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Abstract 
Plasma-based surface nanopatterning of semiconductor materials using block 

copolymer lithography 

Shauna Flynn 

 

This project focuses on utilising block copolymers (BCPs) to fabricate silicon 
nanopillar arrays. The rationale for this was to use these silicon nanopillar substrates 
as a master to fabricate polymer nanopillars through replica molding techniques for 
applications in antibacterial surfaces. In the process, we aim to investigate reactive ion 
etch plasmas to modify polymer brush layers and to selectively remove polymer 
material from the surface. 
 
The development of a highly-controlled annealing process for polystyrene – block – 
poly4vinylpyridine (PS – b – P4VP) using a custom built solvothermal annealing 
chamber was undertaken. This work eradicated the disadvantages associated with 
static annealing methods and allowed the fabrication of BCP templates with hexagonal 
ordering. The removal of P4VP cores using plasma was investigated. In this work, 
oxygen, argon and nitrogen plasmas were investigated. A key finding was that 
nitrogen plasmas were successful in removing P4VP over PS, with further etch 
investigations into P2VP leading to the hypothesis that the nitrogen in the aromatic 
ring of P4VP plays a vital role in the etch rate. Preliminary results for the modification 
of a preferential PS brush layer to a neutral brush layer to control BCP orientation 
have been presented. This work showed that the wettability and surface energy of the 
brush layer was modified when exposed to an oxygen plasma. BCP annealing on top 
of plasma modified brush layers provided and insight into how the addition of oxygen 
effects BCP orientation. 
 
Replica molding methods were optimised using nanostructured cicada wings. This 
enabled polymer nanopillars surfaces to be fabricated. The swelling properties of these 
materials were investigated with the results revealing that the polymer swelling caused 
the nanopillar structure to increase in size.  The fabrication of silicon nanopillar arrays 
using BCP templates of been demonstrated. These templates were transferred into the 
silicon substrate by converting the BCP into a hard mask and performing a silicon 
etch. Using optimised molding methods, polymer nanopillar surfaces were fabricated. 
These polymer surfaces were tested for antibacterial activity. Results showed 
nanostructured surfaces with pillars greater than ~50nm in height exhibited a greater 
antibacterial effect when compared to unpatterned surfaces and nanostructured 
surfaces with pillars less than 50nm.
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1 Literature Review 
 

1.1 Moore’s Law 
Gordon E. Moore, co-founder of Intel, published a paper in 1975 that would define 

the future of integrated electronics for years to come; at the time, Moore was the Vice 

President of Research and Development at Fairchild Semiconductor. In this article, 

numerous perceptive predictions including ‘personal portable communications 

equipment’, automated controls from automobiles and home computers, were 

discussed. The most important of these predictions was his estimate of how the future 

of integrated circuits would exponentially grow, see Figure 1.1.1, 2  It was stated that 

the number of transistors on an integrated circuit would double every year. He 

projected this growth for the decade to come and in 1975 he revised his theory 

predicting the growth to continue every two years. 3  

 

 

Figure 1.1 The original chart that was presented in Moore’s publication, showing 

the predicted density of components in integrated circuits. 1  

 

At the time of publication, Moore only had three historical product data points which 

he could use to aid his prediction, in addition to the knowledge he had from working 

on a fourth prototype in Fairchild, making his observation even more noteworthy. It 

wasn’t until several years later when Professor Mead in California Institute of 

Technology coined the projections, ‘Moore’s Law’.  For over a half a century, Moore’s 
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Law has continued unabated and is the founding principle of the semiconductor 

industry. 1-3 The major advances in lithography to date have led to the miniaturisation 

of components down to 14nm pitch. With the capability to produce such feature sizes 

and the volume of production available, silicon complementary metal oxide 

semiconductors (Si CMOS) technologies are the leading field of nanotechnology and 

will continue to be in the years to come.3  However, CMOS development is now 

reaching numerous limitations that are hindering the continuation of Moore’s Law, 

the first of which is the transistor scaling limits.  As the density of transistors increases, 

the dimensions must decrease. Nevertheless, scaling down is leading to practical limits 

with current leakage at small gate lengths. Leakage refers to the leak of current from 

a charged transistor even when the device is in the off state. The problem at small gate 

lengths is that the drain voltage reduces the barrier height at the source, thereby 

causing a low source-to-channel barrier height even with the gate voltage off, which 

results in detrimental large off-state leakage. In the current gold standards in high-

performance logic systems, the net leakage power of CMOS transistors is 

approximately 20-30% of the total power budget. It is apparent that this current 

leakage is already at the practical limit. To prevent further increases in leakage, gate 

length reduction has slowed in the last decade. 3  

 

The limits of photolithography are another barrier that needs to be conquered. Intel 

has developed 14nm features using excimer lasers, although the diffractive index of 

UV light makes scaling down from this point impossible using the current optical 

techniques. The move to extreme UV (EUV) light photolithography, electron beam or 

x-ray lithography to create sub 10nm features is now a possibility. This move to 

shorter wavelengths such as EUV brings other technical challenges such as source 

power output and the considerable cost, reported to be over €70 million per tool.4, 5  

Other techniques must be explored if Moore’s law is to continue into the future.  
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1.2 Block Copolymers for Nanofabrication 

As dimension size continues to scale down and with the limitations involved with 

current methods aforementioned, new technologies must be investigated. Extreme 

ultra-violet lithography, nanoimprint lithography, interference lithography and direct 

self-assembly (DSA) of block copolymers (BCPs) are among the methods considered 

as a potential solution for fabrication of sub-14 nm nodes. Top-down methods of 

fabrication have several limitations to their practical efficacy as previously mentioned; 

therefore, moving towards the bottom-up approach of BCP DSA has numerous 

advantages. The tune-ability of the size, shape and composition of the polymer 

materials makes them a cost-efficient method for nanotechnologies. These materials 

can form morphologies that are applicable for semiconductor applications by self-

assembly. Moreover, the method of forming these features can be easily implemented 

into industry as many of the techniques are already utilised.6  Self-assembly (SA) is a 

reversible process where the disordered components of the block copolymer for a 

highly ordered pattern under certain conditions. There are two routes in which this can 

happen, under static SA or dynamic SA.  The former involves a system that doesn’t 

dissipate energy and are at local equilibrium. The later may require energy for an 

ordered structure to form. This reversible spontaneous process of SA can be 

summarised from the Gibbs Free Energy equation (1.1) stated below. 

 

                                            ∆𝐺#$ 	= 	∆𝐻#$ −	𝑇∆𝑆#$                 (1.1) 

 

When ∆GSA is negative, SA is a spontaneous process. ∆HSA enthalpy change is due to 

the interaction between BCP components and T∆SSA entropy change is due to a change 

in the process. From equation 1.1 it can be concluded that for a given system above a 

certain temperature for SA to occur, the enthalpy term must be negative and in excess 

of the entropy term. Thus, for SA to successfully occur, enthalpic forces must 

dominate. 
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1.3 Microphase separation 

A BCP is two or more polymer materials connected by a covalent bond that are 

significantly chemically different, see Figure 1.2 The thermodynamic incompatibility 

between the polymers drives them to microphase separate into well-ordered periodic 

nanostructures. 7-9 This chemical dissimilarity and the molecular weight of the BCP 

defines the minimum feature size obtainable and the order periodicity.  

                                                

 

 

Figure 1.2 Molecular structure of polystyrene – block – poly4vinylpyridine (PS – b 

– P4VP) BCP system with cartoon representation displayed above the molecule. 

 

The simplest BCP system is a diblock copolymer, which are two molecular units 

arranged in distinct segments. These segments can be represented as An – Bm where A 

and B are the polymer units and n and m represent the number of repeating units within 

the polymer.10, 11 The BCP microphase separation is a result of the system minimising 

repulsive high energy interactions between similar and dissimilar blocks and 

maximising attractive, low energy, interactions between similar blocks. The BCP 

system will attempt to minimise the interfacial surface area between dissimilar blocks. 

The covalent bond between blocks allows for the separation to only occur on the 

microscale, in other words, the feature size is controlled by the polymer chain size. 8 

In a diblock copolymer, this microphase separation is controlled by three experimental 

parameters: 

 

1. The degree of polymerisation (N) i.e. the number of repeated polymer units. 

2. The BCPs or molar fraction (f) i.e. the ratio of block A to block B. 

3. The A – B Flory-Huggins interaction parameter (χ) i.e. the measure of 

immiscibility of block A and block B.  
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The block volume fractions (fA and  fB, where fA + fB = 1) and the polymer-polymer 

interaction parameter (referred to as  χ ) contribute to resulting morphology and the 

self-assembly dynamics of materials.12, 13  The χ parameter itself represents the degree 

of incompatibility between blocks and it is this factor, which is the main driving force 

for microphase separation.13  Diblock copolymers form geometries which can be 

finely tuned by controlling the degree of polymerisation (N = NA + NB).  The Flory–

Huggins equation (1.2) describes approximately how these parameters affect the free 

energy of a blend.  

  

 ∆+,-.
/01

= 	 2
34
ln 𝑓8 +	 2

3:
ln 𝑓; +	𝑓$𝑓<𝜒  (1.2) 

 

ΔGmix = Gibbs free energy 

Kb = Boltzmann’s constant 

T = Temperature 

NA = Polymerisation of block A 

NB = Polymerisation of block B  

fA = Volume fraction of block A  

fB = Volume fraction of block B  

χ = Flory-Huggins Interaction Parameter 

 
From the equation, terms 1 and 2 can be manipulated by the polymerisation of the 

BCP and relative volume fractions. In contrast term 3, χ, is a result of the molecules 

involved (fA and fB) and is directly related to temperature. 14  
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The use of BCPs for lithographic applications was first explored by Mansky et al. 

using a sphere forming polystyrene – block – polybutadiene (PS – b – PB) system. 15, 

16 The ability to self-assemble into ordered arrays of lines and spots was the most 

appealing feature of BCPs, as this was usually done by difficult and expensive 

lithographic processes. The etch contrast between PS and PB also made the system an 

excellent template for pattern transfer, the results were dense arrays of periodic 

hexagonal spot patterns, see Figure 1.3 

 

 

 

 

 

 

 

 

 

Figure 1.3 PS – b – PB spot pattern first fabricated by Mansky et al., hexagonal 

ordering is marked with the yellow hexagons.15 

 

1.4 Diblock Copolymers 

There are numerous symmetries in which blocks can be ordered. The classic 

morphologies include lamellae, hexagonal arrays of cylinders, spheres with body 

centered cubic symmetry and finally gyroids structures. 8  Figure 1.4. a) depicts the 

phase diagram of a diblock copolymer with volume fraction vs χ.N as predicted by 

self-consistent field theory and b) depicts these morphologies with the diblock 

molecules represented as simplified two-colour chains. The phase diagram shows the 

relationship of χ.N versus f. If χ and/or N value are reduced so that χ.N is below a 

critical value, entropic factors will produce a disordered phase. It should be noted that 

the product of χ and N, χ.N, plays a pivotal role in microphase separation occurring 

and theoretically a χ.N value above ~ 10.5 is needed for ordered morphologies to 

occur. 
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χ is determined by the BCP selected, while the volume fraction and polymerisation 

which influence the translational and configurational entropy are determined by the 

polymerisation stoichiometry. As determined from equation 1.2, χ is a temperature 

dependent parameter. For an ordered structure at equilibrium, polymer chains of the 

BCP will be arranged in minimum free energy configurations. 

 

 

 

 

 

 

 

 

 

Figure 1.4 a) Phase diagram of a diblock copolymer with volume fraction vs χ.N as 

predicted by self-consistent field theory. b) Schematics of thermodynamically stable 

diblock copolymer phases. The chains self-organize such that contact between the 

immiscible blocks is minimised, with the structure determined primarily by the 

relative lengths of the two polymer blocks (fA).17 

 

In this thesis, the focus will be largely on the simplest form and the most studied, A – 

B diblocks. The reason for this being that diblock copolymers produce morphologies 

that can be used in semiconductor applications. It must be noted that several transition 

phases are observed experimentally but are not thermodynamically stable.17 For the 

a) b) 
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semiconductor industry and for this study, the two structures of greatest importance 

are 1) lamellae structure, which form BCPs arranged in lines, and 2) hexagonally 

packed cylinders within a matrix of the second block, see Figure 1.5. 
 

 

 

 

 

 

 

Figure 1.5 a) Lamellae aligned perpendicular to the substrate. b) Cylinders aligned 

perpendicular to the substrate. 

 

1.5 Orientation 
Controlling orientation, lateral ordering and placement of BCPs is essential for 

nanolithographic applications. Perpendicular orientation of lamellae and cylinders, see 

in Figure 1.5, are often most desirable. For symmetric A – B systems, there is 

preferential interaction between blocks and the surface, due to the difference in 

interfacial energies between blocks. 18 Usually, one block will have a lower surface 

energy and will be more likely to interact with the interface compared to the second 

block. With one block having an affinity for one interface, the orientation results in 

parallel lamellae sheets or cylinders, wetting layers and hole-island structures. 6  In 

order to change the orientation from parallel to perpendicular, these preferential 

interactions must be overcome and the surface energy at the interface must be 

controlled. The following are a number of strategies developed to control BCP 

orientation.   

 

 

 

 

 

 

a) b) 
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1.5.1 Surface Energetics and Film Thickness  
In theory, a BCP system in contact with two neutral interfaces will be able to self-

assemble into perpendicular morphologies no matter the thickness of the film. Once 

the preference of surface interactions is minimal, the orientation of perpendicular 

structures is controlled by surface interactions and film thickness. Substrates can be 

neutralised to provide non-preferential surface interactions by manipulating the 

chemistry of the surface, which will be discussed at a later stage. However, the air-

film interface is more difficult to control. The air is usually replaced with solvent or 

vacuum. On account of this, BCP systems with near equal surface tensions are of most 

interest, such as polystyrene – block –poly (methyl methacrylate) (PS – b – PMMA), 

the most widely researched BCP system.18  

 

1.5.2 Brush Layers 
A brush layer is a thin layer (usually less than 6nm) of polymer material used to change 

the surface chemistry of the substrate. They are considered to be the simplest and most 

appropriate form of surface modification to enable complete control of BCP 

orientation. There are a variety of brushes that can be used such as self-assembled 

monolayers (SAMs), 19  end-grafted homopolymers,20  end-grafted random 

copolymers 21  and cross-linked polymer mats.22   Homopolymers and random 

copolymers are end-grafted with hydroxyl groups to allow irreversible covalently 

binding between the brush and the silicon substrate, see Figure 1.6.  The most common 

form of surface modification is the use of random copolymer brushes. 

 

 

 

 

 

 

 

 

Figure 1.6 a) Brush layer end-terminated with a hydroxyl group to allow covalent 

attachment to the silicon substrate. b) A brush layer attached to a silicon substrate. 
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During annealing when BCPs enter the phase above the glass transition temperature 

Tg, the morphology of the BCP is controlled by the preferential interactions at the 

surface. Tg is the temperature where the polymer changes from a hard, glassy material 

to a soft, rubbery material. The preferential interaction for one block to interact with 

the surface and the other block to interact with the air interface, leads to parallel 

orientation in cylinder and lamellae systems. To obtain perpendicular orientation the 

surface must be neutralised to interact both blocks, see Figure 1.7.6  

 

 

 

 

 

 

 

Figure 1.7 a) Parallel aligned cylinders, b) Parallel aligned lamellae. Preferential 

wetting brush layers will result in these BCP morphologies. c) Perpendicular 

aligned cylinders, d) Perpendicular aligned lamellae. Neutral wetting brush layers 

will result in these BCP morphologies. 

 

 PS – b – PMMA is a classic example of the phenomenon. PMMA cylinders have a 

preferential interaction with oxide layers on a silicon substrate, resulting in parallel 

orientation of the domains. To control the preferential interaction, the most popular 

method of modifying or neutralising the substrate is by using hydroxyl-terminated 

random copolymers, such as PS – r – PMMA.18  Mansky et al. were one of the first to 

report on this phenomenon. Their work describes precise control of PS – b – PMMA 

orientation which can be regulated by controlling the interfacial energy of the 

substrate. This was achieved by anchoring a thin film of the random copolymer PS – 

a) 
 
 
 
 
 
 
 
 
c) 

b) 
 
 
 
 
 
 
 
 
d) 
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r – PMMA. 23 This random copolymer brush layer provides a neutral interface for both 

blocks to interact equally, leading to perpendicular orientation of the microdomains.23, 

24 This modification of substrates has been widely reported on for the past 20 years. 

Mansky et al., again, was one of the first to investigate random copolymers as a way 

to manipulate the surface chemistry. Their work showed that by varying the styrene 

content of the brush layer, the wetting behaviour at the surface, where the brush was 

attached, could be controlled.23   

Ji, Bates and Ryu have done similar work using different variations of random 

copolymers with different BCP systems in order to control wetting behaviours at the 

interface. 25-27 Another strategy that has been explored is the use of SAMs. Peters et 

al. used SAMs that were chemically modified by X-rays to control the wetting 

behaviour of PS – b - PMMA BCPs. 28  
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1.6 Alignment  
The importance of BCP orientation has been discussed above, however, efficiently 

aligning BCPs to get patterns of straight lines and hexagonal array is also of great 

importance when considering BCP for semiconductor applications. Before alignment, 

lamellae systems form ‘fingerprint’ like patterns, see Figure 1.8. These ‘fingerprint’ 

patterns formed by perpendicular orientated lamellae have very limited application 

towards fabrication of interconnects and vias in integrated circuitry in their natural 

form. However, if these films can be directed to align in any direction to generate 

long-range ordered patterns, the applications in integrated circuit (IC) manufacturing 

are substantial.6  

 

Figure 1.8 SEM images of lamellae-forming PS – b – PMMA film that is a) self-

assembled on chemically neutral substrates and b) directed to assemble on striped 

chemical patterns. 19  

 

Methods to direct a BCP pattern to obtain long-range ordered arrays include solvent 

flow, shear force and zone annealing, have been investigated and can described 

collectively as directed self-assembly (DSA). Two methods of DSA that are of most 

interest as they are easily carried out and can be potentially integrated into IC 

manufacturing are grapheoepitaxy and chemical epitaxy (chemoepitaxy).  

 

 

 

a) Unaligned BCP 
pattern on 
chemically 
neutral surface 

 
 
 
 
 
 

b) Aligned BCP 
pattern controlled 
by a chemical 
wetting stripe 
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Graphoepitaxy uses topographic features to align BCPs, where chemoepitaxy uses 

chemical modification of the surface to direct BCP alignment. These DSA techniques 

combine the advantages of traditional lithography to spontaneously form sub 10nm 

nanostructure with limited defects. 

 

1.6.1 Graphoepitaxy 
Graphoepitaxy, or physical epitaxy, uses topographic features on the substrate to 

induce orientation and for controlling lateral ordering of microdomains.24  It is still a 

chemically facilitated form of DSA as it relies on the preference of one block to 

selectively wet the edge of a topographic feature. This form of BCP alignment is 

particularly useful due to the ease at which topographic features can be induced on a 

surface with standard photolithography methods. Typically, the pattern size for the 

grapheoepitaxy ranges from 2-3 times the lattice spacing in the BCPs to a few 

microns.8  

 

The major disadvantage to this method is large surface coverage is lost due to 

the macro-scale topographic features needed for the grapheoepitaxy, however, long 

range lateral ordering can be easily achieved using typical processing conditions 

which are essential for the semiconductor industry. Cheng et al. have shown the 

alignment of a sphere forming polystyrene – block – polyferrnocenyldimethysilane 

(PFS) in pre-patterned templates. In this work, they investigated the formation of 

defects by changing the width of the patterned trenches, highly-ordered arrays were 

obtainable in both constant-width and varying-width templates.29  
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Borah et al. have demonstrated large surface area coverage of perpendicular 

orientation PS – b – PMMA aligned using topographic lines created by electron-beam 

patterning of hydrogen silisequioxane (HSQ), a typical e-beam resist material, see 

Figure 1.9. 30  

 

 

 

 

 

Figure 1.9 a) Schematic of the process flow depicting HSQ pattern writing by EBL 

process on silicon substrate pre-coated with PS – r – PMMA brush, PS – b – PMMA 

BCP deposition and self-assembly, and plasma etching to selectively remove PMMA 

block b)  Top-down SEM image of large area alignment of PS – b – PMMA BCP 

patterns on narrow HSQ gratings (light grey lines: PS and dark grey lines: removed 

PMMA). Insets show the organisation of HSQ, PS and PMMA blocks.30 

 

b) 

a) 
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Similarly, Xiao et al. have showed the ability to fabricate patterned magnetic dot 

arrays using BCP lithography. In their work, they obtained long-range ordering of 

cylindrical domains orientated perpendicular to the substrate with hexagonal ordering. 

