to pass into the following section. The next section is a short 



 

 
219 

 

length of tubing followed by another “always closed” ALD valve (3. in Figure 5.8). This short 

section allows for a controlled amount of argon to be held and passed through to the powder bed 

(8. in Figure 5.8). This geometry means that there is minimal impact on the argon pressure 

exerted on manifold MFC, ensuring a constant flow rate will be maintained. This section is then 

fed into a three-way ALD valve (4. in Figure 5.8). A three-way ALD valve operates by having 

one pathway always open and the other always closed. When the valve operates, the “always 

open” pathway is closed and the “always closed” pathway is opened. The argon line is fed into 

the “always open” pathway but is controlled by the previous ALD valve (3. in Figure 5.8) The 

always-closed pathway is fed by the precursor bubbler, which has a fail-safe bellows valve which 

is opened and closed manually. The valve allows for the pipe work above the bubbler to be 

outgassed and purged, preventing oxygen and water exposure to the precursor contained within. 

Above the three-way ALD valve is the powder bed section. The three-way ALD valve alternates 

between exposure to pressurised argon and the precursor. When activated, precursor can pass 

through and when inactive, the argon gas line may pass through. The powder bed is connected 

to the three-way ALD valve using a VCR gasket sealing system. The gasket used in this connection 

is filled with a metal frit (60μm pore size). This frit acts as the base of the powder bed allowing 

gases to pass while holding a powder. The following section of tubing is interchangeable 

depending on the amount of powder to be held and the length required above it for fluidisation. 

Above this, a top gasket frit seals the system, preventing powder from passing into the manifold 

and the ALD valve position above, while allowing gases to pass. The ALD valve position above 

the powder bed section acts as the control for exposure of precursors, generated within the bed, 

to the main reactor chamber. The precursors and gases pass through the manifold which has a 

constant flow of argon controlled by the MFC. The purge gas assists with the transport and 

removal of precursors from the main reaction chamber to the vacuum pump. After the reaction 

chamber, the system is fitted with a stop valve before the vacuum pump. This stop valve allows 

for evacuation to be stopped without switching off the pump, meaning that the reactor can be 

vented with argon and brought back up to atmospheric for removal of a coated substrate. The 
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stop valve also allows for precursor to be held within the reaction chamber. Holding precursor 

within a reaction chamber allows for high aspect ratio materials to be coated.  

The Cambridge reactor only has enough output signals to operate four ALD valves, however the 

powder system requires 5 outputs to function e.g. one for each of the ALD present within the 

system and an additional ALD valve that controls the reaction co-reagent (e.g. H2O). Another 

feature which is required but not facilitated within the reactor software, is the operation of two 

or more ALD valves simultaneously with separate controllers. To overcome these issues, ALD 

valves (2. in Figure 5.8) and (4. in Figure 5.8) have been paired as well as (3. in Figure 5.8) and 

(10. in Figure 5.8). This pairing is done by splitting the compressed gas line feed to the ALD 

valves which are controlled by ALD pilot valves. The split lines are independently fed into each 

ALD valve, allowing one pilot valve to operate two or more ALD valves at the same time. The 

pairing of valves (3. in Figure 5.8) and (10. in Figure 5.8) allows for the powder bed to be 

agitated, whilst also being purged. This is because when valve (3. in Figure 5.8) is open, argon 

passes through ALD valve (4. in Figure 5.8) into the powder bed chamber. As ALD valve (10. 

in Figure 5.8) operates simultaneously, argon flows through the powder bed chamber, agitating 

the powder, removing precursor and transporting reactive gases to the reaction chamber.  

The operating pathway of the system can be seen in Figure 5.10. The system initiates with an 

argon flow passing through the mass flow controller (1.) at a set rate while also stopping at ALD 

valve (2.) (Figure 5.10 (A)). During this time, paired valves (3., 10.) are held open for a set amount 

of time. This purges the system to the vacuum and lowers the pressure so that vessel is 

conditioned for the precursor to be dosed into the chamber. After purging for a specific amount 

of time, paired valves (3., 10.) are closed and paired valves (2., 4.) are opened. This passes argon 

into the segment before ALD valve (3.) while also pulsing precursor into the powder bed vessel 

(Figure 5.10 (B)). The valves are then consequently shut off and the vessel is held in a static state. 

After the desired amount of time has passed, paired valves (3., 10.) are opened again which causes 

pressurised argon gas to pass through ALD valve (3.) into the powder bed which mixes with 
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reactive gases. This gas mixture travels through ALD valve (10.) and into the reaction chamber 

(12.) via the manifold (11.) (Figure 5.10 (C)) 

 

Figure 5.10: A) initial setup of system, B) Operation of valves 2. and 4., C) Operation of valves 3. and 10. 
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The only part of this sequence which experiences a pressure increase is step C (Figure 5.10). This 

pressure increase can be used to gauge different effects during the operation of the system. Three 

different circumstances can be tested: the first is normal operation of TMA and argon passing 

through the powder bed and into the reaction chamber; the second is with the precursor manual 

valve closed. Consequently, only argon flows through the canister into the reaction chamber; the 

third circumstance is with pilot valve compressed gas feed to ALD valve 3 shut. This means that 

TMA is pulsed into the powder chamber which is then subsequently purged by the vacuum 

without argon flowing through the powder bed.  These three operation modes were tested at a 

range of temperatures, from 30 ˚C to 150 ˚C, to make sure operation at 150˚C was safe and did 

not lead to a runaway reaction or sudden pressure increase due to generated reactive gases. This 

was initially a potential safety issue as the powder bed is a closed system when TMA is exposed 

to the powder. By-products such as methane (CH4) or ethane (H3CCH3) may be generated, when 

FAlMe2 is produced. The amount of FAlMe2 produced is dependent on the conversion rate. As 

this is an unknown, the system was tested by gradually increasing the operating temperature with 

and without powder.   

