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Fabrication and Characterisation of Polymer Brushes for the use in Area 

Selective Deposition 

Caitlin McFeely 

Abstract 

With the constant increasing demand for faster and more efficient electronic devices, the 

requirement for smaller integrated circuits has grown exponentially. The current method of 

fabrication for these devices, known as photolithography, employs a ‘top-down’ approach 

using light and masks for the patterning of substrate surfaces. This method, however, is 

reaching its size limits and has become extremely costly to carry out. Research into the 

fabrication of polymer brushes for the use in area selective deposition is vital for the 

understanding of ‘bottom up’ lithography techniques, such as block copolymer lithography. 

Such methods rely on the self-assembly of polymers containing active and inactive regions 

and are being proposed as an alternative to the current ‘top-down’ methods used for the 

manufacturing of electronic devices.  These self-assembled polymer patterns can be exposed 

to infiltrating materials via a vapour phase process thus allowing for the infiltration of the 

active regions while blocking deposition in the inactive areas. A major part of these fields is 

investigating the polymer materials that will either accept or block infiltration by different 

species such as metals.  This work looks at developing fabrication techniques of polymer 

brushes with a focus on increasing the overall thickness. It then goes on to investigate the 

infiltration of different polymers as well as looking at the effect that thickness has on a 

polymers infiltration and blocking mechanisms using hard X-Ray photoelectron 

spectroscopy as the core analysis method alongside techniques such as ellipsometry, atomic 

force microscopy and X-Ray reflectivity.  
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1 Introduction 

1.1 Current Integrated Circuit Fabrication Challenges  

1.1.1 Moore’s Law  

When discussing the topic of area selective deposition (ASD) for the improvement of 

integrated circuit (IC) fabrication, we must first begin by discussing Moore’s Law. In 1965, 

Gordon Moore made a prediction based on the manufacturing trends and computational 

needs at the time; he theorised that the number of transistors on an IC chip would double 

every year 1. This held true until 1975, when the theory was revised, and the amount of time 

between each doubling was increased from one to two years 2.  Over the course of the last 

50 years, this forecast became the gold standard in the semiconductor industry as the number 

of transistors increased at the predicted rate which was a driving force for research and 

innovation. Figure 1.1 depicts Moore’s Law and how it has developed since its conception.  

 

Figure 1.1 Plot illustrating a selection of microprocessors from the period 2010 – 2020. The 

dashed line represents Moore’s law showing the transistor density for the processors doubling 

every two years 3. 
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One of the main driving factors for this miniaturisation was that with a larger amount of 

transistors, devices were capable of having higher processing powers with increased energy 

efficiency 4. This development not only enhanced existing industries and increased 

productivity but also created new industries empowered by cheap and powerful       

computing 5. While there are many advantages to these scaled-down ICs there also comes 

the disadvantage of increased fabrication costs. With this continued exponential decrease in 

chip size there has also been an exponential increase in the required financial investments. 

Current fabrication techniques, such as optical lithography, have begun to reach their size 

limits. The wavelengths required to create the desired dimensions are difficult and costly to 

produce meaning these methods are becoming unviable. There are many fields of research 

trying to find new fabrication techniques, two examples of these, which are the focus of this 

work, are ASD and block copolymer (BCP) lithography. 

1.1.2 The Integrated Circuit  

Put simply, an IC is a miniaturized electronic circuit that is the main component of all 

computing devices and one of the most fundamental products fabricated by the 

semiconductor manufacturing industry. They consist of multiple interconnected electronic 

components such as transistors, diodes, capacitors, and resistors. These are built upon a thin 

substrate of semiconductor material, typically silicon, and as a whole, the entire IC diameter 

is on the order of millimetres while the individual components on the chips are on the 

nanometre scale 6,7. The small size of the chip and its parts allows not only for smaller 

computational devices but also allows for enhanced performance by the IC, in terms of 

processing speed for example.  
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One of the most common components seen within an IC is the metal oxide semiconductor 

field-effect transistor (MOSFET). They are typically used as a switch or an amplifier within 

the circuit 8. MOSFETs consist of a drain, gate, source, and body terminal 9. The arrangement 

of these terminals can be seen below in Figure 1.2.  

 

Figure 1.2 Arrangement and configuration of the drain, source and gate terminal in a n-type 

MOSFET device. 

As seen in Figure 1.2, the source and drain terminals are connected to the ends of a channel 

created between two doped regions of the semiconductor material. This channel is then 

separated from the gate terminal by a thin layer of insulating material known as the gate 

oxide 10. The gate terminal determines the functionality of the MOSFET as it controls the 

conductivity of the device by alternating the voltage applied to it. This is because when a 

voltage is applied to the gate, it creates an electric field which attracts or repels free carriers, 

creating or reducing the conductive channel between the source and drain 11.  
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There are two modes of operation for a MOSFET; these are known as depletion and 

enhancement mode. Depletion mode occurs when the channel between the drain and source 

is present without any voltage being applied to the gate terminal.  The gate voltage is then 

used to deplete the channel of carriers and reduce the current flow. This occurs when a 

voltage is applied to the gate terminal and the electric field repels charge carriers in the 

channel region. Subsequently, a depletion region is formed, which reduces the number of 

free charge carriers and increases the resistance of the channel, reducing current flow. 

Enhancement mode on the other hand has no conductive channel present in the absence of 

the gate voltage. Thus, when a voltage is applied it attracts carriers in the channel allowing 

current to flow 9,12. Therefore, whether the voltage applied to the gate terminal is positive or 

negative is determined by the (required) conductivity type (n-type or p-type) in the particular 

mode of operation.  

For the relevance of this work a brief description of the gate oxide is needed. As stated 

previously the gate oxide is a thin piece of insulating material used to electrically isolate the 

gate terminal from the conducting channel. The ideal gate oxide is defect free and thin with 

a low leakage current 13. The material that was typically used for this was SiO2 but with the 

ever-decreasing size of MOSFETs, the reliability of the SiO2 layer also decreased as electrical 

breakdown would occur in the films at the newly required smaller thicknesses. It is for this 

reason that high-k dielectrics such as Al2O3 are being used as gate oxides as an alternative to 

SiO2 as they perform more reliably at the required thicknesses 14,15. 

As stated previously, these devices are constantly becoming smaller to allow for increased 

computational power. As a MOSFET becomes smaller, the distance between the drain and 

source decreases, meaning the gate’s ability to control the flow of current in the channel 
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region reduces. This leads to larger leakage currents, which, if too high, renders the transistor 

inoperable. It is for this reason that the fin field-effect transistor (FinFET) was developed. 

This is a variation on the MOSFET where the gate is placed on multiple sides of the channel 

forming a multigate structure. This structure allows for enhanced electrical control which 

reduces the leakage current of the device 16.  

1.1.3 Current Fabrication Methods and Their Limitations  

Currently, the primary way in which ICs and their constituent components are patterned is 

through optical lithography. This is a photon-based technique that projects a pattern onto a 

semiconductor material, usually a silicon wafer. The design is chemically recorded on the 

surface of the semiconductor using a photoresist coating and light, typically in the ultraviolet 

(UV) range. The photoresist is a photosensitive emulsion that reacts with the light. Once the 

photoresist is applied to the surface of the semiconductor, an alignment mask that allows the 

pattern to be projected onto the surface of the substrate is used. Light is then shone through 

the mask and strikes the semiconductor substrate in selected areas where it reacts with the 

photoresist. The light causes the exposed regions to either become harder or softer through a 

photochemical reaction. These regions are then etched away at different rates when compared 

to the non-exposed areas during the subsequent etching process 17. A schematic depiction of 

the fabrication process can be seen in Figure 1.3. This type of fabrication is described as a 

“top-down” method as it creates the pattern through the controlled and directed etching and 

removal of material from one large initial piece of material.  
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Figure 1.3 Schematic diagram which illustrates the step-by-step process of optical lithography. 

These systems have been developed over the decades to enable the semiconductor device 

industry to keep up with the trends forecasted by Moore’s law. The critical dimension (CD) 

of these optical lithography tools is the main aspect that determines the minimum achievable 

feature size 18.  The main factors which influence the CD are the wavelength of the light used, 

λ, the numerical aperture, NA, which limits the number of diffraction orders used to form an 

image 19, and the process-dependent resolution factor, k1. The impact of these factors on the 

CD is given by 17 

 
𝐶𝐷 =  𝑘1

𝜆

𝑁𝐴
 Eqn(1.1) 

 

A decrease in CD has previously been accomplished by obtaining a larger numerical aperture, 

which was achieved by improving the system's optics. However, this had reached its limit 

and in 1994 ASML began their work on decreasing the wavelength used to allow for further 

reduction in device size. This called for the introduction of extreme ultraviolet (EUV) 

lithography and in 2013 ASML produced and shipped their first EUV lithography         

machine 20. Previously used wavelengths ranged between 248 nm and 193 nm; this is in 
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contrast to EUV where wavelengths ranging between 124 nm and 10 nm, with photon 

energies of 10 eV and 124 eV respectively, can be achieved. However, wavelengths of this 

scale are not easily produced or controlled requiring an extremely high-powered laser which 

is both costly to make as well as to run. Unlike standard optical lithography, EUV lithography 

also requires a series of reflective optics to function, this includes the pattern transfer mask. 

This not only adds additional cost and complication, but as EUV light is so readily absorbed, 

the material that these optics are made from must be highly reflective. This high absorption 

also requires the process to be conducted in ultra-high vacuum (UHV) as EUV light is also 

absorbed in atmosphere. Together the standard EUV lithography system costs approximately 

$120 million, making this an extremely costly method to be used in research and is generally 

only accessible to industrial manufacturers 21.  

With the cost in mind, the future for EUV lithography does not look bright as the only option 

for further size reduction is a further increase in the numerical aperture which is extremely 

difficult to achieve. This shows that the limits for optical lithography in the semiconductor 

industry are being reached and a new methodology is required.  
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1.2 New Methodology  

1.2.1 Bottom-Up Vs Top-Down Fabrication   

With the rising complications of the ever-decreasing transistor size, numerous efforts have 

been invested into the research and development of new methodologies for the fabrication 

of these nanoscale devices. As previously mentioned, these devices are currently being 

developed through optical lithography. This would be described as a ‘top-down’ fabrication 

approach.  This method utilises the removal of bulk material to form the desired pattern 22. 

As stated previously, this method is reaching its size limits and new methodologies are 

needed.  

An alternative approach to device manufacturing is the so called ‘bottom-up’ fabrication 

technique. This method relies on chemical or physical forces operating at the nanoscale to 

self-assemble basic units into larger structures of suitable dimensions. It is then using these 

structures that one can create the desired patterns 22. By using this method, the resolution of 

the system would no longer be determined by influences such as the wavelength of light and 

the overall process has the potential to be significantly cheaper. There is also the benefit of 

reduced edge placement error, usually associated with mask aligners, when using a bottom-

up fabrication technique making device fabrication easier and more precise 23.  

There are many different approaches to bottom-up fabrication, but the one that will mainly 

be discussed within this thesis is ASD. This is a field of research that looks at the chemical 

and physical processes which allow for the controllable deposition of a material onto a 

desired “growth” region of an exposed surface without depositing on an adjacent “nongrowth” 

area. These regions tend to be differentiated by the composition of the substrate material, the 

surface termination, the lattice structure or the physical topography 24. This differentiation 
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tends to be achieved through the chemical activation 25,26 or deactivation 27–29 of particular 

substrate regions.  This area is of significant interest to the semiconductor industry due to its 

capacity for fabricating high-resolution patterned substrates, which has the potential to 

overcome the technical and financial limitations that current fabrication techniques              

face 30–32. 

1.2.2 Atomic Layer Deposition  

1.2.2.1 Fundamentals  

Atomic layer deposition (ALD) is a thin film fabrication technique defined by its self-

limiting growth characteristics through the sequential exposure of vapour phase        

precursors 33,34. This method was first introduced by Suntola and Anston in 1977 by 

depositing ZnS for flat panel displays where it was first named atomic layer epitaxy         

(ALE) 35. The transition from ALE to the now more commonly known ALD was due to the 

fact that not all films deposited through this method were epitaxial to their underlying 

substrates as amorphous films were also being grown 34.  
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Figure 1.4 Basic step by step illustration of an ALD cycle with (i) the first chemical vapour 

precursor exposure, (ii) the purge of the unreacted precursor and any by-products followed by (iii) 

the second exposure completing the chemical reactions forming the final thin film and finally (iv) 

the second precursor purge. 

ALD is a comparable approach for thin film fabrication to the well-known chemical vapour 

deposition (CVD). The major difference between these two techniques is that CVD exposes 

the substrate to both reacting chemical precursors at once, whereas ALD does so in a 

sequential process 36,37. A schematic of a basic step-by-step ALD cycle can be seen in Figure 

1.4. The first step, (i), is exposing the substrate to the first gaseous chemical precursor, which 

then reacts with the substrate depositing the desired material. This reaction is self-limiting, 

which means that once the precursor has interacted with all available reaction sites on the 

substrate deposition stops, leaving one monolayer of the material. Any unreacted precursor 

and by-products produced are then purged from the reaction chamber as seen in Figure 1.4 

(ii). This is then followed by the second exposure of the co-reacting precursor, (iii), which 
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once again is self-limiting and finishes the fabrication of the desired thin film. Finally, this 

precursor and any by-products are purged from the system, (iv) 38.  

These four steps comprise one full cycle of an ALD process and they are then repeated until 

the desired thickness of the film is created. This is one of the many advantages of ALD as 

the layer-by-layer deposition allows for precise thickness control. The thin films produced 

through ALD are also highly conformal and of good quality which is required in most thin 

film applications 39.These advantages of ALD has led to it being used for a wide variety of 

applications, with the microelectronics industry being one of its biggest users. Intel 

introduced the use of this process in 2007 due to the increase in demand for smaller 

semiconductor devices 40.  

1.2.2.2 Thermal ALD Vs Plasma enhanced ALD 

There are two main ways in which ALD can be carried out. The first is known as thermal 

ALD, which uses two vapour phase precursors to fabricate the desired material. The second 

method is plasma enhanced ALD (PEALD), this uses plasma as the co-reactant instead of 

the second gaseous precursor 41. A schematic depiction comparing these two processes can 

be seen in Figure 1.5. 
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Figure 1.5 Schematic diagram of an aluminium oxide thermal ALD process compared to a PEALD 

process highlighting the use of water, in the case of the thermal process, and an O2 plasma, in the 

case of the PEALD process, as the different co-reactants.  

These processes can be used to fabricate films of the same chemical structure and to illustrate 

the differences between the two an example of fabricating aluminium oxide using the 

precursor trimethylaluminum (TMA) using both thermal ALD and PEALD will be shown. 

This material has been chosen as its deposition has been widely documented and       

researched 42–44. 

The deposition of aluminium oxide using a thermal ALD process consists of exposing the 

substrate to the TMA precursor, followed by the co-reactant which in this case is water as it 

is commonly used for the fabrication of oxides 45. When first exposed, the TMA interacts 

with the hydroxy groups present on the surface of the substrate. This allows the aluminium 

to bind to the surface while producing the by-product of methane gas 46: 

 -OH* + Al(CH3)3 → -O-Al(CH3)2
* + CH4 Eqn(1.2) 

Where the asterisks show the surface species for each process step. Following this, the 

unreacted precursor and the methane gas is purged from the system and a subsequent water 
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dose occurs. This allows for further reduction of the aluminium for the formation of 

aluminium oxide; once again, methane gas is created as a by-product of the reaction 46 

 -O-Al(CH3)2
*  + H2O → -O-Al(CH3)OH* + CH4 Eqn(1.3) 

Any excess precursor and the methane are removed from the chamber through another purge 

step. This leaves a single monolayer of aluminium oxide which is hydroxy terminated which 

facilitates further reactions to occur in subsequent ALD cycles.  

Similar to the thermal ALD process, for PEALD the first stage is that the substrate is exposed 

to the TMA precursor which reacts with the hydroxy groups on the substrate as seen in 

Eqn(1.2). However, instead of exposing the sample to a water dose an oxygen plasma is used. 

The energetic species within the plasma facilitate the reduction of the aluminium to 

aluminium oxide with carbon dioxide and water produced as the by-products 47 

 -O-Al(CH3)2
*  + 4O → -O-Al(CH3)OH* + CO2 + H2O Eqn(1.4) 

One of the major advantages of using PEALD as opposed to thermal ALD is its ability to be 

conducted at lower temperatures. This is because the energetic species within the plasma 

drive the reactions and energy in the form of heat is not required unlike the thermal process. 

It is also a cleaner method of deposition as there are less ligands present from the second 

chemical precursor allowing for better elimination of impurities such as carbon. It is also 

easier to fabricate single element materials such as pure metals using a PEALD process 48.  

1.2.2.3 Area Selective ALD  

Area selective ALD  combines both the methodologies of ASD and ALD for the fabrication 

of patterned substrates. This method of nanopatterning tends to be achieved through the area 

deactivation of the desired none growth regions. This is typically achieved through the use 

of self-assembled monolayers (SAMs). These are films that are one molecule thick which 

spontaneously form highly ordered large-scale structures on specific substrates. They consist 
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of a terminal functional group, a head group, and a hydrocarbon segment. It is the head group 

of the SAM structure that allows for strong interaction with the substrate, leading to the 

formation of a stable monolayer film 49. SAMs can selectively bind to specifically 

functionalised surfaces making that surface chemically uniform. These films inhibit the 

deposition of materials thus only allowing the fabrication of the deposited thin films in the 

desired growth regions while blocking deposition where the SAM is present. These can be 

used to form patterns as the SAMs are functionalised and will only interact with substrates 

containing the complementary functional group 50. 

Bent and co-workers are leading experts in the use of SAMs for both ASD and area-selective 

ALD. An example of this would be their use of SAMs to deposit patterned aluminium oxide 

onto the following substrates: Cu, Co W and Ru 51. Similarly, Chang et al. demonstrated the 

use of SAMs for the area selective ALD of Al2O3 onto Co 52.  Other methods of achieving 

area-selective ALD is through the use of polymers 53,54. This is achieved as depending on the 

polymer chemistry it can be used as an activation layer 25  i.e. facilitating the deposition or a 

deactivation layer 55 similar to SAMs inhibiting the deposition. The details of this process 

will be further illustrated in section 1.2.4 and a full comparison of polymers and SAMs will 

be discussed in section 1.2.7. 

1.2.3 Polymer Theory  

A polymer is defined as a large molecule consisting of repeating subunits called monomers, 

these are joined together by covalent bonds 56. Examples of the monomer structure for two 

of the main polymers used in this work, poly(methyl methacrylate) (PMMA) and polystyrene 

(PS), can be seen in Figure 1.6. Polymers can be natural or synthetic and can have a wide 



15 

 

range of properties depending on their chemical structure and molecular weight, both of 

which are very important for this work and will be discussed in more detail further on 57.  

 

Figure 1.6 Example of the polymer structures of the two main polymers used within this work 

PMMA and PS. 

The basic structure of a polymer consists of a chain-like configuration which is known as the 

polymer backbone and from this there can be protruding side groups, such as the benzene 

ring seen in the PS structure 58,59. Polymerisation is the way this structure is formed and it 

refers to the way in which the singular monomer subunits chemically bond together 60.  This 

can be achieved in two different ways, addition, or condensation polymerisation. 

Addition polymerisation is a type of reaction that involves the sequential addition of 

monomer units to the growing polymer chain and consists of three main steps. This reaction 

typically involves the use of an initiator, which can be a radical initiator, an anionic initiator, 

or a cationic initiator, that starts the reaction by generating a reactive intermediate species. 

This is often achieved through the application of heat, light or a catalyst. The following step 

is referred to as propagation, this works as the reactive monomer created in the initiation step 

interacts with the next monomer allowing it to bind to it and becoming a reactive intermediate 
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species in itself. From here this process repeats itself ‘adding’ on more monomer units until 

the polymer chain is fully grown. Finally, is the termination step, here the polymerisation 

reaction is ended by the removal of the reactive intermediate species. This can occur through 

a number of mechanisms, such as the combination of two reactive intermediates to form a 

new bond, reaction with a chain transfer agent, or reaction with a terminating agent 61. With 

condensation polymerisation there is no addition of a free radical initiator, here the 

monomers react with each other through condensation reactions which involve the 

elimination of a small molecule, such as water. This allows a covalent bond to form between 

the monomers. This reaction proceeds until the monomers are consumed or until the polymer 

reaches a desired molecular weight 59. 

The total number of monomers that bind together to form the overall polymer chain is known 

as the degree of polymerisation (DP). This relates to the overall molecular weight of the 

polymer and can be calculated using the following equation 56 

 𝐷𝑃 =  
𝑀𝑤

𝑀𝑚 
 Eqn(1.5) 

where Mw is the total molecular weight of the polymer and Mm is the molecular weight of 

the monomer. Eqn(1.5) shows that with an increase in the molecular weight of the polymer 

there is an increase in the DP. This indicates that with a larger molecular weight the overall 

length of the polymer chain is larger. This is very important to note for the work discussed 

in Chapter 3. 

Polymers tend to be made up of only one singular type of monomer, however, there can be 

combinations of different types of monomers which are known as copolymers. There are four 

basic structures in which these copolymers can be found, and a schematic representation of 

these can be seen in Figure 1.7. The first is the random structure which, as the name suggests, 
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means there is an irregular pattern of monomers. Secondly, the monomers can form an 

alternating copolymer, where each monomer alternates with the other. The third structure is 

the BCP, where more complex repeating units consisting of portions of different polymer 

chains are connected. Finally, there is the graft copolymer meaning, in this structure, 

monomer chains of one type attach to an already fabricated polymer chain of a different 

polymer material 62.  

 

Figure 1.7 Schematic representation of the random, alternating, block and graft copolymer 

structures formed through the combination of two monomers.  

1.2.4 Polymers in Area Selective Deposition  

The use of polymers for ASD applications has become widespread in recent years due to 

their low price and short fabrication times 63–67. These materials have area selective properties 

due to their chemistry and structure, they either facilitate infiltration by a material into their 

structure or they block this infiltration. For the purpose of this work polymers which accept 

infiltration will be referred to as active while polymers that block infiltration will be referred 

to as inactive.   
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Many reported works have demonstrated polymers’ area selective properties and their 

effectiveness in fabricating patterned substrates. Cummins et. al. showed the fabrication of 

patterned copper and gold substrates through the use of polymer blocking. This technique 

uses an inactive polymer, in this case, PS, to deactivate nongrowth regions and to allow for 

metal deposition to occur in the adjacent growth areas. In this work, amine-terminated PS 

was deposited onto a patterned copper and silicon dioxide substrate. Due to the termination 

of the PS, it selectively grafted to the copper regions thus deactivating them. After the 

deposition of the PS, gold was then evaporated onto the silicon oxide regions. Using an 

etching process the polymer was then removed leaving the copper and gold patterned 

substrate 68.  

As stated previously the work discussed above is an example of a deactivation process. 

Active polymers and their use in ASD has also been demonstrated using a similar technique 

as discussed above 69. The use of polymers in the field of ASD is widely studied, however 

the effect that the characteristics of a polymer, for example, molecular weight, has on their 

infiltration and blocking mechanisms are not widely reported in the literature. This work 

aims to study these variables in detail.  

1.2.5 Block Copolymer Lithography  

As previously mentioned, a BCP can be defined as a polymer made up of two or more 

different polymer chains covalently bound in a repeating pattern 62. When a BCP is formed 

the polymer pairs tend to be immiscible with one another, this means that for the polymer 

system to reduce its overall energy the different block regions try to remain physically 

separate from each other (i.e. they phase separate). However, this cannot occur on the 

macroscopic length scale due to the covalent bonds between the different blocks. Instead the 
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polymers spontaneously form ordered structures at the molecular scale with a domain size 

10 to 100 nm, which balance these two competing driving forces 70–73.  

The separation and size of the nanostructures formed within a BCP structure is dependent on 

the Flory Huggins parameter. This parameter shows the degree of incompatibility between 

the two different polymers and it is this that drives the phase separation. It can be calculated 

as follows; 

 
𝜒𝐴𝐵 = (

𝑧

𝑘𝐵𝑇
) [𝜀𝐴𝐵 −

1

2
(𝜀𝐴𝐴 + 𝜀𝐵𝐵)] Eqn(1.6) 

 

where 𝜒𝐴𝐵  is the Flory Huggins parameter, z is the number of nearest neighbours per repeat 

unit in the polymer, kBT is the thermal energy, and 𝜀𝐴𝐵 , 𝜀𝐴𝐴  and 𝜀𝐵𝐵   are the interaction 

energies per repeat unit of the monomers A-B, A-A, and B-B respectively 74. The larger the 

value of this parameter the more incompatible the two polymers are. This leads to the 

fabrication of smaller feature sizes, thus creating a higher resolution 72.  