They achieved this by pre-patterning the substrate with a trench feature and chemically 

modifying the surface to induce a neutral brush layer. The metal dot arrays were then 

fabricated by sputtering the metal on a PS porous BCP matrix and removing the PS 

using both wet and dry etch techniques, see Figure 1.10. 31  

 

 

Figure 1.10 PS –b– PMMA thin films that have been annealed on topographic 

trench patterns. The width of the trench feature was modified to study BCP 

alignment. Scale bar is 250nm.31  

 

1.6.2 Chemoepitaxy 
Using chemically patterned surfaces is another method that has been widely 

investigated to control lateral ordering of BCP microdomains. The theory behind this 

method is that BCPs can conform to surface patterns when a strong surface interaction 

between the blocks and substrate is present.32 The process consists of a primary step 

of chemical patterning on the substrate using extreme ultraviolet, interferometric 

Increasing 
trench 
width 
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lithography, or e-beam lithography, followed by a secondary step of spin-coating 

lamellae forming BCPs onto the chemically patterned substrate. The physical 

properties of the chemical pattern applied to the surface, such as width of the wetting 

stripe and of course, the interfacial energies between blocks, play a vital role in 

directing the BCP films. 33 The period of the pattern Ls, and the width of the wetting 

stripe W are optimised to be Ls ≈ L0 and W = ½ L0 , respectively, where L0 is the domain 

period of the perpendicular lamellae structure in a thin film on top of a uniform 

surface. 34  

Edwards et al. have demonstrated that the broader the difference in interfacial 

interactions, the stronger the directing ability. Moreover, they have shown, using the 

optimal values of Ls = L0 and W = ½ L0, the chemically patterned substrates generate 

defect-free lamella-forming BCP patterns. 21 However, a slight deviation of the two 

sizes from the optimal values significantly reduces the ability to guide the pattern and 

the resulting morphologies have a high percentage of defects as further demonstrated 

by Kim et al. and seen in Figure 1.11. 19  For Figure 1.11 a) where Ls = 55nm and Ls 

> L0 disordered features was observed. For b) where Ls = 47.5nm and Ls ≈ L0 perfect 

ordering was achieved. 

 

 

 

 

 

Figure 1.11 Top down SEM images and corresponding Fourier transform analysis 

of PS – b – PMMA on chemically patterned surfaces.19 

The study carried out by Edwards and co-workers directly proves that a larger contrast 

in interfacial energy enhances the ability of the chemical pattern to direct a BCP. This 

increases the window of permissible deviations between periodicity, Ls, of the 

chemical pattern and the BCP domain period, L0 , without losing the ability of defect-

free pattern formation. 21, 33  

 

a)         b) 
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1.7 Annealing methods 

The most common annealing techniques for inducing microphase separation are 

thermal annealing and solvent annealing. Both processes are described below. Other 

forms of annealing have been investigated, these include, solvent injection annealing, 

sub -100°C annealing and rapid thermal annealing to mention a few. 35-37 Solvent and 

thermal annealing are the most relevant methods of annealing for the BCP system 

which are used herein and are of most importance for industry; therefore, other 

methods will not be discussed in this thesis.  

 

1.7.1 Thermal Annealing 
Thermal annealing is a process by which the BCPs are heated above the glass 

transition stage Tg, allowing for microphase separation. Above Tg the diffusivity, D 

(T) of a polymer chain is inversely proportional to time (t), as described by the 

Arrhenius equation (1.3), where ΔEα is the activation energy of the polymer, A is a 

constant, T is temperature and R is the ideal gas constant. 

 

  2
	>
~𝐷 𝑇 = 	𝐴 exp( − ∆𝐸G/𝑅𝑇)    (1.3) 

Increasing the annealing temperature will induce a faster annealing time, by increasing 

assembly kinetics to obtain the equilibrium ordered structure. 18 The process is usually 

performed in ambient conditions or under vacuum. Thermal annealing is usually a 

slow process that can exceed 48 hr; however, rapid heating methods have been 

investigated.38 Perpendicular orientation of BCP domains is most desired for 

semiconductor applications, as mentioned previously. In order to achieve this the 

surface energy (γ) of both blocks must be almost equal under annealing conditions. 

When the difference in γ values (Δγ) is great enough, a wetting layer will form at the 

free surface. Both γ and Δγ are temperature dependant in most BCP systems.  Mansky 

et. al. determined the γ values for PS – b – PMMA and found that the difference in 

surface energies was less that 1% at 170°C, making PS – b – PMMA an excellent 

system for use in DSA. 23  
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1.7.2 Solvent Annealing 
Solvent annealing is another common method to induce self-assembly of BCPs. 

Similar to thermal annealing, in which BCP films are heated above the glass transition 

stage Tg. This method of annealing films uses solvent vapour, originating from a 

saturated solvent atmosphere to partially solubilise and therefore, plasticise the BCP 

film. By doing this, the mobility of the system is increased. 39  It is important to 

consider that the solvent can only escape the film at the surface, leading to a highly 

directional process. This also leads to the concentration of the solvent throughout the 

film being uneven. The concentration being lowest at the surface and highest within 

the film. As evaporation occurs, this gradient propagates until the solvents has 

evaporated fully from the film. This presence of solvent within the film performs 

several key functions: 

 

1. The solvent mediates surface energies and hence tends to orient microdomains 

neutral to the surface, provided there are no preferential interactions of the 

solvent with one of the blocks. 

2. During solvent annealing, the gradient in the solvent concentration 

corresponds to a gradient in the ordering of the BCP, with microphase 

separation occurring initially at the film surface first. As the solvent 

evaporates, subsequent microphase separation of the BCP is templated by the 

ordered structure at the surface of the film. 

3. The presence of the solvent enables significant mobility of the BCP, reducing 

the glass transition temperature Tg, leading the grains of the microdomains to 

coarsen.  

 

Therefore, during the solvent evaporation, multiple key processes are occurring which 

will ultimately decide BCP orientation depending on the balance of the kinetics 

associated with each parameter. 40 The solvent chosen for annealing will usually have 

no preference for one block over another. Moreover, the solvent should induce 

annealing at a range of temperatures as well as the ambient. In a solvent-saturated 

atmosphere, the BCP films become highly swollen and are driven into a disordered 

phase. It is during the evaporation of the solvent from the surface of the film when the 

morphologies reach an ordered phase, and this ordering spreads from the surface 

down. 24  
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Solvent annealing is conventionally carried out by placing the spin-coated BCP thin 

film and a reservoir of solvent, together in a glass container for a period of time. The 

solvent vapour will build up in the jar and eventually reach saturated vapour pressure. 

After the annealing process has taken place, the sample is removed and allowed to air 

dry.41 There are many limitations involved with this solvent annealing set-up, the 

major disadvantage being lack of control over the annealing process. Solvent and 

sample temperature cannot be finely controlled. Solvent vapour pressure and the final 

removal of solvent from the BCP can also not be controlled. Furthermore, if BCP are 

to be integrated into industry, a more controllable and reliable process will be needed. 

To overcome these downfalls a number of annealing chambers that incorporate a 

continuous gas flow have been set-up.42 These solvent annealing chambers provide a 

completely controllable process. The solvent is normally carried into the chamber 

using an inert gas, and the system can be easily purged following annealing. Optical 

reflectometry and ellipsometry have been incorporated to observe film swelling during 

the annealing phase.  Resulting films are highly ordered with limited defects, see 

Figure 1.12. 

 

 

Figure 1.12 Height mode AFM images of highly ordered polystyrene – block – 

poly4vinylpyridine (PS – b – P4VP) films to silicon. a) Solvent annealed films. b) 

Surface reconstruction of the ordered films. The impressive degree of order is 

reflected in the Fourier transform, as shown in the inset. Scale bar is 200 nm.40 
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1.7.2.1 Solvent annealing mechanism 

During solvent annealing, the BCP film undergoes two stages. A swelling stage 

whereby the film is swollen with the solvent and the drying phase whereby the solvent 

is removed from the film. It is unclear if the microdomains form in the swollen state 

or during the drying process. Paik et al. have proposed a mechanism for the self-

assembly of a cylinder-forming poly (α-methylstyrene – b – 4-hydroxystyrene) 

(PαMS-b-PHOST) film in tetrahydrofuran (THF) and acetone solvent vapours by 

grazing incidence small-angle X-ray scattering (GISAXS). Here they report quasi-

equilibrium and quenching mechanism.  

 

When a BCP film is swollen during solvent annealing the chain mobility increases 

with the swelling ratio. When the chain mobility is at its optimal, microdomains 

assemble and begin to equilibrate in films. Therefore, the morphology of the swollen 

film depends on the solvent and the swelling ratio, and is not dependant on time. Once 

the films are rapidly dried, morphologies can be maintained throughout the film. 40  

 

1.8 Defects 
For the potential use as lithographic tools in the semiconductor industry, the 

processing of BCPs to form well-ordered films with limited defects is essential. To 

achieve this, there are a number of processing parameters that must be taken into 

consideration. Firstly, BCP films must have uniform thickness and be relatively thin 

(sub 50nm). Thick films are of limited use as once one of the blocks is removed to 

leave behind a matrix of the final block, the remaining structures lack robustness and 

results in deformed structures due to relaxation. Secondly, another crucial parameter 

to control is the microphase separation of the BCP as aforementioned. To use such 

films as etch masks and lithographic tools, films must transition from the disordered 

state to an ordered arrangement. The equilibrium between the two states must be 

reached. And lastly, defects from impurities must be taken into consideration.  Large 

surface area of perfectly aligned morphologies are critical if integration into the IC 

manufacturing industry is possible, as Morris et al. has discussed in a recent review 

paper.6  
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These defects in BCP patterns are the limiting factor delaying the incorporation of 

BCP into IC manufacturing. The target is to achieve a process with less than 0.01 

defect per cm2 i.e. roughly ten defects per layer.  Recent advances at IMEC have 

shown reduced defects in BCP systems resulting in defect densities of 100 per cm2; 

this however, it still a huge leap from the stated process target. Moreover, how these 

defects can be identified, characterised and quantified remains a challenge. Repeated 

SEM imaging across the wafer seems to be the best method and what is used in 

industry at present.40   Thus, image analysis software and other effective methods of 

detecting defects must be developed. It must be also noted, as feature size decreases, 

high-resolution images of samples will become increasingly difficult to obtain by 

conventional imaging techniques.  

 

1.9 Patterns to Masks 
As new patterning techniques begin to emerge, the ease of integrating these new 

methods into the nanofabrication industry is essential to consider. This is one of the 

strongest advantages of BCP self- assembly; as the tools needed to prepare such 

templates are already implemented in manufacturing lines. Although BCP are valuable 

for creating a nanopattern, they are of limited use for IC fabrication in their original 

state due to the lack of etch contrast. The blocks must be converted into on-chip masks 

that will allow the features generated by the BCP to be transferred into the 

semiconductor material. Enhanced etch resistance of one block can be achieved 

through the inclusion of an inorganic heteroatom into one of the blocks. Atomic layer 

deposition (ALD) and sequential infiltration synthesis have also been investigated 

where BCP films can be used as whole or one of the block is removed prior to hard 

mask incorporation.40, 43  

 

Darling and co-workers have dominated this niche of enhanced etch contrast using 

selective infiltration of alumina into PS – b – PMMA systems.  In the process, the 

PMMA block is selectively infiltrated with alumina creating an inorganic 

nanostructure that is the same morphology of the BCP template pattern.  
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This infiltrated film then becomes resistant to a large variety of plasmas making it a 

very effective hard mask, see Figure 1.13. 40 

 

Figure 1.13 Pattern transfer into silicon using HBr based plasma, with the SIS-

enhanced PS-b-PMMA film as etch mask. (a) From perpendicular orientated PMMA 

cylinders. (b) From in-plane PMMA cylinders. (c) From in-plane PMMA cylinders 

aligned using grapheoepitaxy.17 

 

Selectively removing one block and proceeding with an evaporation or sputtering of 

hard mask material is another common method.44, 45 Tu et al. have demonstrated the 

fabrication of cobalt nanostructures using polystyrene-block-polydimethylsiloxane 

(PS – b – PDMS) as a template. In this process, one block is removed from a 

microphased BCP thin film by plasma. The remaining patterning is sequentially back 

filled with cobalt. Another plasma process and the removal of the remaining polymer 

material results in cobalt nanostructures, see Figure 1.14.44  

 

Figure 1.14 Schematic of pattern transfer process from BCP templates to cobalt 

nanostructures.44  

 

 A metal salt inclusion process enables conversion of an ‘activated’ BCP film to a 

nanoscale patterned hardmask. In this method, the BCP template is activated with a 

solvent followed by spin coating of a hard mask material.46, 47 More recent work using 
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systems containing a polyethylene oxide (PEO) block show how the physical 

properties of the polymer can be exploited. Goshal et al. and Schulze et al. have both 

demonstrated the selective inclusion of metal cations into the PEO domain. This can 

then be oxidised in situ to create a hard mask for pattern transfer, see Figure 1.15 and  

Figure 1.16. 48, 49  

Figure 1.15 Schematic diagram of the fabrication of Si nanopillar arrays: (A) 

hexagonally ordered iron oxide nanodots on the Si substrate with a native oxide 

layer, (B) nanodots after the SiO2 etch, (C) nanopillars formed after the Si etch and 

(D) Si nanopillars with a native oxide at the top after removal of iron oxide.49 

 

 

Figure 1.16 Scanning electron microscope (SEM) images of (a) hexagonally ordered 

iron oxide nanodots on the Si substrate, (b) nanopillar arrays with iron oxide 

nanodots at the top formed after pattern transfer onto silicon, (c) Si nanopillars after 

removal of the mask and (d) cross-sectional image of 500 nm long Si nanopillars. 

Insets of (b) and (d) show the corresponding higher magnification SEM images 

revealing the hexagonal arrangement.49 
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1.10 Block copolymers for bioapplications 

The range of morphologies and surface patterns generated by BCPs are hugely 

advantageous towards miniaturisation on integrated circuits for the semiconductor 

industry as aforementioned. The large majority of research of these materials is aimed 

at these applications. However, there are also many applications for such surfaces and 

nanostructures in the biological and biomedical field. In recent years, there has been a 

drive for the development of smart surfaces capable of killing pathogens and bacteria 

present on the surface of phones, hospitals tools and food packaging. 50-52 To prevent 

biofilm formation and the spreading of bacterial infections, these surfaces must be 

chemically or structurally modified. Chemical modification of the surface is 

undesirable due to several disadvantages. The interaction of a modified antibiotic 

surface with the bacteria is limited to the top layer of the biofilm, with little effect on 

the bacteria within the microcolonies.  Once a biofilm is formed the colonies become 

increasing difficult to attack.53  The limitation for antibiotics to penetrate the biofilm 

allow for antibiotic resistance to build over time which is the leading cause for 

antibiotic failure against biofilm formation.54, 55  For these reasons, modifying surface 

properties without chemically changing the surface has been of interest to tackle this 

problem. Research has shown biofilm formation can be inhibited if the bacterial 

adhesion is prevented at the initial stage.56  Therefore killing bacteria upon contact at 

the surface interface is crucial. 

 

Consequently, several studies have been explored to kill bacterial through a 

physical mechanism. Bioinspired surfaces are highly researched as several species are 

known to have antibacterial surfaces that kill microbes upon contact with the surface. 

The effects are due to the presence of nanopillar structures, typically ranging from 

50nm – 250nm in height with different densities present on the surface. Although the 

exact killing mechanism is still under debate, it is thought these nanopillars impale 

bacteria upon contact causing rupture of the cell wall, leading to cell death.57  Cicada 

wing nanostructures are one bioinspired surface of interest. The surface of cicada 

wings has been studied and characterised, see Figure 1.17. These surfaces have shown 

to have bactericidal effects and antibiofouling properties.58, 59   Ivanova et al. were this 

first to report on these unique properties displayed by cicada wings. The nanopillar 

surface structures are extremely effective at killing Pseudomonas aeruginosa cells in 
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a matter of minutes. Moreover, this effect is physio-mechanical and the properties 

remained when the chemistry of the surface was modified. 58  

 

 

Figure 1.17 a) SEM micrograph Pseudomonas aeruginosa cells on the surface of a 

cicada wing. b) Side-on SEM micrograph of Pseudomonas aeruginosa on cicada 

wing. In both images, the bactericidal effect of the wing is demonstrated. The cell 

can be seen to sink between the nanopillar.58  

 

Kelleher at al. have carried out a detailed investigation of several species of cicada 

wings and their bactericidal activity. Their work shows two cicada species were 

successful in killing Pseudomonas fluorescens, a gram-negative bacterium, through 

impalement causing rupture of the cell wall leading to cell death, see Figure 1.18. 

Moreover, their work demonstrated that there is a correlation between the level of 

bactericidal activity and nanopillar size and structure.59  
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Figure 1.18 SEM images of fixed bacterial cells on cicada wings. Scale bars on 

SEM images are 2 µm in length; atomic force microscopy (AFM) images of 

bacterium on cicada wings. All AFM images are 3.2 × 3.2 µm.59  

 

Watson and co-workers have investigated antibacterial properties of  gecko skin. 

Gecko feet are usually investigated for their unique adhesion properties, however, the 

surfaces of the skin contains dome shaped scales with hexagonal ordering. These 

scales consist of  closely packed spinules with lengths ranging from hundreds of 

nanometres to microns, see Figure 1.19. The nanostructured skin exhibit super-

hydrophobic properties which can self-clean. They have investigated the antibacterial 

activity using Porphyromonas Gingivalis, a Gram-negative bacterium.60 The 

multifunctional surface is a potential template for synthesis of manufactured surfaces 

through replica molding techniques. 
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Figure 1.19 a) Photograph of the gecko Lucasium Steindachneri. b) Optical image 

showing the micro structuring of the outer skin of the gecko and c) dorsal region. 

These regions primarily consist of dome shaped scales in a relatively close-packed 

hexagonal patterning. d) Topographical SEM image of the epidermal dome regions 

(scales) and areas between scales on the dorsal region of the lizard.60   
 

It goes without saying that the natural surfaces described above cannot be scaled up to 

allow mass production of antibacterial surfaces. They are also extremely delicate and 

can be damaged easily. For these reasons, another method to generate surfaces with 
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similar structures and properties must be investigated.  Soft lithography techniques 

can be used to harness these nanostructure surfaces, using industry relevant materials 

such as poly (ethylene glycol) diacrylate (PEGDA). Coined by Whitesides et al., ‘soft 

lithography’ was first employed as an alternative to photolithography for use in 

nanofabrication. The process involved using a stamp, mold or master, which was 

fabricated by an elastomer, typically PDMS.61, 62  They explored numerous techniques, 

one of which was replica molding. Possible with UV or temperature curable polymers, 

the process is simple and outlined in the schematic in Figure 1.20. The technique 

allows the fabrication of three-dimensional topologies in one processing step and can 

generate complex structures reliably, in a cost-efficient way.63  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.20 Schematic procedure replica molding against a PDMS mold. The 

PDMS mold is fabricated by casting against nanostructures fabricated using x-ray 

lithography or e-beam writing. Replica molding conducted using deformed PDMS, 

shown in (B). The dimensions of the lines were reduced in this process while the 

spacing between the lines increased slightly.63 
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The master mold is predominantly fabricated by photolithography, which is molded 

using PDMS to create a primary mold. This in turn is molded to create a secondary 

mold, a replica of the master mold. The secondary mold is usually formed using a 

different polymer material than the primary mold, in this case polyurethane (PU). This 

will limit the interaction between both polymers during the curing phase, allowing 

easy separation of the molds. 63, 64 Xia and co-worker also found that a master mold 

could be used to generate >30 replicas without showing reduction in the quality of 

molds. This was the first-time nanostructured materials could be patterned with the 

properties of this elastomer. Molds were easily bent, stretched and compressed. Since 

the first reporting of the process, replica molding has been shown to generate 

structures at the nanoscale from silicon masters. 65-67 and even biological masters, such 

as a blue morpho butterfly wing.68  

 

In addition to antibacterial applications, Park et al. have carried out exciting research 

between the interactions of nanopatterned surfaces with mammalian cells. These 

surfaces of nanopatterned polystyrene showed the ability to regulate the differentiation 

of human adipose-derived stem cells (ASCs). Here, nanopores and nanopillars are 

fabricated through hot-embossing of anodic aluminium oxide (AAO) templates. The 

resulting porous surfaces induced higher adipogenic differentiations of ASCs where 

the pillared surfaces induced higher osteogenic differentiation.69  Similarly, Wei et al. 

demonstrated how an array of polypyrrole nanotubes and nanotips could alter surface 

adhesion leading to differentiation of mesenchymal stem cells (MSCs). Their work 

highlighted that switching from nanotubes to nanotips through an electrochemical 

oxidation/reduction process resulted in controllability of the wetting properties of the 

surface. When investigated with MSCs, this electrochemical switching led to dynamic 

attachment and detachment to the MSCs at the nanoscale. This process activated 

intracellular mechanotransduction and osteogenic differentiation independent of 

surface stiffness and chemical induction. Thus, providing an alternative to classical 

cell culture substrates for regulating stem cell fate commitment. 70 Although both 

studies use different methodologies to fabricate nanostructured surfaces, this work 

highlights where BCPs can be utilised in bioapplications. 
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Phillip et al. have proposed using the porous membranes easily prepared by BCPs 

systems as water filtration membranes.71  Their work reports 24nm diameter 

monodispersed nanoporous membranes fabricated from polystyrene – block – 

polylactide (PS – b – PLA) system on top of a microporous structure. The 

microstructure provides a strong reinforcement needed support the BCP, by exploring 

numerous solvents they achieved perpendicular orientation of the BCP on top of the 

microstructure substrate, see Figure 1.21. The membranes have shown to be successful 

at rejecting PEO solutes from 14.0 kDa to 100.0kDa. 71  

 

Figure 1.21 a) Microporous substrate PS – b – PLA is spin coated onto. b) 

nanopores produced by solvent annealed PS – b – PLA. PLA cores have been 

removed by an acid wash.71  

 

 

Recently, Song et al. have demonstrated a nanopillar arrayed triboelectric 

nanogenerator as a self-powered sensor for sleep monitoring. In their work, they have 

used AAO templates to fabricate an aluminium−plastic laminated film with a 

nanopillar array, which in turn is used in a triboelectric nanogenerator. The self-

powered and sensitive device has been demonstrated as a smart body motion sensor 

of sleep monitoring for diagnosis of sleep disorders due to its high sensitivity and 

excellent stability.72  

 

a)               b) 
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Nanoneedle arrays have also displayed the ability for drug delivery as well as 

intracellular sensing and single-cell stimulation through direct contact to the cell 

cytoplasm. The minimal invasive impact of nanoneedle arrays to the membrane and 

endolsosomal system enables this process.  Leaders in the field, Stevens et al., have 

recently reported on a biodegradable mesoporous silicon nanoneedle array that 

exhibits tight intercede with the cell rapidly negotiating local biological barriers to 

grant temporary access to the cytosol with minimal impact on cell viability. See Figure 

1.22. 73  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.22 a) SEM images of porous silicon nanoneedle array. b) SEM images 

showing retained cell morphology over 72 hours.73  

 

Their work demonstrated delivery of cell-impermeant quantum dots in vivo and live 

intracellular sensing of pH. The fast application of nanoneedles in vivo to the surface 

of tissues resulted in the localised delivery of quantum dots to the superficial cells and 

their prolonged retention. This work not only provided an understanding of the 

dynamics of nanoneedle surfaces, but highlights the ability to carry out highly local 

intracellular delivery of drugs with live tissues.73  

b) 

a) 
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It must be noted that certain surfaces described above are in the microscale and are 

not in the nanoscale, demonstrated with the some BCP systems previously mentioned. 