5.4.3 Initial Parameter Testing of System 

5.4.3.1 Empty Canister 

Figure 5.11 shows the three different test parameters. It is no surprise that the highest pressure 

increase is seen with TMA and argon passing through the powder bed. It is worth noting that the 

time taken for the TMA and argon pulse to return to base pressure is shorter than the TMA only 

pulse. This demonstrates the benefit of passing argon through the powder bed as it assists with 

the removal of precursor from the powder chamber. The trace seen in Figure 5.11 shows a single 

opening of valves 3. and 10. for 30 seconds. The traces which follow show the same operation at 

50˚C (Figure 5.12), 100˚C (Figure 5.13) and 150˚C (Figure 5.14). This characterisation of the 

system without the addition of AlF3 powder acted as a baseline for further testing, which is 
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important as the addition of AlF3 powder effects the transient gas pressure, due to the generation 

of new species. The traces show that temperature does not have a huge effect on the relative 

pressure spike when the powder chamber is opened to vacuum. The only significant difference is 

evident when comparing a canister temperature of 30˚C for TMA only pulses to the other tested 

canister temperatures (Figure 5.15).   

The traces show that the canister pressure does not increase markedly between the temperatures 

of 50˚C and 150˚C. An explanation for this is because the TMA pulse may not reside within the 

chamber long enough for significant heat transfer to take place. The heat transfer efficiency is 

reduced further as the TMA pulse takes place under a reduced pressure, meaning most heat 
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Figure 5.14: Pressure transients of the three 
operation modes TMA and argon, argon only 
and TMA only at a canister temperature of 
150˚C and a reactor temperature of 200˚C 

Figure 5.13: Pressure transients of the three 
operation modes TMA and argon, argon only 
and TMA only at a canister temperature of 
100˚C and a reactor temperature of 200˚C 

Figure 5.12: Pressure transients of the three 
operation modes TMA and argon, argon only 
and TMA only at a canister temperature of 
50˚C and a reactor temperature of 200˚C 

 

Figure 5.11: Pressure transients of the three 
operation modes TMA and argon, argon only 
and TMA only at a canister temperature of 
30˚C and a reactor temperature of 200˚C 
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transfer occurs during surface interactions. Longer precursor hold times might lead to a bigger 

difference in canister opening pressures at the temperatures tested. This increasing pressure effect, 

might be further enhanced as a longer precursor hold time will result in greater conversion of 

TMA when AlF3 powder is present. Another effect of the powder will be to increase the total 

surface area available for heat transfer compared to the empty canister.  

5.4.3.2 AlF3 Contained Within Canister  

The same tests were performed with 1.0g of AlF3 powder within the powder canister. Once the 

required temperature set point was achieved, the system was left for a further two hours to allow 

for the powder temperature to equilibrate before proceeding with test runs. The traces from this 

set of testing show significant differences. This is especially so with the TMA only tests (Figure 

5.16, Figure 5.17, Figure 5.18, Figure 5.19). The pressure increase seen during TMA only pulses 

with powder present is significantly reduced compared to the empty canister. The difference may 

be associated with a constricted pathway for the TMA to pass through. Any variations in the 

traces for argon versus TMA + argon are not significant. Pressure transients, between the powder 

and no powder tests, are similar and are associated with the fluidisation of the powder. In the case 

Figure 5.15: TMA only pulses at different temperatures normalised and overlaid for comparison. 
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of the TMA-only test, the powder is not fluidised sufficiently to allow for effective purging of the 

chamber and powder. The TMA pulse must navigate through an arduous path in order to leave 

the canister, which could result in a pressure differential between the section below the frit in the 

canister and above the powder which is sitting on the frit. This situation could lead to a build-up 

of TMA pressure within this section, which could be problematic. As such when operating the 
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Figure 5.16: Pressure transients of the three operation 
modes TMA and argon, TMA only and argon only 

at a canister temperature of 30˚C and a reactor 
temperature of 200˚C with 1.0g of AlF3 powder 

within canister 
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Figure 5.17: Pressure transients of the three 
operation modes TMA and argon, TMA only and 
argon only at a canister temperature of 50˚C and a 
reactor temperature of 200˚C with 1.0g of AlF3 

powder within canister 
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Figure 5.18: Pressure transients of the three 
operation modes TMA and argon, TMA only and 
argon only at a canister temperature of 100˚C and a 

reactor temperature of 200˚C with 1.0g of AlF3 
powder within canister 

Figure 5.19: Pressure transients of the three 
operation modes TMA and argon, TMA only and 
argon only at a canister temperature of 150˚C and a 

reactor temperature of 200˚C with 1.0g of AlF3 
powder within canister 
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system, the argon pressure feeding the canister must be monitored at the source, before 

deposition, to prevent this build-up of pressure. 

After commissioning the system, an ALD deposition run was conducted using a canister 

temperature of 150 ˚C (Tcan) and a reactor temperature of 200 ˚C (Tr). The process for deposition 

was carefully devised to ensure the switching times of the paired valves relative to the water dosing 

valves switching. The TMA pulse into the canister must either take place before or after the water 

dose, because the water dose is followed by a thirty second purge period. The water-pulse-purge 

period can be utilised as a TMA hold period within the canister. The thirty seconds, which would 

be used as a purge time, was tested as a hold period and the pressure pulse from the canister 

monitored (Figure 5.20). 