The morphology of these structures is then determined by the overall DP and the composition 

of the polymer within the diblock which is given by 75 

 
𝑓𝐴 =

𝑁𝐴

𝐷𝑃
 

Eqn(1.7)  

 

Where 𝑓𝐴 is the composition and 𝑁𝐴 is the number of A monomers per molecule. BCPs can 

form a variety of morphologies which include spheres, hexagonally packed cylinders, gyroid, 

and lamella. Which pattern the BCP forms is dependent on the interfacial energy between 

the two blocks, the chain stretching and the volume fraction of each of the polymers. As the 

self-assembly begins the polymers couple together in such a way as to minimise the surface 

area between them, allowing for a system that is more energetically favourable. The phase 
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separation causes the polymers to stretch from their preferred coil configuration, the degree 

of which is dependent on the volume fraction. When a BCP mixture is very asymmetric the 

polymer in the smaller quantity begins to form spherical microdomains leaving the other to 

surround these spheres and form what are known as coronas. As the volume fraction becomes 

more equal, curved interfaces begin to form meaning that the polymers change their 

morphology to avoid being stretched out. This leads to the transition between the various 

morphologies. Figure 1.8 shows this transition from each of these structures as the volume 

fraction of two different polymers change 73,74,76.  

 

 

Figure 1.8 BCP morphologies as the volume fraction of polymer 1 (red) changes with respect to 

polymer 2 (blue). Morphologies are shown in the increasing red-block (decreasing blue) 

composition of a red-blue BCP. (S) sphere,(C) hexagonally packed cylinders (G) gyroid, and (L) 

lamellae 77. 

BCPs ability to self-assemble has made them of great interest in semiconductor research. In 

section 1.2.4 the area selective nature that polymers have depending on their chemistry was 

discussed. Combining an active and inactive polymer in a BCP film would allow for the 

formation of a self-assembled pattern of active and inactive regions. If these films were 

infiltrated, it would lead to the development of a patterned substrate which is known as BCP 

lithography. Tseng et. al. demonstrated this method by fabricating an alumina nanopattern 

using a self-assembled block copolymer system of PMMA and PS 64. Goshal et. al. also 
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shows the use of PS-b-poly(ethylene oxide) for the fabrication of patterned silver lines and 

dots 78. This method of producing metal patterns on the nanoscale is one of the many bottom-

up techniques being studied, with the hope of replacing conventional methods such as optical 

lithography. Using a variety of different combinations of polymers, the feature size can be 

controlled as well as the structures created. This offers immense potential for the technique 

of ASD, as well as for the broader field of lithography. 

1.2.6 Polymer Brush Theory  

A polymer brush can be described as several polymer chains, of a sufficient density, which 

are tethered to the surface of a substrate; it is also known as a polymer film 79–81. These films 

are a major area of research in the ASD and BCP fields, as they can be used not only for 

surface activation and deactivation in themselves but also allow for detailed characterisation 

of the polymers in different environments. For example, one could look at how certain 

polymers react with different infiltration materials or methods and how the polymer 

properties, such as molecular weight, could effect this infiltration. This information is vital 

for ASD and BCP lithography as it would show how each polymer block would react within 

different infiltration environments. It is for this reason that the characterisation of different 

polymer brushes and their infiltration mechanisms are a major part of this work.  

For a polymer film to be considered a brush, the polymer chains must be sufficiently dense. 

When the polymer chains are at a high density, steric hindrance between each chain causes 

them to stretch from their standard coil formation 82. This stretching is what causes the 

polymer brush to form. When the chains are initially tethering to the surface, the distance 

between attachment sites is too large for the chains to interact with each other, which causes 

the chains to coil and fall. This is known as the mushroom regime and this term can be used 
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to describe a polymer film with a low grafting density 79,80,83. From here as more chains tether 

to the surface and the distance between each attachment site decreases, the film transitions 

to a polymer brush. Figure 1.9 illustrates this density dependence and shows that if the 

distance between attachment sites is too large the films form the coiled mushroom regime 

compared to the highly dense brush regime. 

 

Figure 1.9 An illustration depicting the mushroom and brush regime and its dependence on chain 

density.  

It was stated previously that with an increase in the polymer chain density there is an increase 

in the amount of chain stretching occurring. This means that there is a direct relationship 

between the density of the polymer brush and its overall thickness. This relationship is given 

by Eqn(1.8) 82. 

 
𝐿 = 𝑁𝜎

1
3 Eqn(1.8) 

 

where L is the brush thickness, N is the chain length and σ is the chain density. This equation 

shows that for an increase in brush thickness to occur an increase in the density and chain 

length is required. From Figure 1.9 the difference between the brush and mushroom regime 

and their dependence on the polymer chain distance can be seen. From this figure, it is clear 

that the brush regime leads to a thicker film as the chains are experiencing greater extension 

due to the steric hindrance between them. This relates to Eqn(1.8) as the polymer chains have 
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a higher density in the brush regime due to the small distance between the grafting sites, 

which means that the density and grafting site distance are inversely proportional. This is 

relevant for the work discussed in Chapter 3 as methods of increasing the overall brush 

thickness of the polymers PMMA and PS are explored.  

1.2.6.1 Polymer Brush Fabrication  

There are two main ways in which polymer chains can be tethered to a substrate, they are 

attached either by physisorption or chemisorption. When chains are physiosorbed to a surface, 

selective absorption of one block within a diblock copolymer attaches itself to the surface. 

This tethering is not stable and is easily reversible as no chemical bonds are formed in this 

process. Chemisorption, on the other hand, involves the covalent bonding of the polymer 

chains to the substrate. This is much more stable and is difficult to reverse making it a much 

more favourable option for chain tethering 83. 

When fabricating a polymer brush using chemisorption two methods can be used, the 

“grafting from” and “grafting to” processes. A schematic representation of these techniques 

can be seen below in Figure 1.10. The grafting from technique involves the in-situ 

polymerisation of the polymer chains from the substrate surface. This is achieved through 

the submersion of a polymer initiator functionalised substrate in a monomer solution. This 

allows for the monomers to react with the initiators binding to the substrate and from here 

polymerisation can occur, leading to the polymer brush growing from the surface. This 

method allows for the fabrication of highly dense and thick polymer brushes 84.  However, it 

is an extremely chemically intensive method of fabrication and it can be hard to make 

reproducible polymer films as there is no way to characterise the polymer chains prior to the 

brush fabrication 80. 



24 

 

 

Figure 1.10 Schematic comparison of the grafting to and grafting from techniques for polymer 

brush fabrication. 

The grafting to method on the other hand uses prefabricated polymer chains. These tend to 

have a functional group at the end of the chain which allows them to bond to a substrate 

surface with the corresponding functional group. For example, in this work polymers which 

have been hydroxy functionalised are used to graft to the surface of hydroxy functionalised 

silicon substrates. Through a condensation reaction these polymer chains can successfully 

graft to the silicon substrate. This method is technically simpler than the grafting from 

technique and is a lot less chemically intensive. It also has the added benefit of allowing for 

in-depth characterisation of the chains before brush fabrication which allows for very 

reproducible films. However, this technique does come with its disadvantages as it is hard to 

acquire extremely dense films thus making it harder to fabricate thicker films 85. Despite its 

disadvantages, the grafting to method is favoured in this work. This method was used for its 

technical ease as well as its ability to facilitate rapid and reproducible brush fabrication.  
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1.2.7 Polymers versus Self-Assembled Monolayers  

The definition of a SAM and how they are used in the field of ASD have been discussed 

previously in section 1.2.1. When comparing these monolayer structures to a polymer brush 

one of the distinct differences is that a SAM can only act as a deactivation layer, while 

polymers can be seen as more versatile being able to act as an activation or deactivation layer 

depending on the polymer’s chemistry. Secondly, to fabricate a stable SAM with suitable 

substrate coverage requires a lot of time varying from hours to several days 86,87. This is 

compared to polymer brush fabrication which can be optimised so that a brush with suitable 

substrate coverage can be achieved in just a few seconds 88. Chapter 4 of this thesis 

demonstrates the rapid fabrication of PS brushes for the blocking of a hafnium oxide ALD 

process, which shows high levels of selectivity similar to those achieved using SAMs. Finally, 

one of the standout differences between the use of polymers and SAMs for ASD is that, as 

previously discussed, polymers can be used in a BCP system to self-assemble to form 

nanostructures. Thus, patterns can be formed without any human interaction unlike SAMs 

which requires specific substrate functionalisation for them to attach and form the desired 

pattern.  

1.2.8 The Infiltration of Polymers Through ALD-based techniques 

As previously discussed in section 1.2.4, polymers can accept or block infiltration based on 

their chemistry and chemical structure. When combining active and inactive polymers in a 

BCP system, one can create a patterned substrate of regions that facilitate and block 

infiltration simultaneously. Post infiltration, the BCP layer can then be removed using an 

oxygen enriched environment such as UV ozone or O2 plasma. This then leaves a pattern of 

the infiltration material used on the substrate. Infiltration can be achieved in many ways; for 
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example, Snelgrove et. al. demonstrated the use of a liquid phase infiltration process by 

which poly-2-vinylpyridine (P2VP) was infiltrated using a copper salt solution 89. Polymer 

infiltration through a vapour phase infiltration (VPI) process has also been shown to be 

successful and is the method focused on in this work 25,26.  

The basis for the VPI process has been derived from ALD techniques which has been 

discussed in depth in section 1.2.2. It involves the exposure of the polymer film to a vapour-

phase metalorganic precursor which then infiltrates into the polymer matrix and reacts with 

the functional groups 90. The main difference between ALD and VPI is the way in which the 

substrate interacts with the precursor. ALD relies on precursor adsorption on the substrate 

while VPI requires the diffusion of the precursor into the substrate i.e. the polymer 91.  A 

typical VPI process consists of the following steps: Firstly, the precursor is pulsed into the 

chamber, which is known as the dose step and is controlled by the chamber pressure, carrier 

gas flow, precursor temperature and the time the precursor admittance valve is open. 

Following this the chamber is held under static vacuum for a period of time ranging from 

seconds to minutes, which is referred to as the hold step. This is done as it allows for adequate 

time for the precursor to interact and infiltrate the polymer. The chamber is then purged to 

remove any of the unreacted precursor and the process can then repeat itself. A co-reactant 

can be used but is often not essential; in the case where it is used there would be another dose 

step, hold step and purge for the co-reactant following on from the precursor.  

There are different ways in which VPI can be achieved these include semi-static sequential 

infiltration synthesis (SIS), flow mode SIS, multiple pulsed infiltration (MPI) and sequential 

vapor infiltration (SVI). In the case of the semi-static SIS mode, the precursor and co-reactant 

undergo static-hold steps after which the chamber is fully evacuated back to vacuum. The 
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flow mode SIS and the MPI processes are effectively identical; unlike in static mode SIS the 

chamber is never evacuated to baseline vacuum in these processes. Finally the SVI process 

repeatedly delivers the same precursor via multiple dose steps before exposing the co-

reactant and the hold steps are much shorter (typically only 30 to 60 seconds long) 92.  
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1.3 Overview of the Results Presented  

The results presented in this thesis have come from a collaborative project between the 

author’s own affiliation, the School of Physical Sciences at Dublin City University (DCU), 

and the Centre for Advanced Materials and BioEngineering Research (AMBER) at Trinity 

College Dublin (TCD). This project was supported by Intel and Science Foundation Ireland 

(SFI).  

The AMBER centre’s focus of research was the development of a rapid polymer brush 

fabrication process utilising the grafting to method, as discussed in section 1.2.6.1, as well 

as the infiltration of these polymers via a liquid phase approach. One of the research 

objectives  of DCU and therefore this thesis was to further the development of this process 

for the fabrication of thicker polymer brushes and then to characterise these films in detail. 

This was achieved mainly using techniques available at DCU with complementary resources 

at synchrotron laboratories. The details of these techniques are outline in Chapter 2. 

Additionally, using ALD infrastructure present in DCU, the vapour phase infiltration of these 

polymers was investigated focusing on both the effect of increased thickness as well as 

polymer type.  

The main results arising from this thesis are split into 3 chapters, each with the overall 

objective of gaining an understanding into the way in which the polymer properties such as 

molecular weight effects the thickness of the resulting brush and therefore how this change 

in thickness effects the polymers ability to be infiltrated or act as a deactivation layer.  

The experimental work focuses upon four covalently grafted polymer brushes developed at 

DCU: PMMA, PS, poly-2-vinyl pyridine (P2VP) and polyethylene oxide (PEO). The 

monomer structure for each of these polymers can be seen below in Figure 1.11. The method 



29 

 

of brush fabrication used allows for the polymers to be ASD compatible and can be patterned 

via conventional lithography or by tailoring the functional end groups of the polymer.  

 

 

Figure 1.11 Monomer structures for the four polymers PMMA, PS, PEO and P2VP used in this 

work. 

PS and PMMA are well known polymers for their ability to achieve area deactivation and 

activation respectively 55,93. It is for this reason that they are such a large focus of this work 

due to their shown success in previous studies. P2VP and PEO are also investigated due to 

their large Flory Huggins parameter when placed in a BCP system with PS. This allows for 

small feature sizes to be achieved in the BCP pattern than that created when using PMMA.  
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Figure 1.12 Graphical abstract of experiments outlined in chapter 3. Brushes were fabricated using 

different molecular weight polymer solutions at varying solution concentrations for the making of 

thicker polymer brush. 

The first of the experimental results shown in Chapter 3, Figure 1.12, investigates two 

methods for the fabrication of thicker PMMA and PS brushes while using the grafting to 

approach. The first illustrated the effect that increasing the fabricating solution concentration 

as well of the molecular weight of the polymer had on its resulting thickness. It was seen for 

both polymers that an increase in both parameters led to an overall thicker brush that was of 

good quality. Following on from this a stepwise approach for the fabrication of thicker PS 

films was studied. This looked at the potential of functionalising a PS brush through the use 

of an O2 plasma process, which was achieved using a Henniker benchtop plasma system, to 

allow for a second application of the PS solution. This process was shown to be unsuccessful 

as while there was an overall increase in the brush thickness, it was not significant enough 

to warrant the extra time required for this type of fabrication.  



31 

 

 

Figure 1.13 Graphical abstract representing the results of seen in chapter 4. PS brushes of 

differing thicknesses were exposed to a hafnium oxide ALD process over a number of cycles as well 

as PMMA brushes of varying thicknesses exposed to an aluminium oxide VPI process. 

Chapter 4, Figure 1.13, then continues on from the results presented in Chapter 3 and looks 

at how this thickness increase in the PS and PMMA brushes effects their properties as an 

inactive and active polymer. Firstly, it was shown through the exposure of three PMMA 

brushes of varying thicknesses to an aluminium oxide VPI process that with an increase in 

brush thickness there was a slight increase in the amount of infiltrated aluminium. The use 

of a UV ozone and an O2 plasma process, which was conducted in an inductively coupled 

plasma (ICP) source within the ALD chamber used for infiltration, for the removal of the 

polymer films as well as the oxidation of the infiltrated aluminium was then compared. It 

was shown that the O2 plasma was more efficient and the oxide films fabricating using the 

thicker PMMA brushes were thicker than that of the ones fabricated using the thinner PMMA 

films.  This chapter then shows the way in which the thickness of a PS brush effects its ability 

to block a hafnium oxide ALD process. By exposing three PS brushes of varying thickness 
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to a number of ALD cycles it was shown that the efficacy of the PS at inhibiting deposition 

decreased with the thickness of the film.  

 

Figure 1.14 Graphical representation of the results shown in chapter 5. P2VP, PMMA and PEO 

brushes of the same molecular weight were exposed to an aluminium oxide VPI process showing a 

larger amount of precursor uptake within the P2VP film followed by the PMMA film and finally the 

PEO brush.  

The final results shown in Chapter 5, Figure 1.14, looks at comparing the infiltration 

mechanisms as well as the precursor uptake of the three polymers PMMA, P2VP and PEO. 

Polymer brushes fabricated using the same solution concentration and molecular weight for 

all three tested polymers were exposed to an aluminium oxide VPI process. Through the use 

of HAXPES it was shown that the infiltrated P2VP had the largest aluminium uptake 

followed by the PMMA and finally the PEO. Then through the use of an ICP O2 plasma 

process the polymer films were subsequently removed. It was then confirmed that the 

infiltrated P2VP brush resulted in the thickest oxide film which was determined to be down 

to its efficient infiltration mechanism.  

Chapter 6 concludes with a summation of the main findings from the results presented in this 

work, with a description on the possible future research that could be conducted on the 

infiltration of polymer brushes which are of relevance to ASD and BCP research. 
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2 Principles of Experimental Techniques 

The results presented in this work use a wide variety of experimental techniques and the 

following chapter outlines the theoretical and mechanical principles of each of the different 

techniques employed.  

When investigating the chemical properties of the fabricated films – such as chemical 

bonding and elemental makeup, the photoemission techniques of X-ray photoelectron 

spectroscopy (XPS) and hard X-ray photoelectron spectroscopy (HAXPES) were used. 

These techniques allowed for the determination of polymer growth, successful polymer 

infiltration, material deposition as well as an assessment of the infiltrated materials post 

polymer removal. This was complemented using grazing angle attenuated total reflection 

Fourier transform infrared spectroscopy (GA-ATR-FTIR) for the determination of polymer 

deposition through organic bond vibrations.  

Film thicknesses were determined through the use of ellipsometry which was vital for many 

aspects of the work presented. This was complemented through the use of X-ray reflectivity 

(XRR) which not only provided film thickness measurements but it also showed film density 

and film roughness. Assessing the film quality as well as surface roughness was also 

determined through the use of atomic force microscopy (AFM) once again providing very 

important information for the conducted work as high-quality films were of top priority. 

Finally, the use of contact angle was employed for the determination of surface 

functionalisation. 
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2.1 Grazing Angle Attenuated Total Reflection Fourier Transform 

Infrared Spectroscopy 

2.1.1 Basic Theory  

GA-ATR-FTIR is a characterisation method that allows for the arrangement of atoms and 

their associated chemical bonds to be analysed within a thin film  1,2.  This technique is based 

on the characteristic absorption of infrared (IR) light by specific molecules 3. The frequency 

at which the IR light is absorbed is dependent on the effective mass of the molecule, meff, as 

well as the bond strength between the atoms, k, which can be seen in the following;  

 

�̃� =
1

2𝜋𝑐
(

𝑘

𝑚𝑒𝑓𝑓
)

1
2

 Eqn(2.1) 

 𝑚𝑒𝑓𝑓 =
𝑚1𝑚2

𝑚1 + 𝑚2
 Eqn(2.2) 

Eqn(2.1) illustrates the oscillation frequency, �̃�, of a molecule and shows its relationship to 

the bond strength and its effective mass 4. It is this value that is used to determine the types 

of molecules present within a material as it is unique for each molecule and the environment 

it is in. Eqn(2.2) then shows an example calculation of the effective mass of a diatomic 

molecule, where m1 and m2 are the respective masses of the atoms present within the 

molecule. This highlights the dependence that the oscillation frequency has on the type of 

molecule and the atoms present within it. Using these equations an expected value for the 

frequency of IR light that would be absorbed can be determined. This is needed for the 

characterisation of materials as it allows for the chemical structure of a material to be 

established.   
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Upon absorption of IR radiation, bonds become excited and the molecule reaches a higher 

vibrational energy level. The energy of the vibrational levels for a given molecule can then 

be found as follows; 

 
𝐸𝑣 = (𝑛 +

1

2
) �̃� Eqn(2.3) 

Where 𝐸𝑣 is the energy value of the level and 𝑛 is the energy level index (i.e. an integer 

starting at zero). Eqn(2.3) describes a bond as if it were behaving like a quantum harmonic 

oscillator. However, in a real-world case, a bond shows anharmonicity as there is a point in 

which the bond will break due to over stretching 5. This means that Eqn(2.3) must be altered 

to reflect this anharmonicity,  

 
𝐸𝑣 = (𝑛 +

1

2
) �̃� − (𝑛 +

1

2
)

2

𝜒𝑒�̃� 
Eqn(2.4) 

where 𝜒𝑒 is the anharmonicity constant. This shows that with increasing energy level the 

difference in the energy value between adjacent levels decreases 5. Using these equations, 

the frequency of light required to excite a molecule into a higher energy level can be 

determined. This is required for the acquisition of an IR spectrum.  

For the vibration of a molecule to be seen in an IR spectrum, there are two selection rules 

which must be obeyed otherwise the molecule will not absorb IR light and there would not 

be a change in vibrational state, causing no visible difference on an IR spectrum. These are 

as follows:  

• The gross selection rule states for a molecule to change vibrational level by the 

absorption of electromagnetic radiation the electric dipole moment of that molecule 

must also change when the atoms are displaced relative to one another 4. 
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• The second selection rule, once the gross selection rule is met, is that there must be a 

change in the vibrational energy levels of +/-1.  

Homonuclear molecules will not appear on an IR spectrum as their dipole moment does not 

change with atomic displacement. Thus, the molecule must be heteronuclear for there to be 

a change in dipole moment.  

It is clear that each bond between different atoms will absorb IR light at different frequencies 

depending on the bond type, as well as the atoms within the molecule. This is what makes 

IR spectroscopy useful as it not only gives the chemical composition of a material but it also 

gives its molecular structure. 

2.1.2  Technical Details  

There are many differences between a standard IR grating spectrometer system and a Fourier 

transform infrared spectroscopy (FTIR) system, the main one being the inclusion of a 

Michelson Interferometer.  

2.1.2.1 The Michelson Interferometer 

The Michelson Interferometer is at the heart of any FTIR system. It consists of four main 

arms as can be seen in Figure 2.1. The first contains the IR source and a collimating mirror, 

which ensures that all light beams are parallel with each other. The second is a moving mirror, 

which is used to alter the distance travelled by the light going to it, and the light travelling to 

the fixed mirror which is on the third arm. The final arm has the sample being analysed and 

the detector. In the centre of all this is a beamsplitter which is the point where the IR light is 

separated allowing it to travel to both the fixed and moving mirrors. This is achieved by 

allowing a portion of the light to be reflected and the other transmitted 3.  
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Figure 2.1 Schematic diagram of the parts within a Michelson interferometer including the fixed 

mirror, moving mirror, beamsplitter, light source and detector. 

After the beams have been initially separated, they travel to the two mirrors. In the case of 

the fixed mirror, the beam always travels the same distance meaning its phase stays consistent. 

However, in the case of the moving mirror, this distance can be altered. This alteration 

changes the phase of the light meaning that when the two beams recombine, they interfere. 

The nature of this interference is dependent on the distance that the movable mirror is set 

from the beamsplitter. 

The interference pattern formed in the recombination creates a cosine intensity wave. The 

superposition of these patterns is then taken by the detector to obtain what is known as the 

interferogram of the spectrometer. The Fourier Transform comes into play at this point, as 

Fourier’s theorem states that mathematical functions can be expressed as a superposition of 

sine and cosine waves 6. So, in this case, the Fourier transform is applied to the interferogram 
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to obtain its corresponding mathematical function which is observed as an absorbance 

spectrum. The effect of placing a sample before the detector simply alters the intensities of 

the interferogram. As the sample selectively absorbs the various wavelengths, which in turn 

are causing bond vibrations, the Fourier transform is then altered. An example of this would 

be if a Fourier transform was taken of a laser, a single line would be obtained at the 

wavenumber of that laser. If a sample was placed between the laser and the detector which 

absorbed this radiation there would no longer be a line present 3. This is how absorbance 

spectra are created using a FTIR system.   

2.1.2.2 Grazing Angle Attenuated Total Reflection Attachments.  

There can be many attachments added to an FTIR system to change its functionality, making 

it suitable for different types of materials. An attenuated total reflection (ATR) attachment 

makes obtaining the FTIR spectra of thin films possible.  

This works by passing IR light through an optically dense crystal, such as germanium or 

diamond, which has a high refractive index. This is then  placed on top of a lower refractive 

index sample. The angle of incidence of the IR light must be at or above the critical angle of 

the system to ensure that internal total reflection can occur 7. The total internal reflection in 

the optically dense crystal leads to the formation of what is known as an evanescent wave in 

the lower index sample 3. The interaction with the evanescent wave means that the sample 

can absorb the IR radiation, if the frequency matches a vibrational transition, causing the 

bonds within to vibrate. The presence of multiple “bounces” (reflections) as the wave 

propagates along the higher index ATR crystal can lead to higher absorption levels, and the 

geometry of the system means that no additional sample preparation is required. 
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Obtaining a spectrum using an ATR attachment is similar to that of a normal FTIR system. 