However, this innovative work demonstrates other areas in which BCPs can be used 

to prepare nanostructured surfaces, outside of the semiconductor industry. Using these 

highly-researched materials for areas other than next generation technology is exciting 

and worthwhile investigating. 

 

1.11 Thesis Outline 
This chapter has provided a general literature review of the mechanisms which control 

the self-assembly of BCPs to enable the formation of nanostructures on surfaces. The 

use of these materials in lithographic and biomedical application has been discussed 

briefly. Chapter two describes the characterisation techniques used in this project, 

outlining the fundamental properties of each procedure. Chapter three discusses the 

materials, instrumentation and experimental methods used for this work. Chapter four 

focuses on the development of a highly-controlled annealing process of PS – b – P4VP 

in a custom built solvothermal annealing chamber. This work not only eradicated the 

disadvantages associated with static annealing methods, but allowed the fabrication of 

ideal BCP templates resulting in hexagonal ordered P4VP cores in a PS matrix.  

Chapter five outlines an investigation into the removal of P4VP from a PS – b 

– P4VP film using plasma. In this work, oxygen, argon and nitrogen plasmas were 

investigated with the aim to selectively remove P4VP over PS. A key finding was that 

nitrogen plasma was successful in removing P4VP over PS, with further etch 

investigations into P2VP leading to the hypothesis that the nitrogen in the aromatic 

ring of P4VP places a vital role in the etch rate. Chapter six discusses the preliminary 

results for the modification of a preferential polystyrene brush layer to a neutral brush 

layer to control BCP orientation. The rationale behind this work was to gain an 

understanding into what are the key contributors to BCP orientation. This work 

showed how a PS brush layer wettability and surface energy was modified when 

exposed to an oxygen plasma. This modification was shown not to be attributed to 

changes in surface topography, but changes in surface functionality. BCP annealing 

on top of plasma modified brush layers provided and insight into how the addition of 

oxygen effects BCP orientation. 



 
34 

Chapter seven focuses on using the processes optimised in chapter four to fabricated 

silicon nanopillar arrays. Before this was carried out, methods were optimised using a 

test substrate, nanostructured cicada wings. Replica molding enabled polymer replicas 

of the cicada nanostructure to be fabricated. The swelling properties of these materials 

were investigated by performing air and aqueous AFM. Results showed that the 

polymer swelling properties cause that the nanopillar structure to increase in size.   

 

Using the solvothermal annealing chamber, BCP templates were prepared, which were 

transferred into the silicon substrate by converting the BCP into a hard mask. Silicon 

etching of the samples generated silicon nanopillar arrays. Using optimised replica 

molding methods, PEGDA nanopillar surfaces were fabricated. These polymer 

surfaces were tested for antibacterial activity, with results showing nanostructured 

surfaces with pillars greater than ~50nm had high antibacterial effect when compared 

to unpatterned surfaces and nanostructured surfaces with pillars less than 50nm. 
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Chapter Two 
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2  Characterisation Techniques 
This chapter discusses the characterisation techniques utilised in this work. Film 

thickness calculations were determined by ellipsometry and reflectometry. Wettability 

and surface energy was determined by calculating the contact angle of the surface 

using both water and diiodomethane. Surface topography and sample images were 

obtained using atomic force microscopy and field emission scanning electron 

microscopy. Surface analysis was performed using attenuated total reflectance, 

secondary ion mass spectrometry and X-ray photo electron spectroscopy. Plasmas 

were characterised using optical emission spectrometry. 

 

2.1 Ellipsometry 

Ellipsometry is an optical characterisation technique used for measuring thickness and 

crystalline nature of materials. The method measures the change in polarisation of a 

monochromatic light source reflected at a slanting angle of incidence. This technique 

is indirect, meaning that the returning polarised light does not in fact directly relay the 

relevant data and must instead be interpreted and analysed in optical models. The 

method is powerful and sensitive with a resolution as high as 0.01nm for thickness 

values.74 The signal measured is the change in polarisation as the incident radiation 

interacts with the material. The polarisation change is quantified by the amplitude 

ratio, Ψ, and the phase difference, ∆. This measured response depends on the 

properties of the material such as thickness and crystalline nature, thus these properties 

can be determined.75  In this study, ellipsometry is the workhorse for measuring the 

thickness of polymer thin films.  

 

 

 

 

 

 

 

 

 

Figure 2.1 Schematic of ellipsometer set-up. 74 
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2.2 Spectroscopic reflectometry 
A reflectometer is an instrument used for the determination of film thickness, 

refractive index and surface roughness of thin films. The principle behind 

reflectometry is absolute reflectance spectroscopy, which analyses the intensity versus 

wavelength of light reflected from a sample to extract the measurement. The 

spectrometer uses light at normal incidence to the sample surface. There are three ways 

in which this light can be reflected: 

1. Light is reflected from the top of the thin film 

2. Light transmits into the film.  

3. Light is transmitted into the film, reaches the substrate surface and is reflected. 

The light from each of these reflections recombines to generate varying levels of 

constructive and destructive interference depending on the wavelength of light and the 

optical distance the light travels. A model is used to fit the reflected intensity versus 

wavelength data to extract film thickness and other measurements.76  Spectroscopic 

reflectometry was used to determine in situ film thickness measurements during 

solvent annealing in this work. 

 

2.3 Water Contact Angle 

Surfaces are characterised as hydrophilic or hydrophobic by measuring contact angle 

(θ) of a sessile drop on a surface; this is the angle usually measured through the liquid, 

where the liquid-vapour interface meets the solid surface. Although a relatively simple 

characterisation method, the contact angle of a surface influences a range of properties, 

such as the adhesive capabilities of the surface, biological interactions, and flow 

capabilities.77, 78  The shape of a droplet at the interface of a surface is determined by 

the Young-Laplace equation, with the contact angle (θ) value being utilised as a 

boundary condition for the equation.77 The Young equation (2.1) assumes a perfectly 

flat and homogenous surface, with 𝜃L  being used as the equilibrium contact angle.  

    	𝛾#N = 	 𝛾#O + 	𝛾 cos 𝜃                           (2.1) 
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Figure 2.2 Schematic representation of contact angle constituents between a 

liquid droplet and a solid surface.79  

In this equation, 𝛾#N represents the surface energy of the substrate, 𝛾#O represents the 

interfacial tension between the solid and the liquid, and 𝛾 represents the surface 

tension. Although this idealised equation gives a good indication of a surfaces contact 

angle, the actual value will likely cover a spectrum of different angles, as the surface 

contact is also dependant on a range of other interfering constituents, such as surface 

roughness.  By measuring the advancing or receding contact angle and not just static 

contact angle, these difficulties can be overcome; when a droplet on a surface is 

decreased in size by withdrawing water from the droplet with a micro-syringe, the 

droplet will decrease in volume and in contact angle. As the droplet recedes it 

maintains contact with the surface and thus maintains the same constant receding 

angle, θR. This receding angle will be characteristic of the surface topography and 

chemistry.  

On the other hand, if this droplet is increased in size by adding water to the droplet 

with a micro-syringe, the droplet will increase in volume and contact angle. As the 

droplet advances across the surface it remains in contact with the surface until the 

droplet begins to advance. Once advancing across the surface it does so at a constant 

advancing angle, θA. This advancing angle will again be characteristic of the surface 

features and chemistry. Therefore, it is more important to measure advancing or 

receding angles of a surface in question rather than static contact angle. Metastable 

angle is less significant and only designates and angle somewhere between θR and θA 
80, 81  In this thesis, all contact angles reported are advancing contact angles. 

Moreover, once contact angles are determined, these values can be used to measure 

the surface energy of the surface. The surface energy of a material quantifies the 

disruption of intermolecular bonds that occur when a surface is created. Surface 
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energy can also be described as the work which must be expended to increase the size 

of the surface of a phase and is referred to as the surface free energy.79  In this study 

the Owens, Wendt, Rabel and Kaelble (OWRK) method is used to calculate surface 

energy. This method distinguishes between a polar and a disperse component of the 

surface energy and uses the geometric mean of these in the expression for  𝛾#O, the 

liquid-solid interface. Using this method, two liquids of known polar and disperse 

parts must be used. Herein, contact angle of water and diiodomethane were used to 

calculate surface energy. This method of calculating surface energy is applicable to 

surfaces with low charge and moderate polarity, therefore is best for polymer thin 

films.82, 83   

According to Young’s equation, there is a relationship between the contact angle θ, 

the surface tension of the liquid		𝛾O+   , the interfacial tension, 𝛾#O between liquid and 

solid and the surface energy 𝛾#+  of the solid. Therefore, by measuring the contact 

angle, the surface energy can be calculated. To be able to calculate the surface free 

energy by the OWRK method from contact angle measurements, at least two liquids 

with known disperse and polar parts of the surface tension are required to determine 

the surface free energy of the solid, wherein at least one of the liquids must have a 

polar part.79, 82 

 

2.4 Atomic Force Microscopy 

Binnig and Rohere won the Nobel in Physics for their invention of the scanning 

tunnelling microscope in 1986.84  This invention led to many other scanning probe 

microscopes, with atomic force microscopy (AFM) being the most successful of these 

new techniques. Arguably the most versatile and powerful microscopy technology, 

this system operates by measuring the force between a probe and the sample surface. 

The probe in this case is a sharp tip, usually pyramidal in shape and composed of 

silicon, which is mounted on a cantilever spring, see Figure 2.3. To acquire an image, 

AFM measures the vertical and lateral deflections of the cantilever optically by 

reflecting a laser beam off the tip. 84-86 
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Figure 2.3 a) SEM micrographs of an AFM cantilever, b) SEM micrograph of an 

AFM tip.87  

 

Generally, the sharp tip (probe) is loaded into the sample holder and is brought into 

close contact to the surface, keeping deflection at a constant. The atomic interaction 

forces between the surface and the tip lead to cantilever deflection due to forces 

exerted by the surface topography. The laser is the used to detect these deflections by 

reflecting an incident beam off the flat top of the cantilever to a photosensitive photo 

diode (PSPD), which then tracks the changes in deflections.86  The movement of the 

probe over the surface is controlled by a piezo scanner, which provides precise 

movement between the x, y and z scales. The signal from the PSPD passes through a 

feedback circuit, into the z-movement part of the piezo to ensure the distance between 

the probe and sample is a set value. Deflections are recorded by the laser and relayed 

to the PSPD. By using a feedback loop to accurately control the position of the tip 

above the surface and maintaining constant laser position, accurate topographic maps 

of the surface can be generated.85 A cartoon representation of AFM set-up is shown in 

Figure 2.4. This characterisation technique not only provides a three-dimensional 

topographical image, but also other surface measurements such as surface roughness 

and elasticity of samples can be obtained. AFM generates atomic resolution images 

with minimal sample preparation or damage. 84 AFM can be performed is various 

modes, most common are contact mode and tapping mode. 

 

a)                         b) 
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Figure 2.4 Schematic representation of AFM set-up.88  

 

During contact mode, the probe is in continuous contact with the sample when moving 

across the surface. The topography of the surface is measured using either the 

deflection of the cantilever or the feedback signal required to keep the cantilever at a 

constant position. Limitations associated with this mode are sample and tip damage. 

As the probe drags across the sample during imaging, soft samples can become 

damaged easily as well as the tip picking up material during scanning.   In the ambient, 

samples usually develop a liquid meniscus layer due to humidity in the atmosphere. 

This causes the short-range forces between the tip and the sample, leading to samples 

becoming difficult to measure due to the tip sticking to the surface. It was this problem 

which led to the development of tapping mode. In this method, the cantilever is driven 

to oscillate at a set resonance frequency. This oscillation is achieved using the piezo 

element within the cantilever holder. The amplitude of this oscillation can range from 

a few nanometers up to 200nm. The amplitude of the oscillation is used as the feedback 

parameter. As little contact between the sample and the probe occurs in this mode, 

sample and tip damage is avoided while still obtaining accurate topological images. 
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2.4.1 Liquid AFM Imaging 

For samples which require aqueous environments, liquid AFM can be carried out. Not 

only is this beneficial for biological samples, supple or delicate samples that can be 

easily damaged using conventional AFM can be imaged in liquid for a softer approach. 

It also allows for samples to be compared in different mediums. 89  In this work two 

liquid imaging techniques were used. The first method was carried out in collaboration 

with NASA Ames Research Center. Here a Bruker Multimode AFM tool equipped 

with a Veeco flow cell was used for imaging. Figure 2.5 shows a photograph and a 

schematic diagram of the fluid cell. This cell is predominately used for tapping mode, 

force modulation, and contact mode experiments in liquid. Since using conductive 

liquids can potentially damage the piezoelectric actuator, the flow cell is designed to 

insulate and separate it from the liquid media.  

From Figure 2.5 (b) the cantilever (1) is placed in a small groove in the centre of the 

O-ring (3) and held in position by a clip and a spring (2). The silicone O-ring provides 

an enclosed fluid environment between the fluid cell and the scanner. The flow of 

liquid to this enclosed environment is controlled by two microchannels (4). The 

piezoelectric material is positioned above one of the supporting holes (5) and the wire 

from it passes through the fluid cell to connecting chip (6). This design ensures the 

whole electronic system is completely insulated from the fluid.90 

 

 
Figure 2.5 Photograph and schematic of Veeco flow cell model number MTFML.90	 

 

However, using a system described above can have its disadvantages. The spring 

holding the chip in place can become weak and unsecure. If the O-ring isn’t sealed 

perfectly the system will leak. This flow cell is designed for predominately flat 

surfaces; if the sample isn’t completely flat and fails to provide a good seal, the system 
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will leak. One of the advantages of using liquid AFM is that you can image supple 

samples. However, using this flow cell, a strong seal between the O-ring and sample 

is required. If samples are delicate, they can be easily damaged leading to the sample 

breaking and debris being suspended in the liquid media. 90  

 

For these reasons, other such liquid AFM protocols have been studied. In collaboration 

with The Conway Institute, UCD, AFM imaging using no flow cell was carried out, 

see Figure 2.6. This set-up can only be used in a system where the original tip holder 

can come in contact with fluids and not be damaged. The process is simple in nature, 

a droplet of the medium is placed on the sample. The tip holder is lowered until a 

meniscus is formed between the sample and the tip holder. After this point, the tip can 

approach the surface and imaging can begin. Using this set-up, the limitations 

associated with flow cells can be overcome. All liquid AFM in this work was carried 

out using this imaging method.  

 

 

Figure 2.6 Schematic representation of liquid AFM set-up using no flow cell.91  
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2.5 Scanning Electron Microscopy 
Scanning electron microscopy (SEM) is a widely-used characterisation technique to 

generate images of nanostructured and microstructured materials. This method 

focuses a beam of high-energy electrons over the sample to image it. The electrons are 

formed by passing high current through a tungsten filament; electrons are accelerated 

towards an anode and are focused in the column by various lenses.  The electrons from 

the beam interact with the sample, which in turn produce a variety of signals that can 

be used to obtain information about the surface topography and composition.92  A 

schematic representation of a SEM tool is shown in Figure 2.7. A SEM contains five 

major components: 

1. The source of electrons  
2. The column in which the electrons travel 
3. Electron detectors 
4. Sample chamber  
5. A computer to view the image 
 
 

 
 

 

 

 

 

 

 

 

 

 

Figure 2.7 Schematic representation of SEM.93   

 

The sample is loaded in the sample chamber, after which the chamber is evacuated by 

means of a pump and the sample is placed under the column. Electrons are generated 
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at the top of the column before being accelerated down the column where the beam 

can be focused using a range of lenses and apertures. Once electrons come into contact 

with the sample; they penetrate deep into the sample surface depending on the 

accelerating voltage and the density of the sample. In doing so, they produce 

secondary electrons, backscattered electrons and characteristic X-rays, see Figure 2.8. 

A detector is then used to form an image of the sample by collecting these signals. 

Secondary electrons and backscattered electrons are most commonly detected and 

used to fabricate an image. Secondary electrons are generally used to show 

morphology and topography of a sample while backscattered electrons are more 

valuable for obtaining information about the composition of the material.92, 94   

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 

 
 

Figure 2.8 Schematic representation of electron interactions with a sample.95   
 

SEM is the principle characterisation technique for obtaining images in the microscale 

and down to around 200nm. To obtain high-resolution images for samples with 

features below 200nm a field emission SEM (FESEM) must be used. The main 

difference between SEM and FESEM is the emitter. Instead of a conventional 

thermoionic emitter a field emitter is used. In this set-up, the filament is not heated to 
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generate electrons, a large electrical potential gradient is utilised. This electron beam 

can generate smaller electron spots than conventional SEM and therefore an improved 

spatial resolution and minimal sample charging and damaged is obtained. All SEM 

characterisation in the work was obtained using a FESEM tool. Samples can also be 

coated with a conductive material to enhance imaging. This not only reducing 

charging but using a high Z material, such as gold, creates high electron scattering. 

 

2.6 X-Ray Photoelectron Spectroscopy 
XPS is a highly surface sensitive technique used to identify the chemical species 

present in surface of a material. This is achieved by irradiating the sample with mono-

energetic soft X-rays resulting in the emission of photoelectron which energies are 

distinctively characteristic of the elements within the sample, see Figure 2.9. The 

typical depths of analysis can range between 1-10nm. Changing the position of the 

sample can focus the incoming beam at different angles. 

 
Figure 2.9 Creation of a photoelectron via the absorbance of an incident X-ray 

photon.96  
 

Conventional XPS typically utilises a dual X-ray anode configuration of a magnesium 

(Mg) and aluminium (Al) anode in order to produce characteristic X-ray lines of Mg 

Kα (1253.6 eV) and Al Kα (1486.6 eV) energies. 

 

Incoming X-ray

Photoelectron
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As the sample is irradiated by either anode radiation, electrons are emitted from the 

sample surface via the photoelectron effect with binding energy (Eb) given as equation 

2.2.97  

 

     𝐸; = ℎυ − 𝐾𝐸   (2.2) 

 

Where h is Planks constant (6.626 x 10-34 m2 kg/s), υ is the frequency of the 

electromagnetic radiation which caused the photoelectron to be ejected and KE is the 

kinetic energy of the electron ejected from the atom. Due to the fact that the photon 

energy (hυ) is well defined, a measurement of the kinetic energy of the emitted 

electron should give the necessary information needed to obtain the binding energy of 

the electron from its initial atomic state. In addition, due to the well-defined electron 

energy levels within an atom, elemental identification can be achieved via the 

measurement of the kinetic energy of electrons emitted from the sample surface during 

irradiation from the anode target. The energies of emitted electrons are analysed using 

an electron spectrometer, with the subsequent recorded data culminating in an X-Ray 

photoelectron spectrum, which is typically a graph of counts (or intensity) versus 

electron binding energy. 98-100 A cartoon representation of XPS is shown in Figure 

2.10. Collaborators from the Hughes research group in DCU carried out all XPS 

measurements shown in the thesis. 

 

 

 
 

Figure 2.10 Schematic representation of XPS set-up. 101 
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2.7 Secondary ion mass spectrometry 
Secondary ion mass spectrometry (SIMS) is a characterisation technique used to 

define the chemical composition of solid surfaces and thin films. This is measured by 

sputtering the sample with a primary ion beam which in turn generates secondary ions 

from the sample that are measured with a mass spectrometer to determine elemental, 

isotopic or molecular composition of the surface.  Depth profiling to determine 

information of the sample composition variation below the surface can also be 

performed using SIMS. Such information is highly beneficial for layered samples. 