Using a thirty second hold time, with a canister temperature of 150 ˚C and a reactor temperature 

of 200 ˚C produces a slightly higher pressure increase, when the canister is opened to the reaction 
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Figure 5.20: Pressure transient of canister opening during ALD deposition trial followed by a 

H2O exposure. The two traces show the difference between holding the TMA in the canister for 

30 seconds and the other without. 
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chamber. This data cannot be decoupled to determine whether this increase is linked to TMA 

conversion, creating by-product gas species, or if simply the vapour expanding as it heats up.  

5.4.4 Initial Deposition Trial using Fluidised Bed System 

Films were deposited, using the equivalent of two hundred TMA and water cycles (Tcan = 150˚C 

and Tsub = 200˚C). A constant purge gas flow of argon at 10 sccm was passed through the 

manifold.  H2O pulses were set to 0.03 s with a purge time of 30 s. The TMA pulse into the 

canister (valves 2. and 4.) were opened for 0.03 s and the TMA held during the H2O purge time. 

Subsequently valves 3. and 10. were opened for 60 s. This cycle was repeated two hundred times 

to replicate the deposition study conducted in chapter 5.  

Step Instruction Signal number Value Units 

          

1 wait - 5 sec 

2 pulse 0 60 sec 

3 wait - 5 sec 

4 pulse 1 0.03 sec 

5 wait - 0.5 sec 

6 pulse 2 0.03 sec 

7 wait - 30 sec 

8 go to 2 200 cycles 

9 pulse 0 60 sec 

10 wait - 5 sec 

Table 5.2: Recipe for 200 cycles of TMA through the AlF3 powder canister and H2O. 
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The recipe input for the deposition of the initial 200 cycles testing is detailed above (Table 5.2), 

showing the command list for the operation of the control box attached to the ALD reactor. It 

is read from top to bottom and each command is performed sequentially. The instruction 

allocates what the command is. The three commands used in this recipe are; wait which idles the 

reactor and is usually used as a purge time command. pulse which opens a desired pilot valve, 

which is connected to either one or two ALD valves, for a specified amount of time. goto shifts 

the current step back to a certain step number which allows for the recipe to be looped and 

multiple cycles to be performed preventing the need to write a large repetitive recipe for two 

hundred cycles. The signal number associated with the commands pulse and goto specifies which 

value to change. For the pulse command three values are used, ‘0’ opens valves 3. and 10., ‘1’ 

opens valves 2. and 4., while ‘2’ opens the ALD valve above the water bubbler which is connected 

to the manifold. The signal number of ‘2’ for the goto command simple means that the current 

command line should go to step ‘2’. The ‘value’ column in this case is associated with the number 

of times the recipe is to be cycled. Figure 5.21 shows the transient pressure during the deposition 

of F:Al2O3 following the recipe described in Table 5.2. The taller and longer duration (broader) 
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Figure 5.21: Pressure transient of deposition study carried out with a canister temperature of 150˚C and a 

reactor temperature of 200˚C. 
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pressure spikes are due to the canister opening to the reaction chamber. The smaller but shorter 

(sharper) pressure spike are due to the ALD valve opening above the H2O bubbler. 

5.4.5 Analysis of Initial Film Deposited Using AlF3 Powder and External Fluidised Bed 

System 

Variable Angle Spectroscopic Ellipsometry (VASE) analysis of the deposited film shows a film 

thickness of 20.3 nm which equates to a deposition rate of 1.015 Å per cycle. This value is 

comparable to a typical TMA and H2O deposition rate on this specific reactor before the 

reactor modifications.  

LEIS data shows that fluorine is incorporated into the film with higher concentrations at the 

film interfaces (Figure 5.22). This trend is comparable to previous measurements (Chapter 5 

pp169) showing a clear trend in the incorporation of fluorine into aluminium oxide. The oxygen 

integrated yield half maximum value equates to an approximate dose value of 60.0 x 1015 

ions/cm2. An oxygen integrated yield half maximum value of 65.0 x 1015 ions/cm2 is achieved 

Figure 5.22: LEIS composition depth profile showing integrated yield of aluminium/silicon, 

fluorine and oxygen for the 200 cycles of TMA through AlF3 powder and H2O with a canister 

temperature of 150˚C and a reactor temperature of 200˚C 
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using 250 cycles with 5 cycles of pre dose TMA-HF in Chapter 4. This comparison shows an 

increase in deposition rate when using the fluidised bed method. For this film, the integrated 

yield of fluorine for ion dose-thickness is 73.75 counts per sputter dose (1 x 1015 ions/cm2). The 

equivalent film grown with five TMA-HF pre cycle exposures (Chapter 5 pp169) has a value of 

39.3 counts per sputter dose.  

5.4.6 Residual Fluorine Contamination Testing 

One issue with the HF pre-dosing approach explored in Chapter 5, is that the reaction chamber 

would be contaminated with AlF3. Consequently, subsequent deposition in the chamber could 

be contaminated with unwanted fluorine. To test whether this issue is ameliorated or eliminated 

using the canister approach, 200 cycles of TMA and H2O was performed at 200˚C after 

deposition of 200 cycles of FTMA (through the AlF3) and H2O. Figure 5.23 shows the LEIS 

composition analysis of the two approaches. The two films have an almost identical film 

thickness. The film grown with pure TMA, (e.g.  not passed through the AlF3 canister) shows a 

baseline level of fluorine, which indicates that an undetectable amount of fluorine is 

incorporated into the film. The ability to grow uncontaminated films after performing fluorine 

doping, highlights a benefit of the fluidised bed approach.  
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Figure 5.23: LEIS composition depth profile showing a comparison of thin films deposited using 200 cycles of 

TMA and H2O. For one film (Solid line) the TMA was passed through the AlF3 powder canister and for the 

other (dotted line) TMA was taken straight from the containment vessel. 