As stated previously the sample must be placed on the surface of the crystal. To allow for 

sufficiently close contact, large mechanical pressure must be applied to the sample. Once 

internal reflection conditions are satisfied the evanescent wave enters the sample, and 

(depending on the material) the reflected wave in the higher index material attenuates. This 

attenuation is measured once the wave is reflected back into the system, reaching the detector. 

As stated above the absorbance of the wave alters the interferogram giving a characteristic 

spectrum 7. A schematic showing the ATR setup can be seen below in Figure 2.2. 

 

Figure 2.2 Basic illustration of how IR light travels through the optically dense crystal as well as  a 

sample in an ATR-FTIR setup. 

This technique is suitable for the analysis of thin films and is convenient since no additional 

sample preparation is required. In normal transmission IR spectroscopy, the amount of 

absorbance is dependent on the thickness of the material; the thicker it is the more bonds that 

are present giving larger absorbance intensities. Thus, using a normal FTIR system for thin 

films is not possible, as it is difficult to obtain suitable intensities within the spectrum. Using 

an ATR system, this thickness dependence can be overcome since the key parameter is the 
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decay length of the evanescent wave (roughly the same order of magnitude as the optical 

wavelength). But when films reach ultrathin thicknesses (much less than the wavelength) the 

sample thickness is a limiting factor. It has been shown a significant enhancement of the 

absorption levels can be obtained through a specific arrangement of materials within an ATR 

system. Firstly, the optically dense material must be a very high refractive index material (in 

our case germanium) since a high critical angle is required. Secondly, the substrate the film 

is deposited on must be another material of higher refractive index than the sample (in our 

case silicon is ideal), as this allows for the creation of an optical cavity in which the analysis 

material is located. Finally, the angle of incidence must be above the critical angle of 60o. 

The Fresnel equations in such a configuration indicate a large enhancement of the intensity 

of the evanescent wave in the sample material, due to phase effects which lead to electric 

field addition in the cavity due to the boundary conditions at the two interfaces. The field 

enhancement can easily be a factor of seven or more, and consequently ~ a factor of fifty in 

magnitude for the intensity, for very thin samples (in fact the field enhancement is larger for 

thin samples within a certain thickness range). The field enhancement means a consequent 

absorbance enhancement can be seen which allows for the analysis of such ultrathin films 1. 

Since such a large angle of incidence is required this technique is known as grazing angle 

ATR1,8 (sometimes called GA-ATR). When used in conjunction with an FTIR spectrometer, 

it is referred to as GA-ATR-FTIR. 
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2.2 X-Ray Photoelectron Spectroscopy  

2.2.1 Basic Principle 

XPS is a useful characterisation method that can provide both quantitative and qualitative 

information about the chemical composition of a material. It allows for the elements that a 

material is made of to be determined, as well as providing an understanding of the chemical 

environment the element is in 9.  

XPS works based on the principle of the photoelectric effect. This occurs when an X-ray of 

sufficient energy is irradiated onto a material's surface and causes ionisation, which leads to 

the emission of a photoelectron. A schematic of this can be seen below in Figure 2.3. 

 

Figure 2.3 Illustration of the ionisation, and thus the creation of a photoelectron, of an atom 

caused by X-ray radiation 10. 
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Electron emission can only occur if the X-ray energy is greater than that of the binding energy 

of the electron. If the energy is sufficient and an electron is emitted, the ejected particle 

travels with kinetic energy, Ekin, which can be calculated as follows: 

 𝐸𝑘𝑖𝑛 = ℎ𝑣 − 𝐸𝐵 − 𝜙 Eqn(2.5) 

where hν is the energy of the incident X-ray, ϕ is the work function of the spectrometer and 

EB is the binding energy of the emitted electron 11.  A spectrometer measures the kinetic 

energy of these electrons and using Eqn(2.5) and the equivalent binding energy can then be 

determined. It is this binding energy that is used in the elemental characterisation of a 

material and is plotted against the number of electrons emitted at that binding energy 

otherwise known as the counts in an XPS spectrum.  

2.2.2 Technical Details  

2.2.2.1 Theoretical Basis  

It is known that every electron within an atom has a specific binding energy, the value of 

which is dependent on several different factors. Firstly, the location of the electron within an 

atom influences its binding energy as electrons within the inner shells, such as the 1s, have 

a higher binding energy than those in the outer core levels 12. A good example of this is 

comparing the binding energies of the electrons from the Al1s and the Al2p core levels as 

they have the binding energies of 1560 eV and 73 eV respectively 13. It is clear from this 

comparison that the electrons in the inner core levels have a higher binding energy than those 

in the outer shells. It is also dependent on the element that it is being emitted from as the 

higher the atomic number of an element the larger the resulting binding energy 14. For 

example, when comparing the binding energy of the Al2p and the Si2p emission lines they 

have binding energies of 73 eV and 99.4 eV respectively. It is this difference in both the 
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binding energy of each core level and the element from which it comes from which allows 

for the detailed analysis of the elemental composition of a material.  

The binding energy of an electron is also dependent on the chemical environment that the 

element is in. For example, the binding energy of the Si2p signal when silicon atoms are 

bonded to silicon atoms is 99.4 eV. Whereas the binding energy of the Si2p core level when 

silicon is bound to oxygen is 103.5 eV. This is due to the higher electronegativity that oxygen 

has over silicon which causes a shift in the electron density from the silicon towards the 

oxygen. This shift in electron density is known as the chemical shift. Since it is clear that the 

binding energy is dependent on its chemical environment this allows for detailed analysis 

not only of the chemical makeup of a material but also the bond interactions between each 

of the elements within it. This is achieved through peak fitting which will be discussed more 

in depth in section 2.2.3 

2.2.2.2 Experimental Setup 

Due to the nature of XPS, it is required to conduct these measurements in a UHV system 

with a pressure of up to 5x10-8 mbar. This is because key aspects of XPS analysis involve 

electron energy measurements and electron counting thus, conducting the experiment in a 

UHV environment allows for an increased mean free path for the emitted electrons.  

The main components which make up an XPS system can be seen below in Figure 2.4. The 

X-ray source consists of tungsten filaments and an anode from which the X-rays are produced. 

This anode is typically made from Mg or Al which emit Kα X-rays with energies of 1253 eV 

and 1486 eV respectively 15. The X-rays are generated through electron impact ionisation of 

the anode and these electrons are created from the filaments through thermionic emission. 

These electrons are accelerated towards the anode across a potential difference of 
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approximately 14 kV allowing for the electrons to have sufficient energy for X-ray 

production.  

 

Figure 2.4 Configuration of components within an XPS system showing the X-ray source and the 

hemispherical analyser 16. 

Once the generated X-rays impinge on a sample the photoelectrons produced are directed 

towards the energy analyser using a configuration of electron optics. The main component 

of these optics is the collector lens. This controls the area of analysis and the angle at which 

the electrons are accepted. After the collector lens, there are various lenses in place which 

lower the Ekin of the electrons before they enter the analyser at a fixed energy, which is known 

as the pass energy  9.  

One of the final components of an XPS is the electron energy analyser. This analyser consists 

of two separate spheres which are held at different voltages. This creates a radially symmetric 

electric field which helps direct the electrons towards the detector. As previously mentioned, 

before entering the analyser the electrons are either accelerated or decelerated to a user-

defined pass energy. This is the energy the electron has as it passes through the analyser. 

Altering the pass energy allows for changes in resolution. The lower the pass energy the 
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higher the resolution. This has its disadvantages though since having a lower pass energy can 

reduce the electron counts 15.   

2.2.3 XPS Data Analysis 

2.2.3.1 Analysis Depth 

XPS is widely known as being a very surface sensitive technique, analysing approximately 

the first 10 nm of a material 17. This is due to the fact that the photoelectrons that are ejected 

from atoms deeper within a material have a larger distance, d, to travel to escape the sample 

surface. In doing so these electrons tend to undergo inelastic collisions, recombination, and 

recapture in various excited states within the material, all of which reduce the number of 

escaping electrons from the bulk. These effects appear as an exponential attenuation function 

as the depth increases and can be represented in the Beer’s law equation; 

 𝐼𝑘 = 𝐼0𝑒(−𝑑/𝜆𝐼𝑀𝐹𝑃 cos 𝜃) Eqn(2.6) 

Where 𝐼𝑘  and 𝐼0  are the final and initial photoemission intensity respectively,  𝜆𝐼𝑀𝐹𝑃 

represents the inelastic mean free path (IMFP) which determines the distance travelled by a 

photoelectron within a solid before undergoing an inelastic collision and finally 𝜃, which is 

the angle of emission with respect to the normal 18. From this equation it is clear that when 

d is large enough the value of 𝐼𝑘  becomes too small to measure confirming the surface 

sensitivity of XPS.  

2.2.3.2 Elemental Compositions  

One of the main ways in which XPS is used is to determine the elemental composition of a 

material. This shows the percentage amount of each element present within a material as the 

intensity of each core level peak correlates to the amount of that element that is present. The 

intensity, I , of a photoelectron peak from a homogenous solid is given by; 
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 𝐼 = 𝐽𝜌𝜎𝐾𝜆 Eqn(2.7) 

Where J is the photon flux, 𝜌  is the concentration of the atom in the solid, 𝜎  is the 

photoelectron cross section, K is a term which covers all instrumental factors and 𝜆 is the 

electron attenuation length. By assuming that the photon flux is constant, the 𝜎, K, and 𝜆 

terms can be incorporated into a single sensitivity factor, with each core level of each element 

having its own unique value. From these assumptions and ensuring that the film is 

homogenous the atomic percentage of each element within a material can be calculated as 

follows; 

 

%(𝐴) = {

𝐼𝐴
𝐹𝐴

⁄

∑(𝐼
𝐹⁄ )

} 

Eqn(2.8) 

Where %(𝐴)  is the percentage of element A within a material, 𝐼𝐴  is the intensity of that 

element and 𝐹𝐴 is the sensitivity factor 19. This is very important and useful information that 

can be obtained from an XPS spectrum as in the field of surface science one can track the 

elemental changes of a material after exposure of various processes such as ALD. 

2.2.3.3 Peak Fitting 

Peak fitting is another extremely important form of data analysis when it comes to XPS. As 

previously discussed in section 2.2.2.1 the binding energy of an electron is influenced by the 

chemical environment that the element is in. The peaks within an XPS spectrum can be 

deconvoluted and ‘fitted’ to determine the chemical states that the given element is in. Figure 

2.5 shows the fits of the C1s spectra for the polymers PS and PMMA. From this figure the 

clear chemical differences between the two polymers can be seen and determined through 

the fits applied.  
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Figure 2.5 XPS C1s spectra for a 42K 1.5 wt% PS and a 160K 1.5 wt% PMMA and showing their 

applied fits. This illustrates the different chemical states that the carbon atoms are in within both of 

the polymer films. 

Firstly, when looking at fitting an XPS spectrum, one has to take into account that each peak 

has a specific lineshape. This can be shown mathematically through a Voigt curve which is 

a combination of a Lorentzian and Gaussian function 20. The equation for this is as follows; 

 
𝚪𝑉 = √𝚪𝐺𝑎𝑢𝑠𝑠𝑖𝑎𝑛

2 + 𝚪𝐿𝑜𝑟𝑒𝑛𝑡𝑧𝑖𝑎𝑛
2  

Eqn(2.9) 

Where 𝚪 represents the full width half maximum (FWHM) of the peak. Both the Gaussian 

and Lorentzian FWHM values provide important information about each individual XPS 

peak.  

Gaussian broadening is determined by several factors, including photon broadening and the 

non-perfect resolution of the photoemission analyser 21. Gaussian broadening can be 

calculated using the following; 

 
𝚪𝑮𝒂𝒖𝒔𝒔𝒊𝒂𝒏 = √𝚪𝑐

2 + 𝚪𝑎
2 + 𝚪𝑝

2 
Eqn(2.10) 

Where 𝚪𝒄, 𝚪𝒂 and 𝚪𝒑 are the FWHM values which account for the photon broadening. 𝚪𝒂 also 

takes into account the non-perfect resolution of the photoemission analyser and finally 𝚪𝒑 
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represents the spectral line width of the incident X-rays. Due to the fact that this broadening 

is influenced by system parameters it is therefore dependent on the individual tool being used. 

Lorentzian broadening on the other hand is determined solely by chemical effects within the 

element. From Heisenberg’s uncertainty principle the emission of a photoelectron from an 

element creates a core-hole. The time in which it takes for this core-hole to be filled by an 

electron from another shell, otherwise known as its lifetime, determines the amount of 

Lorentzian broadening occurring. The Lorentzian FWHM can therefore be calculated using 

the following equation; 

 
𝚪𝐿𝑜𝑟𝑒𝑛𝑡𝑧𝑖𝑎𝑛 =

ℎ

τ
 Eqn(2.11) 

Where h is Planck’s constant and τ is the core-hole lifetime. From Eqn(2.11) it is clear that 

the shorter the lifetime of a core-hole the larger amount of Lorentzian broadening 

experienced. The lifetime of these core-holes is influenced by the core in which it is created 

as inner shells have shorter lifetimes. Also, elements with larger atomic numbers have shorter 

core-hole lifetimes as they have more electrons present to fill these holes 22. 

Another factor to consider when fitting XPS data is the background of the spectra, which 

refers to the parts of the spectrum which do not contain any photoemission peaks. The 

intensity of the background is generated from photoelectrons which have lost kinetic energy 

due to inelastic scattering events. XPS fitting software applies one of the following three 

options, the Tougaard, linear and Shirley backgrounds examples of which can be seen below 

in Figure 2.6. 
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Figure 2.6 Graphical example of the Tougaard, Shirley and Linear backgrounds 23. 

The linear background, as expected, applies a horizontal or sloped straight line from two 

points within the spectra. However, this is not ideal for detailed XPS fitting as the background 

is very rarely a straight line. The Tougaard background on the other hand is a mathematical 

model which takes into account the inelastic scattering of the background photoelectrons. 

This model works best when analysing larger regions but tends not to work with smaller 

more high-resolution areas. Finally, the Shirley background assumes that the background 

intensity at any given binding energy is proportional to the integrated intensity of the peak at 

lower binding energies. This was then further developed to create what is known as the 

Shirley-Sherwood background which performs iterations of the fitting process for further 

accuracy. This method is the best for analysing spectrally narrower regions 24. 
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2.3 Hard X-ray Photoelectron Spectroscopy  

2.3.1 Basic Overview 

HAXPES is an extension of the previously discussed XPS. It employs the same basic 

principles of XPS as it studies the electronic structure of solid materials through the use of 

the photoelectric effect. The main difference between HAXPES and XPS is the X-rays that 

are used. XPS uses what are known as soft X-rays whereas HAXPES uses higher energy 

hard X-rays ranging from 2 keV to 10 keV. The way in which these X-rays are produced are 

therefore also different with the soft X-rays being generated in an X-ray tube and the hard 

X-rays being created in a storage ring using synchrotron radiation 25. 

2.3.2 Technical Details 

As previously stated HAXPES uses X-rays generated via synchrotron radiation. This is 

produced when electrons are accelerated to relativistic speeds within a circular path. This 

radiation can be used for many purposes which include the generation of photons in the hard 

X-ray regime. An example of synchrotron ring can be seen in Figure 2.7 below. 

 

Figure 2.7 Example of a synchrotron ring 26. 
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These particles are produced using an electron gun, with an energy of approximately            

100 MeV, which are injected into a booster ring where they are brought up to 2.75 GeV. The 

electrons are then brought into a storage ring where they are guided by a series of magnets 

to maintain their circular trajectory. As the electrons move along the storage ring, they 

experience centripetal acceleration due to the magnetic fields. This acceleration causes the 

electrons to emit electromagnetic radiation tangentially to their path. It is this radiation that 

can then be used for the various analysis techniques such as HAXPES 25.  

2.3.3 HAXPES Advantages  

As mentioned in section 2.2.3.1, XPS is an extremely surface sensitive technique, with an 

analysis depth of approximately 10  nm which is down to the lower energy X-rays used in 

conventional XPS. Since HAXPES uses hard X-rays in the range of 2 keV to 10 keV a larger 

penetration depth is achievable. This is due to the fact that the photoelectrons emitted from 

a sample have a higher Ekin when produced with higher energy X-rays. From Eqn(2.6) the 

correlation between the Ekin of a photoelectron and the IMFP can be seen. It shows that with 

the large Ekin value the IMFP increases, thus allowing for photoelectrons deeper within the 

bulk to escape a material’s surface without energy loss for analysis. 

The use of the higher energy electrons as well as the larger penetration depth achieved by 

HAXPES allows for it to have many advantages over conventional XPS. Firstly, it permits 

for a greater amount of information to be obtained from the sample as a whole since more 

bulk signal is provided. It also allows for greater peak intensities to be obtained as a larger 

number of photoelectrons are able to escape allowing for higher resolution spectra. The 

tuneable X-ray energies of HAXPES allows for depth profiling analysis to be conducted as 

a change in the photon energy changes the sampling depth of the system. Finally, the use of 
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higher energy X-rays allows for the extraction of more core level information. This is very 

useful as in some cases core levels can overlap between different elements or there are cases 

where one core level is easier to fit and deconvolute when compared to another. An example 

of this is the Al2p and Al1s signals. The Al2p is very weak and difficult to study, when 

compared the Al1s on the other hand which is much easier to fit but due to its higher binding 

energy value it can only be obtained with HAXPES and not conventional XPS. 
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2.4 Contact Angle  

2.4.1 Basic Theory  

Obtaining the contact angle of a material is a method used to determine its wettability. This 

refers to how a liquid deposited on a substrate acts, whether it spreads over the surface 

forming a thin layer or whether it makes a boundary, creating a droplet like structure. The 

wettability of a material is dependent on the surface tension between substrate, liquid and 

vapour as well as the attractive and repulsive forces between the liquid and the solid       

surface 27,28. This translates to surface wettability, as for a material to be highly wetting the 

surface energy must be greater than the cohesive forces of the liquid thus causing it to spread 

out over the surface. Similarly, this applies to surfaces that are not wetting, where the 

cohesive forces of the liquid are stronger than the surface energy of the material meaning 

that the liquid forms the aforementioned droplet like structure 28. 

 

Figure 2.8 Schematic representation of the contact angles of a hydrophobic and hydrophilic 

surface. 

Determining the wettability through contact angle is done by measuring the value of the 

angle formed by the line tangential to the droplet surface. If the angle is less than 90o then 

the material is considered highly wetting, otherwise known as hydrophilic. If the angle is 
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greater than 90o the material is non wetting, otherwise known as hydrophobic. An example 

of the contact angles of a hydrophilic and hydrophobic surface can be seen in Figure 2.8.  

2.4.2 Angle Determination  

The contact angle of a material is determined by the geometry of a liquid droplet on a solid 

surface, specifically, the angle made between the line tangential to the edge of the liquid 

droplet and the applied surface. This can be seen above in Figure 2.8. As previously stated, 

the contact angle can be determined through the surface tension between the liquid-vapour 

interface, solid vapour interface and the liquid-solid interface. This can be seen through 

Young’s equation; 

 cos 𝜃 =
𝜎𝑠𝑣 − 𝜎𝑠𝑙

𝜎𝑙𝑣
 Eqn(2.12) 

Where θ is the contact angle, σlv is the surface tension of the liquid and vapour, σsv is the 

surface tension of the solid and vapour, and σsl is the surface tension of the solid and           

liquid 29. Using Young’s equation various surface tension values can be determined for a 

particular material or liquid if the angle is known. 

Measuring the contact angle of a material can be highly useful in the field of materials 

research. This is due to the fact that the surface energy of a material can be altered using 

methods such as a plasma treatment or through the use of piranha solution. These can be 

done to increase the wetting of the material thus increasing its surface energy. The change in 

contact angle can therefore be used to determine the effectiveness of these treatments in terms 

of surface functionalisation. The same can be done for the analysis of thin films. In the case 

of polymer brushes, the addition of this layer alters the surface energy of the substrate making 

it the surface energy of the polymer. If a good quality and continuous film is in place the 

contact angle should be that of the polymer itself 30. 
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2.5 Atomic Force Microscopy  

2.5.1 Basic Theory  

AFM is a widely used method for the analysis of thin film surface morphology in three-

dimensional detail 31.  In AFM, imaging the surface is not characterised in the same way as 

optical microscopy, through shadows or reflections, but rather for each point on the surface, 

a height measurement is made using a solid force probe 32.  The main components of an AFM 

are a flexible cantilever with the aforementioned solid force probe attached, a laser source 

and a four-quadrant photodiode. The configuration of these components can be seen below 

in Figure 2.9.         

 

Figure 2.9 Basic structure of an AFM setup including the laser, cantilever and four quadrant 

photodiode. 
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This arrangement works to provide height information, as the laser is shone onto the 

cantilever and then is reflected to the photodiode. The probe is then traced over the surface 

of the substrate in a raster scanning process. As the probe moves across the surface the 

cantilever is moved up and down depending on the surface morphology. This movement 

alters the reflection of the laser light onto the photodiode thus allowing the surface to be 

mapped and imaged. The force that causes this movement can be described using Hooke’s 

Law, 

 𝐹 = −𝑘𝑥 Eqn(2.13) 

where F is the force, k is the spring constant and x is the cantilever deflection. This force is 

used to produce a three-dimensional image of the material by tracking the deflection of the 

cantilever. 

2.5.2 Modes of Operation  

There are three main operational modes used in AFM imaging these are contact mode, 

tapping mode and non-contact mode.  

2.5.2.1 Contact Mode 

As the name suggests, in contact mode the probe is constantly in contact with the surface of 

the sample, meaning that whenever there is a change in height the cantilever will bend thus 

changing the value of the force. This alteration in the force value is what allows for an image 

to be obtained 32. Contact mode is the most useful for fast image capturing however, with the 

probe being in constant close proximity to the surface, both the sample surface and the probe 

run the risk of being damaged. That is why this mode is used for harder and more robust 

surfaces which have a lower risk of being damaged.  
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2.5.2.2 Tapping Mode 

In tapping mode, the cantilever is excited to its resonant frequency by a piezo driver at a 

larger distance away from the sample surface. In this mode, the tip does come into contact 

with the surface for very short periods of time in a tapping like motion. When the probe 

interacts with the surface, the absolute value of both the resonant frequency and its amplitude 

is changed. The image data is then acquired by keeping the frequency constant while the 

probe is passing over the sample surface and measuring the changes in height needed to 

ensure a constant frequency33. 

As well as the basic height images, the amplitude and phase images can also be obtained. 

Amplitude imaging can provide high contrast between the various surface features. It is 

mapped by tracking the voltage change required to keep the amplitude of the cantilever 

constant. Phase imaging can provide information on the chemical composition of the material 

allowing the various areas that are made up of different materials to be mapped. This 

information is obtained by measuring the phase difference between the driven oscillation of 

the cantilever 34. This makes tapping mode one of the most used modes in AFM imaging as 

it provides various pieces of information besides just the height image. It also is suitable to 

use with more delicate materials as it is only in contact with the sample surface for a short 

time thus causing little to no damage. 

2.5.2.3 Non-Contact Mode 

In this mode, the cantilever oscillates at its resonant frequency near the surface of the sample 

but it never comes into direct contact with the sample, unlike the contact and tapping modes. 

The repulsive nature between the surface and the probe causes the deflection of the cantilever 

which can be monitored as the probe is scanned, which allows for the formation of an image. 
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The spatial resolution of this mode is lower compared to contact and tapping mode due to 

the larger separation between the surface and the probe. This mode is only used in the case 

of extremely deformable surfaces.  

2.5.3 Roughness Calculations  

One of the most important pieces of information concerning this work that AFM images can 

provide is surface roughness. This information is used to determine the quality of the polymer 

brush layers. The software used in this work for this calculation is Gwyddion 35.  

The main value for roughness used is the root mean square (RMS) roughness which 

represents the standard deviation of the surface heights;  

 

𝑅𝑀𝑆 = √
1

𝑁
∑ 𝑟𝑗

2
𝑁

𝑗=1
 Eqn(2.14) 

This value provides a measurement sensitive to the peaks and valleys in a sample surface 

making it very useful in the determination of film quality 34,36. 
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2.6 Ellipsometry  

2.6.1 Basic Theory  

Ellipsometry is a powerful characterisation method that allows the thickness of thin films on 

reflective surfaces, such as silicon, to be determined 37. This method works based on the 

change in the polarisation of a light beam as it travels through a thin film and is reflected off 

the substrate surface. This is represented as an amplitude ratio, ψ, and a phase difference, Δ, 

which is dependent on both the thickness of the thin film as well as its optical constants 38,39. 