Since SIMS is a naturally destructive technique, a depth profile can be obtained by 

simply recording sequential SIMS spectra, which will gradually erode the surface 

exposing under layers. Since there is a large variation in ionisation of materials, it is 

important to note SIMS is a qualitative characterisation technique. 102, 103 A cartoon 

representation of SIMS is shown in Figure 2.11. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.11 Schematic of secondary ion mass spectrometer set-up. 104  
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2.8 Attenuated total reflectance  
Attenuated total reflection (ATR) is a surface technique used in conjunction with 

infrared (IR) spectroscopy which enables surface functionality to be measured. ATR 

uses the property of total internal reflection to create an evanescent wave. A beam of 

infrared light enters the ATR crystal in such a way that it reflects of the sample surface 

in contact with the crystal. This reflection forms the evanescent wave which extends 

into the sample. The beam penetrates between 0.5 and 2 microns into the sample 

surface. The number of reflections can be modified by changing the angle of 

incidence. A detector is used to collect the beam which exits the crystal. It is important 

to note that this evanescent effect only works if the crystal is made of an optical 

material with high refractive index than the sample being studied. Otherwise the light 

will be lost to the sample. All ATR measurements made in this thesis were carried out 

using a germanium crystal. The sample is placed in direct contact on the crystal and is 

firmly clamped in place to ensure that trapped air is not the medium which the 

evanescent wave travels as this will cause interference. The signal to noise ratio 

obtained depends on the number of reflections.105  

 
 
 

 
 
Figure 2.12 Schematic showing the internal reflections of light as it enters the ATR 

crystal of high refractive index (shown in yellow) and the sample (shown in blue).106  
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2.9 Optical emission spectroscopy 
Optical emission spectroscopy (OES) is a plasma diagnostic method used for the 

determination of plasma composition, temperature and energy distribution. The 

technique is universal for various plasma types and has no influence on the process. 

OES spectrometers are similar to ultraviolet-visible (UV-VIS) spectroscopy in 

principle. UV-VIS refers to the absorption or reflectance spectroscopy in the UV-VIS 

spectral region. Absorption of the UV radiation results in the excitation of electron 

from the ground state to a higher energy state. The energy of the UV radiation that is 

absorbed is equal to the energy difference between the ground state and the higher 

energy state, expressed in equation 2.3 where h is Planck’s constant (6.626 x 10-34 

m2 kg/s) and f is the frequency of radiation. 

 

      ∆E = hf    (2.3) 

 UV spectroscopy obeys the Beer-Lambert law, which states that: when a beam of 

monochromatic light is passed through a solution of an absorbing substance, the rate 

of decrease of intensity of radiation with thickness of the absorbing solution is 

proportional to the incident radiation as well as the concentration of the solution, and 

is expressed as equation 2.4. A is absorbance, Io is intensity of light incident on sample 

cell, I is intensity of light leaving the sample, c is molar concentration of solute, l is 

length of sample cell and 𝜀	is molar absorptivity.107  

 

    A = log2Y
Z[
Z
= 𝜀𝑐𝑙    (2.4) 

From the Beer-Lambert law it is clear that greater the number of molecules capable of 

absorbing light of a given wavelength, the greater the extent of light absorption. This 

is the basic principle of UV spectroscopy. OES spectrometers have much higher 

spectral resolution than UV-VIS with some instruments reporting better than 0.01nm 

resolution. The gratings with density higher than 300 gr/mm are used for overview 

spectra. Adjustable slits are positioned at the entrance of the spectrometer.108  The 

measurement is made by placing an optical fibre against the plasma chamber viewport 

and ensuring no external light is measured by covering the port with black cloth. OES 

spectrometry was used to compare the characteristics of different plasma chambers in 

this thesis. 
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Chapter Three 
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3 Experimental  
 

3.1 Materials  
Diblock copolymers were purchased from Polymer Source, Canada and used without 

further purification. PS – b – P4VP molecular weights were 24,00 kg mol-1 and 9,500 

kg mol-1 with a polydispersity index (PDI) of 1.10. PS – b – PMMA molecular weights 

(Mw) were 46,100 kg mol-1 and 21,000 kg mol-1 with a PDI of 1.09. PS – r – PMMA 

molecular weight was 15,000 kg mol-1 with a PDI of 1.2 and a styrene content of 58 

mol %. Polystyrene homopolymer Mw 35,000 kg mol-1, P4VP homopolymer Mw 

60,000 kg mol-1, P2VP Mw 37,500 kg mol-1, sulfuric acid (98%), hydrogen peroxide 

(30 wt%), toluene (98% anhydrous), tetrahydrofuran (THF) (99.8% anhydrous), 

ethanol (dehydrated, 200 proof), acetone (99.0% anhydrous), iso-propanol (IPA)(99% 

anhydrous) ethylene glycol (95%),  iron(III) nitrate nonahydrate, 2-Hydroxy-4′-(2-

hydroxyethoxy)-2-methylpropiophenone (98%), poly(ethylene glycol) diacrylate Mw 

575g/mol, Poly(propylene glycol) diacrylate Mw 800g/mol were purchased from 

Sigma Aldrich, Dublin, Ireland. P-type silicon was donated by Intel Ireland. AFM 

probes with force constants ranging from 0.5 – 40 N/m were purchased from Windsor 

Scientific. 

 

3.2 Instrumentation 

The solvothermal chamber was custom built for processing BCP films on substrates 

with diameters up to 4 inches. The chamber consists of a stainless-steel ISO straight 

connector (full nipple) part with 4 x KF 40 fittings (90° intervals) machined around 

the chamber with an internal volume of l.94 litres. Two Swagelok feedthroughs are 

used for gas in and out lines and a 9-pin SubD feedthrough is used to transmit power 

to and receive resistance temperature detector (RTD) signals from within the chamber. 

A quick access door with glass viewport (Kodial) is located at the top of the chamber 

for sample loading and optical reflectometry access. A N2 carrier gas is passed through 

a flow meter and into a heated gas bubbler containing tetrahydrofuran via a 

polytetrafluoroethylene sparging head before entering the annealing chamber. The 

temperature of the bubbler was monitored in situ with a T-type thermocouple and was 

used to determine the vapour pressure of the THF vapour entering the annealing 

chamber. A PID controller is used to monitor and control the heating stage within the 
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chamber. The surface topography of the BCP thin films, polymer molds on a silicon 

nanostructures were imaged by atomic force microscope using a Veeco Dimension 

3100 in tapping mode. Liquid AFM imaging was performed using two instruments, a 

Bruker Multimode AFM equipped with a Veeco flow cell and an Asylum research 

MFP-3D AFM.  Field emission scanning electron microscopy (FESEM, Carl Zeiss 

Ultra) using a secondary electron detector (in lens) at an accelerating voltage of 5 eV 

was used to show template morphology that formed during solvent annealing. 

Deionised water (<18 M) was obtained from a Milli-Q system from Millipore, Ireland. 

Ellipsometry was carried out in an open environment at room temperature on an M-

2000UI ellipsometer (J.A. Woolam Co Inc.).  

Dynamic contact angle analysis and surface energy measurements was obtained 

using a data-physics OCA tool and images were processed post measurement using 

ImageJ and the drop-snake plugin to obtain accurate contact angle measurements. 

ATR measurements wear obtained using a Perkin Elmer Spectrum GX FTIR used in 

the horizontal attenuated total reflection (HATR) mode (equipped with a ZnSe crystal, 

Perkin Elmer). Both chambers (detector and sample) were filled with nitrogen during 

measurements. SIMS measurements were obtained using a Scientific Analysis 

Instruments MiniSims tool with primary ion bombardment from a Gallium beam at 6 

eV. Plasma experiments were performed using a Plasmalab System 100 plasma 

enhance chemical vapour deposition (PECVD) reactor (Oxford Instruments).  

UV/ozone (UVO) treatment was carried out on a Novascan PSD-UV bench top 

cleaner. Spin coating was performed using a specialty coating systems 6800 spin 

coater series. XPS analysis was carried out using a VG Microtech electron 

spectrometer at a base pressure of 1 × 10-9 mbar. Photoelectrons were excited with a 

conventional Mg Kα (hν = 1253.6 eV) x-ray source and an electron energy analyser 

operating at 20 eV pass energy, yielding an overall resolution of 1.2 eV. All curve 

fitting analysis presented in this study was performed using AAnalyzer curve fitting 

software program version 1.20. All Si 2p spectra were fitted with Voigt doublet 

profiles composed of Gaussian and Lorentzian line shapes with a Lorentzian value of 

0.40 eV. All O 1s and C 1s spectra were fitted with Voigt profiles with Lorentzian 

values of 0.55 eV and 0.40 eV, respectively. Film thickness calculations were 

performed using the NIST EAL database program version 1.3. 
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3.3 Methods 
PS – b – P4VP ordered films: The PS – b – P4VP copolymer was dissolved in a 

toluene/tetrahydrofuran solvent mixture (80/20, w/w) by stirring overnight at room 

temperature to yield a 0.3 wt. % polymer solution. Silicon substrates were cleaved into 

2cm by 2cm coupons and sonicated in acetone for 30 minutes and toluene for 30 

minutes before being cleaned in piranha solution (hydrogen peroxide in sulfuric acid, 

30/70 v/v) at 80 ºC. After cleaning the surface was functionalised with a 5 wt. % 

(ethylene glycol in ethanol) brush layer by spin-coating at 3000 rpm for 30 s and dried 

in the ambient for 30 minutes.  Following this PS – b – P4VP BCP solution was spin-

coated onto silicon substrates at 3000 rpm for 30 s. Samples were placed in either a 

jar for oven annealing or in the solvent thermal annealing chamber. Oven annealing 

was carried out for 5 hr at 50 ºC. After completion of the solvent vapour annealing 

process, the jar was removed from the oven, the lid was taken off the jar and after 1 

min when the sample temperature dropped, the coupon can be taken out of the jar. 

After solvent vapour annealing process was completed in the chamber, the chamber 

was purged with N2 to quench the BCP film. Before imaging the PS-b-P4VP films 

were immersed in ethanol for 20 min to selectively swell the P4VP block. 

Solvothermal Annealing Chamber Process: Spin coated BCP films were placed into 

the chamber and exposed to THF vapour in N2 carrier gas for 0.25-2 h to induce 

mobility and allow microphase separation to occur. To control the solvent vapour 

treatment process, the samples were annealed at a range of temperature with the 

vapour saturated with solvent (bubbled through a gas bubbler). The concentration of 

solvent in the chamber was used at fixed flow rate of 60 mUmin. Solvent was removed 

from the film by passing pure nitrogen through the chamber for 40 min.  

Iron Nitrate Inclusion: PS-b-P4VP films are reconstructed with ethanol to 

selectively swell the P4VP cores. A solution of iron nitrate at a concentration of 0.5 

wt% was spin-coated on top of the BCP film at 3000 rpm for 30s. The coupon was 

then treated with UV/O3 for 3 hr. During this time, the PS matrix was degraded and 

the nitrate is converted to the oxide, resulting in the formation of iron oxide nanodots. 

Homopolymer films: homopolymer solutions were prepared by dissolving 

polystyrene in toluene and P4VP in chloroform and stirring for 2 hr. The concentration 

of the solution determined the thickness of the homopolymer film. Silicon substrates 

were cleaned in piranha solution (hydrogen peroxide in sulfuric acid, 30/70 v/v) and 

the surface was coated with homopolymer by spin coating the solution onto the silicon 
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at 3000 rpm for 30 s. After spin coating, the silicon coupons were placed in an oven 

at 60°C for 2 hr. This bake ensured that any remaining solvent was removed from the 

films. 

Plasma etch experiments: Coupons were loaded into the loading chamber and the 

chamber evacuated to vacuum. The specific plasma recipe was entered into the plasma 

system. Samples were carried into the etch chamber using a robotic arm after which 

the plasma process were run. Post processing sample was removed using the robotic 

arm into the loading chamber, which was then vented to atmosphere so samples can 

be unloaded.  

Ellipsometry measurements: ellipsometry models were optimised in-house for PS 

and P4VP. The models were checked against films that were measured using AFM. 

This was done by creating a trench in the surface. Using AFM, the height of the trench 

could be measured, which was equal to the film thickness. Film measurements were 

recorded three times across the coupon. An average of the three measurements 

recorded gave the film thickness. 

Water Contact Angle: Dynamic contact angle was determined by recording the 

contact angle when a water droplet was advancing across the surface. Three 

measurements were made across the surface. Images were processed using ImageJ and 

the dropsnake plugin to obtain an accurate measurement. The average of all 

measurements gave the water contact angle of the sample. 

Surface Energy: To determine surface energy of polymer thin films using the Owens, 

Wendt, Rabel and Kaelble (OWRK) method, two contact angles of two liquids with 

known disperse and polar parts were obtained. The advancing contact angle using 

water and diiodomethane was determined using the method described above. The two 

contact angles were then used to determine surface energy by solving the equation 

(3.1), the OWRK method surface free energy equation. 

 

  𝜎_` = 	𝜎_ + 𝜎` − 2 	𝜎_b ∙ 	𝜎`b		 +	 	 𝜎_d 	 ∙	𝜎`d   (3.1) 

 

PPGDA and PEGDA preparation: 0.1% photo initiator (w/v) was placed in a glass 

vile and dissolved with 2-3 drops of acetone. To this solution either PPGDA or 

PEGDA was added and vortexed to ensure a homogenous solution was generated. The 

vile was covered in tinfoil to avoid curing by UV light. The solution was degassed to 
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removed bubble and acetone from the solution. This was done by placing the vial into 

a desiccator and pulling a vacuum for 30min.  

Cicada wing preparation: Using a clean scissors, the wing was cut into appropriate 

size and placed into a beaker of DI H2O which was sonicated for 30min to remove 

debris from the wing. Following this the wing was dried under a stream of nitrogen. 

Replica molding: PDMS and elastomer curing agent solution was mixed at a ratio of 

15:1, the solution was degassed to remove bubbles by placing the vile into a desiccator 

and pulling a vacuum for 30min. the PDMS solution was poured into a petri dish until 

a small layer (<1cm) covered the bottom of the dish. The clean cicada wing was 

carefully placed on top of the uncured PDMS ensuring the wing did not sink deep into 

the PDMS or the sides of the wing were covered. The petri dish was placed in an oven 

at 70°C for 1 hr to cure the PDMS. Upon completion, the wing showed strong adhering 

to the dish due to the PDMS. PPGDA was used to mold the wing by places a small 

drop of the polymer solution on top on the wing. Under an oxygen free environment 

in a nitrogen glove box, the dish was placed under long wave UV light at a distance 

of 8cm from the lamp for 1 hr. After which the dish was removed from the glove box 

and the PPGDA primary mold removed from the wing carefully using a sharp 

tweezers. See Figure 3.1. The process was repeated using PEGDA as the molding 

polymer and the PPGDA primary mold as the master to fabricate a secondary mold. 

 

 

 

 

Figure 3.1 Schematic of replica molding process. a) the master mold (cicada wing 

or primary mold) is adhered to the petri dish by imbedding in PDMS. PPGDA or 

PEGDA is poured onto the master mold surface. b) the dish is exposed to long wave 

UV light for 1hr. c) the mold is removed from the master using tweezers. 

 

a)          b)                  c) 
Uncured PEGDA 
 
Cicada wing 
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PS – b – PMMA ordered films: The PS – b – PMMA copolymer was dissolved in 

toluene solvent by stirring overnight at room temperature to yield a 1 wt. % polymer 

solution. Silicon substrates were cleaved into 2cm by 2cm coupons and sonicated in 

acetone for 30mins and toluene for 30 mins before being cleaned in piranha solution 

(hydrogen peroxide in sulfuric acid, 30/70 v/v) at 80 ºC. After cleaning the substrate 

were neutralised with the brush of interest. PS – r – PMMA was prepared was 

dissolved in toluene solvent by stirring overnight at room temperature, followed by 

annealing on a hotplate for 5min at 220 ºC. The neutralised substrates were rinsed with 

toluene to produce brush layer of ~6nm. Following this, the BCP solution was spin-

coated onto silicon substrates at 3000 rpm for 30 s. BCP were subsequently annealed 

on a hot plate for 10mins at 190 ºC.  

 

Antibacterial testing: 

Table 3.1 Media and solutions 

Name Composition 

E. coli SM2029 ara, (lac-pro), thi attb:bla-Pa1/04/03-gfp*-T0/ 

pOX38km traD411 

LB-Medium 5 g/L meat extract, 10 g/L tryptone, 10 g/L NaCl, pH 7 

BF-Medium 1 mM MgCl2, 0,1 mM CaCl2, 3,7 mg/L Fe-EDTA, 1 µM 

Propidium Iodide 

After autoclaving: 

10 % A10, 1 mM Glucose, 1 µg/mL Thiamine, 10 µg/mL 

Proline 

A10 20 g/L (NH4)2SO4, 60 g/L Na2HPO4 · 2 H2O, 30 g/L 

KH2PO4, 30 g/L NaCl 

Kanamycin 

solution 

50 mg/mL Kanamycin sulphate dissolved indH2O; sterile 

filtrated 

PBS 9 g/L NaCl, 0,98 g/L Na2HPO4, 0,16 g/L KH2PO4, pH 

7,4 

 

Samples were adhered to a support using silicon glue. The sample was sterilized 

with UV-light and ethanol and then attached to a sterile petri dish using sterile 

glue.  
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Pre-culture was prepared by the following: 

1. 20 mL LB-Medium incl. 50 µg/mL Kanamycin (add 20 µL the stock solution) 

2. thaw cryo culture, centrifuge for 5 min at 5000 rpm at RT; resuspended pellet 

in 250 µL fresh LB medium 

3. add 200 µL of resuspended E. coli cryo culture (OD600 ca. 0.1) to the 20 mL 

Medium 

4. Incubate for 4-5 h at 30 °C and 250 RPM 

 

Biofilm Medium was prepared by the following: 

Table 3.2 Composition of Biofilm-Medium 

Stock Solution 

(concentration) 

Final 

concentrat

ion 

for 2L for 1L for 0.5 

L 

dH2O - 1800 

mL 

900 

mL 

450 

mL 

1 M MgCl2 in dH2O 

(sterile filtrated) 

1 mM 2 mL 1 mL 500 µL 

1 M CaCl2 in dH2O 

(sterile filtrated) 

0.1 

mM 

200 µL 100 µL 50 µL 

10.000 x Fe-EDTA in 

dH2O (sterile filtrated) 

3.7 

mg/L 

200 µL 100 µL 50 µL 

A10 1/10 200 

mL 

100 

mL 

50 mL 

1 M Glucose in dH2O 

(sterile filtrated) 

1 mM 2 mL 1 mL 500 µL 

1 mg/ml Thiamine in 

dH2O (sterile filtrated) 

1 

µg/mL 

200 µL 100 µL 50 µL 

10 mg/ml Proline in 

dH2O (sterile filtrated) 

10 

µg/mL 

200 µL 100 µL 50 µL 
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Table 3.3 Composition of A10 

Components 1 L 0,2 L 
(NH4)2SO4 20 g 4 g 
Na2HPO4 x 2 H2O 60 g 12 g 
KH2PO4 30 g 6 g 
NaCl2 30 g 6 g 

 

Inoculation was carried out by measuring measure OD (optical density) of the cell 

suspension (solution should have around OD600 = 1,5). The cell solution was filtered 

through a 5 µm filter to separate cell agglomerates. OD of filtrate was recorded. Cell 

concentration was calculated using: N[1/mL] = OD600 x 6,3 x 108 cfu/mL. Cell 

solution was diluted by1 x 108 cfu/mL (BF-Medium).  8 mL of the diluted cell 

suspension to each petri dish and incubated for 30 min at 30°C. Washing steps were 

performed in triplicate and done by slowly adding 8 mL cell-free Medium into petri 

dish and removing the suspension. Microscopic analysis was carried out using at 

least 10 images of each sample ensuring equal light intensity and illumination time 

for each image. 
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Chapter Four 
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4 The optimisation of solvothermal annealing of PS – b – P4VP 
BCP thin film 

 

4.1 Introduction 
 

As mentioned in chapter one, semiconductor feature size continues to shrink, driven 

by the increasing demand for high speed and low energy consumption computation by 

the semiconductor industry, the physical limit of patterning technologies is fast 

forthcoming. Limitations involved with the state-of-the-art lithography methods; such 

as huge cost and output power has led to new patterning strategies being explored and 

BCPs are among the methods considered as a potential solution for fabrication of sub-

14 nm nodes. High χ BCP systems, such as poly(styrene)-block-poly(4vinylpyridine) 

(PS – b – P4VP) are desirable for obtaining good microphase separation with small 

interfacial widths for minimal line edge roughness and small microdomain size. The 

χ value for PS – b – P4VP is estimated to be χ S-4VP = 0.56 at T = 298K).109-112 High χ 

BCP systems are vital for obtaining sub 10nm features. For this reason, cylindrical 

forming PS – b – P4VP was chosen as the BCP system to be used to fabricate self-

assembled hexagonal arrays in the work.  

 

 However, such systems possess low block retraction diffusivity 

(𝐷~𝑒fg34) leading to long thermal annealing times where the maximum annealing 

temperature is limited by polymer decomposition.113 Solvent vapour annealing is an 

attractive alternative annealing approach, as solvent absorption into the polymer film 

significantly improves the kinetic pathway for phase segregation by plasticizing the 

polymeric blocks via a reduction in the effective interaction parameter (χeff < χ).114  A 

advantage of this process is the significantly reduced annealing times in comparison 

to thermal annealing, since the order-disorder transition is often above the polymer 

degradation temperature for high-χ polymer systems. The conventional method for 

solvent annealing BCPs is shown in Figure 4.1. In this process, the sample is placed 

inside a jar along with a reservoir of solvent. Over long annealing times the 

atmosphere becomes saturated with solvent vapour and microphase separation occurs. 