5.4.7 The Effects of Precursor Retention Time Within Powder Canister on Deposited 

Film Composition 

To test the effects of holding the precursor within the powder bed, on the deposited film, an 

experiment was run using 200 cycles of TMA passed through the AlF3 powder bed. This was 

compared to 200 cycles of TMA passed into the powder bed but retained for ~30 seconds. To 

do this, the standard recipe in Table 5.2 was changed so that the TMA pulse would be after the 

30 second H2O purge time. The revised recipe is detailed in Table 5.3. All other deposition 

parameters were kept the same to make a legitimate comparison. 
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Step Instruction Signal number Value Units 

          

1 wait - 5 sec 

2 pulse 0 60 sec 

3 wait - 5 sec 

4 pulse 2 0.03 sec 

5 wait - 30 sec 

6 pulse 1 0.03 sec 

7 wait - 0.5 sec 

8 go to 2 200 cycles 

9 pulse 0 60 sec 

10 wait - 5 sec 

 

Table 5.3: Recipe for 200 cycles of TMA through the AlF3 powder canister and H2O with TMA pulse after 

30 second H2O purge time.  

The LEIS depth profile (Figure 5.24) shows a decrease in the fluorine concentration when a 

minimal amount of retention time is used. The thickness of both films is practically identical 

showing the same half maximum oxygen integrated yield value (60.1 x 1015 ions/cm2). The 30 

second retention, resulted in 4519 integrated counts of fluorine throughout the film. The 

approach with minimal retention time results in 2459 integrated counts of fluorine throughout 

the film, showing that the longer TMA retention time results in a higher concentration of fluorine 

into the film, without the sacrifice of a reduced growth rate. 
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Figure 5.24: LEIS depth profile comparison of films grown using 200 cycles of TMA passed through an ALF3 

powder bed and water. The two traces show one film where the TMA was held within the ALF3 powder canister 

for 30 seconds and the other one simply passes through with minimal retention time.  

5.4.8 The Effect of Canister and Reaction Temperature on Film Composition 

The deposition recipe in Table 5.2 was used for a range of canister temperatures and reactor 

temperatures. This was to determine the effect of powder bed temperature on the relative amount 

of fluorine incorporated into deposited films. This fluorine content amount should correlate to 

the amount of TMA converted within the canister. It can be assumed that the colder the powder 

bed, the less conversion will take place and the slower the precursor will be transported.  
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Figure 5.25: LEIS composition profile of two thin films deposited using 200 cycles of TMA and H2O with 

TMA passed through the AlF3 powder canister. One deposition involved heating the AlF3 canister to 100˚C 

and the other to 150˚C. 

Films were grown by varying the temperature of the powder bed from 150 ˚C to 100 ˚C to 

establish how this effected the growth rate and fluorine content. Figure 5.25 shows the LEIS 

compositional depth profile of films grown using 200 cycles of TMA passed through the AlF3 

canister (FTMA) at varying temperature. The substrate temperature was kept constant at 200 ˚C 

for these experiments and follows the deposition recipe in Table 5.2 The most apparent 

difference in film compositions is that the higher Tcan value of 150 ˚C results in more fluorine 

content. The tendency for fluorine content to increase at the film interfaces (surface and substrate) 

is also observed in the film grown using Tcan = 100 ˚C.  The sample grown with Tcan = 150 ˚C, 

has the integrated yield of fluorine for ion dose thickness of 73.75 counts per sputter dose (1 x 

1015 ions/cm2). The film deposited using Tcan = 100 ˚C, has the integrated yield of fluorine for 

ion dose thickness of 31.57 counts per sputter dose (1 x 1015 ions/cm2). The amount of fluorine 

incorporated when using Tcan = 100 ˚C is less than half the value of the 150 ˚C approach. A 

comparison of ion dose thickness values shows the Tcan = 100 ˚C film is slightly thicker (63.1 x 

1015 ions/cm2) compared to the Tcan = 150 ˚C film (60.0 x 1015 ions/cm2). A reduced film 
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thickness (and growth per cycle) is observed as a function of increasing fluorine concentration at 

constant substrate temperature, showing a clear link between growth rate and fluorine 

incorporation. 
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Figure 5.26: LEIS composition profile of thin films deposited using 200 cycles of TMA and H2O with TMA 

passed through the AlF3 powder canister. Each film analysed was deposited at a different substrate temperature 

ranging from 175 ˚C to 250 ˚C. For all films, the canister temperature was set to 150 ˚C. 

The growth and etch rate of AlF3 has previously been shown within the literature9, to be 

dependent on temperature. The effects of temperature on growth rate and fluorine incorporation 

are not known, when ALD is performed using the intermediate, FAlMe2 (formed from AlF3 

atomic layer etching). A range of substrate temperatures (Tsub) have been tested to investigate this 

effect. Figure 5.26 shows LEIS composition profiles of films grown using 200 cycle of FTMA 

and H2O with a fixed Tcan of 150 ˚C at varying substrate temperatures. The depth profile shows 

that the film deposition rate increases with increasing temperature (Tsub) which is represented by 

a forward shift of oxygen detection at greater ion sputter dose values.  This increase in thickness 

is summarised in Table 5.4 as well as the relative fluorine content of the films. 
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Substrate Temperature (˚C) 175 200 225 250 

Ion Dose at Half Maximum  

(1 x 1015 ions/cm2 ) 
59.1 61.3 62.4 76.6 

Fluorine Integrated Yield  

(counts) 

 

2294 3205 3172 3019 

Fluorine Counts Per Ion Dose  

(counts per1 x 1015 ions/cm2 ) 
38.8 52.3 50.8 39.4 

VASE Thickness (nm) 20.0 20.3 19.6 20.5 

VASE Refractive Index (n) 1.650 1.656 1.652 1.658 

 

Table 5.4: Summary of LEIS composition profile of films deposited at different substrate temperatures. 