The ellipsometer measures this ratio and using a mathematical model the thickness of these 

films can then be calculated. 

The polarisation of light describes the electric field behaviour of the beam. If the electric 

field has completely random orientation and phase, it is described as unpolarised. Whereas 

if two orthogonal light waves are in phase the light is then described as being linearly 

polarised. If the waves are 90o out of phase but are equal in amplitude then the light is 

circularly polarised. Finally, the most common form of polarised light, and the light that is 

used in the case of ellipsometry, is elliptically polarised. This combines the characteristics of 

both linearly and circularly polarised light as it has both arbitrary phase and amplitude 39. 

When the light is polarised, it consists of s and p polarised light and it is these components 

in which ellipsometry is mainly interested.  

An ellipsometer consists of the following major parts: light source, polarisation generator, 

sample, polarisation analyser and detector. The optical equipment, which is designed to alter 

and measure the polarisation of the light consists of polarisers, compensators and phase 

modulators 39. The arrangement of these components can be seen below in Figure 2.10.  
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Figure 2.10 Schematic setup of an ellipsometers components 40. 

2.6.2 Ellipsometry Models 

Ellipsometry measurements alone tend not to yield much information and it is for this reason 

that a model of the materials system is needed to determine the desired quantities. The model 

works by calculating a predicted response of a materials system (single layer or multi-layer) 

based on Fresnel’s equations, which describe each material with its thickness and optical 

constants. The information required for the thickness calculation of a specific material is the 

light path length and the refractive index of the material 38.  

Figure 2.11 shows the schematics of light reflecting from a sample surface within an 

ellipsometer setup. The light beam is incident upon the sample surface with angle Φ which 

is equal to the angle of the reflected beam 41.  
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Figure 2.11 Schematic representation of light reflecting through the surface of a thin film in an 

ellipsometer setup. 

If the sample surface is isotropic (i.e. having no film layer on top of it) then one can use the 

Maxwell equations to calculate the complex reflection coefficients, 

 
𝑟𝑝 =

𝑛𝑠 cos(𝜙0) − 𝑛0 cos(𝜙𝑠)

𝑛𝑠 cos(𝜙0) + 𝑛0 cos(𝜙𝑠)
 Eqn(2.15) 

 
𝑟𝑠 =

𝑛0 cos(𝜙0) − 𝑛𝑠 cos(𝜙𝑠)

𝑛0 cos(𝜙0) + 𝑛𝑠 cos(𝜙𝑠)
 Eqn(2.16) 

where 𝑟𝑝 and 𝑟𝑠 represents the complex reflection coefficients which are p and s polarised 

respectively. The s polarisation refers to the polarisation of the wave’s electric field normal 

to the plane of incidence and the p polarisation refers to the polarisation of the electric field 

in the plane of incidence. n0 and ns are the complex indices of refraction for the ambient and 

the substrate, respectively. If the sample consists of a single thin film atop a reflective 

substrate the complex reflection coefficients are written as follows: 

 
𝑟𝑠,𝑝 =

𝑟1𝑠,𝑝 + 𝑟2𝑠,𝑝𝑒−2𝑖𝑏

1 + 𝑟1𝑠,𝑝𝑟2𝑠,𝑝𝑒−2𝑖𝑏
 Eqn(2.17) 

 
𝑏 =

2πd𝑛𝑓 cos(𝜙𝑓)

𝜆
 Eqn(2.18) 

where d is the film thickness, nf is the complex refractive index of the film and 𝜙𝑓 is the 

complex angle within the film. The quantities r1s,p and r2s,p are the complex reflection 
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coefficients calculated using Eqn(2.15) and Eqn(2.16) for the air-film interface and the film-

substrate interface respectively 41. By using these equations and fitting experimental 

ellipsometry data with the refractive indices and layer thicknesses as fit parameters, an 

ellipsometer is capable of measuring the thickness of a thin polymer film on top of a silicon 

substrate.   
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2.7 X-ray Reflectivity  

2.7.1 Basic Principle 

XRR is an analysis technique used for the detailed study of surface properties of a material. 

It works through the measurement of reflected X-ray intensities from a sample surface. This 

technique can be used to obtain information about a material such as thin film thickness, 

surface roughness and density 42. 

XRR works through the measurement of reflected X-rays as a function of incidence angle 

over a range of different angles that are close to the critical angle of the material. This is 

heavily dependent of the refractive index of a material which in the case of X-ray radiation 

is slightly less than one 43. When electromagnetic radiation passes from air, which has a 

refractive index of one to a reflecting material with a refractive index of less than one, it is 

possible for total external reflection to occur if the angle is smaller than the critical angle 44. 

If the surface is not perfectly smooth then the reflected intensity will deviate from what is 

predicted using Fresnel’s equation. In this case the X-ray reflectivity can be approximated as 

follows 45; 

 
𝑅(𝑄)/𝑅𝐹(𝑄) =  |

1

𝜌
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∞
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|
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Eqn(2.19) 

Where 𝜌𝑒(𝑧) is the average electron density, R(Q) is the reflectivity, Q = 4πsin(θ)/λ, λ is the 

X-ray wavelength, 𝜌∞ is the density deep within the material and θ is the angle of incidence. 

When analysing a material which has an ideally flat surface the reflectivity of the material 

suddenly decreases when the angle of incidence rises above the critical angle. This is due to 

a larger number of X-rays penetrating deeper into the sample rather than being reflected from 

the surface. When the sample surface is rougher the reflectivity of the surface decreases more 

rapidly with the rise in incident angle. This means that within an XRR graph the slope of the 
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graph indicates the roughness of the sample with a larger slope being attributed to a larger 

roughness value 46.  

At every interface of individual films where there is a change in electron density only parts 

of the X-ray beam are reflected. This change in electron density causes the reflected X-rays 

to interfere with each other. This happens as when the X-rays are reflected from the different 

surfaces, they travel different distances thus having different phases. This interference can 

happen either constructively or destructively and this phenomenon is what creates the 

oscillation pattern, known as Kiessig fringes, seen in data analysis. The vertical properties of 

the spectrum indicate the thickness of the material through the periodicity of the oscillation 

pattern. While the depth of the oscillations indicates the films density 47. An example of an 

XRR spectrum showing the results taken from a 1.5 wt% 160K PMMA sample and the 

information that can be drawn from it can be seen below in Figure 2.12.  

 

Figure 2.12 XRR spectrum of a 1.5 wt% 160K PMMA sample highlighting the information one can 

take from an XRR spectrum. 
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3 Investigation on the Variation of Polymer Brush Thickness 

through Various Methods……….………      

3.1 Introduction  

The work presented in this chapter investigates two methods by which the thickness of 

polymer brushes composed of both PMMA, an active polymer, and PS, an inactive polymer, 

are varied. Both methods employed the grafting to approach for the fabrication process, 

details of which have been discussed in Section 1.2.6.1. As previously mentioned this method 

of brush fabrication has been shown to not yield as thick or as dense a polymer brush 

compared to the grafting from technique 1. However, it is a much faster and less chemically 

intensive method of fabrication and it is for this reason a method for optimising the polymer 

film density and thickness is studied. 

The motivation behind the desire for increased polymer film thicknesses using the grafting 

to approach is to further investigate the effect that thickness has on the infiltration and 

blocking properties of PMMA and PS respectively. For example, by achieving a very thick 

PMMA brush and exposing it to an infiltration process one could determine whether 

infiltration is occurring throughout the film or if the infiltrating material only penetrates the 

first few nanometres. This information would be vital for the understanding of how these 

polymers work in a BCP system for the fabrication of patterned substrates. Achieving this 

increased thickness using a simpler approach, such as the grafting to technique, allows for 

faster brush fabrication as well as making it more desirable to industry partners encouraging 

its further study. 

The first process by which the polymer brush thickness was varied was based on changing 

the polymer molecular weight, which increased the length of the polymer chains, and the 

concentration of the solution, which increased the number of chains available for grafting, 
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used to fabricate the brushes. Ellipsometry was used to determine the polymer brush 

thickness while GA-ATR-FTIR was used to look at the bond interactions as well as the 

chemical composition of these films to ensure sufficient polymer grafting. Finally, AFM was 

used to determine film quality by calculating the surface roughness of the brushes as well as 

imaging the surface. In the case of the PMMA brushes XRR was used to determine the 

density of the films as well as to confirm the film thickness and surface roughness. The results 

confirmed that with an increase in both the molecular weight and solution concentration there 

was an increase in the overall brush thickness.  

The second method that was explored to vary the PS brush thickness employed a stepwise 

grafting to approach. This was achieved by combining the grafting to method with an O2 

plasma process post-film fabrication which was carried out using a Henniker bench top 

plasma system. This would achieve hydroxy termination of the polymer brush allowing for 

a second layer of PS to be applied. Achieving this stepwise process had its challenges as an 

O2 plasma process is known not only to achieve hydroxy functionalisation but also for its 

ability to break down and remove polymer films 2–4. An extremely gentle plasma process was 

used to obtain maximum functionalisation with minimal polymer breakdown, contact angle 

and ellipsometry measurements were used to show that this was achieved. GA-ATR-FTIR 

and AFM were then used to examine whether any chemical changes occurred within the film 

post plasma treatment as well as to determine film quality. Once a desirable process was 

found, a second layer was applied and ellipsometry was used to determine if further brush 

growth had occurred. It was seen that while the plasma process was able to successfully 

functionalise the polymer surface with minimal polymer removal there was no significant 

growth in film thickness once the second layer of the polymer solution was applied.  
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3.2 Experimental Details  

3.2.1 Materials  

Blanket silicon with native oxide was provided by our industrial collaborators (Intel). The 

polymers, hydroxy-terminated polystyrene (PS-OH) (of two molecular weights, specifically 

Mw = 16 kg mol-1 (16K) , PDI = 1.09 and Mw = 42 kg mol-1 (42K), PDI = 1.06) and hydroxy-

terminated poly(methyl methacrylate) (PMMA-OH) (of three molecular weights, 

specifically Mw = 6 kg mol-1 (6K), PDI = 1.25; Mw = 45 kg mol-1 (45K) , PDI = 1.15 and 

Mw = 160 kg mol-1 (160K) , PDI = 1.15)  were purchased from Polymer Source Inc. Canada 

and used as received. Toluene (anhydrous, 99.8%) and isopropyl alcohol (≥  99.7%, FCC, 

FG) were purchased from Sigma Aldrich and used as received. Deionized water (resistivity 

= 18.2 MΩ cm) was also used.   

3.2.2 Polymer Brush Fabrication  

Silicon wafers were cleaved into 2 cm2 pieces. They were ultrasonicated in isopropyl alcohol 

for 30 minutes to remove any residual dirt and dust. Once clean, the samples were dried using 

an N2 gas stream. The silicon was hydroxy functionalised using a 3-minute O2 plasma 

treatment conducted in a Henniker Plasma HPT-200 benchtop plasma treater. Both PS and 

PMMA were dissolved in toluene. These solutions ranged in concentration from 0.2-2 weight 

percent (wt%) and were left stirring overnight. After functionalisation, the polymer solutions 

were spin casted onto the silicon substrates. This was done at 3000 rpm for 30 seconds. Both 

PS molecular weights and 6K PMMA samples were then annealed on a hot plate at 200oC. 

The higher molecular weight PMMA was annealed at a higher temp of 230oC. Annealing 

temperatures were determined using the work conducted by Lundy et. al. which showed that 

samples needed to be annealed at or above the glass transition temperature of the polymer 5. 



80 

 

Samples were annealed at a range of times from 0.5 to 6 hours. Once annealed each sample 

was sonicated in toluene for 2 x 12-minute sonication periods. This was done to ensure all 

ungrafted polymer chains were removed making the polymer brush a monolayer. The 

samples were once again dried using an N2 gas stream.  

3.2.3 Plasma Processing  

42K PS brushes were fabricated, using a 1.5 wt% solution, as described in section 3.2.2. 

Once the films were made, they were exposed to a variety of oxygen plasma processes in a 

Henniker Plasma HPT-200 benchtop plasma treater with an oxygen flow of 9 sccm. Plasma 

power levels of 200 W and 150 W were investigated. Process times were varied between 1 

and 30 seconds. This was done to find the optimum plasma process which sufficiently 

functionalised the polymer surface while not breaking down the film. Once the optimal 

process was determined a second layer of PS was applied. The solution used was the same 

as the one used to fabricate the initial films. Application of the solution to the sample, as well 

as the annealing and sonicating processes, were consistent with the processes used to make 

the initial film. The annealing time and temperature, however, were varied to ensure optimal 

grafting. The temperatures and times were as follows, 200oC, 230oC and 250oC for 0.5 hrs, 

2 hrs and 6 hrs. All temperatures used, however, are below the degradation temperature of 

PS, being between 300oC and 400 oC 6, so there was no polymer breakdown.  

3.2.4 Characterisation  

Ellipsometry data was recorded using a J.A. Woolam XLS-100 ellipsometer. All data analysis 

was performed with the CompleteEASE software using a multi-layer model. This type of 

modelling was used to not only take into account the polymer films but also the silicon 

substrate as well as the silicon oxide intermediate layer. Within this model three layers were 



81 

 

inputted, the silicon substrate, a 2 nm silicon oxide layer and finally the respective polymer 

layer. The optical constants for each layer were obtained from the CompleteEase software 

from pre-determined models as the films in this study are all well-known and analysed. In 

all cases, three measurements were taken from different points on the sample and an average 

of these was calculated. The standard error of this was also determined.  

GA-ATR-FTIR was performed using a Nicolet iS50 FTIR Spectrometer with a Harrick 

VariGATR attachment with a germanium crystal. Before sample analysis, the crystal was 

cleaned using butanone to remove any dust from its surface. A background of the atmosphere 

was then taken. Each sample was placed face down onto the crystal and a force of 

approximately 600 N was applied, this was to ensure sufficient crystal sample contact. The 

sample was then scanned at an unpolarised angle of incidence of 65o for a total of 128 scans 

at 8 cm-1 resolution. Data analysis was conducted using OriginPro 2015. The main peaks 

seen within the two polymers studied and their associated bonds can be seen below in 

Table 3.1 7,8.  

Table 3.1 Main bonds detected within the polymer films investigated and their associated 

wavenumbers. 

Bond Movement Wavenumber (cm-1) 

O-H Stretching 3550-3200 

C-H Stretching 2929, 1450 

C=O Stretching 1735 

C=C Stretching 1600 

C-H Bending 900 

C-O Stretching 1234 
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AFM images were obtained using a Bruker Icon AFM, using tapping mode with the Tap300 

Al-G tips with a resonant frequency of 300 kHz and a force constant of 40 N/m. Image 

analysis and roughness calculations were then performed using Gwyddion.  

XRR measurements took place at the I07 beamline of Diamond Light Source, Didcot, UK. 

An X-ray beamline with an energy of 10keV (λ = 1.241Å) and a spot size of 68 x 221 μm 

was used. Samples were mounted on the diffractometer stage enclosed in a plastic bag filled 

with argon to prevent surface damage by oxygen and ozone. All data analysis was then 

completed using the GenX software.  

Finally, contact angle measurements were conducted using a Dataphysics OCA 15EC contact 

angle device, and the angles were then calculated using the Dataphysics SCA20 software.  
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The author would like to acknowledge that the sample preparation technique was acquired 

and developed by collaborators at the AMBER Institute, Trinity College Dublin 5. The author 

would also like to thank the assistance given by Dr James Conway from the DCU School of 

Physical Sciences and NCPST in the plasma process design for this work. 
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3.3 Results  

3.3.1 Poly(methyl methacrylate) Results  

3.3.1.1 Ellipsometry  

At the beginning of this work, the main focus was optimising the temperature and time used 

in the anneal step of the polymer brush fabrication process. This was done not only to 

fabricate the thickest brush possible for each of the solution combinations, but also to do so 

in a short period of time.  

When fabricating the 6K PMMA a temperature of 200oC was used for all weight percentages 

and the samples were annealed for 0.5, 2, and 6 hours. This temperature was used based on 

work conducted by collaborators at Trinity College Dublin who found it to be the most 

effective for the lower molecular weight PMMA. Figure 3.1 shows the ellipsometry results 

for the 6K PMMA brushes, illustrating the film thickness at a range of solution 

concentrations.  
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Figure 3.1 Ellipsometry results for the 6K PMMA samples over a range of weight percentages 

annealed for 0.5 hr, 2 hr and 6 hr. The error for each data set was determined through the 

calculation of the standard error of the mean value. 

From the ellipsometry data, there was an increase in brush thickness with respect to solution 

concentration for the samples annealed for 2 and 6 hours. However, this increase stops at the 

1.5 wt% sample as it can be seen that there is a small drop in thickness with the 2 wt% sample. 

It is proposed that this is due to the fact that there are too many chains present within the 

solution causing steric hinderance at the grafting sites, thus inhibiting polymer chain 

attachment. Overall, these results agree with the theory that with an increase in the solution 

concentration there should be an increase in grafting density, which is due to the larger 

amount of polymer chains available for attachment. However, this relationship is not 

observed for the samples annealed for 0.5 hours. This is due to an insufficient anneal time 

for the temperature used which led to poor grafting. While there is an increase in thickness 
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it is obvious that there is not a large difference in these values. The thickest film obtained 

whilst using this annealing temperature was the 1.5 wt% sample which was annealed for 2 

hours yielding a thickness of 6.84±0.08 nm. A brush this thin was expected as with lower 

molecular weight polymers, the chain length is significantly smaller leading to thinner 

brushes. An example of an ellipsometric fit for the 1.5 wt% film can be seen below in Figure 

3.2 . This shows the goodness of the fit.  

 

Figure 3.2 Ellipsometric fit for the 6K 1.5 wt% PMMA film. 

Following the 6K study, brushes were fabricated using 45K PMMA to try to obtain thicker 

films. For these experiments, the annealing temperature was increased to 230oC. This was 

required, as in the literature it is shown that with an increase in molecular weight there is 

also an increase in the glass transition temperature, and as previously stated the annealing 

temperature must be above the glass transition temperature of the polymer 9. The same range 

of annealing times was used as for the 6K PMMA. Figure 3.3 shows the ellipsometry results 

for the brushes fabricated using the higher molecular weight PMMA.   
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Figure 3.3 45K PMMA ellipsometry results over a range of solution concentrations, annealed for 

0.5hr, 2hr and 6hr. From this data it can be seen that the films fabricated using the 1.5 wt% 

solution and annealed for 6 hours yielded the thickest brush.  

From the results, there is not a large variance in thickness with respect to annealing time in 

the lower weight percent cases. As the solution concentration increases, however, there is a 

distinct increase in brush thickness with the annealing time. This can be seen, especially, in 

the 1.5 wt% case, where the sample annealed for 6 hours is thicker than the samples annealed 

for less time with a thickness of 7.92±0.13 nm. This indicates a better grafting density which 

is allowing the polymer chains to extend forming the thicker brushes. When comparing the 

thicknesses obtained with the 6K polymer and the 45K, there is not a large difference. This 

shows that the polymer chains were not extending as expected, this may be due to the grafting 

density as well as the physical properties of the PMMA 10. While the increase in solution 

concentration allows for a larger amount of polymer chains to graft (which can be seen in 

Figure 3.1 and Figure 3.3) to the surface of the silicon, it is not sufficient for a full extension 
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of the polymer chains. PMMA is also a very flexible polymer meaning chains could be 

potentially bending over and therefore creating a thinner brush. For this reason, a larger 

molecular weight was employed to investigate whether a larger increase in thickness could 

be achieved. An example of an ellipsometric fit for the 1.5 wt% film can be seen below in 

Figure 3.4. This shows the goodness of the fit. 

 

Figure 3.4 Ellipsometric fit for the 45K 1.5 wt% PMMA film. 

The final molecular weight investigated for the PMMA study was 160K. This molecular 

weight was chosen as it was shown in Figure 3.3 that an increase of approximately 40K in 

molecular weight did not produce the film thickness expected. For these brushes, a range of 

temperatures was investigated. This was done as mentioned previously the molecular weight 

of a polymer influences its glass transition temperature 9. In this study, the temperatures used 

were 150oC, 175oC, 200oC, and 230oC. This range was picked as it explicitly showed that 

the larger molecular weight required a higher temperature. Once again, the annealing times 
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were varied from 0.5, 2 and 6 hours. Figure 3.5 shows the thickness values obtained for the 

range of solution concentrations over the different annealing temperatures and times.  

 

 

Figure 3.5 Ellipsometry results for the 160K PMMA samples, annealed at a range of temperatures 

for (a) 0.5 hr, (b) 2 hr, and (c) 6 hr. This data clearly shows that the increase in temperature lead 

to an overall increase in the thickness of the polymer brush. 

The data illustrated in Figure 3.5 clearly shows that for all times the samples annealed at the 

lower temperatures are thinner than those annealed at the higher temperatures. This is 

because the lower temperatures do not allow for sufficient polymer grafting. Due to these 

low densities, the polymer chains do not extend enough yielding thinner films. When the 

annealing temperature reached 200oC there is a clear increase in the thickness of the polymer 

films for all annealing times. This can be also seen for the brushes annealed at 230oC, 
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however samples annealed for 2 and 6 hours at this temperature show a drop in thickness 

compared to the 0.5 hour anneal. It was believed that this was occurring due to polymer film 

breakdown which was caused by the films being at such a high temperature for a long period 

of time. For optimisation purposes, it was decided that using the higher temperature of 230oC 

was the most useful as it yielded the thickest film at the lowest anneal time of 0.5 hours.  

When comparing the thickness of the films with respect to the solution concentration, for 

each temperature and anneal time, there was a clear increase in thickness with the increase 

in weight percent. The thickest film obtained, with an anneal temperature of 230oC and 

annealed for 0.5 hours, was the 1.5 wt% solution with a thickness of approximately 13 nm. 

When comparing this to the lower molecular weight films, there was also a clear rise in the 

brush thickness for the 160K PMMA. This shows that for the case of PMMA the higher the 

molecular weight, as well as the higher the solution concentration, yielded an overall thicker 

polymer brush. An example of an ellipsometric fit for the 1.5 wt% film resulting in the 

thickest brush can be seen below in Figure 3.6. This illustrates the goodness of the fit. 
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Figure 3.6 Ellipsometric fit for the 160K 1.5 wt% PMMA film. 

 

3.3.1.2 GA-ATR-FTIR  

Once ellipsometry was completed and the thickest films were identified, GA-ATR-FTIR was 

conducted on all samples to ensure that the PMMA was grafted to the surface of the substrate. 

This method also shows a relationship between peak intensity and film thickness which 

allowed further comparisons to be made with the ellipsometry results. 
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Figure 3.7 GA-ATR-FTIR spectra for the thickest brushes obtained for the 6K, 45K and 160K 

PMMA. These spectra show all associated bonds with the PMMA structure, with an increase in the 

intensity of these bonds with respect to the film thicknesses. 

Figure 3.7 shows the GA-ATR-FTIR spectra for the thickest brushes obtained for all 

molecular weights. Note that each brush shown was fabricated with a 1.5 wt% solution but 

the annealing time and temperature varies depending on the molecular weight. Within the 

figure, all major bond vibrations associated with the PMMA structure, which can be seen in 

Figure 1.11, are labelled. Peaks seen at 292 cm-1 , 900 cm-1 and 1450 cm-1 correlate with the 

various bending and stretching modes of the C-H bonds. These are mainly present within the 

polymer backbone but they are seen within the side chains also. The peak at 1735 cm-1 shows 

the bond C=O which can be seen in all the molecular weight cases. This was the main band 

that indicated the presence of PMMA as it was the major unique feature of the polymer 

structure. When comparing the intensity of this peak across the molecular weights there was 

a slight increase in absorbance with the rise in brush thickness, with the 160K PMMA having 
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the largest value. This was because there was a larger amount of C=O in the thicker polymer 

films which led to a higher absorbance value. This agreed with the ellipsometry results seen 

as the thickest brush layer fabricated was the 160K film. Finally, the band appearing at       

1234 cm-1 shows the presence of C-O which was mainly seen within the polymer structure. 

But it also appears at the polymer silicon interface as it was the bond that was formed when 

the polymer chains grafted to the substrate surface 7,8.  

From the GA-ATR-FTIR results and observed behaviour of the peak intensities, it was clear 

that PMMA was present on all substrate surfaces for all molecular weight cases, in agreement 

with ellipsometry results discussed in section 3.3.1.1. 