This method is widely used to prepared microphased BCP films.115, 116  However, this 

process hinders reproducibility and the lack of control over solvent temperature, 
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solvent vapour pressure, sample temperature and ultimately the removal of the solvent 

from the film is a massive limitation. 

 

 
 

Figure 4.1 Conventional solvent vapour annealing using a solvent reservoir inside a 

jar; the sample is placed beside the vial and the jar placed in an oven at the 

appropriate temperature. 

 

The biggest concern about this process is the lack of long range ordering due to a 

dewetting issue that occurs during annealing, see Figure 4.2. Dewetting is 

condensation of the solvent on the surface of the substrate which results in 

delamination of BCP films leading to unpatterned regions. Polymer dewetting can 

arise from two general mechanisms; bulk solvent condensation leading to polymer 

dissolution 117 and film rupture driven dewetting in the presence of solvent vapour.118  

Bulk condensation of the solvent vapour onto the polymer film occurs when the 

solvent vapour, Pv(Tsat), is at a higher pressure than the corresponding saturated 

solvent pressure of the polymer surface at temperature Tsub resulting in supersaturation 

(4.1). 119, 120  

 

    S = Pv(Tsat)/Pv(Tsub) > 1    (4.1) 

 

Solvent 
Reservoir 

 
Silicon with       

spin coated BCP 
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Thermodynamically-driven film rupture occurs during solvent annealing where the 

BCP is brought towards an equilibrium structure and solvent swelling can allow the 

substrate-polymer interface to move into a thermodynamically more favourable 

morphology that differs from the as-deposited film structure. For thin films (<100nm) 

the long-range van der Waals repulsion and a short-range attraction can result in hole 

nucleation and spinodal dewetting,120  that produces droplets through the growth of 

uniformly distributed surface undulations.121  Thus, dewetting can be a significant 

issue, affecting the final film morphology, and is dependent on the polymer/surface 

interactions, degree of swelling,122  choice of solvent,117  the anneal temperature and 

gas pressure.118   

 

 

 

Figure 4.2 a) PS – b – P4VP BCP that has been selectively reconstructed with 

ethanol to remove the P4VP cores. A FFT (fast Fourier transform) of the film is 

shown on the inset. A well-ordered hexagonal pattern is seen across the wafer. b) at 

the micron scale, large amounts of dewetting is observed due to the nucleation of 

solvent on the surface. c) Unpatterned areas caused by dewetting of films. 

 

To limit these drawbacks and to provide a highly controllable system, solvent 

annealing chambers have been explored. Park et al. have designed and optimised a 

solvent annealing system to produce perpendicular aligned PS – b – P4VP arrays. In 

this system, spin-coated BCP films were exposed to THF solvent which was carried 

into the annealing chamber by a N2 gas. The temperature was kept constant at 23 ºC 

and annealing times varied from 30 minutes to 4 hours. To characterise their surfaces 

a) b) c) 
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AFM in tapping mode and grazing incidence small-angle X-ray scattering (GISAXS) 

was used. Their work demonstrated large range ordering enhanced by increasing 

annealing times in their controllable annealing process.123  

 

Similarly, colleagues from the Ross Research group at Massachusetts Institute of 

Technology have investigated a range of solvents in a chamber system to produce 

hexagonal ordered arrays of BCPs. Their solvent annealing chamber incorporated a 

reflectometer to allow for in situ film thickness measurements; which demonstrated 

the swelling of the films during initial solvent uptake. Using SEM to characterise their 

films, they found by heating the films after the swelling process, well-ordered 

morphologies were produced in extremely short annealing times of 30 seconds to 4 

minutes. 44, 124, 125 

 From the work carried out by Park et al. and Ross et al., it is evident the 

importance of using a controllable annealing system to produce long-range ordered 

morphologies. Using this work as motivation, a new annealing process for PS – b – 

P4VP using a custom-built chamber was investigated. The experimental agenda is 

outlined in the schematic in Figure 4.3. 

Figure 4.3 a) PS – b – P4VP solution is spin-coated on top of neutralised silicon 

surfaces b) dynamic solvent annealing of PS – b – P4VP under THF solvent vapour 

in a custom-built solvent annealing chamber c) microphased PS – b – P4VP thin 

films are generated with perpendicular orientated P4VP cores imbedded in a PS 

matrix. 

 

N

-Block-

m

n

PS – b – P4VP 

a)        b)        c)   
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A solvothermal annealing chamber was designed by collaborators, Dr Ross Lundy and 

Dr Ryan Enright, to create a highly controllable process. Moreover, previous 

annealing chambers discussed are typically implemented for small scale processing 

and the use of this technique to achieve rapid pattern formation while avoiding 

polymer dewetting over wafer-scale areas has not been demonstrated. 

 

A schematic of the chamber can be seen in Figure 4.4. Capable of processing up to 4 

inch wafers the chamber also allows for light transmission through a borosilicate glass 

viewport. Although not yet implemented, this viewport could be used for in situ 

reflectometry measurements. A nitrogen carrier gas stream, controlled by a flow meter, 

is introduced into a temperature controlled solvent bubbler. The solvent saturated 

nitrogen carrier gas stream then flows through a sealed steel chamber containing the 

BCP film, which is heated on an annealing stage using a proportional–integral–

derivative (PID) controller. On completion of the solvent annealing cycle the gas 

bubbler line is by-passed to allow pure nitrogen to flow through the chamber for a 

controlled removal of the solvent from the BCP film. This chamber provides complete 

control over solvent temperature, sample temperature and solvent flow. By annealing 

under a dynamic solvent flow and heating the substrate slightly above the solvent 

saturation temperature, solvent condensation and therefore dewetting can be avoided.  

 

 

 

 

 

Figure 4.4 Schematic representation of the solvothermal annealing chamber. 
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4.2 Results and Discussion 

Given that the set-up of this solvothermal annealing chamber was completely novel, a 

range of conditions for block copolymer annealing were investigated to generate 

ordered films with apparent microphase separation. Since GISAXS characterisation is 

not available in our laboratory; BCP films must be characterised using SEM and AFM. 

It is important to consider what is the optimal film morphology. Figure 4.5 shows 

cartoon of an optimal a) and poor b) microphased cylindrical PS – b –P4VP system. 

 

 

 

 

Figure 4.5 a) Shows a cartoon representation of the optimal phase separation of PS 

– b –P4VP. The film is hexagonally ordered (shown by the yellow hexagon). b) 

Shows a cartoon of a poorly phase separated film with micelle-like structures and 

inconsistent core sizes. 

 

The optimal phase separation to be achieved (Figure 4.5 a)) has P4VP cores of equal 

diameter and pitch arranged in a hexagonal array (shown by the yellow hexagon). Poor 

phase separation (Figure 4.5 b)) contains pores with different diameter, pores that have 

joined and micelle features. During annealing, when transition to a disordered state is 

incomplete; a range of micelle morphologies such as slightly elliptic, rod-like and 

vesicle will result.126  Such features are characteristic of insufficient block diffusion at 

low BCP film swelling ratios with values for supersaturation (S ≤ 91). It is important 

to obtain S values closest to 1 as the order-disorder transition occurs when S ≈ 0.99 

for the range of annealing temperatures explored. Moreover, annealing at S values 

greater that 0.96 is expected to result in rapid phase separation.112   

An initial set of anneals were carried out; PS – b –P4VP films were spin-coated onto 

neutralised silicon substrates and placed in the solvothermal anneal chamber between 

a)               b) 
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temperatures of 21°C, 30°C and 40°C at 15, 30, 60 and 120 min intervals under a 

dynamic THF solvent vapour flow. Figure 4.6 shows a matrix of SEM micrographs of 

annealed films.  

Figure 4.6 SEM Micrographs of PS-b-P4VP annealed films at 25°C, 30°C and 35°C 

at 30, 33, 36 and 39 min. Films were reconstructed with ethanol before imaging. 

Supersaturation values reached for each anneal are given in the top left inset of each 

image. 

To obtain a topographic surface needed for SEM characterisation, the BCP thin films 

were reconstructed by soaking in ethanol for 20 min. Although the exact mechanism 

is still under debate, this ‘reconstruction’ process is thought to selectively swell the 

P4VP core, causing it to collapse, creating pore structures.127 The supersaturation for 

each anneal was calculated and is displayed in the top left inset of each SEM image. 

Since nitrogen flowrate of 120 ml/min was used, it takes ~ 15 minutes for Pv(Tsat) to 

21° C 
 
 
 
 
 
 
 
 
30° C 
 
 
 
 
 
 
 
 
 
40° C 
 
 

 15 min                   30 min              60 min         120 min 
 
 S	≈	0.85	 	 						S	≈	0.91	 	 	 S	≈	0.79	 	 							S	≈	0.91	

	

S	≈	0.94	 	 						S	≈	0.95	 	 	 S	≈	0.90	 	 							S	≈	0.83	
	

S	≈	0.94	 	 						S	≈	0.94	 	 	 S	≈	0.84	 	 							S	≈	0.81	
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reach its maximum pressure within the chamber (internal chamber volume 1.9 L). 

Therefore, calculating the supersaturation is more accurately based on the 

temperatures at the end of the anneal. For example, the anneal at 30°C at 30 minutes 

had temperatures of Tsat = 30.4 °C and Tsub = 31.3 °C for the bubbler and annealing 

stage respectively at the end of the anneal. From the Antoine equation (4.2), where P 

is the pressure in mmHg, T is temperature in °C and the parameters A = 6.99515, B = 

1202.29 and C = 226.254 are THF component-specific constants and were taken from 

Dortmund Data Bank. Using these values to calculate THF partial pressures of Tsub = 

28.31 and Tsat = 26.81, giving a value for S = 0.947.  

 

 𝑃 = 	10$f	
:

klm     (4.2) 

 

From the SEM characterisation in Figure 4.6, it was evident that anneals at 21°C for 

15 min – 2 hours resulted in morphologies that were predominately micelle-like, 

which corresponded to insufficient block diffusion at low BCP film swelling ratios. 

The S values obtained for these anneals correlate to the features seen. Anneals carried 

out at 30°C at 15 minute and 30 minute showed the desirable morphology of 

perpendicular aligned P4VP cylinders; with higher S values calculated. However, at 

60 and 120 minute the films had transitioned into micelle like features again with some 

parallel cylinder features seen (rod-like structures). Anneals at 40°C showed a variety 

of morphologies, mostly consisting of perpendicular and parallel aligned features, 

with the longer times being micelle-like. The key information from this initial set of 

anneals was that annealing times between 15 minute and 30 minute at 30°C generate 

morphologies of interest. These films look similar to Figure 4.5 a) with perpendicular 

oriented cores of near equal diameter and pitch. More importantly, it has been shown 

that annealing at conditions which generate the supersaturation values closest to 1 

results obtain patterns of interest. This was achieved by setting the substrate temperate 

slightly higher than the solvent temperature, but keeping this difference at a minimum 

(Tsub ≈ Tsat + 1K). This was difficult as seen with the anneals in Figure 4.6. As 

annealing time is increased, the solvent temperature will decrease due to evaporation. 

For the substrate temperature, as annealing time is increased, the temperature increases 

due to the radiant heat from the chamber walls. For these reasons, controlling S values 

at long annealing times can be increasingly difficult.  
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The films were assessed to see if there was a presence of dewetting. This was done by 

repeated SEM analysis across samples. SEM images revealed that across the wafer, 

no dewetting was observed, see Figure 4.7. The colour difference seen in Figure 4.7 

is a feature of different film thickness, not dewetting, as the area in these regions still 

has surface features.  

 

 
Figure 4.7 SEM Micrographs showing large scale coverage of perpendicularly 

aligned cylinders with no dewetting across the wafer. a) and b) are the same sample 

imaged at different scales to show the eradication of dewetting. The difference in 

colour observed (marked by the red circle) is due to the difference in film thickness 

across the wafer which occurs during solvent annealing.  

 

Bulk condensation induced dewetting of the BCP template film was avoided in this 

process by implementing a PID-controlled annealing process in the chamber; this 

allowed sample temperature to be accurately controlled by the heating stage, ensuring 

that the local supersaturation of the film surface was kept below supersaturation. 

 

Using the information learned from the initial set of anneals, another set was carried 

out to further optimise the solvothermal annealing process. During these experiments, 

the conditions were controlled to keep the difference between the solvent temperature 

and the substrate temperature to a minimum, which would result in high S values. 

From the experiments previously carried out, annealing at temperatures higher than 

40°C and longer than 60 minutes has been shown to produce poor phase separated 

200	nm 2 μm

a)          b) 
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films, therefore shorter annealing times and lower temperature were examined. 

Anneals were carried out at 25°C, 30°C and 35°C at 18, 21, 24, 27, 30, 33, 36 and 39 

minute intervals. SEM micrographs are shown below, see Figure 4.8. 

 

Figure 4.8 SEM micrographs of PS – b – P4VP films that have been ethanol 

reconstructed. Supersaturation values reached for each anneal are given in the top 

left inset of each image. All scale bars are 100nm. 

 

The anneals at 25°C and 30°C between intervals of 18, 21, 24, 27 minutes showed 

morphologies of interest with perpendicularly aligned P4VP cylinders. S values 

calculated were between 0.94 and 0.96. Although some cylinders are seen to be 

joining, the overall phase separation appears to be acceptable with perpendicular 

aligned cylindrical features seen. The patterns annealed at 35 °C presented mixed 

 18 min                 21 min           24 min                27 min 
 

25° C 
 
 
 
 
 
 
 
 
30° C 
 
 
 
 
 
 
 
 
35° C 
 
 
 
 

S	≈	0.94	 	 						S	≈	0.95	 	 	 S	≈	0.94	 	 							S	≈	0.94	
	

S	≈	0.95	 	 						S	≈	0.96	 	 	 S	≈	0.96	 	 							S	≈	0.96	
	

S	≈	0.91	 	 						S	≈	0.92	 	 	 S	≈	0.91	 	 							S	≈	0.91	
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morphologies with both parallel and perpendicularly aligned cylinders, indicating 

poor phase separation. The S values ranged between 0.91 and 0.92, which was 

expected with such features. As temperature is increased the difference between 

solvent temperature and substrate temperature become increasingly difficult to 

control, leading to lower S values.  

 

Figure 4.9 FESEM micrographs of PS-b-P4VP films that have been ethanol 

reconstructed. Supersaturation values reached for each anneal are given in the top 

left inset of each image. All scale bars are 100nm. 

 

From Figure 4.9, films annealed for 30, 33, 36, 39 minutes at 25°C also displayed 

mixed morphologies. Such features are characteristic of insufficient block diffusion at 

low BCP film swelling ratios with low values for supersaturation as seen in previous 

25° C 
 
 
 
 
 
 
 
 
30° C 
 
 
 
 
 
 
 
 
35° C 
 
 
 
 

 30 min                 33 min           36 min                39 min 
 

S	≈	0.90	 	 						S	≈	0.91	 	 	 S	≈	0.92	 	 							S	≈	0.91	
	

S	≈	0.97	 	 						S	≈	0.93	 	 	 S	≈	0.91	 	 							S	≈	0.91	
	

S	≈	0.93	 	 						S	≈	0.92	 	 	 S	≈	0.89	 	 							S	≈	0.90	
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experiments. From Figure 4.9, it is clear that the film annealed at 30°C for 30 minutes 

shows adequate phase separation with perpendicular aligned cylinders. The pores are 

clearly aligned perpendicular to the substrate and little defects are seen. For at 33, 36 

and 39 minute intervals at 30°C the films resulted in undesirable morphologies. The 

pores have joined in places and micelle-like features are visible. S values are low 

ranging between 0.91 and 0.92. The intervals of 30-39 minutes at 35 °C presented 

mixed morphologies with both parallel and perpendicularly aligned cylinders. 

Controlling the substrate temperature at high temperature proved difficult due to the 

radiant heat from the chamber walls leading to low S values. 

 

 From this result, it was concluded that annealing films over 30°C and over 33 minutes 

do not generate well-ordered BCP arrays. While 30 minutes at 30 °C showed 

acceptable phase separation, as seen in the initial annealing experiments. From the 

SEM analysis, these parameters indicated optimal conditions to generate patterns of 

interest. Once more, samples were repeatedly imaged to determine if dewetting had 

occurred and samples were shown to be free of this defect. It must be noted that 

although perpendicular aligned cylinders of P4VP have been generated, perfect 

hexagonal ordering has not been achieved. It is thought this is attributed to the 

relatively slow quench step during the process. In contrast, the quench step carried out 

in static solvent annealing methods are fast as the sample is removed from the 

container into the ambient once the annealing time is reached. This suggests that the 

new solvothermal annealing process can be further optimised by varying the speed of 

solvent extraction from the film to improve the ordering. This hypothesis draws 

parallels with the work carried out by Gotrik et al. Their work demonstrated that 

quench time played an important role in achieving highly ordered films.125  

 

Although the SEM characterisation carried out provided excellent information, there 

are merits to carrying out AFM characterisation also. This provided additional 

information for surface topography and phase separation. AFM analysis was carried 

out on ethanol reconstructed films. Representative height images are shown in Figure 

4.10 and 4.11.  Silicon AFM probes were used with a force constant of 40 N/m and a 

resonance frequency of 300 kHz in tapping mode. Each BCP had a thickness ranging 

between 18 – 21nm. 
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Figure 4.10 Representative AFM images of PS – b – P4VP that has been ethanol 

reconstructed. All scale bars are 100nm. 

 

The AFM height images in Figure 4.10 support what was observed in the SEM 

characterisation, excluding the 18 minute, 25°C anneal. This AFM image revealed 

mixed morphologies and the perpendicular aligned P4VP cores seen in the SEM were 

not imaged using AFM, confirming that these conditions are not optimal. This shows 

that although features were seen in the SEM analysis, this was not the case for across 

the wafer as AFM revealed little adequate phase separation. For 21–27 minutes at 

25°C the desired microphase separation showing perpendicular oriented cylinders was 

observed. For 30°C at 18 and 21 minute intervals, AFM analysis does not show clear 

core features. This could be due to the polymer material becoming damaged during 

imaging or the tip being contaminated with polymer material during imaging.   

25° C 
 
 
 
 
 
 
 
 
30° C 
 
 
 
 
 
 
 
35° C 
 
 
 
 
 

 18 min                 21 min            24 min                  27 min 
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This again highlights the importance of doing both AFM and SEM analysis on BCP 

films to get a clear representation of the surface. Figure 4.11 shows representative 

AFM analysis for anneals carried out at 25°C, 30°C, 35°C at 30–39 minute intervals. 

 

Figure 4.11 Representative AFM images of PS-b-P4VP films that have been ethanol 

reconstructed. All scale bars are 100nm. 

 

For the films annealed at 25°C for 30, 33, 36, 39 minutes the AFM height images 

revealed what was observed in the SEM characterisation. The films displayed mixed 

morphologies with both perpendicular and parallel aligned features. For films 

annealed at 30°C for 33, 36, 39 minute intervals, the films appear to have better 

cylindrical morphologies that the 25°C counterparts, however parallel aligned 

cylinders represented as rod-like structures are seen, which correlate to the SEM 

characterisation. For 35°C at 30, 33, 36, 39 minute intervals similar structures are seen 

25° C 
 
 
 
 
 
 
 
 
30° C 
 
 
 
 
 
 
 
35° C 
 
 
 
 
 

 30 min                 33 min           36 min                39 min 
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with a mix of morphologies. The AFM characterisation confirms what the SEM 

analysis determined; the anneal carried out at 30°C for 30 min had the optimal ordering 

and morphology. This cemented the results from the SEM analysis and confirmed 

annealing over 30 minutes was not optimal. WSxM solution software showed that the 

30°C for 30 min anneal features had an average pitch of 25.5nm ± 2.4nm and an 

average diameter of 21.3nm ± 3nm, see Figure 4.12. These dimensions corroborate to 

the feature size of self-assembled of PS – b – P4VP reported in the literature. 46  The 

Z scale shown in Figure 4.12 b) is not a clear representation of the film thickness. The 

pores are too small for the tip to image inside, therefore the height appears smaller in 

AFM characterisation. The BCP film was measured with ellipsometry and was shown 

to be 21nm in thickness. 

 

 

 

 

 

 

 

Figure 4.12 a) SEM image of PS-b-P4VP film that has been annealed at 30°C for 30 

min. b) Representative AFM image of PS-b-P4VP film that has been annealed at 

30°C for 30 min. c) Cross-section profile of the film showing a pitch of 25.5nm ± 

2.4nm and an average diameter of 21.3nm ± 3nm. d) AFM height histogram. 
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This chamber which was set-up and optimised to produce microphased BCP films is 

comparable to the few chambers reported in the literature. The work carried out by 

Gotrik et al. and Park et al. show using controllable systems such as this to create 

highly order BCP films without defects is desired.42, 123   Gotrik’s work highlights the 

importance of using both solvent and temperature to create highly ordered films. In 

their research, the importance of solvent removal from the BCP films is also 

emphasised. From this work, it is believed our chamber can be further optimised by 

increasing the speed of the quench step. This could be further controlled by 

implementing a reflectometer to perform in situ film thickness measurements.  
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4.3 Conclusion 
In this chapter, initial work that involved the set-up and optimisation of a state-of-the-

art solvothermal annealing chamber has been presented. The objective to overcome 

the dewetting limitations associated with static annealing and develop a highly 

controllable process has been achieved. The results presented demonstrated the 

effective reproducibility of BCP films without polymer dewetting. A wide range of 

dynamic solvothermal annealing conditions have been investigated with 30°C for 30 

minute anneal presenting desirable patterns with features of an average pitch of 

25.5nm ± 2.4nm and an average diameter of 21.3nm ± 3nm.  Bulk condensation was 

avoided by heating the substrate slightly higher than the solvent saturation temperature 

(Tsub ≈ Tsat + 1K) and the saturation for this anneal was calculated to be S = 0.96. 