Comparing thickness values measured using VASE and LEIS, shows that there is disparity 

between the two techniques. LEIS measures the total number of ions sputtered from the film, 

which can be more informative in terms of atomic layers deposited. VASE is a measure of the 

calculated optical thickness using a fixed refractive index. The assumption that the refractive index 

is continuous throughout the film is erroneous as LEIS analysis shows a higher concentration of 

fluorine at the surface, which will influence the surface refractive index value. Despite this, VASE 

analysis shows that the films have a similar thickness value and that the thickest film, (with the 

highest refractive index) is grown at 250 ˚C. This measurement could indicate that the film at 

250˚C is the densest which would help explain the large thickness difference seen in the LEIS 

analysis.  
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Figure 5.27: Comparison of ion dose film thickness and total fluorine content of films deposited at various 

substrate temperatures. 

Figure 5.27 shows the relative thickness values as a function of Tsub compared to fluorine 

content per sputter dose (1 x 1015 ions/cm2). The fluorine concentration does not show a linear 

dependency with Tsub. A maximum fluorine content is achieved at 200˚C which corresponds to 

an increase in surface fluorine content (Figure 5.26, Figure 5.28). 
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5.4.9 Surface Fluorine Concentration Effects 
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Figure 5.28: LEIS depth profile fluorine composition of 200 cycles FTMA H2O ALD films deposited at 

various substrate temperatures. 

An increase in the fluorine content at the surface, seems to be a common feature, in most of the 

films, for the different fluorine doping approaches. It seems that the fluorine is present at 

higher concentrations near the surface compared to deeper values. This accumulation is 

occurring because of growth and could be associated with different species present at the 

surface compared to the rest of the film. Analysis of the surface after fewer deposition cycles 

should help in understanding the mechanism for the generation of this increased fluorine 

concentration.  

Here it is speculated that the reactivity of the FAlMe2 species preferentially orientates the 

adsorbate species at more reactive sites. Al-Me sites will react with -OH on the surface which 

will lead to the fluorine facing outwards relative to the surface (Figure 5.29).  
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Figure 5.29: Assessment of reaction pathways at the surface of a substrate with -OH termination.  

Looking at potential reaction pathways (Figure 5.29), one reasonable route is for the formation 

of Al-O bond and the generation of CH4. This reaction pathway results in -CH3 and -F bond 

facing outwards. For the subsequent water exposure, the Al-Me bond will be more reactive than 

the Al-F bond meaning the surface presented after water exposure will consist of Al-OH and 

Al-F. Having Al-F always facing outwards on the surface may explain why LEIS depth profile 

detects a higher F concentration at the immediate surface. 

It has been demonstrated, that the level of fluorine incorporation into deposited films can be 

controlled via several parameters such as Tsub, precursor retention time and Tcan. Due to the 

constraints of the equipment, it was not feasible to test higher powder bed temperatures 

however; it can be assumed that as the temperature increases, more etching occurs at the AlF3 

powder surface, resulting in a greater conversion of the TMA to fluorine-containing by-

products such as FAlMe2. Another parameter that has an influence, (although assumed to be 

constant during these experiments) is the surface area of AlF3 powder. Again, it can be 

anticipated that if more or less surface area is present then it would also result in more or less 

conversion to volatile fluorine containing etch products. 
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5.5 Reducing Fluorine Content of Deposited Films Using a Super Cycle Approach 

An approach used in chapter 5 to control and reduce the amount of fluorine incorporated was 

to use a super cycle deposition. The same principle can also be applied to the AlF3 powder bed 

canister. The TMA (through canister) and H2O cycle can be super cycled with TMA and H2O. 

This will result in a dilution effect as the total amount of fluorine species transported will be 

reduced. The dilution of fluorine incorporation will be related to the ratio of cycles within the 

super cycle.  

Films were grown using a super cycle ratio approach of 1:1 with a canister temperature of 150˚C 

and a substrate temperature of 200 ˚C. For every cycle of TMA through the AlF3 canister it was 

followed by a cycle without the use of the canister. This complimentary cycle uses an 

independent TMA source but the same H2O source. Figure 5.30 shows the LEIS depth profile 

of films grown using the two approaches. The total number of TMA and H2O cycles were kept 

the same for growth per cycle comparison. The oxygen half maximum integrated yield thickness 

(OHMIYT) value of the 1:1 ratio film (69.0 x 1015 ions/cm2) shows the be significantly 

increased compared to the 1:0 film (59.9 x 1015 ions/cm2). This difference is slightly at variance 

with previous deposition approaches. Previously, 200 cycles of pure TMA and H2O showed an 

equal OHMIYT value compared to the same number of cycles of TMA passed through the 

AlF3 canister (Figure 5.23). The difference seen here may highlight an increased growth effect 

related to the presence of fluorine on the growing surface. There is still an apparent increase in 

fluorine concentration at the surface of the film but not to the same degree as the 0:1 ratio film. 