3.3.1.3 AFM  

AFM was then conducted to ensure that the polymer films formed were of good quality, i.e. 

continuous, and smooth and to insure that no islanding had occurred. The roughness of each 

film was also calculated to confirm that the films were smooth, which is important when 

using these brushes for the fabrication of good quality metal oxide films. Figure 3.8 shows 

the AFM images of the thickest films obtained for each of the molecular weights. From these 

images, it was clear that each of the films were extremely smooth and no distinct islanding 

had occurred. The RMS roughness of the 6K brush was 0.2 nm, the 45K brush was 0.3 nm 

and the 160K  brush was 0.4 nm. These values for roughness were very low, which confirmed 

that the brushes were extremely smooth and were of good quality.  
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Figure 3.8 AFM images of (a) 1.5 wt% 6K PMMA, (b) 1.5 wt% 45K PMMA and (c) 1.5 wt% 160K 

PMMA. From these images it is clear that all PMMA brushes were extremely smooth and of good 

quality.  

3.3.1.4 X-Ray Reflectivity  

XRR was conducted on the thickest brushes obtained for the three different molecular weight 

PMMA samples. This was done to not only determine the density of the brush films but also 

to once again confirm the increase in brush thickness as well as showing that the films were 

smooth and of good quality. Figure 3.9 shows the XRR experimental data as well as the 

simulated fits for the 6K, 45K and 160K PMMA films once again made using a 1.5 wt% 

solution.  
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Figure 3.9 XRR results showing the experimental and simulated data for the (a) 6K, (b) 45K and 

(c) 160K PMMA 1.5 wt% samples. Through the increased number of oscillations, it can be 

determined that 160K PMMA was the thickest film observed agreeing with the previously recorded 

ellipsometry. 

From Figure 3.9 the first point to note is that with an increase in the polymer molecular 

weight there is an increase in the number of oscillations within the spectra. This essentially 

represents an increase in the thickness of the sample, with more oscillations corresponding 

to an overall thicker film. The quantitative thickness values obtained through the fit can be 

seen below in Table 3.2. 
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Table 3.2 Quantitative results of the density, thickness, and roughness for the PMMA brush samples 

determined from the simulated fit. 

Sample Density 

(g/cm3) 

Error 

(min/max) 

Thickness 

(nm) 

Error 

(min/max) 

Roughness 

(nm) 

Error 

(min/max) 

6K 

PMMA 

1.28 -0.02, 0.3 3.50 -0.45, 0.36 0.63 -0.17, 0.21 

45K 

PMMA 

1.00 -0.02, 0.03 4.09 -0.25, 0.36 0.52 -0.38, 0.48 

160K 

PMMA 

0.98 -0.02, 0.02 9.97 -0.60, 0.47 0.81 -0.49, 0.43 

While there is an increase in the brush thickness with respect to the molecular weight of the 

PMMA, the exact thickness values do not agree with the ones seen in section 3.3.1.1. Error 

analysis was conducted on the fit however the error does not cross over with the thickness 

values seen from the ellipsometry data. This discrepancy could be due to inconsistent heating 

in the anneal step across the samples when they were fabricated. It is also to note that the 

manufacturers of the software state that this error analysis is not a strictly valid statistical 

estimation as the systematic error when recording X-Ray data makes it very difficult for 

accurate error bar calculation 11. This however was the best and most realistic fit achieved. 

Also seen in Table 3.2 the roughness of each sample is very low, this agrees with the AFM 

data seen in section 3.3.1.3 and confirms that each of the PMMA brushes are continuous and 

smooth for all molecular weight values.  

Finally, Table 3.2 shows the density values for each molecular weight film. It can be seen 

that with an increase in the molecular weight there appears to be a decrease in the film density. 

This may be due to chain bending in the higher molecular weight films, where the polymer 

chains have not fully extended away from the silicon substrate, they bend over blocking 

potential grafting sites. This effect is not seen to the same extent in the 6K PMMA films as 
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they overall chain length is shorter thus allowing for a higher grafting density. Despite this it 

is still clear that the higher molecular weight film still yields an overall thicker polymer brush.  

3.3.2 Polystyrene Results  

3.3.2.1 Ellipsometry  

When studying the effect of molecular weight and solution concentration on the thickness of 

PS brushes an annealing temperature of 200oC was chosen. Unlike the study involving  

PMMA, there was no variation in annealing temperature, this was because from the literature 

it was noted that for the molecular weights being studied a temperature of 200oC was     

suitable 5.  

Figure 3.10 shows the ellipsometry results for the brushes fabricated using the 16K and 42K 

PS at a range of solution concentrations. When looking at the films fabricated using the 16K 

PS, seen in Figure 3.10 (a), it was clear in the 0.5 hour case that there is an increase in 

thickness for increasing solution concentration. There was more variation in thickness for 

the 16K brushes annealed for 2 and 6 hours across the solution concentrations. This may 

have been due to inconsistent annealing temperatures across the surface of the hot plate. 

However, when comparing the films fabricated using the 1.5 wt% solution to the ones 

fabricated using the 0.2 wt% solution there was a distinct increase in the thickness with the 

higher solution concentration. These results confirmed that in the case of the 16K PS there 

was an increase in thickness with respect to the solution concentration.  
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Figure 3.10 Ellipsometry results for (a) 16K and (b) 42K PS fabricated using a range of solution 

concentrations and annealed for 0.5hr, 2hr and 6hr. These graphs show that there is an increase in 

thickness with respect to solution concentration for both molecular weights.  

For the samples fabricated using the 42K PS, shown in Figure 3.10 (b), there was an increase 

in thickness for increasing solution concentration, particularly for the samples annealed for 

2 hours. The 0.5 hour case showed more variation in thickness across the solution 

concentrations but once again when comparing a high solution concentration, such as the   

1.5 wt%, to a lower concentration, such as 0.2 wt%, there was a distinct increase in thickness. 

The samples annealed for 6 hours appeared to have a significant decrease in thickness. This 

may be because the samples were at too high a temperature for too long which caused the 

samples to breakdown. Once again it was clear that there was an increase in thickness with 

respect to an increase in solution concentration.  
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Figure 3.11 Direct comparison of ellipsometry results for the 16K and 42K PS at a range of 

solution concentrations. This data shows that with the increased molecular weight there was also 

an increase in thickness for most solution concentrations. 

Figure 3.11 shows a direct comparison of the ellipsometry results for both molecular weights 

at the anneal times which resulted in the thickest films. As previously discussed, there was 

an increase in the brush thickness with respect to the solution concentration which can be 

seen in the figure above. It was also clear from Figure 3.11 that the higher molecular weight 

of 42K yielded a thicker polymer brush than the films made with 16K PS. This was expected 

as the longer chains of the higher molecular weight polymer led to a thicker film. Note that 

for the 16K PS there appears to be a thickness saturation of approximately 8 nm from             

0.5 wt% on. This is compared to the thickness saturation of approximately 12 nm for the 42K 

films, reached at 1.5 wt%. This could be due to the shorter chain length of the 16K PS as the 

increase in the solution concentration made little difference to the thickness for the higher 

cases. From these results, it can be said that overall, an increase in solution concentration 
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and molecular weight leads to a thicker polymer brush. Figure 3.12 shows an example of the 

ellipsometric fits obtained for the 42K 1.5 wt% PS brush. This illustrates the goodness and 

suitability of the fits obtained for this study.  

 

Figure 3.12 Ellipsometric fit for the 42K 1.5 wt% film. This shows an example of the fits conducted 

as well as illustrating the goodness of the fit. 

3.3.2.2 GA-ATR-FTIR  

Once the thickness of the PS brushes was confirmed GA-ATR-FTIR was conducted to 

confirm the presence of the polymer on the surface of the substrates. Figure 3.13 shows the 

GA-ATR-FTIR spectra for the thickest films obtained for each of the molecular weights. 

From these results, all peaks associated with the PS structure, seen in Figure 1.11, can be 

seen.  
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Figure 3.13 GA-ATR-FTIR results of the 1.5 wt% 16K and 1.5 wt% 42K PS as these were the 

thickest films obtained in each molecular weight cases with all peaks present in both spectra being 

attributed to the PS structure. 

Similar to the spectra shown in Figure 3.7 the peaks at 292 cm-1, 900 cm-1 1450 cm-1 represent 

the various bending and stretching modes of C-H bonds. These are mainly observed in the 

polymer backbone but they are also present in the benzene ring side chain. The peak at      

1600 cm-1 was associated with the cyclic alkene C=C stretching modes. This is solely linked 

with the benzene ring and was one of the main identifiers of the PS thin films. Alongside this, 

the band at 700 cm-1 was due to the benzene ring derivative. Both peaks confirmed the 

presence of the PS on the surface of the silicon, as the benzene ring was the main unique 

structure of the PS polymer. The final peak seen in Figure 3.13 was the band appearing at 

1234 cm-1 which showed the presence of C-O. This correlated to the bonds grafting the 

polymer to the silicon which were created in the condensation reaction forming the polymer 

brush 7,8.  
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As previously mentioned, there was a correlation between the intensity of the peaks seen in 

Figure 3.13 and the thickness of the polymer brush. This is due to the larger amount of bonds 

present within the thicker polymers leading to higher peak intensity. It was clear from Figure 

3.13 that the peak intensity seen for the 42K PS brush was greater than that of the 16K brush. 

This agreed with the ellipsometry results seen in Figure 3.11 and further confirms that the 

brush fabricated with the larger molecular weight polymer yielded the thicker film.  

3.3.2.3 AFM  

Finally, AFM was used to ensure that the polymer brushes fabricated were of good quality. 

Once again, the roughness of each film was calculated. Figure 3.14 shows the AFM images 

obtained for the thickest brushes for both molecular weights. From each image, it was seen 

that the films were overall very smooth, and no islanding had occurred. The calculated RMS 

roughness for the 16K PS brush was 0.2 nm and the 42K PS brush was 0.3nm. These values 

were extremely low and confirmed that each film was smooth and of good quality.  

 

Figure 3.14 AFM images of the thickest films obtained for the (a) 16K and (b) 42K PS. These 

images show that the PS brushes were of good quality and smooth. 
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3.3.3 Effect of Oxygen Plasma Processes on Polystyrene Brushes  

The beginning of this work focused on the effect that O2 plasma processes of various lengths 

and powers had on PS brushes which was conducted using a Henniker Plasma HPT-200 

benchtop plasma treater.  When designing the plasma processes the main factor that was 

considered was ensuring maximum hydroxy functionalisation, as this is required for a second 

layer application, with minimal film breakdown. It was determined that a 200 W and a         

150 W plasma process with various durations would be investigated as these would provide 

the gentle treatment required.  

Once treated, contact angle measurements were performed to determine whether 

functionalisation had occurred. These measurements were taken at several stages after 

processing, which was done to track the decomposition of the functionalisation as this was 

not a permanent process. Figure 3.15 shows the contact angle results for each of the powers 

used and the various treatment times.  

 

Figure 3.15 Contact angle results of the treated 42K PS films, obtained over a range of times post-

processing, for the various durations of the (a) 200 W and the (b) 150 W processes.  For all process 

times it can be seen that functionalisation was achieved for both process powers.  
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From the contact angle results seen in Figure 3.15 above, it was shown that for both power 

settings, across all process lengths, there was functionalisation seen immediately after the 

treatment. This was because the contact angle for each of the processes was approximately 

0o, which indicates successful hydroxy functionalisation of the PS surface 12. This was a 

promising result as it meant second layer application was possible. The decay of the 

treatment can also be seen from these results. It was clear that the longer treatment times of 

30 and 20 seconds yields a longer functionalisation period as the contact angle remains at 0o 

after 10 minutes post processing. When comparing this to the shorter treatment times of 1, 5 

and 10 seconds there was a faster increase in the contact angle data indicating a faster decay 

in the functionalisation. However, when comparing these results to the contact angle of 

untreated PS, which is approximately 90o 5,  there was a decrease in all cases. This indicated 

that while there was a decay in the functionalisation, complete decay was not seen within the 

first hour after treatment. From this data, it was determined that for optimal results the second 

layer application would have to be done straight after plasma processing.  

Once the contact angle measurements were taken and functionalisation was confirmed 

ellipsometry was used to measure the degree of polymer breakdown caused by the oxygen 

treatments. Figure 3.16 shows the ellipsometry results for all films after the O2 plasma 

treatments. It can be seen that for both plasma power levels the longer process times of 30 

and 20 seconds lead to almost complete polymer removal. This made these longer processes 

unsuitable for the purpose of this work. As the process times decreased there was also a 

decrease in the film breakdown as the film thickness before processing was approximately 

12 nm. This meant that these shorter processes would be more suitable for the second layer 

application as they successfully functionalised the surface with minimal film breakdown.  
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Figure 3.16 Ellipsometry results of the 42K PS films post plasma treatment for the various process 

times at the powers of 200 W and 150 W. This data shows that almost complete polymer removal 

occurred for the longer process times, whereas there was only approximately 1 nm removed for the 

shorter treatment periods. 

Once the optimal plasma process conditions were determined, AFM was used to determine 

the quality of the films after treatment, as well as to calculate their roughness. Figure 3.17 

shows the AFM images for both powers at the lower processing times. Initially looking at 

these images there was no clear indication of a decrease in the film quality. However, the 

appearance of small objects on the surface of the films was noticed. These were identified as 

AFM tip artefacts and have no relation to the film quality. The roughness of each film was 

also very low. They were as follows; the 200 W treatment for 5 seconds had a roughness of 

0.8 nm, the 200 W treatment for 1 second had a roughness of 0.3 nm, the 150 W treatment 

for 5 seconds had a roughness of 0.9 nm and finally the 150 W treatment for 1 second had a 

roughness of 0.6 nm. These values were all extremely low and indicated that the processes 
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caused very little damage to the film's surface, meaning that the second layer application 

would be applied to a good quality film.  

 

 

Figure 3.17 AFM images of 42K PS prior to the plasma processes (a) 200 W for 5 seconds, (b) 200 

W for 1 second, (c) 150 W for 5 seconds and (d) 150 W for 1 second. These images show no 

damaged caused by the plasma treatment used for the functionalisation of these polymer films. 

Finally, GA-ATR-FTIR was used to confirm that the treatments were not causing any 

permanent chemical changes within the PS films. Figure 3.18 shows the GA-ATR-FTIR 

results for all films processed at the shorter time intervals. From these results, all major peaks 

associated with the PS structure are there in all cases. These include the peaks at 292 cm-1, 

900 cm-1, and 1450 cm-1 which correlate with the bending and stretching modes of the C-H 

bond. These bonds are mainly seen within the polymer’s backbone. The peak at 1600 cm-1 

was associated with the cyclic alkene C=C stretching modes which were present within the 

benzene ring, side chain, this peak shows that PS is present on the surface of the substrate 
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for all cases. The band appearing at 700 cm-1 was due to the benzene ring derivative once 

again confirming the presence of PS for all the films measured. Finally, the final peak seen 

is the band appearing at 1234 cm-1 which shows the presence of C-O. As there are no other 

distinct peaks present it was clear that there was no permanent chemical change to the films. 

This meant that when a second layer was applied the film as a whole would remain pure PS.  

 

Figure 3.18 GA-ATR-FTIR results for the 42K PS films post plasma treatment for the shorter 

process times at powers of 200 W and 150 W. These spectra show that no permanent chemical 

changes were caused by the plasma process.  

3.3.3.1 Second Layer Application 

Once the optimised plasma processes were determined a second layer of PS solution was 

applied. The same 1.5 wt% 42K PS solution that was used for the initial brush fabrication 

was used for the second application. The anneal time and temperature for these second layers 

were varied; this was to ensure optimal grafting. The temperatures and times used were listed 
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in section 3.2.3. Figure 3.19 shows the ellipsometry results for the films after the second 

application.  

 

 

Figure 3.19 Ellipsometry results of the 42K PS films after a second layer application of the original 

42K PS fabricating solution, annealed at (a) 200oC, (b) 230oC and (c) 250oC for 0.5hr, 2hr and 

6hr. This data shows no significant increase in the PS brush thickness post second layer 

application.  

Comparing these results to those in Figure 3.16 it is clear that there is no significant increase 

in the thickness of the films because before the second layer was applied they had a thickness 

of approximately 10 nm and after the second layer application, the maximum thickness seen 

across the three temperatures was 15 nm. This means that while there was a small amount of 

additional growth there was not as much as would be expected. It would have been thought 
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that with the second layer application being the same process as the first the thickness of the 

brush should have doubled. This lack of growth could be due to insufficient grafting or film 

breakdown caused by the second solution application. As the thickness increase was so small 

this method of polymer brush fabrication was deemed unsuccessful as it would be very time 

consuming to reach the desired thicknesses. 
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3.4 Conclusions  

The controllability of brush thickness for the polymers PMMA and PS through the variation 

of molecular weight and solution concentration has been presented. Firstly, the relationship 

between the solution concentration and thickness was illustrated for each molecular weight. 

Using ellipsometry it was shown for both polymers that an increase in weight percentage 

caused an increase in thickness for all molecular weight cases. The optimal weight 

percentage for both polymers and for all molecular weights was shown to be 1.5 wt%. 

Secondly, the relationship between thickness and molecular weight was shown. For both 

polymers, it was seen that an increase in molecular weight also led to an increase in overall 

brush thickness, with the 160K PMMA and 42K PS yielding the thickest films. It was also 

seen when directly comparing the thickest films fabricated for the two polymers that a much 

higher molecular weight was needed for the PMMA than the PS to yield a similar film 

thickness. This was due to the physical properties of each polymer because PMMA is known 

to be more flexible than PS meaning thicker films are more difficult to make 10. XRR was 

used in the case of the PMMA films to determine the density of these brushes. It was shown 

that with an increase in molecular weight there was a decrease in the grafting density. This 

was due to chain bending in the higher molecular weight films reducing the number of 

grafting sites on the silicon substrate thus reducing the grafting density.  Finally, GA-ATR-

FTIR was used to confirm the presence of each polymer on the surface of the silicon. AFM 

was also conducted which showed that all films were of good quality and smooth.  

Following on from this the stepwise growth of PS films using an oxygen plasma process was 

investigated. The powers 200 W and 150 W were used at a range of processing times between 

1 and 30 seconds. It was shown via contact angle and ellipsometry measurements that the 
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use of an oxygen plasma for a short time could successfully functionalise the surface of the 

PS brush with minimal breakdown of the film itself. AFM showed that the roughness of the 

films post plasma treatment did not go up and the films remained of good quality. Finally, 

GA-ATR-FTIR was conducted to show that the plasma treatment did not change the film 

permanently and that it remained pure PS. Once it was determined that both plasma powers 

at the low process times yielded successful functionalisation and minimal damage the second 

layer of the polymer solution was applied. Using ellipsometry it was determined that the 

second layer application was unsuccessful and that there was no significant increase in 

polymer layer thickness. It was therefore concluded that this was not a viable method for 

increasing brush thickness. 
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4 Investigation into the Effect of Polymer Brush Thickness on 

their Blocking or Infiltrating Properties 

4.1 Introduction 

The focus of the work presented in this chapter is on the effect that brush thickness has on 

the ability of both PS and PMMA to inhibit and accept infiltration respectively.  As previously 

discussed in chapter 3 understanding how the parameters such as molecular weight and brush 

thickness effects a polymers properties, such as infiltration, is vital for a further 

understanding on how they would act in a BCP system. The first section of this chapter 

demonstrates the fabrication of Al2O3 films through the infiltration of PMMA brushes using 

an ALD base VPI process. The use of ALD for the infiltration of polymer brushes as well as 

the fabrication of patterned substrates through ASD has been previously reported 1–4.  It is 

well known that these types of oxide films can be fabricated through a wide variety of 

deposition techniques such as ALD 5–7 which do not require the additional step of  PMMA 

film fabrication and infiltration. However, the importance of this work is in looking at how 

the parameters of thickness and molecular weight effects the infiltration process and 

therefore the resultant oxide. This information is required for BCP lithography as if these 

parameters were altered within a BCP  system a better estimation on the quality of the 

resulting pattern could be made. Similarly in the case of the PS the way in which thickness 

effects its blocking capabilities is investigated, and as in the case of the PMMA this 

knowledge is vital for further BCP research as well as looking at how these films compare 

to conventional ASD deactivation films such as SAMs.  

PMMA is widely known in the field of BCP lithography for its ability to be infiltrated 8. This 

work aims to investigate whether a thicker PMMA brush has a larger uptake of infiltrating 
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precursor and thus the capacity to fabricate a thicker resultant oxide film.  In this study, three 

PMMA brushes of increasing thickness were exposed to a VPI process using TMA as the 

infiltrating precursor. The variation in thickness of the PMMA brushes was achieved through 

the increase in the molecular weight of the polymer. It is for this reason that the temperature 

at which the VPI process was carried out was studied. HAXPES measurements were used to 

evaluate the infiltration mechanisms of the PMMA, as well as looking at the Al uptake within 

the films post infiltration. From initial data it was observed that there was negligible increase 

in the amount of Al uptake with the increase in PMMA thickness. Following on from this 

study a comparison was made between the well-known polymer removal and metal oxidation 

processes of UV ozone and an ICP O2 plasma 9–11. Through the use of HAXPES it was 

determined that there was very little difference in the removal processes, with the O2 plasma 

deemed a more suitable option as it is faster and more efficient. Finally, the thickness of the 

resultant oxide was measured using ellipsometry. These results showed that there was an 

increase in the oxide thickness with polymer thickness, demonstrating the effect that PMMA 

thickness has on its Al uptake.  

On the other hand, PS is a polymer well-known for its ability to block the deposition of 

materials 12,13. Similarly, in the case of the PS study three brushes of varying thickness were 

subjected to a conventional HfO2 ALD process over a range of cycles. This work looks at 

how increasing the brush layer’s thickness improves the number of cycles that can be 

effectively blocked. Through the use of in-situ XPS, it was shown that with an increase in 

the film's thickness there was a significant gain in the PS brush layer’s ability to block HfO2 

deposition. This offers the possibility that PS could be used as a standalone material for area-

deactivation in area-selective ALD processes, in the same way that SAMs are often used.  



114 

 

4.2 Experimental Details  

4.2.1 Materials  

Blanket silicon with native oxide was provided by our industrial collaborators (Intel). The 

polymers, hydroxy-terminated polystyrene (PS-OH) (of two molecular weights, specifically 

Mw = 16 kg mol-1 (16K) , PDI = 1.09 and Mw = 42 kg mol-1 (42K), PDI = 1.06) and hydroxy-

terminated poly(methyl methacrylate) (PMMA-OH) (of three molecular weights, 

specifically Mw = 6 kg mol-1 (6K), PDI = 1.25; Mw = 45 kg mol-1 (45K) , PDI = 1.15 and 

Mw = 160 kg mol-1 (160K) , PDI = 1.15)  were purchased from Polymer Source Inc. Canada 

and used as received. Toluene (anhydrous, 99.8%) and isopropyl alcohol (≥  99.7%, FCC, 

FG) were purchased from Sigma Aldrich and used as received. Deionized water (resistivity 

= 18.2 MΩ cm) was also used.   

4.2.2 Polymer Brush Fabrication  

PS and PMMA brushes were fabricated using the grafting to method as outlined in Chapter 

3. PS brushes were fabricated using a 0.2 wt% 42K, 0.2 wt% 16K and a 1.5 wt% 42K solution 

as this provided a range of suitable thicknesses for comparison. These samples were annealed 

at 200oC for 2 hours. PMMA brushes were fabricated using a 1.5 wt% 6K, 1.5wt% 45K and 

a 1.5 wt% 160K. The 1.5 wt% 6K samples were annealed at 200oC for a total of 2 hours 

while the 1.5 wt% 45K and 1.5 wt% 160K samples were annealed at 230oC for 30 minutes.  

4.2.3 In-situ ALD and XPS characterisation of PS brushes 

ALD processing and in-situ XPS analysis was conducted in a custom design Oxford 

Instruments Flexal ALD (base pressure 5 x 10-7 mbar) and a Scienta Omicron XPS 

(monochromatic Al Kα X-ray source, base pressure 5 x 10-9 mbar) with a 128 channel Argus 

CU detector. These systems were coupled using a fast-transfer robotic handler which was 
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kept under vacuum with transfer taking approximately 1 minute. This setup allowed for XPS 

analysis to be conducted on processed samples in-situ without risk of atmospheric 

contamination.  