 

It must be noted that the annealing conditions must be improved on, since well-ordered 

hexagonal arrays generated by static annealing have not be obtainable thus far using 

the chamber. However, it is believed this will be easily achieved with further 

optimisation of the quench protocol and implementing a reflectometer to perform in 

situ film thickness measurements. This would provide better control for the removal 

of the solvent from the film, which has been highlighted to be important in enhancing 

the BCP ordering. 

 

4.4 Future Work 
The aim to implement a highly controllable BCP process to generate reproducible BCP 

templates has been achieved in the chapter. The next step is to use these templates to 

pattern transfer into the silicon substrate. PS – b – P4VP must be converted into a hard 

mask material using an iron nitrate inclusion processes. This enables selective 

inclusion of the iron nitrate material into the P4VP cores. This can then be converted 

to iron oxide, a hard mask material which is etch resistant to a silicon dry etch. 

Ultimately the process will enable the fabrication of silicon nanopillar arrays. These 

investigations are discussed in chapter seven. 
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Chapter Five 
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5 Selective etching of block copolymers using plasma 
 

5.1 Introduction 
As new patterning techniques begin to emerge, the ease of integrating these new 

methods into the nanofabrication industry is essential to consider. This is one of the 

strongest advantages of BCP self-assembly; the tools needed to prepare such are 

already implemented in industrial processes lines. Although BCP are valuable for 

creating a nanopattern, the polymer materials normally don’t have the etch contrast to 

be used as a mask alone. Several methods to transform BCP templates to hard marks 

have been investigated. As mentioned previously, ethanol activated BCPs can be 

transformed into hardmask materials through a metal salt inclusion process.46, 47, 128 

   

For PS – b – P4VP hard mask fabrication is commonly done by selective ‘activation’ 

of the P4VP block.127, 129 This is predominantly achieved by an ‘ethanol 

reconstruction’, which involves immersing the samples in ethanol to selectively swell 

the P4VP cores.112, 130 The limitation associated with the method is that there is a lack 

of control over the material being removed; not to mention the exact mechanism of 

the process is still under debate, as previously mentioned. Moreover, it is well known 

that wet chemistry processes are undesirable in industry for a number of reasons; the 

process requires large volumes of etchants which need to be repeatedly replaced 

leading to high costs and large generation of waste. Using a dry etch such as a plasma 

process is much more favoured due to its controllability and speed. The process 

generates less waste leading to an overall reduction in costs. The process can also be 

a combination of physical and chemical etching leading to better selectively.131-133  

 

By removing one block in this way as an alternative to the salt inclusion, the 

pattern can be back filled to create a hard mask, which can be used for pattern 

transfer.44  By using this method the drawbacks with the ‘ethanol reconstruction’ 

process can be overcome. Therefore, the motivation of this study was to determine a 

plasma etch which was selective for the removal of P4VP from a PS – b – P4VP BCP 

film to leave a PS matrix, which in turn, could be ultimately back filled for future 

patterning. It must be noted also that the interaction of this BCP film with dry etch 

processes is of interest, as this material in particular, will potentially become part of 
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the nanofabrication industry. Limited plasma etching of PS – b – P4VP has been 

investigated to the best of my knowledge. The reason for this is that both PS and P4VP 

are very similar in molecular structure, the only difference between the two polymers 

is the nitrogen present in the pyridine ring of P4VP, see Figure 5.1. Hence, obtaining 

a plasma etch process selective to P4VP is difficult as the PS will be etched also.  

 

 

 
 

Figure 5.1 Molecular structure of PS – b – P4VP where m represents the repeating 

unit for PS and n represents the repeating unit for P4VP. The only difference 

between both blocks being the nitrogen in the aromatic ring. 
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5.2 Results and Discussion 

Before moving to BCPs, each block must be investigated individually. This was done 

using homopolymers which are polymers consisting of the same monomer. A library 

of P4VP and PS homopolymer films was prepared and etched using oxygen, argon 

and nitrogen plasmas to determine the etch rate under these different conditions. The 

etch rate for each polymer was obtained by calculating the removal of material in 30 

seconds using ellipsometry. Film thickness did not exceed 40nm for this study as BCP 

films will not exceed this value when used in nanopatterning applications. BCPs films 

greater than this will result in multilayers and pattern transfer would be impossible. In 

each set of experiments, plasma etch processes were performed in triplicate using 3 

different coupons. After each process the etch rate of the material was obtained by 

determining the film thickness and the selectivity of the plasma was calculated using 

the following equation (5.1) 

 

  Selectivity	for	material	1 = w>xy	z8>{	|8>{z}8`	2
w>xy	z8>{	|8>{z}8`	~

  (5.1) 

 

The overall results shown below are taken from the average of the three repeats. The 

parameters for the oxygen plasma study are listed in Table 5.1. 

 

Table 5.1 Plasma parameters used for each experiment. 

Plasma 
No. 

Gas Flow 
(sccms) 

Pressure 
(mT) 

Power 
(W) 

Time (s) 

Oxygen-1 50 100 50 30 
Oxygen-2 50 100 100 30 
Oxygen-3 50 100 150 30 

 

Figure 5.2 shows the ellipsometry results for PS and P4VP and Table 5.2 shows 

selectivity of each plasma for the removal of P4VP over PS. Oxygen is a chemical 

etch which results in a highly oxidative process where free radicals drive the removal 

of material.134  Oxygen plasmas are routinely used to remove polymer material from 

silicon.131, 135  For this reason, it is not unusual that all three plasma conditions had 

high etch rates, with ~15nm or more of the material being removed within the 30 

second treatment. This corroborates to similar work carried out by Vesel et al. who 

studied a library of polymer materials in oxygen plasmas.135, 136   
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The aim to selectively removed P4VP over PS using this gas was not achieved. Each 

plasma has low selectivity (<1) for the removal of P4VP. The optimal selectivity 

would be greater than 5 as this would remove enough of the P4VP to allow for an 

inclusion process for pattern transfer. Moreover, Oxygen showed a selectivity for 

removing PS, as each plasma exhibited a selectivity greater that 1.5. Perhaps the 

reason for this is that polystyrene can readily oxidised in oxygen plasmas, where 

pyridine in known to be an unreactive molecule. 

 

 
Figure 5 .2 Oxygen plasma etch studies carried out on homopolymers PS and P4VP. 
 

 
Table 5.2 Selectivity of oxygen plasmas to remove P4VP over PS. 
 

Plasma No. Selectivity for P4VP  Selectivity for PS 
Oxygen-1 0.53 1.89 
Oxygen-2 0.47 2.15 
Oxygen-3 0.64 1.57 

 
 

Consequently, further investigations using oxygen gas for a selective etch were not 

carried out. It was then decided to investigate the use of argon as the etch gas. Argon 

is a physical etch, where ions will bombard the polymer surface to remove material; 

however, no radicals are formed within this plasma, therefore no chemical etch will 

occur.137  It was thought that since the oxygen chemical etch was too aggressive and 

removed a lot of material, a physical etch might be suited to selectively remove P4VP. 

The parameters for the argon plasma study are listed in Table 5.3 
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Table 5.3 Plasma parameters used for each experiment. 

Plasma 
No. 

Gas Flow 
(sccms) 

Pressure 
(mT) 

Power 
(W) 

Time (s) 

Argon-1 50 100 50 30 
Argon-2 50 100 100 30 
Argon-3 50 100 150 30 

 

Figure 5.3 shows the ellipsometry results for PS and P4VP and Table 5.4 shows 

selectivity of each plasma had to remove P4VP over PS. Since argon is a purely 

physical etch the selectively observed in this plasma is due to one material being 

suppler than the other.  

 

 
Figure 5.3 Argon etch studies carried out on homopolymers PS and P4VP. 

 
 

Table 5.4 Selectivity of argon plasmas to remove P4VP over PS. 
 

Plasma No. Selectivity for P4VP  Selectivity for PS 
Argon-1 0.69 1.44 
Argon-2 0.48 2.10 
Argon-3 0.69 1.45 

 
 

The selectivity calculated and the ability for argon plasmas to removed P4VP over PS 

was very poor, with all values below 1. Again, this plasma exhibited the ability to 

removed PS more readily than P4VP with all selectivity values being greater than 1.4. 

Due to this poor selectivity for the removal of P4VP, argon plasmas were not 

investigated further. 
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The final gas to be investigated was nitrogen. Nitrogen is a less aggressive plasma 

than oxygen. The plasma will predominantly contain ions and radicals which perform 

surface functionalisation as well as etching of material. During treatment, the 

formation of free radicals can also induce the insertion of nitrogen-containing species, 

as seen by the work carried out by Wagner et al.138  It was thought this less aggressive 

chemical etch could be the right conditions to obtain selectivity between the two 

homopolymers. The parameters for the nitrogen plasma study are listed in Table 5.5. 

 

Table 5.5 Plasma parameters used for each experiment. 

Plasma No. Gas Flow 
(sccms) 

Pressure 
(mT) 

Power 
(W) 

Time 
(s) 

Nitrogen-1 50 100 50 30 
Nitrogen-2 50 100 100 30 
Nitrogen-3 50 100 150 30 
Nitrogen-4 50 100 200 30 
Nitrogen-5 50 100 100 40 
Nitrogen-6 50 100 100 50 

 
 

Figure 5.4 shows the ellipsometry results for PS and P4VP and Table 5.6 shows 

selectivity to remove P4VP over PS. Surprisingly, each nitrogen plasma investigated 

gave improved selectivity for removing P4VP over PS in contrast to the previous 

oxygen and argon plasma.  Plasma 2 and 3 were the best conditions giving a selectively 

of 2.20 and 2.10, respectively.  

 
Figure 5.4 Nitrogen etch studies carried out on homopolymers PS and P4VP. 
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Table 5.6 Selectivity of argon plasmas to remove P4VP over PS. 
 

Plasma No. Selectivity for P4VP  Selectivity for PS 
Nitrogen-1 2.09 0.48 
Nitrogen-2 2.20 0.45 
Nitrogen-3 2.10 0.48 
Nitrogen-4 1.96 0.51 
Nitrogen-5 1.72 0.58 
Nitrogen-6 2.07 0.48 

 

This was unexpected as both nitrogen plasma and pyridine are known to be very 

unreactive. These plasma processes were repeated many times and across two different 

plasma tools. The results concluded that nitrogen plasmas had selectivity for removing 

P4VP over PS across different tools. It must be noted that this selectivity is low and 

not the optimal of >5. However, this plasma process can be further improved on with 

plasma diagnostics techniques. 

 

5.2.1 P2VP Nitrogen etch studies 

The key question to answer is why nitrogen plasmas have selectivity for P4VP over 

PS. Since PS and P4VP only differ in structure by the nitrogen in the aromatic ring, it 

was hypothesised that the nitrogen plasma was reacting with the lone pair of electrons 

at the nitrogen in the pyridine ring, causing it to break down more easily than the 

benzene ring of the PS. To investigate this hypothesis further, poly(2-vinylpyridine) 

(P2VP) was investigated. This molecule is similar to P4VP, however the nitrogen in 

the aromatic ring has moved position, see Figure 5.5. By moving the nitrogen to this 

position, the lone pair of the nitrogen in the aromatic ring becomes more sterically 

hindered, and in theory, should not interact with the plasma as readily as P4VP. P2VP 

was then investigated with various nitrogen plasma conditions, see Table 5.7. 
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Figure 5.5 Chemical structure of P4VP and P2VP showing the position of the 

nitrogen in the aromatic ring. 

 

Table 5.7 Plasma parameters used for each experiment. 

Plasma No. Gas Flow 
(sccms) 

Pressure 
(mT) 

Power 
(W) 

Time 
(s) 

Nitrogen-1 50 100 50 30 
Nitrogen-2 50 100 100 30 
Nitrogen-3 50 100 150 30 
Nitrogen-4 50 100 200 30 

 

Figure 5.6 shows the ellipsometry results for P2VP after nitrogen plasmas. Table 5.8 

shows the selectivity calculated for the nitrogen plasmas to removed P2VP over PS. 

As expected, the results show little selectivity with all values being under 1. This result 

brings us a step closer to understanding why nitrogen has selectivity for removing 

P4VP over PS and perhaps the position of the nitrogen in the aromatic ring plays an 

important role in etch selectivity. 
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Figure 5.6. Ellipsometry results for P2VP before and after nitrogen etch. 
 
 
Table 5.8 Selectivity of nitrogen plasmas to remove P2VP over PS. 
 

Plasma No Selectivity for P4VP over PS 
Nitrogen-1 0.36 
Nitrogen-2 0.54 
Nitrogen-3 0.59 
Nitrogen-4 0.91 

 

To clarify the mechanism behind the etching of P2VP in nitrogen plasmas, x-ray 

photoelectron spectroscopy (XPS) alongside in situ plasma etching was carried out. 

The plasma chamber attached to the XPS tool uses forming gas instead of pure 

nitrogen. This is a mixture of nitrogen and hydrogen (< 5.7%), which is used to 

passivate trace oxygen within the plasma chamber. To determine if this plasma 

chamber was comparable to the plasma chamber used in the etch studies, both systems 

were calibrated with optical emission spectroscopy.  
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The region from 280 – 400 nm is associated with molecular nitrogen and indicated 

that the plasma contained predominantly neutral and some N2
+ ions, which was 

expected. This confirmed both plasma contained similar reactive species and were 

comparable in etch characteristics, see Figure 5.7.  

 

 

Figure 5.7 a) OES spectra of forming gas plasma at in the XPS in situ plasma tool. 

b)  The same OES spectra without the vibrational states. c) OES spectra of N2 

plasma at 100W, 100mT and 30sccms in the Oxford plasma tool. d) The same OES 

spectra without the vibrational states. 

 

Using the survey spectra of P2VP and P4VP before and after an in situ nitrogen plasma 

etching, the relative elemental concentrations of carbon, nitrogen, oxygen and silicon 

within the samples was calculated, see Figure 5.8. These values were calculated using 
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the integrated areas of atomic sensitivity factors for the C 1s, N 1s, O 1s and Si 2p 

core level peaks. 

 

The main effect of the forming gas plasma has on the polymer samples is the 

removal of carbon. From the chemical composition percentage acquired from the 

survey spectra it is clear from the carbon content that P4VP is being etched more 

rapidly when compared to P2VP. The results show P2VP only reducing by 4% after a 

30 second forming gas plasma treatment, whereas the P4VP carbon percentage drops 

by 17% after a 30 second nitrogen plasma treatment. However, we also see an increase 

in nitrogen and oxygen signals.  

 

It would seem that some of the nitrogen from the plasma may be becoming 

incorporated into both films. This correlates to Wagner et al. who experienced similar 

results when performing nitrogen radio frequency (RF) plasmas on polyethylene.138  

In their work, the addition of nitrogen was apparent after plasma treatment upon XPS 

characterisation. The increase in oxygen seen in Figure 5.8 a) may be explained by 

residual oxygen contamination within the chamber. This is not ideal, but it is not 

unusual to have small oxygen contamination in a research laboratory set-up, hence, 

why the passivating forming gas is used. 
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Figure 5.8 a) Chemical composition of P2VP and P4VP before and after treatment 

with nitrogen plasma showing oxygen, nitrogen, carbon and silicon ratios. b) 

Chemical composition of P2VP and P4VP before and after treatment with nitrogen 

plasma showing nitrogen and carbon ratios. 
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Assuming that all the nitrogen and carbon signals obtained from the XPS within the 

samples is solely from the PVP, it can be seen that both the P2VP and P4VP are 

identical in terms of carbon:nitrogen (C:N) ratio in their received state, see Figure 5.8 

b). After plasma treatment, it appears that although the ratio changes, indicating 

nitrogen incorporation, both samples again maintain the same ratio. However, from 

the carbon signals in Figure 5.8 a) that P4VP appears to etch more than P2VP. So, 

from both the overall chemical composition calculation and the C:N ratio we can 

postulate that the etch mechanism is similar in both samples, but the etch is more 

effective for the P4VP sample. 

 

To investigate the chemical interactions at these interfaces, narrow energy 

window scans were taken at C 1s, N 1s and O 1s regions for samples prior and post 

plasma treatment and are displayed in Figure 5.9. It should be noted that these spectra 

are presented as raw data (without any normalisation) to allow direct comparison of 

the samples.  
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Figure 5.9 a) and b) C1s spectra for P4VP and P2VP as received and after plasma 

treatment, c) and d) N 1s spectra for P2VP and P4VP before and after plasma 

treatment. 
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Figure 5.9 e) and f) O 1s spectra for P2VP and P4VP before and after plasma 

treatment. 

 

The key findings from the C 1s spectra were that the overall peak area for P4VP is 

reduced, shown in Figure 5.9 a). Although P2VP shows a reduction also, 35% of the 

P4VP was etched, whereas 11% of P2VP was removed. The peak found in the post 

etch spectra for both samples at 286.2 eV indicates carbon binding to nitrogen and/or 

oxygen.  As the electronegativity of O and N is higher than that of C, the presence of 

a carbon-oxygen bond would result in an increase in the binding energy of the 

associated C atoms. It is impossible to differentiate between C-O or C-N bonds with 

conventional XPS, as the electronegativity values of N and O are so similar, and the 

resolution on conventional XPS cannot resolve the peaks. 

 

Moving to the N1s spectra, the post etch spectra show multiple peaks representing that 

nitrogen is now bonded to more than one chemical species. The peak at 399.5 eV is 

most definitely attributed to an oxygen species.  The reason for this is that there is no 

other species it could be bonded to as 1) there are no additional elements in the system 

and 2) the electronegativity of O is high, therefore the additional peak at the higher 

binding energy in the N1s must be attributed to O incorporation.  
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With this result, along with the peak seen in the C 1s, it can be concluded that there 

are traces amounts of oxygen within the plasma chamber which is bonding to nitrogen 

in P4VP and P2VP post plasma etch. Again, it is not unusual for trace amounts of 

oxygen to be present in a plasma chamber in a research laboratory set-up. This result 

reflects the work of Sanchis et al. In their research, polyurethane films were exposed 

to radio frequency (RF) low-pressure nitrogen plasmas. XPS spectra revealed an 

increase in oxygen after plasma treatment due to trace amounts of oxygen being 

present in the plasma tool during the etch process.139  

 

This presence of oxygen was then confirmed with the O 1s spectra shown in 

e) and f). The increase in intensity post etch indicates oxygen in the plasma but can 

also be indicative of uncovering of the SiO2 substrate which would be expected post 

etch. This would also explain why the intensity is higher in e) rather than f) as more 

materials is being removed in e) uncovering more of the SiO2 interface. 

 

It was hypothesized that the position of the nitrogen in the pyridine ring played an 

important role in etch mechanism, moreover, that the etching of poly(vinyl-pyridine) 

materials begins at the most chemically active region of the nitrogen in the pyridine 

ring. P4VP and P2VP are seen to be identical before and after plasma treatment shown 

in the chemical composition obtained by XPS (Figure 5.9 (b)), from both the overall 

chemical composition calculation and the C:N ratio it can be postulated that the PVP 

etch mechanism is similar in both samples, but the etch is more effective for the P4VP 

sample. Since the only difference between these molecules is the position of the 

nitrogen in the aromatic ring, it can be concluded that the reason why P4VP is etched 

more rapidly is due to the nitrogen in the pyridine ring being positioned where it is not 

sterically hindered by other groups within the polymer chain and can interact with the 

plasma easily. The position of the nitrogen in P2VP is not as readily available as it is 

sterically hindered within the molecule, see Figure 5.5. From this it can be concluded 

that the nitrogen position in the pyridine results in the molecule breaking down more 

rapidly than the corresponding PS molecule, leading to etch selectivity in nitrogen 

plasmas. 
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5.2.2 Selective Etch of BCP using nitrogen plasma 

It has been demonstrated that nitrogen plasma has a selectivity for removing P4VP 

over PS. This was carried out using homopolymers, it must now be demonstrated using 

the microphased BCP film, an industrially relevant material that will possible be 

incorporated into semiconductor manufacturing. Therefore, two samples of PS – b – 

P4VP were annealed to produce microphased BCP films with PVP core diameter of 

21.3nm and a pitch of 25.5nm. Post annealing, one sample was etched with a nitrogen 

plasma etch at 30sccms, 100W, 100mt for 30s, in the Oxford Instrument plasma tool 

and the other sample was reconstructed/activated with ethanol. FESEM micrographs 

of each sample are shown in Figure 5.10.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.10 SEM micrographs of PS – b – P4VP films that have been a) ethanol 

reconstructed and b) have been etched with nitrogen plasma. 
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b)    
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From the SEM images shown in Figure 5.10, it is clear that the nitrogen plasma has 

selectively removed the P4VP cores. To the best of our knowledge, this is the first 

demonstration of nitrogen plasmas to have a selective effect on PS – b – P4VP thin 

film. 