Looking at the Al/Si trace for the 1:1 ratio film, there is an initial decrease in Al content 

compared to the 1:0 trace. The apparent reduction is approximately within the top half of the 

deposited film as in the final half, beyond which the value returns to a similar integrated yield 

value seen within the 1:0 film.  
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Figure 5.30: LEIS depth profile composition of two films deposited with the equivalent number of total TMA 
and H2O cycles. A 1:0 ratio results in every pulse of TMA passing through the AlF3 powder canister. A 1:1 

ratio result in only half of the TMA pulses passing through the AlF3 canister. 

5.6 Intermediate Species Capture and Analysis 

To date, most of the experimental evidence suggests that the intermediate product FAlMe2 is 

formed from the reaction between AlMe3 and AlF3. This has not yet been identified as the 

specific intermediate. It is assumed that FAlMe2 is formed within the AlF3 canister, via etching, 

which then reacts with the surface of the substrate in the reaction chamber. In order to identify 

the nature of the intermediate compound(s), various groups have used in-situ IR8,9to identify 

molecular chemistry of intermediates present within a gas mixture.  

In this study, a cold trap was positioned after the reaction chamber in order to sample the by-

products formed by pulsing TMA through the AlF3 powder bed. Two thousand pulses of TMA 

were captured using a self-fabricated cold trap cooled using liquid nitrogen. The design of the 

cold trap, was similar to a typical glass cold trap but was fitted with VCR fittings and manual 

valves, to allow the trap to be closed effectively (Figure 5.31 & Figure 5.32 ).  
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Figure 5.31: Cold trap design for the trapping of volatile FAlMe2 species. 

The cold trap was submerged within a liquid nitrogen dewar which was continuously topped up 

in order to maintain cooling throughout the experiment. The tailpipe which fed into the cold 

trap was heated to 150 ˚C to assist with transporting gases and to prevent condensation. 
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Figure 5.32: Photo of cold trap setup 

Once the capture was completed, the cold trap was closed off to vacuum and allowed to return 

to ambient temperature. The cold trap was then taken into a high-integrity glovebox 

atmosphere (containing < 0ppm oxygen and H2O) and NMR solution samples were prepared 

using D6 benzene and Young’s NMR tubes.  

5.6.1 NMR Studies of Captured Intermediate Species 

1H (400.20 MHz) and 19F{1H} (376.50 MHz) NMR spectra were recorded on Bruker Avance 

III HD 400 or Avance I 400 spectrometers equipped with the BBFO/QNP probes. All 

measurements were undertaken at ambient temperature. Overall experiment times were ca. 10 

min for 1H and ca. 12 h for the 19F{1H}. For 19F NMR, sweep width of 200ppm (centred at -

100ppm), the relaxation delay of 2s, and broadband decoupling were used. For 1H spectra, 
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standard processing was used, while for 19F spectra, exponential apodisation with the line 

broadening (0.5-1.0) was applied over 19F data acquired. 

 

Figure 5.33: 19F spectrum of species captured after TMA is passed through AlF3 powder bed (376.50 MHz, 

benzene-d6, 298K) 

The 19F NMR spectrum (Figure 5.33) for the captured species shows at least three resonances 

at δF = -145.2, -147.2 and -148.6. The presence of a fluorine species is thus confirmed by NMR 

spectroscopy. The corresponding peaks show similar values to those reported in the literature 

for FAlMe2
10. Within the literature, peaks at ~-145 are attributed to a tetramer consisting of 

FAlMe2 and AlMe3 units (Table 5.5). The more negative shifts, in this case, are attributed to 

further additions of AlMe3 units leading to a pentamer and hexamer oligomers. 

1.           3.           2.        4. 
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Figure 5.34: 1H spectrum of species captured after TMA is passed through AlF3 powder bed                       
(benzene-d6 (δ = 7.2), 298K). Sample is highly concentrated.  

 

Figure 5.35: 1H spectrum of species captured after TMA is passed through AlF3 powder bed (benzene-d6, 

298K) 
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The 1H NMR spectrum (Figure 5.34 & Figure 5.35) shows a major resonance at -0.354 which 

is attributed to the methyl groups surrounding a central aluminium in equivalent environments. 

This corresponds to a mass excess of TMA being captured. However, on closer inspection of 

the NMR spectrum it can be seen, that on the right shoulder of this peak a complex pattern of 

peaks is present. The literature reports that within this region peaks represent methyl groups 

influenced by fluorine connected to a central Al atom. Without further investigations it is 

almost impossible to allocate different peaks to specific methyl environments. Furthermore, it is 

very possible that the FAlMe2 species undergoes hydrolysis or oxidation. This will add further 

possible environments including influence from oxygen and hydroxide groups.  

Sample Chemical shift 

Captured 143.3 145.2 147.2 148.6 

FAlMe2 
10 

143.4 

(1.) 

145.2 

(3.) 

145.8 

(2.) 

148.2 

(4.) 

 

Table 5.5: Comparison of peaks present within 19F spectrum for captured sample and those in the literature for 
FAlMe2 

Comparison with literature offers the best route for identification10. This is because capturing 

materials from a reaction chamber is not the optimal route to a clean spectrum. It is also 

possible for vacuum pump oil to backstream to the cold trap which would also be captured 

within this sample. This may help explain some of the peaks present in the 1H spectrum 

downfield of 0 ppm..  

The captured material is clearly a mixture of AlMe3 with a small amount of FAlMe2. This helps 

explain the differences seen within the 19F spectrum. Any FAlMe2 in the trapped sample, will 

not be in a pure environment, potentially forming oligomers with AlMe3 units. Oligomers of 

this type have been reported in the literature10, with the exception that fluorine will be attached 

to a single aluminium center and may also bridge to a single AlMe3 unit (Figure 5.36). This will 
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affect the observed NMR shifts due to the influence associated with fluorine reduced coupling 

to neighbouring fluorine. Instead, the fluorine environment will be influenced by the AlMe3 

units coupled to the FAlMe2 unit.  