PS samples were placed on a 100 mm steel carrier-wafer for ALD and XPS loading and 

transfer. This wafer allowed for sufficient heat transfer during the ALD process. Prior to this, 

all PS brush were exposed to a N2 gas flow which removed any dust and surface impurities 

from the sample. Once loaded into the ALD system the samples were left to heat up to the 

processing temperature of 250oC for 20 minutes with the chamber under flow of 200 standard 

cubic centimetres per minute (sccm) of Ar gas to ensure good thermal conductivity. The PS 

samples were then exposed to a standard thermal ALD process using a hafnium chloride 

(HfCl4) precursor with water as the co-reactant. The temperature of 250oC was chosen as it 

was a suitable deposition temperature for the chosen precursor outlined by the manufacturer 

of the FlexAl system. Using this temperature ensured the prevention of unwanted precursor 

decomposition or condensation. This temperature was also below the breakdown temperature 

of the PS brushes which is approximately 300oC and 400 oC 14. The ALD process began by 

admitting the HfCl4 precursor for a total of a 2 second dose time this was done using an Ar 

carrier gas at 200 sccm. Following on from this a 7 second purge, using Ar gas, was 

conducted to remove any unreacted precursor from the chamber. As this was a conventional 

thermal ALD process this was then followed by a 2 second water dose which allowed for the 

full reaction process to occur. The ALD cycle was then completed with a 15 second purge 

again done with Ar gas to remove any unreacted particles. This was repeated for the desired 

number of cycles during which the samples were removed in vacuum for XPS analysis. This 
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allowed for the deposition to be monitored throughout the ALD process. All XPS data 

analysis was conducted using the CasaXPS software.  

4.2.4 VPI and HAXPES Analysis of PMMA Brushes 

VPI processing was conducted in the same Oxford Instruments FlexAl ALD system as 

described in section 4.2.3. Samples were exposed to a N2 gas flow which removed any dust 

and surface impurities from the sample. Samples were then placed on a 100 mm steel carrier 

wafer for loading into the ALD system. In this experiment two deposition temperatures of 

100oC and 200oC were used, both of which are below the degradation temperature of the 

polymer of 300oC 15. It is noted that unlike a conventional ALD process used in the PS study, 

this VPI process does not include a co-reactant. At the beginning of this process TMA was 

admitted to the chamber for a dose time of 0.1 seconds. Ar (200 sccm) was once again used 

as the carrier gas. Following this the chamber was then isolated from pumping, known as the 

hold step, which was achieved by the automatic closing of the valve used to regulate the 

pressure within the ALD chamber. This hold was done for 1 minute. It is to be noted that 

when the valve is in the closed position it does not provide a perfect vacuum seal between 

the chamber and the pumps therefore there is a gradual pressure decrease in the chamber 

during this hold step. This was then followed by an Ar (200 sccm) purge for 20 seconds. This 

process was repeated for a total of 1200 cycles to ensure sufficient polymer infiltration.  

HAXPES analysis was performed at the National Synchrotron Light Source II in Brookhaven 

National Laboratory using the SST-2 beamline 16. Spectra were acquired with a photon beam 

energy of 2 keV. A Si(111) crystal monochromator was used.   
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4.2.5 UV Ozone and O2 Plasma Polymer Removal.  

UV ozone and O2 plasma treatments were used for the removal of the PMMA brushes as well 

as to convert the infiltrated TMA into Al2O3.  O2 plasma treatments were conducted using an 

ICP source within the ALD chamber. Samples were heated to 200oC with the chamber 

constantly being flushed with a 200 sccm flow of Ar. Once heated the samples were exposed 

to a 40 minute 300 W O2 plasma. The flow of the O2 was 100 sccm, and the pressure during 

the plasma process was 40 mTorr. This is the same plasma process used for the removal of 

the PS brushes in the HfO2 study.  

The UV ozone process was carried out in a Novascan PSD Pro Series Digital UV Ozone 

System coupled with an OES – 1000D Ozone Elimination System. Samples were placed into 

the system and heated to 200 oC and processed in the UV Ozone system for 12 hours to 

ensure sufficient polymer removal.  

4.1.1 Additional Characterisation Techniques 

Ellipsometry data was recorded using a J.A. Woolam XLS-100 ellipsometer. All data analysis 

was performed with the CompleteEASE software using a multi-layer model. This type of 

modelling was used to not only take into account the polymer films and the resultant oxides 

but also the silicon substrate as well as the silicon oxide intermediate layer. Within this model 

three layers were inputted, the silicon substrate, a 2 nm silicon oxide layer and finally either 

the respective polymer layer or the resultant aluminium oxide layer. The optical constants 

for each layer were obtained from the CompleteEase software from pre-determined models 

as the films in this study are well known and analysed. In all cases, three measurements were 

taken from different points on the sample and an average of these was calculated. The 

standard error of this was also determined.  



118 

 

4.2.6 Acknowledgements 

The author would like to thank Mr Kyle Shiel and Dr Matthew Snelgrove for their assistance 

in sample processing and data collection. The author would also like thank Dr Conan Weiland 

of Brookhaven National Laboratory for his assistance in the HAXPES data acquisition.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



119 

 

4.3 Results  

4.3.1 Infiltration of PMMA of various Molecular Weights and Thicknesses 

The way in which the thickness, and hence molecular weight, of the polymer PMMA effects 

its ability to infiltrated by Al using a VPI process is presented.  From Chapter 3 it was clearly 

shown that an increase in PMMAs molecular weight and solution concentration resulted in 

an increase in the brush thickness. For this work a 1.5 wt% solution of 6K, 45K and 160K 

PMMA was used for the fabrication of the brushes as this was shown to yield the thickest 

film in each molecular weight case. This allowed for a suitable thickness variation across the 

three samples for the investigation. Figure 4.1 shows the ellipsometry results for the PMMA 

brushes used, where a clear increase in thickness with respect to the molecular weight can 

be seen.  

 

Figure 4.1 Ellipsometry results of the 1.5 wt% 6K, 45K and 160K PMMA films before 

infiltration. This data shows a clear increase in the brush thickness with increasing 

molecular weight, yielding a suitable range of thicknesses for investigation.  
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As discussed in section 4.2, the PMMA films were exposed to an Al VPI process at two 

different temperatures of 100oC and 200oC using TMA as the precursor. This temperature 

variation was employed to determine the optimal infiltration temperature for the various 

molecular weights, the results of which were analysed using HAXPES. Figure 4.2 shows the 

C1s high resolution spectra of the 6K, 45K and 160K PMMA pre and post infiltration for the 

different infiltration temperatures.  

 

Figure 4.2 C1s high resolution HAXPES data showing the 6K, 45K and 160K PMMA pre 

and post Al infiltration at both processing temperatures. All peaks associated with the 

PMMA structure can be seen in all molecular weight cases with a large decrease in the 

C=O post infiltration indicating successful infiltration.  

When examining the pre infiltrated PMMA brushes in the case of all molecular weights the 

main peak seen is that at 285 eV which is attributed to the carbon backbone of the          

polymer 17. There are also peaks seen at 286.9 eV,  287.66 eV and 289.1 eV which correspond 

to the C-O, C=O, and O-C=O bonds respectively 18. This agrees with the PMMA structure 

seen in Figure 1.11 and XPS analysis conducted in the field. The final peak seen within the 
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pre infiltrated spectra is at 282.9 eV which attributed to Si-C bonds 7. When comparing this 

to the post infiltrated films at both infiltration temperatures, firstly it is clear that there is a 

major decrease in the contribution of the C=O and O-C=O peaks with a slight increase in the 

C-O peak. This is the point at which the TMA interacts with the PMMA causing the C=O to 

break down, allowing it to then bind to the free electrons within the O atom. This also leads 

to the formation of more C-O bonds thus causing the C-O peak intensity to increase. This 

decrease in C=O indicates that infiltration was in fact successful. However, as there is still a 

contribution from these peaks this indicates that the films were not fully infiltrated. This 

could be due to infiltration occurring in the first few nanometres of the film close to the 

surface inhibiting precursor penetration further down into the film. Finally, in the post 

infiltrated film there is a new peak seen at 283.4 eV which is attributed to Al-C bonds. These 

bonds can be seen within the TMA precursor structure but they also could be caused by 

breakdown of the TMA allowing for the Al to bind with C atoms within the polymer 19,20. 

This once again shows that polymer infiltration was successfully achieved.  
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Figure 4.3 O1s high resolution HAXPES data showing the 6K, 45K and 160K PMMA pre 

and post Al infiltration. A clear decrease in the amount of C=O post infiltration once again 

indicates the point at which Al interacts with the polymer. The addition of the Al-O peak 

post infiltration also indicates successful infiltration. 

Figure 4.3 shows the high resolution O1s spectra for the three different molecular weight 

PMMA films. These spectra were analysed for further insight into the interaction between 

the PMMA films and the TMA precursor. Firstly, all spectra pre and post infiltration show a 

clear peak at 533.3 eV which is related to the SiO2 from the underlying substrate 21,22. There 

are also clear contributions seen from peaks at 532.7 eV and 534.5 eV which correspond to 

the C-O and C=O seen in the polymer film respectively 23. These peaks have a much larger 

contribution in the pre infiltrated films when compared to the films post infiltration at both 

temperatures. Once again, a decrease in the C=O peak can be seen agreeing with the C1s 

spectra in Figure 4.2, indicating that the C=O peak reduction corresponds to the point at 

which the PMMA interacts with the TMA precursor. Again, this peak is not completely 

quenched showing that the polymer films were not fully infiltrated. A peak is seen at         
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531.5 eV from all the pre infiltrated films indicates the presence of unreacted hydroxy groups 

on the surface of the PMMA 24. Finally, for the films post infiltration, at both processing 

temperatures, a peak at 531.9 eV can be seen 2. This is associated with Al-O bonds indicating 

once again that infiltration of the PMMA brushes was successful for all thicknesses. However, 

there is little variation in the intensity of this peak across the different molecular weights and 

infiltrating temperatures indicating that there is potentially little difference in the Al uptake 

between the different PMMA brushes.  

 

Figure 4.4 Al1s high resolution spectra for the 6K, 45K and 160K post (a) 100oC and (b) 

200oC infiltrations. These spectra show negligible differences between the Al uptake across 

the different PMMA thickness with a small increase across the processing temperatures.  

To further investigate the difference in Al uptake across the different molecular weight films 

and thus the different thickness, a direct comparison of the Al1s intensity was made, the 

results of which can be seen in Figure 4.4. It is clear that for 100oC processing temperature 

there is a small difference in the Al1s intensity between the 160K PMMA and the two other 

molecular weights. However, in the case of the 200 oC processing temperature there is a 

marginal difference in intensity when comparing the 6K to the 45K and 160K brushes. This 

was not expected as with the thicker brush it was believed there would be larger uptake. As 

stated previously infiltration occurring in the first few nanometres of the PMMA brushes 
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could be inhibiting complete infiltration throughout the films. This is in agreement with the 

presence of the C=O peak post infiltration as not all bonds had reacted. There is also the 

potential for Al physisorption occurring on the thinner PMMA films thus leading to a larger 

Al1s signal. When looking at the two different process temperatures however, there is an 

increase in Al1s intensity in the films infiltrated at 200oC when compared to the ones 

infiltrated at 100oC in all molecular weight cases. It was then determined that the 200oC was 

more successful at infiltrating the PMMA brushes and would be used for future VPI 

processes. 

Following on from the Al infiltration of the films, a study was conducted to compare two 

possible polymer removal techniques, a UV ozone and an ICP O2 plasma process. This was 

carried out to examine which would be more successful and efficient at producing Al2O3 thin 

films from the infiltrated PMMA. It was also performed to investigate further whether the 

thicker PMMA brushes lead to a thicker resultant oxide since from the results seen from the 

films post infiltration there appeared to be little difference in Al uptake.  

 

Figure 4.5 C1s spectra for the (a) 6K, (b) 45K and (c) 160K PMMA films before and after 

polymer removal via UV ozone and O2 plasma treatments. A clear decrease in C1s intensity 

is seen post polymer removal showing both processes successfully removed the films from 

the silicon substrate.  

Figure 4.5 shows the C1s spectra for the three different molecular weight films post 

infiltration as well as the Al2O3 films fabricated using the PMMA brushes post polymer 
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removal. From this figure there is a clear decrease in the amount of carbon seen on the Al2O3 

films post polymer removal compared to the PMMA brushes post infiltration. This shows 

that both methods successfully remove the polymer film. In saying this, there is still a small 

amount of carbon present on the Al2O3 films, this is attributed to adventitious carbon caused 

by atmospheric exposure after the removal processes. There is a slightly larger amount seen 

on Al2O3 films fabricated using the ICP O2 plasma removal process. This is most likely 

because the surfaces of substrates treated using an O2 plasma can become more reactive than 

that of substrates treated using UV ozone. This allows for a larger amount of carbon within 

the atmosphere to react with these substrates. 

 

Figure 4.6 O1s high resolution spectra for the Al2O3 films fabricated using the three 

different molecular weight PMMA brushes after UV ozone and O2 plasma treatments. Here 

clear contributions can be seen from the Al2O3 films with larger peak intensities seen in the 

films fabricated using the thicker PMMA brushes.  

Following on from this the O1s high resolution spectra were studied. This was done to 

investigate the chemical environment of the oxygen atoms in the Al2O3 films and to examine 

whether the polymer removal process had any influence on these thin films. Figure 4.6 shows 

the O1s high resolution spectra for the Al2O3 films fabricated using the infiltrated 6K, 45K 

and 160K PMMA brushes using the two different polymer removal techniques. From each 
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spectra there are three peaks seen at 531.9 eV, 533.3 eV and 533.9 eV which are associated 

with the Al-O, SiO2 substrate and Al-OH bonds respectively 2. This shows that for all 

molecular weight cases, the PMMA brushes could be successfully used in the fabrication of 

Al2O3 films. It is also clear that there is no variation in the peak structure for each of the O1s 

spectra indicating no difference in the way in which the two polymer removal techniques 

oxidise the infiltrated Al.  

When comparing the intensity of the O1s constituent peaks for the films fabricated with the 

6K, 45K and 160K PMMA there is a larger contribution from the Al-O and Al-OH peaks in 

the films fabricated using the higher molecular weight PMMA. This shows that the resultant 

oxide films fabricated with the thicker PMMA brushes are thicker than those fabricated with 

the thinner PMMA brushes. This increase is more prevalent in the Al2O3 films oxidised using 

the ICP O2 plasma process than those which used the UV ozone. This indicates that a larger 

amount of Al was oxidised forming the resultant Al2O3 films fabricated using the higher 

molecular weight PMMA brushes which were subsequently removed using the ICP O2 

plasma. This could be due to the more aggressive nature of the O2 plasma process, but it is 

noted that the Al2O3 films fabricated using the plasma process have large Al contributions 

indicating a thicker resultant oxide.  
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Figure 4.7 Al1s high resolution spectra for the three Al2O3 films fabricated using the 

different molecular weight PMMA brushes after UV ozone and O2 plasma treatments. The 

increase in intensity with respect to the molecular weight of the polymer shows that the 

thickness of the Al2O3 films increases with the thickness of the fabricating PMMA. 

Finally, to further show any effect that the polymer removal process may have on the 

resultant Al2O3 films the Al1s high resolution spectra were analysed, the results of which can 

be seen above in Figure 4.7. The fits of these spectra show only one contributing peak which 

is associated with the Al3+ seen at 1562.3 eV 25. There is clearly no variation in the spectra 

compositions or peak structures when comparing the two different removal processes, once 

again confirming that the polymer removal process has no effect on the resultant oxide film. 

As the O2 plasma process is significantly faster than that of the UV ozone it was deemed the 

more favourable option for the removal of the PMMA brushes. There also is a clear increase 

in Al1s intensity for the O2 plasma process when comparing the polymer removal processes 

indicating that the UV ozone process could potentially be fabricating less dense films than 

that of the O2 plasma thus making it a better choice.  

From Figure 4.7 a clear increase in Al1s intensity with respect to the fabricating polymer 

molecular weight can be seen. This indicates that the higher molecular weight and therefore 
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thicker PMMA brushes had a larger uptake of Al which was not as clearly seen as the 

previous post infiltrated film results.  

Finally, ellipsometry measurements of the resultant Al2O3 films for both removal processes 

were measured the results of which can be seen in Figure 4.8 below. It is clear that the films 

which were fabricated using an ICP O2 plasma removal process are thicker for all fabricating 

polymer molecular weight cases than those using the UV ozone removal process. This is 

thought to be due to the O2 plasma being more effective at oxidising the Al within the 

polymer film thus creating a denser and thicker brush. It is also clear that there is an increase 

in the final film thickness with respect to the fabricating polymer molecular weight (and 

therefore polymer film thickness), with the thicker PMMA brushes fabricating a thicker 

resultant Al2O3 film. These results confirm that the thickness of a PMMA brush does effect 

its ability to be infiltrated by Al through a VPI process, with thicker films having a larger 

uptake resulting in thicker oxide films.  
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Figure 4.8 Ellipsometry results for the Al2O3 films post polymer removal via UV ozone and 

O2 plasma treatments. This shows a clear increase in the resultant oxide thickness with 

respect to the molecular weight of the fabricating PMMA as well an increase in thickness 

with respect to the polymer removal process.  

4.3.2 Effect of PS brush thickness on blocking capability for a hafnium oxide ALD 

process……………                                                            

As was the case for the PMMA study detailed above, three PS polymer brushes were 

fabricated at a range of thicknesses. The combinations of molecular weights and weight 

percentages used were as follows: 42K 0.2 wt%, 16K 0.2 wt% and 42K 1.5 wt%. These 

combinations were chosen as from Chapter 3 they were shown to provide a suitable thickness 

range for this study. Figure 4.9 shows the ellipsometry results for these films with the 

thickness values obtained being approximately 3 nm, 5 nm, and 11 nm respectively.  
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Figure 4.9 Ellipsometry results for the PS samples used for the Hf study showing the range 

of thicknesses that were investigated. The molecular weight and solution concentration 

varies for each sample so this range could be obtained. 

Once the thickness of these films was determined they were placed in the ALD reaction 

chamber, with a Si reference sample, and were exposed to the HfO2 process described in 

section 4.2.3. The three PS polymer brushes were first subjected to a total of 120 cycles. This 

was done sequentially meaning that throughout the deposition process the samples were 

periodically transferred, in vacuum, to the XPS system. This allowed for the detailed analysis 

of the films throughout the entire ALD process. Using the XPS data, the Hf concentrations 

were calculated for each sample. This allowed for the tracking of the Hf deposition on each 

sample as well as a silicon reference sample throughout the ALD process. These results can 

be seen below in Figure 4.10 (a). 
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Figure 4.10 Calculated compositions from XPS data for the (a) Hf 4f for each PS brush and 

a silicon reference sample, as well as (b) the calculated selectivity of these films comparing 

them to the selectivity minimum reported in the literature. This data shows a definite 

increase in the percentage Hf and a decrease in the selectivity for the thinnest PS brush.  

When examining the Hf4f peak profiles throughout the ALD deposition shown in Figure 

4.10 (a), it is clear that there is a rise in the percentage of Hf present on the 42K 0.2 wt% 

film, this being the thinnest of the three tested brushes. After approximately 60 cycles the 

amount of Hf deposition begins to rapidly increase on the thinnest brush. The total Hf 

percentage on this film however never reached the same value as that deposited on the Si 

reference. This showed that while the sample had the weakest blocking capabilities it still 

inhibited deposition. The two thicker PS brushes, films fabricated with the 0.5 wt% 16K PS 

and the 1.5 wt% 42K PS, see no increase in the Hf percentage throughout the ALD process 

meaning that no deposition occurred on these thicker brushes. When comparing these results, 

it is clear that the thickness has a contributing factor to the PS brush’s ability to block a HfO2 

ALD process. It is notable that the molecular weight used to fabricate the thinnest brush is 

the same as that of the thickest film so this difference in blocking efficacy can solely be 

attributed to the thickness of the brush and not the polymer’s molecular weight.  
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Through the use of the XPS data the selectivity of each of the films was also calculated. This 

illustrates the quality of the films as well as showing that they provided sufficient blocking 

capabilities for the use in ASD. Selectivity was evaluated using the adapted standard 

selectivity equation defined by Gladfelter 26. This equation is as follows: 

 
𝑆𝑃𝑆 =

𝐼𝑆𝑖 − 𝐼𝑃𝑆

𝐼𝑆𝑖 + 𝐼𝑃𝑆
 Eqn(4.1) 

Where 𝐼𝑆𝑖 and 𝐼𝑃𝑆 represent the intensity (peak area under the curve in cts-1) of the Hf4f core 

level for the PS and Si samples. The results of these calculations can be seen in Figure 4.10 

(b). There is a consensus in the field of ASD that for a selective process to be considered 

successful a selectivity of 90% or more must be achieved 27. It is clear that the 0.5 wt% 16K 

and the 1.5 wt% 42K films satisfied this requirement, showing a selectivity of above 0.9 for 

the total 120 cycles. Whereas the thinnest PS brush shows a steady decline in selectivity 

throughout the ALD process once again showing the thickness dependence on the PS’s 

blocking efficacy. 

As previously stated, for the two thickest PS brushes there was no Hf deposition seen over 

the first 120 cycles. To further test the blocking efficacy of these films the experiment was 

repeated using the same parameters but for a total of 325 cycles. Once again this was done 

sequentially to monitor the HfO2 deposition throughout the ALD process. Figure 4.11 shows 

both the calculated Hf concentration of these films and their respective selectivity. From 

Figure 4.11 (a) a clear increase in Hf percentage can be seen for the 0.5 wt% 16K PS film. 

This occurred after approximately 150 cycles of the ALD process. Similar to the results seen 

for the thinnest PS brush there is also a decrease in the 0.5 wt% 16K  PS films selectivity 

shown in Figure 4.11 (b) at the point deposition began. However, from this data it is also 

clear that the 1.5 wt% 42K PS brush, which was the thickest film tested, once again had no 
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indication of HfO2 deposition with no decrease in selectivity also. From this it was concluded 

that the thickest film could block up to 325 cycles of a HfO2 ALD process, and through the 

use ellipsometry measurements performed on the Si reference sample, it was determined that 

this process results in approximately 19 nm of HfO2 deposition.  

 

Figure 4.11 Calculated compositions from XPS data for the (a) Hf 4f for each PS brush and 

a silicon reference sample as well as (b) the calculated selectivity of these films comparing 

them to the selectivity minimum seen in literature. This data shows a definite increase in 

the percentage Hf and a decrease in the selectivity for the thinner of the two PS brushes. 

To determine the cause of HfO2 deposition on the thinner PS brushes, the ratio of the Si2p to 

the C1s was calculated for both ALD processes, the results of which are shown below in 

Figure 4.12. From this data it is clear that in both the 120 and 325 cycle cases, there is a clear 

drop in this calculated ratio at the point at which the 0.2 wt% 42K PS and the 0.5 wt% 16K 

PS allow Hf deposition. This drop is indicative of carbon breakdown which means that 

throughout the ALD process these thinner brushes are slowly breaking down thus eventually 

allowing HfO2 deposition after a sufficient number of process cycles.  
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Figure 4.12 Calculated Si2p to C1s intensity ratios for the (a) 120 cycles and (b) the 325 

cycle ALD processes. In both cases a significant drop in this ratio can be seen for both of 

the thinner PS brushes at the point at which Hf deposition occurred. This shows that the PS 

films were breaking down during the ALD process facilitating Hf deposition.  

To further establish this proposed explanation, detailed fitting of the C1s spectra was 

conducted for each of the polymer films throughout the ALD process, the results of which 

are shown in Figure 4.13. When looking at the 1.5wt% 42K PS, which was the thickest film 

studied, there is no change in the peak structure throughout the 325 cycle process. The only 

peaks observed within this spectrum are the C-C and C-O at 285 eV and 286 eV respectively. 

The C-C contribution originates from the PS structure itself shown in Figure 1.11 whereas 

the C-O comes from the tethering of the polymer chains to the silicon substrates which forms 

during the condensation reaction in the grafting-to fabrication process. It is clear from Figure 

4.13 that there is no change in this peak structure throughout the ALD process indicating no 

breakdown of the polymer, which was as expected. Comparing this to the 0.2 wt% 42K PS 

and the 1.5 wt% 16K PS films a clear broadening of the C1s peak can be seen over the course 

of the ALD process. This shows an increased contribution from the C-O peak within both 

spectra. This indicates breakdown in the polymer film as proposed previously because the 

C-O bond originates from the binding of the PS chains to the Si substrate so as the film is 
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being broken down this leads to a stronger contribution from those bonds within the C1s 

peak.  It is proposed that physisorption of the HfCl4 precursor preferentially occurs at regions 

of polymer film breakdown. This initial physisorption thus allows for active regions for 

further Hf deposition enabling the HfO2 to grow.  