 

5.3 Conclusion 
Our results demonstrate the development of a selective plasma etch process for the 

removal of P4VP cores from PS – b – P4VP nanopatterned film. Results have shown 

that a nitrogen reactive ion etch (RIE) plasma has selectivity for P4VP of 2.2:1. The 

work presented suggested that the position of the nitrogen in the aromatic ring plays a 

key role in this selectivity, which was investigated further using in situ plasma etching 

and XPS spectrometry measurements. Results confirmed the quick removal of P4VP 

by a nitrogen plasma when compared to the sterically hindered P2VP, concluding that 

the position of the nitrogen in the pyridine molecule is related to etch mechanism in 

nitrogen plasmas. XPS data revealed the incorporation of nitrogen and oxygen into the 

polymer film during the etch process.  

 

5.4 Future Work 

Further optimisation of the nitrogen etch must be carried out to reach the goal 

selectivity of >5. Using plasma diagnostics, specifically optical emission spectrometry 

(OES) and mass spectrometry could aid the improvement of selectivity and will be 

subject to further investigation. It is evident in the SEM characterisation in Figure 5.10 

b) that the nitrogen etch is removing the cores, however TEM and/or AFM 

characterisation would give valuable insight into how the polymer has been removed 

inside the core.  
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Chapter Six 
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6 Surface engineering of polymer brush layers in order to control 
BCP orientation 

 

6.1 Introduction 
As mentioned in chapter 

 

 one, controlling the wettability, surface energy and functionality of the substrate 

surface prior to spin-coating a BCP is extremely important to control the BCP 

orientation. Typically, BCP orientation is controlled by brush layers, usually 

consisting of homopolymers or random copolymers, which are end-terminated with a 

hydroxyl group to ensure grafting to the silicon substrate. A brush layer will either be 

preferential to one block, or neutral to both blocks. Choosing a preferential brush layer 

will drive lamellae and cylinders to orient parallel to the surface. While choosing a 

neutral brush layer will drive lamellae and cylinders to orient perpendicular to the 

surface, see Figure 6.1.  

 

 

 

 

 

 

 

Figure 6.1 a) Parallel aligned cylinders, b) Parallel aligned lamellae. Preferential 

wetting brush layers will result in these BCP morphologies. c) Perpendicular 

aligned cylinders, d) Perpendicular aligned lamellae. Neutral wetting brush layers 

will result in these BCP morphologies. 
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Oria et al. have previously demonstrated that treating PS brush layers with oxygen 

plasma modifies the surface to the extent that the PS is converted from a preferential 

brush layer to a neutral brush layer. 140  In their study, they investigated lamellae 

forming PS – b – PMMA, which aligned to the surface in various orientations 

depending on the chemical character of the PS brush layer under the BCP.  Motivated 

by this work, the effect of treating PS with oxygen plasmas on our cylindrical forming 

BCP systems PS – b – PMMA and our highly controllable plasma conditions was 

investigated. In this chapter, PS – b – PMMA was chosen to be investigated, as it has 

added to the library of materials studied. PS – b – PMMA is the most highly researched 

BCP for applications in IC manufacturing, therefore understanding this material is of 

importance for future work. PS is a preferential brush layer, by treating this with an 

oxygen plasma and changing the surface chemistry, the aim is to convert the 

preferential brush layer into a neutral brush layer. This would result in BCP orientation 

changing from parallel to perpendicular cylinders, See Figure 6.2. 

 

 

 

 

 

 

Figure 6.2 Schematic outlining the aim of this work to convert PS from a 

preferential brush layer to a neutral brush layer, resulting in control of PS – b – 

PMMA orientation. 

 

Achieving this result would be of benefit as BCPs patterns with different orientation 

could be generated using the same brush layer, thus generating a shorter process.  

Guiding patterns fabricated by plasma treatment could control which direction for the 

BCP to align to the substrate.  

 

 

 

 

O2 Plasma 

Untreated brush layer Treated brush layer 
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6.2 Results and Discussion  
An initial set of plasma experiments were carried out to see the effect of oxygen 

plasma on the PS brush layer. PS thin film samples were prepared as described in the 

experimental section. The design of experiments chose a wide range of plasma 

parameters, by investigating these plasma conditions the key parameters were 

identified which needed to be controlled during the plasma treatment. 

 

The parameters of the plasma needed investigating were: 

 

1. Power, measured in watts (W). 

2. Pressure, measured in millitorr (mT).  

3. Time, measured in seconds (s). 

4. Gas flow, measured in standard cubic centimetres per minutes (sccms). 

 

Conditions chosen are stated below, see Table 6.1. Each experiment was done in 

duplicate and a centre-point was recorded at the start, middle and end of experiments. 

A centre-point is a process run using mid-range values for all parameters. This is 

important to record any hysteresis that may occur within the plasma chamber during 

experiments.  

 

Table 6.1 Plasma parameters used for each experiment. 

Sample Power (W) Pressure (mT) Time 
(s) 

Flow (sccms) 

Centre Points 125 35 13 30 
Exp 1 50 20 5 10 
Exp 2 200 20 5 50 
Exp 3 50 50 5 30 
Exp 4 200 50 5 10 
Exp 5 50 20 20 50 
Exp 6 200 20 20 10 
Exp 7 50 50 20 10 
Exp 8 200 50 20 50 

 

The results presented in Table 6.2 show the water contact angle (WCA) and surface 

energy results from the initial plasma experiments. All surface energy values in this 

report are calculated using the OWRK method by measuring the contact angle of two 

liquids, water and diiodomethane as stated in chapter two. All values are statistically 

relevant.  Looking at the results on a whole, the key finding from this set of 
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experiments, was that plasma pressure and gas flow do not seem to play an important 

role in the change of wettability and surface energy. Two extremes of pressure and 

flow were used in experiment 1 and experiment 3 keeping power and time low. The 

change in wettability and surface energy were modified the least using these 

conditions. Power and time seem to be the main driving factors attributed to the change 

in surface chemistry. high power and long time were used in experiment 6, where the 

highest surface modification was measured.  The wettability was reduced from 96° 

down to ~10°, see Figure 6.3. The wettability has a direct effect on surface energy, as 

discussed in the chapter two. Here we see a change from 44 mJ/m2 to a range between 

70-81 mJ/m2.  

 

Table 6.2 Water contact angle and surface energy results from initial plasma 

experiments. 

Sample WCA (degrees) Surface Energy (mJ/m2) 
PS Before Treatment 96 ± 2 45 

Centre Points 9 ± 2 76 
Exp 1 24 ± 2 72 
Exp 2 10 ± 1 78 
Exp 3 16 ± 1 74 
Exp 4 10 ± 1 78 
Exp 5 9 ± 1 78 
Exp 6 8 ± 1 81 
Exp 7 14 ± 1 76 
Exp 8 10 ± 1 81 

 

 

Figure 6.3 a) PS water contact angle before plasma treatment showing a contact 

angle of 96°, b) PS water contact angle after plasma treatment (Exp 6) showing a 

contact angle of 8°. 

a)                    b) 
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The key question of finding is - what is causing this significant change in wettability 

and surface energy? This change in contact angle after plasma treatment is similar to 

what has been described in the literature. Murakami et al. reported a change in contact 

angle from 92° to 7° after plasma treatment.141  XPS characterisation of these films 

revealed the formation of hydroxyl, carbonyl and carboxyl groups on the surface post 

plasma treatment.142  They concluded the change in contact angle was attributed to the 

addition of the oxygen-containing polar functional groups during plasma treatment.  

This initial set of experiments was investigated further, this time honing in on the 

parameters of the plasma and using ellipsometry measurements to record the removal 

of PS material in each etch. A change in wettability is largely attributed to two effects: 

 

 1. A result of a change of surface chemistry  

 2. A change surface roughness 

 

Both effects are possible during the plasma treatment. From the literature, we expect 

the change in surface chemistry is a result of the addition of oxygen groups on the 

surface. However, roughness must be determined also. AFM was carried out to record 

the roughness values of the PS surface before and after plasma treatment. Another aim 

of this experiment was to further control the wettability and thus the surface energy of 

the brush layer. From the initial experiment, gas flow was shown to have little effect 

on wettability therefore the flow was kept constant at 30sccms. The process 

parameters are shown in Table 6.3. 

 

Table 6.3 Plasma parameters used for each experiment. 

Sample Power (W) Pressure (mT) Time (s) 
Centre point 160 60 18 

Exp 1 40 20 30 
Exp 2 280 20 5 
Exp 3 40 100 5 
Exp 4 280 100 30 

 

Table 6.4 shows the WCA, surface energy and ellipsometry results for each plasma 

experiment. It is important to note that thickness of the PS film is a lot thicker than 

expected for BCP brush layers, typically brush layers are below 7nm. As it was not 

known how much polymer material would be etched away during each treatment, 

thick films were prepared to make sure there was still PS left on the surface to be 
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measured for WCA and surface energy. For the thickness values, limited material was 

etched during plasma treatment (on average 11%) with experiment 4 being an 

exception (76% of the material being etched). This was expected, as this experiment 

had high power and high time, and therefore a lot of material was etched during the 

process. The wettability and surface energy were seen to be radically modified again. 

However, the aim to further control the surface energy wasn’t achieved. A range of 

76-80 mJ/m2 was achieved in this case. To determine if the surface was becoming 

rougher during the plasma process, AFM characterisation was carried out. 

 

Table 6.4 Dynamic water contact angle and surface energy results. 

Sample WCA  
(degrees) 

Surface Energy 
(mJ/m2) 

Film 
Thickness (nm) 

PS Before 
Treatment 93 ± 2 45 168 ± 1 

Exp 1 8 ± 1 78 160 ± 1 
Exp 2 9 ± 1 79 154 ± 1 
Exp 3 9± 1 76 157 ± 1 
Exp 4 8 ± 1 78 42 ± 1 

Centre Points 7 ± 1 80 129 ± 1 
 

Roughness can be described as closely spaced irregularities on the surface and the 

value depends on a scale measurement. There are two measurements of importance, 

the roughness average (Ra) and the root mean square (RMS) roughness. Ra is an 

arithmetic mean of the absolute values of height of a surface profile. However, Ra 

makes no distinction between peaks and valleys, making Ra irrelevant for the work 

present herein, as we expect both peaks and valleys to be present on the surface. RMS 

roughness is a function that takes the square of the measures. Similar to Ra, although 

the mean squared of the absolute values of a surface is calculated. RMS is more 

sensitive to peaks and valleys than Ra due to the squaring of the amplitude in its 

calculation. For this reason, RMS values are calculated and presented in this 

chapter.113  
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Table 6.5 RMS roughness values obtained for each sample using AFM. 

Sample RMS Roughness 
PS 0.34nm 

CP1 1.12nm 
Exp 1 0.71nm 
Exp 2 0.53nm 
Exp 3 0.39nm 
Exp 4 7.49nm 

 

From the RMS roughness analysis shown in Table 6.5, it is evident that the roughness 

is not having an impact on the surface energy, as the roughness is predominantly under 

2nm. Experiment 4 has high roughness, as expected, due to the high-power plasma 

conditions used for the sample, which results in more material being etched away. 

However, the surface energy calculated for this sample is the same as other 

experiments carried out.  Figure 6.4 shows representative AFM height images in 2D 

and 3D format of a) PS before treatment b) center-point1 c) experiment 1 d) 

experiment 2 e) experiment 3 f) experiment 4. 
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Figure 6.4 Representative AFM height images in 2D and 3D format of a) PS before 

treatment b) center-point1 c) experiment 1 d) experiment 2 e) experiment 3 f) 

experiment 4. 

 

Larsson et al. performed similar experiments on PS using oxygen plasmas. Their AFM 

roughness analysis showed an increase of RMS roughness after plasma treatment from 

1.3nm to 3.8nm. The roughness was shown to increase as the intensity of the plasma 

was increased. 143 Equally, Vesel et al. showed a linear increase in surface roughness 

as plasma treatment time increased. 144 From the roughness analysis results presented 

above, it was suspected that the notable change in wettability and surface energy are 

attributed to a change in surface chemistry caused during the plasma treatment and not 

due to topographic characteristics of the surface. The aim to control the change in 

surface energy, still needs to be achieved. To see if this was possible, another set of 

experiments was carried out, this time using the two plasma extremes.  
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The first plasma process with low time and low power, the second plasma with high 

time and high power. Each experiment was carried out in triplicate and the mean 

results are presented. The gas flow was kept constant as in the previous set of 

experiments at 30 sccms oxygen and 1.5 sccms argon. Pressure was adjusted so the 

plasma could strike for each experiment. The conditions of the plasma are noted in 

Table 6.6. 

 

Table 6.6 Plasma parameters used for each experiment. 

Sample Power (W) Pressure (mT) Time (s) 
Exp1 40 120 1 
Exp 2 300 20 30 

 

The film thickness, water contact angle and surface energy results are presented in 

Table 6.7. For the experiments at low time and low power less than 1% of PS was 

removed by the plasma treatment. For the experiments at high time and high power, 

64% of material was etched. This was expected for the plasma parameters used. 

Moreover, the key finding in this set of experiments was that the wettability and 

therefore surface energy was controlled further. For experiment 1 at the low power 

conditions, where a manually timed 1s plasma treatment was used, the surface energy 

recorded was 65 mJ/m2.  

 
Table 6.7 Ellipsometry, dynamic water contact angle and surface energy results. 
 

Sample 
WCA 

(degrees) 
Surface Energy 

(mJ/m2) 
Thickness 
(nm) 

PS no treatment 93 ± 1 45 176 ± 1 
Low 35 ± 1 65 175 ± 1 
High 7 ±1 80 64 ± 1 
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6.2.1 SIMS Analysis 
The roughness analysis carried out confirmed that the change in wettability is 

attributed to changes in surface functionality, not topographic changes. To obtain 

further information about the change in surface chemistry occurring during the plasma 

treatment, SIMS spectra were collected to determine the elemental composition of the 

surfaces post plasma treatment. From Figure 6.5 it can be clearly seen that the films 

treated with oxygen plasma contained more oxygen species than PS with no plasma 

treatment. The SIMS spectra show significant increases to the peaks representing O-, 

OH-, CH3O- and O2
-.  These oxygen species correlate to the functional groups detected 

by XPS in other studies. Dupont-Gillain et al. measured an increase of alcohol/ether, 

aldehyde/ketone, ester/carboxylic acid and finally carbonate groups post oxygen 

plasma treatment on PS substrates.145  It must be noted that there was a considerable 

amount of oxygen measured in the untreated PS sample.  This is possibly due to the 

PS film oxidising in atmosphere before measuring SIMS, as sample are not stored in 

a vacuum prior to measurement. This presence of oxygen in untreated samples was 

also seen in XPS characterisation carried out in the work by Murakami et al.141  It must 

be noted that SIMS is a qualitative technique and not quantitative. To obtain a more 

quantitative analysis of the surfaces preliminary Fourier transform infrared 

spectroscopy (FTIR) analysis was carried out. 

 

 

Figure 6.5 SIMS analysis of polystyrene and plasma treated polystyrene. 
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6.2.2 ATR Analysis 
ATR analysis was carried out to obtain a quantitative view of the functional groups 

present on the surface. PS before and after an oxygen plasma treated was measured 

and the results are displayed in Figure 6.6 The broad peak seen at 3500 cm-1 shown in 

the oxygen plasma treated film is attributed to addition hydroxyl groups on the surface 

post oxygen plasma. However, this peak is very weak and therefore does not confirm 

in the surface is becoming saturated with oxygen-containing groups during the plasma 

process. Further surface analysis with higher resolution, such as XPS is needed to 

obtain a clearer understanding of surface functionality. 

 

 

 

Figure 6.6 ATRR analysis of PS before and after oxygen plasma treatment. 

 

For all experiments discussed thus far, the timing of the plasma process was controlled 

manually. Due to this, it was suspected the varying surface energy results between 

repeats was due to the sample getting a fraction of a second longer processing time. 

To control this more accurately, a plasma timing protocol was put in place. 
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Additionally, this result in Table 6.7 showed that the PS brush layer is modified by the 

plasma treatment in a very fast time. If we want to control the surface energy even 

further, less that 1s processing time was explored.  

 

For this purpose, a plasma control unit which can now control plasma on/off states to 

the millisecond was installed in the Oxford Instruments Plasmalab tool. This new set-

up has allowed for a pulsed plasma phase. The difference between this pulsed plasma 

and the normal plasma which has been used thus far, is that a pulsed plasma reaches a 

stable phase much faster than the normal plasma. Normal plasmas consist of a 

preliminary phase which is normally 2-5s long where the plasma is reaching a stable 

phase. This pulsed plasma reaches this stable phase in milliseconds. Since this pulsed 

plasma reaches this plasma ‘stable phase’ more rapidly than the normal plasma, it was 

expected that the pulsed plasma would be a more reactive plasma than the normal. For 

this reason, a shorter time was used, see Table 5.8. Each experiment was carried out 

in triplicate. The parameters for each plasma are noted in Table 5.8. 

 

Table 6.8 Plasma parameters used for each experiment. 

Exp No. Time Power Pressure 
(mJ/m2) 

Gas 

1 
(Normal Plasma) 

0.64 40W 120mT O2 
30sccms 

 
2 

(Pulsed Plasma) 
0.06 40W 120mT O2 

30sccms 
 

 

The results presented in Table 6.9 show the ellipsometry, wettability and surface 

energy results calculated for each sample. The wettability and surface energy results 

were not as expected. In both cases the wettability did not significantly reduce as seen 

in previous experiments, and for the pulsed plasma, the water contact angle seemed to 

increase slightly. Likewise, the surface energy did not increase as seen previously, but 

decreased. The normal plasma produced a surface energy of 13.24 mJ/m2 and the 

pulsed plasma produced a surface energy of 28.34 mJ/m2.  
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Table 6.9 Ellipsometry, dynamic water contact angle and surface energy results. 

Sample WCA (degrees) Surface Energy 
Thickness 
(nm) 

PS (no 
treatment) 93 ± 1 45 171 ± 1 

Low 100 ± 1 13 170 ± 1 
High 105 ± 1 28 170 ± 1 

 

To understand this trend in change in surface energy, plasma experiments to date were 

plotted together. The results are shown in Figure 6.7. From the results presented above 

it is clear that a change in wettability occurs during the oxygen plasma treatment, 

although this change only occurs once the PS brush layer has been exposed to plasma 

for more than 1 second. Moreover, the change in surface energy occurs 

instantaneously. However, the surface energy does not seem to increase linearly as 

plasma exposure increases, as first thought. The surface energy has been shown to 

reduce in the initial plasma exposure, before increasing and reaching a maximum of 

80 mJ/m2.  

 

Figure 6.7 Surface energy, water contact angle and diiodomethane contact angle 

change as plasma processing time is increased. 

 

This result shows that the plasma modification of PS is much more complex than first 

considered and that further surface chemistry analysis must be carried out to fully 

understand what is happening to the surface. Examining the literature, this change in 
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water contact angle is said to be attributed to the addition of oxygen species to the 

polymer surface, characterised by XPS.141, 143, 144, 146, 147  

 

It is hypothesised that in the first few seconds of plasma treatment, the change in 

surface energy and wettability is attributed to change in surface topography only. As 

time increases and the change in surface energy and wettability continues, this is 

possibly a result of both surface chemistry and surface topography. However, detailed 

XPS analysis would need to be carried out to determine this. 

 

6.2.3 PS – b – PMMA annealing on modified brush layers 

To get an understanding of how the plasma modified brush layer affects BCP 

orientation, PS – b – PMMA was annealed on three different brush layers - PS 

untreated, PS plasma treated and PS – r – PMMA a random copolymer (RCP). The 

RCP brush layer is widely used to orient cylindrical PS – b – PMMA perpendicular to 

the surface. 148, 149  PS is a preferential brush layer; therefore, it would be expected that 

the BCP would orient parallel to the surface.  BCP were annealed on each brush layer 

and imaged with AFM to determine BCP orientations, see Figure 6.8. For the plasma 

treated brush layer, a short plasma treatment of 5s with 40W and 100mT was used. 

This was shown in previous experiments (Exp 3) to have a large effect on WCA and 

surface energy while not affecting surface roughness. For BCP annealing smooth 

brush layers are crucial. For this reason, this plasma process was chosen. 
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Figure 6.8 Representative AFM height images of cylindrical forming PS – b – 

PMMA on a) untreated PS brush, b) plasma treated PS brush and c) random 

copolymer brush. 

 
From the AFM height images, it is clear that each brush layer produced a microphase 

separation BCP thin film. The PS brush layer in Figure 6.8 a) shows a mixture of 

parallel and perpendicular orientated cylinders, which is expected for this brush layer. 

    a)      
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For plasma treated PS brush layer, the microphase separation appears to be improved 

with perpendicular cylinders clearly visible. Figure 6.8 c) shows the RCP brush layer 

anneal, again clear microphase separation is seen, however this brush layer is 

considered the ‘gold standard’ for perpendicular orientation of PS – b – PMMA. For 

this reason, better phase separation was expected, however perpendicular cylinders 

can be clearly see with a small number of parallel cylinders. This result corresponds 

to the work by Oria et al., where they achieved various BCP alignment using plasma 

treated PS brush layers.140  Although the phase separation shown in each image is not 

optimal and must be further improved, this result is valuable for future work, as plasma 

treated brush layers are seen to influence BCP orientation when compared to the 

untreated PS brush layer.  
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6.3 Conclusion 
The objective of the experiments described in this chapter was to modify a PS brush 

layer with oxygen plasma. The aim being to convert PS from a preferential brush layer 

to a neutral brush layer. By doing this, the orientation of BCP could potentially be 

controlled using plasma. In this chapter, a thorough investigation into oxygen plasma 

treatment of PS thin films has been carried out. Changes in wettability, surface energy 

and film thickness post plasma treatment have been recorded. Results show that 

treating PS brush layers with oxygen plasmas significantly changes the surface 

wettability and energy. Initial BCP annealing on plasma treated films have been 

carried out and results show that plasma treated PS brush layer influence PS – b – 

PMMA orientation.  