 

Figure 5.36: Oligomer structure of FAlMe2 with additional units of AlMe3. Larger or small unit numbers lead 
to different 19F chemical shifts. 

The formation of oligomers in mixed FAlMe2/AlMe3 solutions leads to a possible conclusion 

that in the vapour phase the FAlMe2 unit is present in a dimer form with AlMe3, which would 

have the structure FAl2Me5. This is very similar to the species that AlMe3 exists in the vapour 

phase which is in fact Al2Me6. Whether the fluorine will act as a bridging species is debateable 

and cannot be concluded without isolation of the specific dimer however, NMR studies of pure 

FAlMe2 in the solution phase assumes that the fluorine is a bridging element and associates the 

chemicals shifts to Al-F--Al fluorine units10. This bridging fluorine described in the solution 

phase supports the case for a dimer unit in the vapour phase. 

Conclusions 

A system has been successfully designed and fabricated for the fluorine doping of aluminium 

oxide films. The system provides an external AlF3 source for the in-situ production of FAlMe2 

via ALE mechanisms. This approach alleviates the need to use or generate HF for fluorine 

doping of aluminium oxide. The external system allows for greater control over key reaction 

parameters such as powder bed temperature, pressure transients and relative amount of 
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converted material.  The set-up was applied to a Cambridge Savanah reactor system but could 

easily be tailored to other commercial reactor systems.  Process parameters were tested to study 

the effect on the composition of deposited films. This provides key information for controlling 

the relative amount of fluorine incorporated into aluminium oxide which may help further the 

development of gate oxides in MISHEMT power devices. 

Using LEIS and NMR studies, a greater understanding of material composition and reaction 

mechanisms has been achieved. This contribution should help further the understanding of 

ALE mechanisms and confirms the production of FAlMe2 as the key intermediate product. 

FAlMe2 has been utilised as an active fluorine source which is produced in situ, providing a 

technique for fluorine doping of aluminium oxide in a spatial manner as opposed to the 

conventional ALD route of sequential doping. The set-up and approach may enable future 

development of ALD techniques and provides an alternative way to approach ALD chemistry. 
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Chapter 6 

Conclusions and Future Work 
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The overall theme of this thesis is the development of precursor sources for the modification of 

metal oxides deposited via ALD. It has been demonstrated how hydrogen peroxide adducts can 

be used as a stable and safe hydrogen peroxide sources. Hydrogen peroxide, until now, has only 

be used in combination with water (in a solution) as it is both dangerous and difficult to use in a 

pure form. Using an adduct allows for hydrogen peroxide to be preferentially evolved and used 

instantaneously for ALD deposition.  

It has been shown that two different hydrogen peroxide adducts (carbamide peroxide and sodium 

percarbonate) can be used as oxygen sources for the deposition of Al2O3, ZnO and HfO2. The 

deposition parameters were optimised, and thin films deposited at a range of temperatures. 

Deposited films were shown to have different properties: In the case of Al2O3, an increased 

growth rate per cycle was achieved. Deposition of ZnO using hydrogen peroxide adducts lead to 

differences in sheet resistance (an increase compared to water) which is postulated to be linked 

to a less crystalline film as well as a reduction in entrapped hydrogen (due to increased hydroxyl 

concentration). Hafnium oxide films deposited using TEMAHf were shown to have an increased 

deposition rate at lower temperatures. This study demonstrated the potential of hydrogen 

peroxide adducts as oxygen precursors and how, in future work, they could be combined with 

the vast majority of previously documented metal oxide precursors. Further investigations 

regarding the makeup of the deposited materials is desirable but specific analysis will be required 

if the materials are to be understood and used in applications. Examples of such analytical 

techniques include:  

- X-ray photoelectron spectroscopy (XPS) will provide more information with regards 

to the bonding of oxygen within the metal oxide materials. The relative content of metal 

and oxygen bonds could potentially identify stoichiometric differences between the 

materials deposited using water and hydrogen peroxide sources. 

- Grazing incidence X-ray diffraction (GIXRD) is a form of X-ray diffraction which 

can identify film thickness, roughness and density. This analysis technique would help 
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identify material differences in materials deposited using water and hydrogen peroxide 

approaches. Correlation between GIXRD and ellipsometry data would help to confirm 

that the models generated using ellipsometric data are correct. 

- Capacitance and current voltage (CV / IV) analysis will provide insight with regards 

to the electrical properties of deposited aluminium oxide and hafnium oxide. This 

electrical analysis technique determines the dielectric properties of the deposited films by 

varying the voltage applied across a sample and monitoring the capacitance and current. 

This testing will help determine if and how the hydrogen peroxide based materials differ 

to the water based ones. An improved result would justify testing of the hydrogen 

peroxide ALD dielectric materials in electrical devices such as MOSFETs and 

MOSCAPs. 

- Hall mobility testing of zinc oxide films will help determine the mechanisms of electrical 

conductance which may help determine why the materials deposited using hydrogen 

peroxide sources have a higher sheet resistance.  

 

Hydrogen peroxide adducts provide a reactive oxygen precursor which, in some cases, may 

circumvent the need for highly energetic oxygen sources such as ozone and oxygen plasma. 