 

Figure 4.13 C1s high resolution XPS spectra for the three different PS brush thicknesses 

over the course of the ALD process. For the 3 nm and 5 nm brushes there is a clear 

broadening of the peak which is indicative of polymer breakdown compared to that of the 

11 nm film where no broadening can be seen.  

Once both ALD processes were carried out the PS brushes were exposed to an ICP O2 plasma, 

which, as illustrated in the PMMA study, is a very effective polymer removal process. This 

was done to investigate whether the deposited HfO2 on the thinner PS brushes seen in 

previous results was removed along with the PS brushes. This polymer removal process was 

performed on the 3 nm film after the total 120 cycles and the 5 nm and 11 nm films after the 

325 cycles. Figure 4.14 shows the Hf4f high resolution XPS spectra for each of the polymer 

thicknesses post polymer removal and a Si reference. From this figure there is a clear increase 
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in Hf4f intensity with respect to decreasing PS thickness. This shows that the HfO2 layer was 

not removed with the polymer during the ICP O2 plasma process. However, this data does 

also illustrate once again the dependence that PS brush thickness has on its ability to block 

an HfO2 ALD process since it is clear that there is no Hf present on the substrate which had 

the 11 nm PS brush present.  

 

Figure 4.14 Hf4f spectra of the three different thickness PS brush and Si reference post 

plasma removal. This shows that the Hf is not removed with the polymer using an O2 

plasma process and shows how no deposition occurs on the thickest PS film. 

Overall, from these results it can be concluded that the thickness of a PS brush has a large 

effect on its ability to block an HfO2 ALD process with a thicker brush being more favourable. 

This result is very important for the field of ASD research because current methods used for 

area deactivation, such as SAMs which was discussed in section 1.2.7, have significantly 

longer fabrication times compared to polymer brushes.  
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4.4 Conclusions  

The effect that PMMA and PS brush layer thickness have on their ability to be either 

infiltrated or to block infiltration, respectively, has been presented. Firstly, the relationship 

between PMMA thickness and its uptake of Al through a VPI process was shown. The 

process temperature dependence on the Al uptake was also investigated. Through the use of 

HAXPES it was seen that for all PMMA thicknesses and VPI process temperatures each 

brush was successfully infiltrated. This was demonstrated through the fitting of the C1s and 

O1s high resolution spectra for each polymer thickness and process temperature, pre and post 

infiltration. Prior to infiltration clear peaks associated with C=O and C-O bonds could be 

seen in both the C1s and O1s high resolution spectra, both of which are present within the 

PMMA structure. Once infiltration was carried out there was a clear decrease in the C=O 

peak indicating that this was the point at which the TMA precursor had interacted with the 

PMMA. There was also the appearance of an Al-C and Al-O bonds seen within the C1s and 

O1s spectra respectively. The Al1s intensity was then compared to examine whether there 

was an increase in Al with respect to thickness for each processing temperature. There was 

no significant difference observed between the different PMMA thicknesses, however there 

was an increase when comparing the two infiltration temperatures with the 200oC process 

being more suitable as it provided the energy to create a larger amount of free volume within 

the polymer films creating more space for infiltration.  

Following on from this, a study into the relative efficiencies of the two polymer removal 

processes – UV ozone or an ICP O2 plasma – was carried out. The purpose of this experiment 

was to examine whether there was any variation in the resultant oxide thickness with respect 

to the fabricating PMMA brush film thickness, since no such relationship was established for 
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the infiltrated polymers. Once again using HAXPES, the data showed that both removal 

processes successfully removed the polymer film, as well as oxidising the infiltrated Al, 

fabricating Al2O3 thin films. When comparing the Al1s high resolution spectra for samples 

subjected to the two processes there was a clear increase in intensity with respect to the 

fabricating polymer thickness, as well as a small increase in intensity, for the UV ozone 

process compared to the ICP O2 plasma process. Because the plasma process was shorter it 

may be viewed as the favourable polymer removal process from an industrial perspective. 

Ellipsometry was then used to confirm the increase in oxide thickness with respect to the 

fabricating polymer thickness. From this data it was clear that there was an increase in Al2O3 

thickness with respect to the thickness of the fabricating PMMA with the thicker brushes 

creating a thicker resultant oxide.  

Finally, the relationship between PS brush thickness and its blocking capabilities for an HfO2 

ALD process was demonstrated. Using in-situ XPS, a distinct correlation between the 

thickness of the PS brush and their blocking efficacy was demonstrated. This was shown 

through the calculation of the Hf concentration on each of the PS brushes throughout the 

course of the ALD processes. From this it was shown that there was significantly less HfO2 

deposition on the thickest 11 nm PS film when compared to the 3 nm and 5 nm films, with 

no significant deposition after a total of 325 cycles. Through the fitting of the C1s XPS 

spectra it was shown that deposition on the thinner PS brushes was caused by film breakdown 

as there was a clear broadening of the C1s peak with larger contributions seen from the C-O 

peak signal from the silicon substrate-polymer interface region. Finally, these films were 

exposed to an ICP O2 plasma process to see whether removing the polymer film also removed 

the deposited HfO2 layer. Comparing the Hf4f intensities showed that the HfO2 was not 
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removed during the removal of the PS brush. It, however, did illustrate once again the 

relationship between PS thickness and its blocking efficacy as there was an increase in Hf 

intensity with decreasing PS brush layer thickness. 

From the results presented in this chapter we can conclude that the thickness of the PMMA 

and PS polymer brushes have a significant effect on their ability to either be infiltrated and 

enable, or to block, the vapour phase deposition of Al2O3 and HfO2, respectively. 
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5 Comparison of Al uptake in the polymers PMMA, P2VP and 

PEO 

5.1 Introduction  

A detailed investigation into the Al uptake of the polymers PMMA, P2VP and PEO as well 

as a comparison of their infiltration mechanisms is presented. Section 1.2.5 discussed the 

separation and size of the nanostructures formed within a BCP structure and the dependency 

of these parameters on the Flory Huggins parameter (χ) which quantifies the degree of 

incompatibility between two different polymers. As expected, the value of χ is dependent on 

the polymers used for the fabrication of the BCP structure. PMMA is one of the most widely 

researched polymers for use in BCP systems because of its ease of infiltration. The χ value 

for a PMMA block PS system is approximately 0.041 1. The infiltration of P2VP has also be 

shown to be widely successful, similar to PMMA however the P2VP block PS system has a 

χ value of 0.11 2. This means that this BCP structure has the capacity to fabricate smaller 

nanostructures than that of the PMMA block PS system since a higher χ value leads to smaller 

domain size. Finally, the PEO block PS system has a χ  value of 0.077 which means it will 

create smaller feature sizes in a BCP system than that of PMMA, but not as small as P2VP 3. 

PEO, however, is significantly cheaper than that of PMMA and P2VP making it a favourable 

choice since it has the ability to create the small feature sizes required for current 

semiconductor manufacturing without incurring a large cost.  

From the above discussion of the various χ values for each of the polymers PMMA, PEO 

and P2VP it is clear that a detailed understanding of the infiltration of these films as well as 

a comparison of their material uptake is vital for future BCP lithography work. While there 

have been many studies conducted looking at the infiltration of these brushes individually a 
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detailed comparison of the three has not been widely studied 4–6. This comparison is vital for 

future BCP work as knowing this information will help determine which polymer is suitable 

for the desired application. 

Polymer brushes of the polymers P2VP, PEO and PMMA were fabricated using the same 

weight percent and molecular weight solution for this study. This ensured a direct comparison 

of the polymers’ infiltration to be made, without the influence of other parameters. These 

films were then characterised prior to VPI processing using ellipsometry and XRR for the 

determination of the polymer brush thicknesses as well as density as these can be contributing 

factors to the uptake of the infiltrating material. Following on from this the three polymer 

films were exposed to a VPI process where TMA was used as the infiltrating precursor. 

HAXPES was then used for the analysis of the pre and post infiltrated films and it was seen 

that the P2VP brush had the largest uptake of Al uptake between the three different polymers. 

An ICP O2 plasma process was then carried out for the removal of the polymer brushes as 

well as the oxidation of the infiltrated Al for fabrication of Al2O3 thin films. Once again, the 

resultant oxide films were analysed using HAXPES to investigate the effect that the 

infiltrating polymer has on the Al2O3 film. It was shown that the fabricating polymer had no 

effect on the chemical composition of the resultant oxide but as seen previously, the P2VP 

brush resulted in the thickest Al2O3 film, which was confirmed using ellipsometry.  
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5.2 Experimental techniques  

5.2.1 Materials 

Blanket silicon with native oxide was provided by our industrial collaborators (Intel). The 

polymers hydroxy-terminated PMMA (Mw = 6 kg mol-1 (6K), PDI = 1.25), hydroxy-

terminated P2VP (Mw = 6 kg mol-1 (6K), PDI = 1.05) and hydroxy-terminated PEO (Mw = 

6 kg mol-1 (6K), PDI = 1.02) were purchased from Polymer Source Inc. Canada and used as 

received. Toluene (anhydrous, 99.8%), tetrahydrofuran (THF) (anhydrous, 99.9%, inhibitor-

free) and isopropyl alcohol (≥  99.7%, FCC, FG) were purchased from Sigma Aldrich and 

used as received. Deionized water (resistivity = 18.2 MΩ cm) was also used. 

5.1.1 Polymer Brush Fabrication  

Polymer brush fabrication was conducted using the grafting to technique. All solutions were 

made at a 0.2 wt% concentration using a 6K molecular weight polymer dissolved in THF 

and toluene for the P2VP and PMMA/PEO samples respectively. These solutions were then 

spin casted onto a hydroxy functionalised silicon substrate (functionalised using an O2 

plasma process conducted in Henniker benchtop plasma system). Each sample was annealed 

at a specific temperature and time as shown in Table 5.1, which was done due to the varying 

glass transition and decomposition temperatures of each of the polymers used. 

Table 5.1 Annealing parameters used for the fabrication of the PMMA, P2VP and PEO 

brushes. 

Polymer Anneal Temperature (oC) Anneal Time (mins) 

 PMMA 200 30 

P2VP 180 30 

PEO 200 30 
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Finally, once annealed each sample was sonicated for 2 x 12 minute sonication periods in the 

solvent used for the fabrication of the original polymer solution to remove any ungrafted 

polymer chains.  

5.2.2 VPI of Polymer Brushes and Polymer Brush Removal  

VPI processing was conducted in an Oxford Instruments Flexal ALD system (base pressure 

5 x 10-7 mbar). Samples were exposed to a N2 gas flow which removed any dust and surface 

impurities from the sample prior to the VPI process. For sample loading each polymer was 

placed on a 100 mm steel carrier wafer. Once loaded the samples were left for 20 minutes to 

heat up to the process temperature of 100oC. The precursor used for this process was once 

again TMA. At the beginning of this process TMA was admitted into the ALD processing 

chamber using Ar (200 sccm) as the carrier gas for a dose time of 0.1 seconds. This was then 

followed by the isolation of the process chamber holding the precursor in vacuum for a total 

of 1 minute. Finally, the chamber was purged using Ar (200 sccm) for 20 seconds. This was 

repeated for a total of 250 cycles.  

5.2.3 Characterisation Techniques  

Ellipsometry data was recorded using a J.A. Woolam XLS-100 ellipsometer. All data analysis 

was performed with the CompleteEASE software using a multi-layer model. This type of 

modelling was used to not only take into account the polymer films but also the silicon 

substrate as well as the silicon oxide intermediate layer. Within this model three layers were 

inputted, the silicon substrate, a 2 nm silicon oxide layer and finally the respective polymer 

layer. The optical constants for each layer were obtained from the CompleteEase software 

from pre-determined models as the films in this study are well known and analysed. In all 
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cases, three measurements were taken from different points on the sample and an average of 

these was calculated. The standard error of this was also determined.  

HAXPES analysis was performed at the National Synchrotron Light Source II in Brookhaven 

National Laboratory using the SST-2 beamline 7. Spectra were acquired with a photon beam 

energy of 2 keV. A Si(111) crystal monochromator was used.  All data analysis was performed 

using the CasaXPS software.  

XRR measurements took place at the I07 beamline of Diamond Light Source, Didcot, UK. 

An X-ray beamline with an energy of 10keV (λ = 1.241Å) and a spot size of 68 x 221 μm 

was used. Samples were mounted on the diffractometer stage enclosed in a plastic bag filled 

with argon to prevent surface damage by oxygen and ozone. All data analysis was performed 

using the GenX software.  
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5.3 Results 

5.3.1 Polymer Fabrication and Infiltration  

At the beginning of this work the thickness of each polymer film was measured using 

ellipsometry and XRR. This was carried out because the results shown in Chapter 4 illustrate 

the effect that the thickness of a polymer brush has on its ability to be infiltrated as well as 

its effect on the resultant oxide thickness. As each polymer was fabricated using the same 

weight percent solution as well as the same molecular weight this comparison allowed for 

thickness dependence to be seen just between the polymers. Figure 5.1 shows the 

ellipsometry results for the PMMA, P2VP and PEO brushes. From this data it is clear that 

the PMMA resulted in the thickest polymer film followed by the P2VP and then finally the 

PEO.  

 

Figure 5.1 Ellipsometry results showing the thickness of the fabricated PMMA, P2VP and 

PEO brushes before infiltration. This shows that the PMMA brush to be the thickest of the 

three polymers followed by P2VP and then PEO. 
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From previous results it would be expected that since the PMMA film is the thickest it would 

yield the most amount of Al uptake when compared to the thinner brushes. However, due to 

the polymer’s different properties and infiltrating mechanisms this may not be the case.  

XRR was then conducted on each of the polymer films to confirm the thickness values 

observed using ellipsometry as well as to determine the density of the brushes. This is an 

important factor to take into account because the density of the polymer films could 

significantly influence their precursor uptake. Figure 5.2 shows the XRR results as well as 

the simulated fits for each of the polymer brushes.  

 

 
 

Figure 5.2 XRR results and simulated fits for the (a) P2VP, (b) PEO and (c) PMMA. From 

the number of oscillations seen within each spectrum once again the PMMA film can be 

seen to be the thickest brush fabricated. 
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Through qualitative analysis there is a clear difference in the number of oscillations seen 

between each of the spectra which relates to the thickness of the polymer film. It is clear that 

the PMMA brush has the largest and most pronounced oscillations compared to the P2VP 

and PEO brushes, indicating that it is the thickest of the three films, which is in agreement 

with the ellipsometry results. The depth of oscillation also indicates that the PMMA is the 

densest of the three films. This was confirmed through the fitting of the data allowing for 

further quantitative analysis to be conducted, the results of which can be seen in Table 5.2. 

Table 5.2 Quantitative results of the density, thickness and roughness for the PMMA, P2VP 

and PEO brushes calculated through the use of a simulated fit. 

Sample 

Density 

(g/cm3) 

Error 

(min/max) 

Thickness 

(nm) 

Error 

(min/max) 

Roughness 

(nm) 

Error 

(min/max) 

PMMA 1.13 -0.02, 0.03 4.31 -0.42, 0.38 0.84 -0.31, 0.11 

P2VP 0.53 -0.05, 0.06 3.7 -0.13, 0.16 0.96 -0.30, 0.19 

PEO 0.3 -0.15, 0.40 1.3 -0.10, 0.76 1.12 -0.25, 0.21 

These results confirm the qualitative analysis of the XRR data with the PMMA being both 

the thickest and densest brush fabricated, followed by the P2VP and PEO films. This once 

again indicates the potential that the PMMA film has for significant Al uptake when exposed 

to the VPI process.  

Following on from the determination of the polymer film thickness and density the films 

were exposed to the VPI process using TMA as the infiltrating precursor which was outlined 

in section 5.2.2. Following infiltration, the polymer brushes were analysed using HAXPES 

which was done to show whether the infiltration of the polymer brushes was successful as 

well as to determine the Al uptake within each of the polymer films. Figure 5.3 shows the 

high resolution C1s and O1s spectra of the PMMA brush pre and post Al infiltration.  
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Figure 5.3 HAXPES high resolution spectra of the (a) C1s and (b) O1s for the PMMA 

brush pre and post infiltration. This shows the successful infiltration of these films through 

the appearance of the Al-C and Al-O bond signals seen in the C1s and O1s post infiltration 

spectra, respectively. 

From Figure 5.3 (a) the high resolution C1s HAXPES spectra can be seen for the PMMA pre 

and post infiltration. In both cases there is a large contribution seen from the peak at 285 eV 

which is attributed to C-C bonds within the backbone of the PMMA chains 8. The other peaks 

seen in both spectra are at 285.5 eV, 286.9 eV, and 289.1 eV which correspond to the C-O, 

C=O and O-C=O bonds respectively 9. These can all be seen within the PMMA structure in 

Figure 1.11. When comparing the intensity of these peaks across the pre and post infiltrated 

PMMA films there is a clear decrease in the intensity of the peaks associated with the C=O 

structure and an increase in intensity in the C-O bonds post infiltration. This is due to the 

interaction between the Al precursor and the PMMA film. As discussed in Chapter 4 the way 

in which PMMA is infiltrated is through the breaking of the C=O bond allowing the 
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infiltrating precursor to interact with the free electrons on the oxygen atom. This therefore 

creates the decrease in C=O peak signal seen as well as the increase in C-O peak signal. As 

also observed in Chapter 4, it can be determined that complete infiltration has not occurred 

within the PMMA film since there is still a contribution from the C=O structure within the 

post infiltrated spectra. Finally, within the post infiltrated film a peak at 283.7 eV can be seen 

which is from Al-C bonds present within the TMA structure 10,11. This bond could also arise 

from the breakdown of the precursor allowing the Al to bond with the carbon atoms within 

the polymer structure. Both the decrease in C=O as well as the contribution of Al-C bonds in 

the post infiltrated spectrum indicate successful infiltration of the film.  

Figure 5.3 (b) shows the high resolution O1s spectra of the PMMA films pre and post 

infiltration. The main peak seen in both spectra is attributed to the SiO2 present on the 

substrate seen at 533.3 eV 12,13. This peak has such a large contribution because the PMMA 

film is extremely thin. There are also clear contributions from peaks seen at 532.1 eV and 

534.8 eV which are from the C-O and C=O bonds respectively 14. Once again there is a 

decrease in the C=O contribution post infiltration with a slight increase in the C-O peak. This 

once again confirms the way in which the TMA precursor interacts with the PMMA film 

through the breaking of the C=O bond. There is a fourth peak seen in the post infiltrated film 

at 532.6 eV which is attributed to Al-O bonds 15. As stated previously the Al within the TMA 

precursor bonds with the free electrons on the oxygen atom which originate from the 

breaking of the C=O. The appearance of this peak, as well as the peak due to the Al-C bond 

in the C1s post infiltrated spectrum, confirm the successful infiltration of the PMMA film.  

Figure 5.4 shows the high resolution HAXPES spectra of the C1s and O1s for the P2VP film 

pre and post infiltration. From the C1s spectra seen in Figure 5.4 (a) the pre and post 
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infiltrated spectra and comprised of the carbon backbone signal, C-C, at 285 eV and two 

more components seen at 285.5 eV and 286 eV which is from carbon seen within the pyridine 

ring namely the C=C and the C=N respectively 4,16,17. There is a fourth peak seen in both the 

pre and post infiltrated spectra at 286.6 eV which is attributed to C-O 18. This arises from the 

interface where the P2VP binds to the SiO2 substrate, as well as contributions from surface 

oxidation due to atmospheric exposure. Finally, once again seen in the post infiltrated film 

there is a peak associated with Al-C bonds at 283.8 eV 10,11. This indicates that the P2VP 

films were successfully infiltrated by the Al precursor.  

 

Figure 5.4 HAXPES high resolution spectra of the (a) C1s and (b) O1s of the P2VP brush 

pre and post infiltration. This shows the successful infiltration of these films through the 

appearance of the Al-C bond and Al-O bond seen within the C1s and O1s post infiltration 

spectra, respectively. 

Figure 5.4 (b) shows the high resolution O1s spectra of the P2VP film pre and post infiltration. 

In both O1s spectra the main peak contributing to the fit is the at 533.3 eV which is attributed 
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to the SiO2 from the substrate 12,13. There is a second peak seen in both the pre and post 

infiltrated spectra at 532.1 eV from the C-O bonds at the polymer substrate interface 19. 

Finally, at 532.6 eV the peak associated with Al-O can be seen 15. This confirms the 

successful infiltration of the P2VP films by the Al precursor.  

 

Figure 5.5 High resolution N1s spectra for the P2VP film pre and post infiltration. The 

fitting of this peak shows clear interaction between the nitrogen within the pyridine ring of 

the P2VP and the TMA precursor. 

Figure 5.5 shows the N1s high resolution spectra for the P2VP brushes pre and post 

infiltration. Firstly, one common peak can be seen in both the pre and post infiltrated films, 

located at 399.3 eV, and is attributed to the nitrogen carbon bonds within the pyridine ring 20. 
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In addition to this, within the post infiltrated spectrum two additional peaks at 398.8 eV and 

399.8 eV are present which are attributed to Al-N and N-OH bonds respectively 4,21–23. The 

N-OH signal represents regions where the Al has not formed a chemical bond with the 

nitrogen. Al-N bonds show the infiltration mechanism of the P2VP to be through the 

interaction of the TMA precursor with the lone pair of electrons located within the nitrogen 

atom in the pyridine ring 24. This once again demonstrates the successful infiltration of the 

P2VP brush by the TMA precursor.  

 

Figure 5.6 HAXPES high resolution spectra of the (a) C1s and (b) O1s of the PEO brush 

pre and post infiltration. This shows the successful infiltration of these films through the 

appearance of the Al-C bond and Al-O bond seen within the C1s and O1s post infiltration 

spectra, respectively. 

Figure 5.6 shows the high resolution C1s and O1s spectra for the PEO films pre and post 

infiltration. The C1s spectra seen in Figure 5.6 (a) show a main peak contribution from the 

polymer backbone, C-C bonds, at 285 eV 25. There are two additional peaks seen at 286.6 eV 
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and 288.9 eV which correspond to C-O and O-C=O respectively. Finally, there is a small 

contribution seen from the Al-C bond  within the post infiltrated spectrum at 283.3 eV 

showing that the film was successfully infiltrated 10,11.  

In Figure 5.6 (b) the high resolution O1s spectra for the PEO films pre and post infiltration 

can be seen. Within both spectra the peak associated with the SiO2 substrate can be seen at 

533.3 eV, along with two other peaks at 532.1 eV and 535 eV, corresponding to the C-O and 

C=O bonds, respectively 12,25. Once again, a contribution at 532.6 eV from Al-O bonds can 

be seen in the post infiltrated spectrum demonstrating that the infiltration of the PEO films 

was successful 15. This bond also indicates the infiltration mechanism of the PEO brush. PEO 

contains an ethoxy group within its structure, which can be seen in Figure 1.11. The oxygen 

atom within these groups contain lone pairs of electrons thus allowing for the Al infiltration 

of the PEO brush 26–28. 
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Figure 5.7 Al1s High resolution HAXPES spectra for the post infiltrated P2VP, PMMA and 

PEO films. There is a clear difference in intensity with respect to the infiltrating polymer 

with the P2VP having the largest Al uptake followed by the PMMA and PEO. 

Following on from the analysis of the C1s and O1s high resolution spectra for each of the 

polymer films the Al1s was investigated, the results of which can be seen in Figure 5.7 above. 

Form this data a clear relationship between the Al1s peak intensity, which relates to the 

amount of Al present, and the fabricating polymer can be seen. It is clear that the P2VP had 

the largest uptake of Al as it has the largest Al1s intensity. This is followed by the PMMA 

and then finally the PEO. These results were not expected because, as stated previously, it 

was theorised that the PMMA brush would have had the largest Al uptake due to the fact that 

it was both thicker and denser than that of the P2VP. It was seen however that not all the 

reaction sites within the PMMA film were used since there was still C=O present within the 

C1s and O1s spectra seen in Figure 5.3.  This could be due to steric hindrance caused by the 

first few nanometres of the PMMA film being infiltrated thus blocking further infiltration 

deeper within the brush. The larger amount of Al within the P2VP could also be due to more 
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efficient infiltration as the lone pair of electrons of the nitrogen atom within the pyridine ring 

allow for an easier infiltration mechanism than that of the bond breaking mechanism at work 

in the PMMA brush. As the PEO relies on a lone pair of electrons for its infiltration this also 

shows that thickness and density have a contributing factor to the Al uptake since the P2VP 

brush is thicker and denser than the PEO film. This therefore creates more reaction sites for 

the Al to infiltrate.  