 A potential outcome of this work is that this approach can be used for the future development 

of processes where traditional oxygen precursors are not suitable, including those where a more 

reactive oxygen precursor is needed but higher temperatures are not a possible (e.g. temperature 

sensitive materials). Hydrogen peroxide also has the added effect of reducing carbon 

contamination by forming volatile oxides. This aspect was not assessed or explored within this 

thesis however, it may allow for in situ cleaning as well as increasing the hydroxyl density present 

on a substrate surface. Another possible advantage which was not explored is that due to the 

reactive nature of hydrogen peroxide, it has a lower propensity to penetrate surfaces and cause 

subsurface reactions, which may be beneficial in barrier coating applications.  
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Hydrogen peroxide adducts can be applied as a replacement to water in a huge range of deposition 

approaches. The application of which and subsequent testing of material properties is a daunting 

prospect. Awareness of the approach is key for future work to continue however, key areas where 

hydrogen peroxide approaches could offer benefits include, but are not limited to: High and low 

K dielectrics, transparent conductive oxides, catalysis, barrier coatings and TFT applications. 

The principle of using hydrogen peroxide adducts as a way of incorporating an unstable and 

highly reactive source to atomic layer deposition can also be applied to other unstable sources. 

Adducts of the highly reactive nitrogen source, hydrazine and the highly reactive sulphur source, 

hydrogen disulphide, which is isostructural to hydrogen peroxide, could also be used.  

The modification of aluminium oxide through fluorine doping has been shown to have a dramatic 

effect on the threshold voltage of GaN MISHEMT devices.  The approaches detailed and 

developed within this thesis have allowed for the control of threshold voltage through fluorine 

doping. Controlling the threshold voltage is key as it can ultimately allow for a device to fail in an 

off configuration. Modification of the threshold voltage can also increase the efficiency of 

MISHEMT devices as less power is needed to either open or close the channel.  

The initial approach which used a combination of HF, TMA and H2O allowed for significant 

amounts of fluorine to be incorporated into the deposited aluminium oxide. A full spectrum of 

fluorine content (from AlF3 to Al2O3) is possible by varying the number of TMA / HF to TMA-

H2O cycles. This technique has several issues associated with it which prevents it from being 

reproducible across reactor systems. One of the biggest issues is that it results in the 

contaminating of the reactor system which then requires nitrogen plasma treatment and 

aluminium oxide passivation to prevent fluorine contamination in subsequently deposited films. 

This initial approach did, however, show that fluorine doped aluminium oxide can positively shift 

the threshold voltage of MISHEMT devices. 
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Enabling the fluorine doping of aluminium oxide without the downsides of the initial approach 

lead to the design and testing of an in situ fluidised bed synthesis approach that generates FAlMe2 

(the active species from the TMA-HF approach). 

The in-situ synthesis of FAlMe2 for spatial fluorine doping of aluminium oxide is a technique 

which prevents the use of HF based precursors while allowing for further tuning of fluorine 

content. It has been demonstrated how fluorine doping can be controlled either through 

modifying process parameters or super cycling. The technique developed has many benefits over 

HF based approaches as it reduces reactor contamination and reduces the amount of hazardous 

by products. Entrapment of FAlMe2 and analysis using NMR helped to identify the synthesised 

product. The identification further confirmed the reactive intermediate while also demonstrating 

that exposure of gaseous trimethyl aluminium to AlF3 powder leads to gaseous etching resulting 

in the production of FAlMe2. Demonstration of this reaction mechanism further confirms the 

hypothesised atomic layer etching technique which utilises TMA and HF for the etching of metal 

oxides.  The development and outcome of this work was presented at ALD2019 in the form of 

an academic poster: 

Fluorine-doping of Aluminium Oxide Through In-situ Precursor Synthesis: Theory, 

Design and Application, Benjamin. J. Peek, Dr. Matthew Werner, Prof. Paul Chalker. 

The in-situ synthesis approach could potentially be applied to several other ALD doped systems. 

One system which crosses the bridge between chapter 3 and subsequent chapters is, the co-

doping of fluorine and aluminium in ZnO. This co-doping has been shown to be effective in 

producing transparent conductive zinc oxide via aerosol assisted CVD. Other ALE techniques 

and one potential cross over system is atomic layer etching using Sn(acac)2 and HF. The 

postulated active etching species is FSn(acac). This species could be created by passing Sn(acac)2 

through a bed of SnF2 for the controlled deposition of F doped tin oxide (FTO).  This technique 

is not limited to fluorine doping, the only premise is that a volatile intermediate is produced. In 

the place of fluorine, other halogens could be interchanged such as chlorine or bromine. Non-
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halogen doping could also be implemented through in-situ synthesis. The potential of this 

approach is vast and hopefully this is the first of many studies within this field. 

Low energy ion scattering has been shown to have a vital role in the analysis and development of 

ALD deposition techniques. The LEIS technique allowed for fluorine content of films to be 

modified through analysis feedback. The analysis also detected how the fluorine content of films 

changes as a function of sputter depth. This is vital information in the application of MISHEMT 

gate oxide dielectrics as analysis related to the gate/channel interface can explain changes in the 

threshold voltage of devices. LEIS analysis also allowed for the postulation of potential reaction 

pathways. LEIS of ALD thin films can provide a unique insight into composition and surface 

chemistry.  

Many different aspects of the ALD process have been explored within this thesis. The key focus 

was alternative approaches to precursor use. This was achieved by exploring non intuitive 

precursors as well as developing a novel in-situ precursor synthesis approach. Reactor design, 

development process and fabrication has been discussed. The combination of precursor 

development and reactor design has allowed for the development of an entirely new approach to 

fluorine doping of aluminium oxide. The idea of in-situ precursor synthesis will hopefully open a 

new area of research and become a key tool within the ALD toolbox.   