5.3.2 Polymer Removal and Aluminium Oxidation 

Following on from the successful infiltration of the PMMA, P2VP and PEO films an ICP O2 

plasma was used for polymer removal as well as the oxidation of the infiltrated Al for the 

fabrication of Al2O3 thin films. This removal process was chosen as it was demonstrated in 

previous results presented in Chapter 4 that it was the most efficient one for the removal of 

polymer films. Figure 5.8 shows the C1s high resolution spectra of the three polymer films 

post infiltration and post O2 plasma treatment. From this data a clear decrease in C1s intensity 

can be seen post O2 plasma treatment, which shows the successful removal of the polymer 

brush material. The small amount of remaining carbon seen on the samples can be attributed 

to carbon absorbed during atmospheric exposure of the substrates.  

 

Figure 5.8 C1s high resolution spectra pre and post O2 plasma treatment for the polymers 

PMMA, P2VP and PEO. This shows a decrease in the C1s intensity post plasma treatment, 

showing successful polymer removal. 
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Following on from this, the O1s high resolution spectra were studied to show that successful 

fabrication of Al2O3 thin films had been achieved. Figure 5.9 shows the high-resolution 

spectra for the Al2O3 films fabricated using the infiltrated PMMA, P2VP and PEO brushes. 

Each spectrum shows a contribution from a peak located at 533.3 eV attributed to the SiO2 

on the substrate 12,13. Two other peaks can be seen at 532.6 eV and 534.5 eV which 

correspond to Al-O and Al-OH bonds within the Al2O3 film respectively 15. This shows that 

each brush layer system enabled successful fabrication of Al2O3 films during the O2 plasma 

polymer removal stage.  

When comparing the intensity of the O1s constituent peaks, especially the Al-O and Al-OH 

peaks, there is a clear difference in intensity with respect to the fabricating polymer. The film 

fabricated using the infiltrated P2VP brush has larger Al-O and Al-OH intensities than that 

of the other two polymers. This indicates that the Al2O3 film fabricated using the P2VP brush 

is thicker in that of the films fabricated using the PMMA and PEO brushes. This is as 

expected as it was previously shown that the P2VP film had the largest amount of Al uptake 

and therefore had the greatest amount of Al present for subsequent oxidation.  
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Figure 5.9 High resolution O1s spectra of the Al2O3 films fabricated using the PMMA, 

P2VP and PEO films post O2 plasma processing. Clear contributions can be seen from the 

Al2O3 films, with the largest peak intensities seen in the P2VP film. 

Al1s intensities were then compared to show the difference in the resultant oxide film 

thickness for each of the fabricating polymer brush layers. Figure 5.10 shows the Al1s high 

resolution spectra for the Al2O3 films fabricated using the infiltrated P2VP, PMMA and PEO 

brushes. There is a clear difference in the Al1s intensity between the three polymers which 

indicates a difference in thickness. As seen previously the film fabricated using the infiltrated 

P2VP brush has the largest Al1s intensity followed by the films fabricated using the PMMA 
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and finally the PEO films. This shows that the P2VP brush resulted in the fabrication of the 

thickest Al2O3 film. Once again this was not the expected result as the P2VP brush was 

neither the thickest nor densest at the beginning of this experiment. However, due to the 

efficient infiltration mechanism of the lone pair of electrons on the nitrogen atom within the 

pyridine ring, this allowed for the largest amount of Al uptake and therefore the fabrication 

of the thickest resultant oxide film.  

 

Figure 5.10 High resolution Al1s of the Al2O3 films fabricated using the infiltrated P2VP, 

PMMA and PEO brushes. This clearly shows the relationship between the fabricating 

polymer brush layer and the resultant oxide thickness since the intensity of the Al1s peak 

changes with respect to the fabricating polymer type, with the P2VP infiltrated brush 

resulting in the thickest Al2O3  film. 

Finally, to complement the data shown in Figure 5.10 ellipsometry was carried out for the 

Al2O3 films post polymer removal, the results of which can be seen in Figure 5.11 below. 

This data clearly shows that the infiltrated P2VP brush fabricated the thickest resultant oxide 

film post polymer removal followed by the PMMA film and then finally the PEO. This is in 

agreement with all previously shown HAXPES data and therefore allows us to conclude that 



162 

 

the P2VP brush is the most effective at being infiltrated as part of an aluminium oxide VPI 

process.  

 

Figure 5.11 Ellipsometry results of the Al2O3 films fabricated using the infiltrated PMMA, 

P2VP and PEO polymers. These data show good agreement with previous data  showing 

that the P2VP film fabricated the thickest resultant oxide film. 
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5.4 Conclusions  

A comparison of the Al uptake of the polymers PMMA, P2VP and PEO has been reported, 

as part of a VPI infiltration process. Firstly, through the use of ellipsometry and XRR it was 

shown that the PMMA resulted in the thickest and densest polymer film followed by the 

films made using P2VP and then PEO. As the parameters for the solutions used for the brush 

fabrication were the same, this showed that this variation was completely polymer dependent 

indicating the potential that the PMMA polymer has for significant Al uptake.  

Through the use of HAXPES it was shown that each of the polymer films were successfully 

infiltrated with Al post VPI processing. This was demonstrated through the fitting of the C1s 

and O1s spectra for each of the polymer films as well as the N1s in the case of the P2VP 

brush. Through this fitting the infiltration mechanisms for each of the polymers was 

determined. In the case of the PMMA, through the reduction of C=O bond signals in both 

the C1s and O1s spectra it was clear that the TMA precursor interacted with the polymer 

through the breaking of this bond. For the P2VP film the appearance of Al-N bonds in the 

post infiltrated N1s spectrum showed that the TMA bonded with the nitrogen in the pyridine 

ring of the polymer through its lone pair of electrons. Finally, in the case of PEO, the 

contribution of Al-O bonds within the post infiltrated film O1s spectra shows that the TMA 

bonded with the lone pair of electrons on the oxygen atom within the polymer ethoxy group.  

Al1s spectra showed that the P2VP film had the largest Al uptake post infiltration. This was 

concluded to be due to the efficient infiltration mechanism of the P2VP compared to that of 

the PMMA. Because the P2VP and PEO films had similar infiltration mechanisms it was 

also concluded that the thickness and density of the brush had only a small contributing factor, 

since the P2VP was both thicker and denser than the PEO film.  
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Once infiltrated the films were exposed to an ICP O2 plasma process to both remove the 

polymer brushes and oxidise the infiltrated Al enabling fabrication of Al2O3 thin films. 

Through the fitting of the O1s HAXPES data it was shown that the infiltrating polymer used 

had no effect on the chemical composition of the resultant oxide thin films. Finally, through 

the analysis of the Al1s HAXPES signal post polymer removal, as well as by the use of  

ellipsometry, it was shown that the P2VP brush layer fabricated the thickest resultant Al2O3 

film, followed by the PMMA brush, and then the PEO brush.  

Overall, the conclusion from these results is that the P2VP brush layer had the highest Al 

uptake as well as enabling the fabrication of the thickest resultant oxide film. Due to its 

higher χ value with PS in a BCP system this makes P2VP a very suitable polymer candidate 

for use in fabricating nanostructures and patterned substrates.  

 

 

 

 

 

 

 

 

 

 

 



165 

 

5.5 References  

(1)  Kressler, J.; Higashida, N.; Shimomai, K.; Inoue, T.; Ougizawa, T. Temperature 

Dependence of the Interaction Parameter between Polystyrene and Poly(Methyl 

Methacrylate). Macromolecules 1994, 27 (9), 2448–2453. 

https://doi.org/10.1021/MA00087A013. 

(2)  Alberda Van Ekenstein, G. O. R.; Meyboom, R.; Ten Brinke, G.; Ikkala, O. 

Determination of the Flory-Huggins Interaction Parameter of Styrene and 4-

Vinylpyridine Using Copolymer Blends of Poly(Styrene-Co-4-Vinylpyridine) and 

Polystyrene. 2000. https://doi.org/10.1021/ma992118. 

(3)  Frielinghaus, H.; Hermsdorf, N.; Almdal, K.; Mortensen, K.; Messé, L.; Corvazier, 

L.; Fairclough, J. P. A.; Ryan, A. J.; Olmsted, P. D.; Hamley, I. W. Micro- vs. Macro-

Phase Separation in Binary Blends of Poly(Styrene)-Poly(Isoprene) and 

Poly(Isoprene)-Poly(Ethylene Oxide) Diblock Copolymers. Europhys. Lett. 2001, 53 

(5), 680. https://doi.org/10.1209/EPL/I2001-00205-7. 

(4)  Snelgrove, M.; McFeely, C.; Shiel, K.; Hughes, G.; Yadav, P.; Weiland, C.; Woicik, 

J. C.; Mani-Gonzalez, P. G.; Lundy, R.; Morris, M. A.; McGlynn, E.; O’Connor, R. 

Analysing Trimethylaluminum Infiltration into Polymer Brushes Using a Scalable 

Area Selective Vapor Phase Process. Mater. Adv. 2021, 2 (2), 769–781. 

https://doi.org/10.1039/d0ma00928h. 

(5)  Biswas, M.; Libera, J. A.; Darling, S. B.; Elam, J. W. New Insight into the Mechanism 

of Sequential Infiltration Synthesis from Infrared Spectroscopy. Chem. Mater. 2014, 

26 (21), 6135–6141. https://doi.org/10.1021/CM502427Q. 

(6)  Pielichowski, K.; Flejtuch, K. Non-Oxidative Thermal Degradation of Poly(Ethylene 

Oxide): Kinetic and Thermoanalytical Study. J. Anal. Appl. Pyrolysis 2005, 73 (1), 

131–138. https://doi.org/10.1016/j.jaap.2005.01.003. 

(7)  NSLS-II | Beamline 7-ID-2 (SST2) Spectroscopy Soft and Tender 2 

https://www.bnl.gov/nsls2/beamlines/beamline.php?r=7-ID-2 (accessed May 27, 

2023). 

(8)  Snelgrove, M.; Mani-Gonzalez, P. G.; Bogan, J.; Lundy, R.; Rueff, J. P.; Hughes, G.; 

Yadav, P.; McGlynn, E.; Morris, M.; O’Connor, R. Hard X-Ray Photoelectron 

Spectroscopy Study of Copper Formation by Metal Salt Inclusion in a Polymer Film. 

J. Phys. D. Appl. Phys. 2019, 52 (43). https://doi.org/10.1088/1361-6463/AB35B2. 

(9)  Pletincx, S.; Marcoen, K.; Trotochaud, L.; Fockaert, L.-L.; Mol, J. M. C.; Head, A. 

R.; Karslioğlu, O.; Bluhm, H.; Terryn, H.; Hauffman, T. Unravelling the Chemical 

Influence of Water on the PMMA/Aluminum Oxide Hybrid Interface In Situ. 

https://doi.org/10.1038/s41598-017-13549-z. 

(10)  Furlan, A.; Jansson, U.; Lu, J.; Hultman, L.; Magnuson, M. Structure and Bonding in 

Amorphous Iron Carbide Thin Films. J. Phys. Condens. Matter 2015, 27 (4), 045002. 

https://doi.org/10.1088/0953-8984/27/4/045002. 



166 

 

(11)  Miller, D. J.; Biesinger, M. C.; McIntyre, N. S. Interactions of CO2 and CO at 

Fractional Atmosphere Pressures with Iron and Iron Oxide Surfaces: One Possible 

Mechanism for Surface Contamination? Surf. Interface Anal. 2002, 33 (4), 299–305. 

https://doi.org/10.1002/SIA.1188. 

(12)  Bogan, J.; Lundy, R.; McCoy, A.; O’Connor, R.; Byrne, C.; Walsh, L.; Casey, P.; 

Hughes, G. In-Situ Surface and Interface Study of Atomic Oxygen Modified Carbon 

Containing Porous Low-κ Dielectric Films for Barrier Layer Applications. J. Appl. 

Phys. 2016, 120 (10). https://doi.org/10.1063/1.4962371/143014. 

(13)  Byrne, C.; Brennan, B.; McCoy, A. P.; Bogan, J.; Brady, A.; Hughes, G. In Situ XPS 

Chemical Analysis of MnSiO3 Copper Diffusion Barrier Layer Formation and 

Simultaneous Fabrication of Metal Oxide Semiconductor Electrical Test MOS 

Structures. ACS Appl. Mater. Interfaces 2016, 8 (4), 2470–2477. 

https://doi.org/10.1021/ACSAMI.5B08044/ASSET/IMAGES/MEDIUM/AM-2015-

08044M_0013.GIF. 

(14)  Oxygen | XPS Periodic Table - IE. 

(15)  Snelgrove, M.; McFeely, C.; Mani-Gonzalez, P. G.; Lahtonen, K.; Lundy, R.; Hughes, 

G.; Valden, M.; McGlynn, E.; Yadav, P.; Saari, J.; Morris, M. A.; O’Connor, R. 

Aluminium Oxide Formation via Atomic Layer Deposition Using a Polymer Brush 

Mediated Selective Infiltration Approach. Appl. Surf. Sci. 2020, 515. 

https://doi.org/10.1016/j.apsusc.2020.145987. 

(16)  Gabka, G.; Bujak, P.; Giedyk, K.; Kotwica, K.; Ostrowski, A.; Malinowska, K.; 

Lisowski, W.; Sobczak, J. W.; Pron, A. Ligand Exchange in Quaternary Alloyed 

Nanocrystals – a Spectroscopic Study. Phys. Chem. Chem. Phys. 2014, 16 (42), 

23082–23088. https://doi.org/10.1039/C4CP03850A. 

(17)  Barber, M.; Connor, J. A.; Guest, M. F.; Hillier, I. H.; Schwarz, M.; Stacey, M. 

Bonding in Some Donor–Acceptor Complexes Involving Boron Trifluoride. Study by 

Means of ESCA and Molecular Orbital Calculations. J. Chem. Soc. Faraday Trans. 2 

Mol. Chem. Phys. 1973, 69 (0), 551–558. https://doi.org/10.1039/F29736900551. 

(18)  Tien, H. W.; Huang, Y. L.; Yang, S. Y.; Wang, J. Y.; Ma, C. C. M. The Production of 

Graphene Nanosheets Decorated with Silver Nanoparticles for Use in Transparent, 

Conductive Films. Carbon N. Y. 2011, 49 (5), 1550–1560. 

https://doi.org/10.1016/J.CARBON.2010.12.022. 

(19)  Beamson, G.; Briggs, D. High Resolution XPS of Organic Polymers: The Scienta 

ESCA300 Database. J. Chem. Educ. 1992, 70 (1), A25. 

https://doi.org/10.1021/ED070PA25.5. 

(20)  Watts, J. F. High Resolution XPS of Organic Polymers: The Scienta ESCA 300 

Database. G. Beamson and D. Briggs. 280pp., £65. John Wiley & Sons, Chichester, 

ISBN 0471 935921, (1992). Surf. Interface Anal. 1993, 20 (3), 267–267. 

https://doi.org/10.1002/SIA.740200310. 

(21)  Dalmau, R.; Collazo, R.; Mita, S.; Sitar, Z. X-Ray Photoelectron Spectroscopy 



167 

 

Characterization of Aluminum Nitride Surface Oxides: Thermal and Hydrothermal 

Evolution. J. Electron. Mater. 2007, 36 (4), 414–419. https://doi.org/10.1007/S11664-

006-0044-X/METRICS. 

(22)  Liao, J. X.; Xia, L. F.; Sun, M. R.; Liu, W. M.; Xu, T.; Yang, C. R.; Chen, H. W.; Fu, 

C. L.; Leng, W. J. Structural Characteristics of 2024 Aluminum Alloy Plasma-Based 

Ion Implanted with Nitrogen Then Titanium. Appl. Surf. Sci. 2005, 240 (1–4), 71–76. 

https://doi.org/10.1016/j.apsusc.2004.06.145. 

(23)  Mani-Gonzalez, P. G.; Snelgrove, M.; Rueff, J. P.; Lundy, R.; Yadav, P.; Bogan, J.; 

O’Connor, R.; Morris, M.; Hughes, G. Analysis of Al and Cu Salt Infiltration into a 

Poly 2-Vinylpyridine (P2vP) Polymer Layer for Area Selective Deposition 

Applications. J. Phys. D. Appl. Phys. 2020, 53 (11). https://doi.org/10.1088/1361-

6463/AB60E8. 

(24)  Snelgrove, M.; Zehe, C.; Lundy, R.; Yadav, P.; Rueff, J.-P.; O’connor, R.; Bogan, J.; 

Hughes, G.; Mcglynn, E.; Morris, M.; Mani-Gonzalez, P. G. Surface Characterization 

of Poly 2-Vinylpyridine-A Polymer for Area Selective Deposition Techniques. 

(25)  Louette, P.; Bodino, F.; Pireaux, J.-J. Poly(Ethylene Oxide) (PEO) XPS Reference 

Core Level and Energy Loss Spectra. Surf. Sci. Spectra 2005, 12 (1), 59–63. 

https://doi.org/10.1116/11.20050912. 

(26)  Bao, W.; Zhao, L.; Zhao, H.; Su, L.; Cai, X.; Yi, B.; Zhang, Y.; Xie, J. Vapor Phase 

Infiltration of ZnO Quantum Dots for All-Solid-State PEO-Based Lithium Batteries. 

Energy Storage Mater. 2021, 43, 258–265. 

https://doi.org/10.1016/j.ensm.2021.09.010. 

(27)  Zhang, D.; Li, L.; Wu, X.; Wang, J.; Li, Q.; Pan, K.; He, J. Research Progress and 

Application of PEO-Based Solid State Polymer Composite Electrolytes. Front. 

Energy Res. 2021, 9. https://doi.org/10.3389/FENRG.2021.726738/FULL. 

(28)  Fenton, D. E.; Parker, J. M.; Wright, P. V. Complexes of Alkali Metal Ions with 

Poly(Ethylene Oxide). Polymer (Guildf). 1973, 14 (11), 589. 

https://doi.org/10.1016/0032-3861(73)90146-8. 

 

 

 

 

 

 

 

 

 

 

 



168 

 

 

6 Conclusions and Future Work 

6.1 Conclusions 

The main conclusions drawn from Chapters 3 – 5 provide a solid foundation for further 

investigation into the fabrication, infiltration and characterisation of polymer brushes, which 

is also applicable to BCP research. The main findings of this work include:  

Confirmation of the rapid grafting to method for polymer brush fabrication. All results 

produced by this work show that the grafting to method is a suitable route for the fabrication 

of highly uniform polymer brushes such as PS and PMMA. Polymer brushes performed as 

required both for area activation and deactivation. This is relevant as the grafting to method 

is significantly faster than current ASD methods such as SAMs.  

Validation that the solution concentration and molecular weight of the polymers PS and 

PMMA has an effect of the resulting brush thickness. The way in which the weight percentage 

and molecular weight of the polymers PMMA and PS effects the resultant thickness of the 

polymer brush was a key finding of Chapter 3. It has been shown that the disadvantages of 

the grafting to method are its inability to control thickness and lack of suitability for 

fabrication of thicker polymer brushes. Through the use of ellipsometry, GA-ATR-FTIR and 

AFM it was shown that an increase in the concentration of the fabricating solution and 

molecular weight of the polymers PS and PMMA led to a thicker polymer brush using the 

grafting to method. It was also shown that by varying the solution concentration one can 

achieve varying polymer brush thicknesses allowing better thickness control.  

Demonstration of the development of a gentle O2 plasma process for the hydroxy 

functionalisation of PS brushes. Another key finding within Chapter 3 was to further 
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investigate methods to increasing polymer brush thickness while implementing the grafting 

to approach. An O2 plasma process was developed using a Henniker bench top plasma system 

which hydroxy functionalised the surface of a PS brush with the intention of applying a 

second layer of PS using the grafting to method. It was shown through the use of contact 

angle that the PS brush was able to be functionalised using a low power 1 second plasma 

process. Using ellipsometry and AFM it was determined that this gentle process caused little 

to no damage to the PS film which was a concern because O2 plasmas are used for the 

removal of polymer brushes. Following this a second layer of PS was applied however, using 

ellipsometry, no significant increase in the brush thickness was seen leading to the conclusion 

that this method of thicker brush fabrication was unsuccessful.  

Experimental proof that the thickness of the polymer brush materials PMMA and PS has an 

effect on the brush layer infiltration and blocking efficacy, respectively. The main focus of 

Chapter 4 was a study of the way in which the polymer brush thickness effected its infiltrating 

and blocking properties. It was shown in the case of the PMMA films, through the use of an 

Al based VPI process, that the thickness of the brush had an effect on the amount of Al uptake. 

Through the use of HAXPES it was confirmed that the thicker polymer brushes had a slightly 

larger Al uptake, however post polymer removal it was seen that the thicker fabricating brush 

led to a thicker resultant oxide. Similarly, in the case of the PS films, through the use of an 

HfO2 ALD process, using XPS it was shown that the thicker PS brushes were more effective 

at blocking an ALD process. Both studies show a clear relationship between the thickness of 

the polymer brush layers and their infiltrating or blocking properties.   

Comparison of a UV ozone or ICP O2 plasma process for the removal of PMMA brushes and 

Al oxidation. Chapter 4 also reported a detailed comparison of a UV ozone and an ICP O2 
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plasma-based process for the removal of polymer brushes. Through the use of HAXPES both 

processes were shown to be successful at removing the PMMA films. However, it was seen 

that the plasma-based process resulted in thicker Al2O3 films post polymer removal and 

because this process is significantly faster than the UV ozone process it is considered superior, 

especially for the use in industrial settings.  

Verification that the polymer used for the fabrication of Al2O3 thin films effects the resultant 

thickness of that film. Chapter 5 reports a detailed comparison of the Al uptake within the 

polymer brush materials P2VP, PMMA and PEO, through the exposure of these films to a 

VPI process. Using HAPXES it was shown that the P2VP films had the largest uptake of Al, 

followed by the PMMA films and finally the PEO films. It was proposed that this was due 

both to an efficient infiltration mechanism via the interaction of the TMA precursor with the 

nitrogen lone pair, and the overall thickness and density of the P2VP. Using an ICP O2 plasma 

these brushes were removed and the thickness and chemical composition of the resultant 

oxide films were determined. It was seen that the fabricating polymer had no effect on the 

Al2O3 chemical state however it was shown that the resultant oxide film fabricated using the 

P2VP brush was the thickest. Because P2VP is known for its ability to create small 

nanostructures within a BCP system this was a significant and favourable result since it was 

clearly the most efficient brush layer in terms of  infiltration.  

 

 

 

 

 



171 

 

6.2 Future Work  

Based on the results and the associated conclusions from chapters 3 – 5, there are several 

interesting areas for potentially fruitful further research. The first of these is further 

investigations into higher χ value polymers. It was shown that P2VP had a larger amount of 

infiltrating material uptake compared to PEO, which also has a higher χ value with PS than 

does PMMA. While this is an important result P2VP has been shown to have its limitations. 

For example, it was noted at the AMBER Institute in Trinity College Dublin that higher 

molecular weight P2VP material (i.e. above 6K) results in the formation of crystal islanding 

instead of a coherent film. This was attributed to weak intermolecular interactions or π-π 

stacking between the pyridine molecules inside the solution. This limits the ultimate 

thickness that the P2VP films can achieve. It is for this reason that further investigation into 

the infiltration of higher χ value polymers such as poly-DL-lactide is required. This may 

open up further avenues for the fabrication of smaller nanostructures within a BCP system 

than that currently reported using PMMA.  

Similar to the suggestion above for further investigation into more suitable infiltrating 

polymers, more work should be carried out on the identification and study of other polymers 

(as opposed to PS) suitable for blocking deposition. An example of another polymer suitable 

for the inhibition of material deposition is polynorbornene. As previously discussed, the 

Flory Huggins parameter is influenced by all polymers present within the BCP system. This 

means that it not only is altered through the variation of the infiltrating polymer but also the 

blocking polymer, allowing for varying feature size to be achieved through changing the 

polymer combinations. Identifying and studying the properties of more blocking polymers 
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allows for a larger number of combinations to be made within a BCP structure, thus 

potentially allowing for more control over the self-assembled nanostructure size.  

Finally, the way in which the polymer thickness as well as the polymer type influences the 

electrical properties of the resultant oxide film should be studied. This work showed the 

effect that these parameters had on the thickness of the resulting oxide film. However, it is 

important to know the electrical characteristics of these films because one of the main 

applications of these fabricated oxides within the semiconductor industry is their use as a 

gate oxide in MOSFET devices. It is for this reason that the electrical characterisation, such 

as IV and CV sweeps for the determination of the leakage currents and breakdown voltages 

of these films is proposed, to develop a better understanding of the effect that the polymer 

thickness as well as the polymer type has on the key device-relevant properties of the 

resultant oxide.  

 

 