 

6.4 Future Work 

It is hypothesised that these changes in the surface could be attributed to oxidation 

during plasma treatment, however more surface analysis must be carried out to 

confirm this.  ATR has been carried out to date, but results need to be investigated 

further using XPS to gain a full understanding of the surface chemistry. The most 

important question to answer is if the plasma treated brush layers are causing a change 

in BCP orientation. BCP anneals using these plasma-modified brush layers have been 

carried out but further BCP annealing with improved annealing conditions must be 

performed. This will give a better understanding in the effect plasma modified brush 

layer has on BCP orientation. This will be subject of future work.  
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Chapter Seven 
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7 Fabrication of silicon nanopillars through pattern transfer of PS 
– b – P4VP BCP template  

 

7.1 Introduction 
As mentioned in chapter one, nanostructured surfaces have been of interest of late due 

to valuable properties. Particularly, nanopillar surfaces have been shown to have 

antibacterial properties as well as drug delivery applications. 57, 73, 150, 151 Previous 

chapters have described detailed studies to prepared cylindrical BCP templates on 

silicon surfaces.  These BCP templates can be pattern transferred into silicon to create 

silicon nanopillar arrays.127  This chapter will describe the fabrication of silicon 

nanopillars and the study of the antibacterial effect of these surfaces. Moreover, once 

silicon nanopillars are fabricated, replica molding techniques can be used to prepare 

polymer replicas. Creating polymer replicas of such surfaces has numerous 

advantages. The unique properties of the polymer material can be exploited to control 

the nanostructured surface. 

Before the fabrication and molding of silicon nanopillars was carried out, 

optimisation of molding protocols and handling of materials was optimised. This was 

done using a test material - nanostructured cicada wings. Nanostructured cicada wings 

have attracted attention recently due to their antibacterial properties, as described in 

chapter one.57, 58, 150  The surface of the wings contain arrays of closely packed 

nanopillars, see Figure 7.1.  

Figure 7.1 Schematic of a cicada showing a SEM image of the nanopillar structures 

of the surface of the wings. 
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This natural surface has already been characterised in the literature and within the 

research group.59   Using a surface which is known to be uniformly nanopatterned will 

make it straightforward to determine if molding techniques are working adequately. 

Moreover, the features on cicada wings are slightly bigger (~250nm in height and 

~160nm in diameter) than what we expect to produce using BCPs, using features at 

this scale will be less difficult, and techniques can be optimised before moving to sub-

100nm replica molding. 

 

As described in chapter one, replica molding is a technique which can be used 

to harness the unique properties of materials to create identical replicas. Using replica 

molding to reproduce bioinspired materials has been described in the literature, with 

gecko and shark skin replication reported.152, 153 Hong et al. have fabricated nanopillar 

surfaces on silicon and glass using cicada wings. In their process, the wing was molded 

using hot embossing for form a polyvinyl chloride (PVC) secondary mold. This was 

in turn used as a UV- nanoimprint lithography template for the final nanostructured 

surfaces.154 More recently, Xie et al. have replicated cicada wings using an 

electroplating process. In their work, the wings were coated in a conductive nickel 

layer by electroplating which was used to form a nickel secondary mold. This 

secondary mold was then used to create polystyrene replicas by melt injection of the 

secondary mold.155  

 

The molding techniques used for these natural materials can also be transferred 

to silicon surfaces. Zhang et al. have reported a library of polymer nanopillars surfaces 

fabricated by replica molding of silicon masters. In their work, PDMS was used to 

fabricate a secondary mold by temperature curing. This was then molded using an 

epoxy resin to form identical replicas.156  
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The objective of this work was to fabricate polymer nanopillar arrays through replica 

molding of silicon masters, using cicada wings as a test substrate to optimise protocols. 

The replica process is described in Figure 7.2. 

 
 

 

Figure 7.2 Schematic representation of replica molding of cicada wings. a) the 

cicada wing is cast with PPGDA b) UV curing of PPGDA c) the primary mold is 

removed from the cicada wing. d) the primary mold is cast with PEGDA. e) the 

secondary mold is removed from the primary mold. 

 

Poly (propylene glycol) diacrylate (PPGDA) and poly (ethylene glycol) diacrylate 

PPGDA were chosen as molding materials for several reasons. Before UV-based 

photo polymerisation, the polymers are liquid which can be easily poured onto 

surfaces of interest.  They are widely used for their high flexibility and reactivity. 

Furthermore, the fabrication process can be done at room temperature, without the use 

of solvent and with low energy consumption which makes them attractive for 

industry.157-159  

 

 

 

 

 d)                                     e)  

a)             b)                        c)       
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Photoinitiated polymerisation of PPGDA and PEGDA enables crosslinking of the 

acrylate groups to form polymer networks, See Figure 7.3.  

Figure 7.3 Photoinitiated polymerization of PEGDA by UV curing resulting in a 

polymer network. 

 

The absorption wavelength of the photoinitiator corresponds to the wavelength of UV 

light which results in the generation of radical which start the crosslinking process. 

Monomers bind with one another to form a polymer network, resulting in a solid 

structure.157 This process must be carried out in oxygen free environments due to 

oxygen inhibiting the cross-linking of the monomer. 160  

 

Moreover, PEGDA is well known for its ability to incorporate water into the polymer 

matrix to create gels with unique properties, such as swelling.161, 162  A gel can be 

described as a three-dimensional cross-linked polymer network that does not dissolve 

in water, but can retain the liquid in a swollen state.  Microstructured PEGDA gels 

have been shown to possess this property.163  For these reasons, it was thought that the 
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preparation of nanostructured PEGDA gels using cicada wings would result in a 

nanopillar surface that, when swollen, the size of the nanopillars could be adjusted and 

controlled, see Figure 7.4. 

 

 

 

 

 

 

 

Figure 7.4 Swelling of nanostructured gel by H2O leading to increase in 

nanostructure size. 

 

To study this, nanopillar molds were prepared using PEGDA neat, PEGDA 20% H2O 

and PEGDA 40% H2O. To study the small changes in structure when swollen, molds 

would need to be characterised using AFM in both air and aqueous environments. By 

doing this, the change in nanopillar size during swelling could be easily noted. It is 

also important to characterise the polymer molds in aqueous environment, not only to 

see a significant change in the nanostructure, but for antibacterial testing, the samples 

are examined in aqueous environments. Therefore, investigating PEGDA nanopillars 

in such environment to confirm if the structures remain unchanged and stand upright 

was of interest. As PEGDA become swollen, the structure becomes soft and flexible, 

which could inhibit the antibacterial effect.  

 

The gels were prepared using the cicada wing as a master and molded with PPGDA 

to create a primary mold. This primary mold was then used to create a secondary mold 

with PEGDA.  PPGDA was chosen as the primary mold material as it has similar 

curing properties to PEGDA. Using different materials for primary molds and 

secondary molds creates easy separation of the primary mold and secondary mold. 
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The Megapomponia Intermedia cicada wing was chosen to be replica molded as this 

species has shown to have a high antibacterial effect when compare to other species.59 

Figure 7.5 a) shows a photograph of the insect b) the wing removed ready for molding, 

c) primary mold, and d) secondary mold. 

 

 

  

Figure 7.5 a) Photograph of Megapomponia Intermedia cicada. b) Cicada wing that 

has been removed from the insect for replica molding. c) Primary mold of cicada 

wing d) Secondary mold. The inset show a cartoon representation of the surface and 

relate to the schematic in Figure 7.2. 
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7.2 Results and Discussion 

Before molding was carried out, SEM characterisation of the cicada wings was 

performed. This was to determine that the wings were nanostructured, not damaged in 

places, and suitable to use as a master in the replica molding process. Figure 7.6 shows 

representative SEM images of cicada wings. 

 

 

a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
b) 

1μm

1μm
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Figure 7.6 SEM images of cicada wings showing arrays of nanopillar structures. a) 

shows tilt image of cicada nanopillars. b) and c) shown top down SEM image of 

cicada nanopillars. The inset shows a cartoon representation of the surface. 

 
 
The SEM images in Figure 7.6 show the nanopillar structures without any large-scale 

damage. The images were analysed using Image J software.164  Particle analysis of the 

images, using the Feret Diameter measurement and nearest neighbour tool, confirmed 

the pillars had a diameter of 185nm ± 19nm and a pitch of 165nm ± 8nm. This 

compares to what was reported by Kelleher et al.59   Figure 7.6 a) shows a tilt SEM 

image where the nanopillar structures can be clearly seen. Figure 7.6 b) and c) show 

top down SEM images of the cicada wing. Across the sample the nanopillars were 

seen to be ordered with little damage.  

 

PPGDA primary molds were prepared employing the protocol outlined in the 

methods section. Figure 7.7 (a) shows a SEM image of a primary mold.  To determine 

if primary molds could be reused, a mold was used three times to prepare secondary 

molds and then imaged to investigate damage, shown in Figure 7.7 (b) 

 

c) 

2μm
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Figure 7.7 PPGDA primary molds fabricated using cicada wings a) unused primary 

mold b) used primary mold. The inset shows a cartoon representation of the surface. 

 

The SEM characterisation showed what was expected, namely widespread nanopores 

formed through molding of the cicada wings. Using Image J, the diameter of the pores 

was measured to be 152nm ± 27nm.  The re-used primary mold shown in Figure 7.7 

b) was comparable to the unused primary mold. After this finding, primary molds were 

a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
b) 

500nm

500nm



 
125 

considered reusable for up to three secondary molds. Once primary mold fabrication 

was confirmed through the above SEM, PEGDA neat, PEGDA 20% H2O and PEGDA 

40% H2O molds were fabricated.  

 

SEM characterisation was used to determine if molding was successful. Samples were 

coated with 10nm of gold before imaging. This made imaging easier, as creating a 

conductive layer of metal on the sample surface inhibits charging. The gold also 

provided protection of the polymer material from becoming thermally degraded by the 

electron beam. The images were analysed by Image J software, to determine nanopillar 

diameter and pitch. PEGDA neat produced pillars with a diameter of 149nm ± 41nm 

with a pitch of 152nm ± 19nm, PEGDA 20% H2O produced a diameter of 160nm ± 

27nm with a pitch of 161nm ± 12nm, and PEGDA 40% H2O produced 158nm ± 48nm 

diameter pillars with a pitch of 169nm ± 11nm. SEM images are representative over 

large areas. Molds showed adequate replication of cicada wing masters with nanopillar 

arrays observed across samples, see Figure 7.8. 

 
 
 
 

a) 
 
 
 
 
 
 
 

300nm
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Figure 7.8 SEM images of a) PEGDA neat secondary mold, b) PEGDA 20% H2O 

secondary mold and c) PEGDA 40% H2O secondary mold. The inset shows a 

cartoon representation of the surface. 

b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
c) 

1μm

1μm
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This SEM analysis has allowed the determination of diameter and pitch. However, to 

determine accurate height, AFM characterisation was carried out. AFM 

characterisation is shown in Figure 7.9. Samples were imaged in tapping mode with 

silicon probes with a force constant of 40 N/m and a resonant frequency of 300 kHz. 

Figure 7.9 a) AFM characterisation of cicada wing masters b) PEGDA neat mold, 

c) PEGDA 20% H2O and d) PEGDA 40% H2O. All AFM images are representative 

of large areas. 
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For height calculations, a minimum of three different images were taken with AFM 

and the average height was calculated using the histogram height distribution function 

in the WxSM software. Figure 7.9 a) shows AFM characterisation of the cicada wing 

master. The height average height measured was 220nm with a diameter about 180nm, 

which was in line with what was calculated from the SEM images. Figure 7.9 b) shows 

AFM characterisation of the PEGDA neat polymer mold. The average height 

measured was 180nm. Figure 7.9 c) shows AFM of PEGDA 20% H2O, with an 

average height measuring 191nm. Figure 7.9 d) shows AFM of PEGDA 40% H2O 

with an average height of 181 measured. The diameter of the pillars shown in each 

height profile of the polymer molds appear larger than what was recorded from the 

FESEM images.  

 

It is important to consider the physical limits of AFM. Due to the curvature of the 

AFM probe, measurement in the X and Y directions are not completely accurate. 

Therefore, the diameter shown here may not be a clear representation of the mold. For 

this reason, the diameters calculated from the SEM images were taken as an accurate 

representation. For comparison of sizes, the diameter, height and pitch have been listed 

in Table 7.1 

 

Table 7.1 Comparison of feature sizes between cicada wings and molds 

Measurement Cicada 

Wing 

PEGDA 

Mold 

PEGDA 

20% H2O 

Mold 

PEGDA 

40% H2O 

Mold 

Diameter in nm (SEM) 185 ± 19 149 ± 41 160 ± 27 158 ± 48 

Height in nm (AFM) 220 180 191 181 

Pitch in nm (AFM) 165 ± 8 152 ± 19 161 ± 12 169 ± 11 

 

The key information here is that the molds are shown to have features in the same 

scale as the cicada wings, confirming that the replica molding process has been 

successful.  
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To investigate the change in feature size when in a swollen state, liquid AFM was 

carried out. This allows for the polymer to be imaged in an aqueous environment, in 

this case, water. Before liquid AFM was performed, it was important to consider how 

the polymer molds were expected to swell in an aqueous environment. The Flory- 

Rehner equation describes mixing of polymers in solutions to create gels. In a 

hydrophilic polymer network system like PEG, water can act as a plasticiser. 

Therefore, the swelling process of the gel can be described as the free energy of mixing 

(∆Gmix) from the polymer and the solution interaction, and the elastic free energy 

(∆Gelastic) from the crosslinked network, described in equation (7.1). 165   

 
∆G_�_>{| = 	∆G|}� + ∆G{`8_>}x                        (7.1) 

 

When swelling is initiated, ∆Gmix << 0, ∆Gelastic > 0, giving ∆Gmix + ∆Gelastic < 0, so 

swelling is favoured and the solvent diffuses into the polymer network. During the 

swelling process, ∆Gmix and ∆Gelastic both increase until an equilibrium is reached, 

giving ∆Gsystem = ∆Gmix + ∆Gelastic =0. When this occurs, the driving force for swelling 

is eliminated and swelling ceases.166  In order to estimate the change in size in each 

gel (polymer mold), the swelling ratio of unpatterned PEGDA gels was determined. 

The swelling ratio is a function of the mass of the gel swollen (Mswollen) and the mass 

of the gel dry (Mdry) and can be calculated using the following equation (7.2). 

 

Swelling Ratio = ��������f	����
��������

  X 100                        (7.2) 

 

Unpatterned PEGDA, PEGDA 20% H2O and PEGDA 40% H2O gels were prepared. 

Mdry was recorded after polymer curing. To determine when the polymer reached the 

maximum swollen state, the gel was then placed in water and Mswollen was recorded by 

removing the gel from the water, blotting dry with kim wipes and weighing at 30 

minute intervals. The swelling ratio was then calculated. Results are displayed in 

Figure 7.10. 
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Figure 7.10 Swelling ratio of PEGDA, PEGDA 20% H2O and PEGDA 40% H2O 

gels over 150mins. 

 
From the swelling experiments represented in Figure 7.10, it can be clearly seen that 

the gels swell and incorporate water into the polymer matrix. After 150 minutes the 

swelling starts to stabilise. The PEGDA gel swelled 16% over the 150 minutes. 

PEGDA 20% H2O and PEG 40% H2O gel had similar swelling characteristics with 

PEGDA 20% H2O swelling ratio being 24% after 150 minutes and PEGDA 40% H2O 

only being slightly higher at 25%.  It is clear from this result that at 120 minutes the 

gels begin to reach a swollen state, after which no significant swelling is observed. 

These swelling ratios correlate to what was reported by Kelleher et al. In their work, 

using PEGDA neat, PEG 5% H2O and PEGDA 10% H2O, they calculated swelling 

ratios of 28.3%, 22.7% and 18.1%, respectively. 163  

 

To ensure the patterned gels were in a swollen state before liquid AFM was carried 

out, the samples were immersed in water for 150 minutes before imaging. The physical 

challenges of characterising gels with AFM in liquid must be considered. As the gel 

becomes swollen, the polymer sample will become soft and supple. For this reason, 

AFM probes with low force constants (0.5 N/m) were used to prevent damage of the 

surface during scanning. Probes with low force constants are flexible, allowing for 

movement in liquid.  
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Initial liquid AFM was performed in collaboration with NASA Ames Research Center 

using a Bruker Multimode tool equipped with a Veeco flow cell, described in chapter 

one. The process proved very difficult as the O-ring on the flow cell led to sample 

damage and leaking. Limited sample imaging could be performed using this set-up. 

Due to this, liquid AFM was then attempted using an Asylum research MFP-3D AFM. 

This is an open system, that does not require a flow cell for imaging. Therefore, using 

this set-up, the breakage associated with the O-ring could be avoided. The samples 

were imaged using this tool, however, the samples surface became damaged by the 

probe even when using very light tapping conditions. Another attribute observed was 

that the polymer nanopillars began to move during imaging in the liquid, resulting in 

unclear images. It was these factors that hindered image resolution during liquid 

imaging.  
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Figure 7.11 shows representative AFM height images of PEGDA gels in a water 

environment.  The height profile of air AFM and liquid AFM were overlaid and shown 

in Figure 7.11 (right) 

 

Figure 7.11 Liquid AFM height images of a) PEGDA b) PEG 20% H2O and c) PEG 

40% H2O. with each height profile of air AFM (red) and liquid AFM (green). 
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For accurate height calculations, a minimum of three different images were taken with 

AFM and the average height was calculated using the histogram height distribution 

function in the WxSM software. The height profiles shown in Figure 7.11 illustrate 

the influence the swelling has on the nanopillar dimensions. Table 7.2 show a 

comparison of the height recorded in air AFM and liquid AFM. Each nanostructured 

gel has increased in height. The PEGDA mold has increased by 50nm to a height of 

230nm, resulting in a 28% increase. Likewise, PEGDA 20% H2O mold has increased 

to 285nm, showing a 49% increase in height.  The PEGDA 40% H2O mold shows the 

most significant change in structure with pillars increasing from 181nm to 390nm, 

showing a 115% increase in height. This finding is noteworthy, as it has been 

demonstrated that the nanopillar height and diameter can be controlled by exploiting 

the properties of gel and liquid.  

 

Table 7.2 Comparison of nanopillar height recorded by air AFM and liquid AFM. 

Measurement PEGDA Mold PEGDA 20% 

H2O Mold 

PEGDA 40% 

H2O Mold 

Height  

(Air AFM) 

180nm 191nm 181nm 

Height 

(Liquid AFM) 

230nm 285nm 390nm 

 

These changes in feature size correlate to what was reported by Kelleher et al. Their 

work used blends of PEGDA and 8-arm PEG acrylate to fabricate micropatterned 

trench structures for application is cell adhesion. They reported significant changes in 

features size after upon swelling of the polymer blend.167  Knowing how these pillars 

react in aqueous environment will be beneficial for further studies where such 

materials need to be used aqueous environments, such as bacterial testing. 

 

Once molding protocols have been optimised using the test substrate, molding of 

silicon nanostructures was be carried out. The silicon nanopillars were fabricated 

using a microphase BCP as a template. Although BCPs are valuable for creating a 

nanopattern on silicon substrates, they are of limited use for nanofabrication in their 

original state, due to the lack of etch contrast. The blocks must be converted into on-

chip hard masks, that will allow the features generated by the BCP to be transferred 
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onto the substrate material. Discussed at length in chapter one is numerous methods 

to achieve this. In this work, the selective inclusion of iron nitrate into the P4VP cores, 

in a cylindrical forming PS – b – P4VP, will be investigated. The aim was to prepare 

an iron oxide nanodot array, which could be used as a hard mask to fabricate a silicon 

nanopillar array. These nanopillars would then be replica molded, using the process 

optimised previously, to prepare polymer nanopillars. The polymer nanopillars could 

then be tested for antibacterial activity. The process steps needed to be completed in 

this chapter are outlined in Figure 7.12.  

 

 

 

 
Figure 7.12 Schematic representation of process to be carried out to prepare 

polymer nanopillar array. a) Prepare microphased PS – b – P4VP, b) iron nitrate 

inclusion, c) UV/O3  treatment to generate iron oxide nanodots (hard mask 

material), d) dry etch process to generate silicon nanopillars, e) preparation of 

primary mold using silicon master, f) preparation of secondary mold to generate 

polymer nanopillar array. 

 
 
 
 
 
 
 
 

d)                                                    e)                                               f)                           

a)                                                   b)                                                 c)                           
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The process began by solvent annealing PS – b – P4VP to produce perpendicular 

orientated cylinders. This was done using the solvothermal annealing chamber 

optimised in chapter four. In the interim, the solvothermal annealing chamber was 

further upgraded by a fellow PhD student to allow for improved films. The main 

upgrades included the following: 

 

1. And in situ reflectometer installation to allow film thickness measurements to 

be captured during the annealing process 

2. Use of a thermoelectric module embedded within the annealing stage for 

precise temperature control that allows both stage heating and cooling. This 

eliminated issues associated with radiant heating of the annealing stage. 

3. Sensors calibrated to within 0.1 ºC for each temperature probe. 

 

These upgrades led to the solvent temperature and substrate temperature to be highly 

controlled during annealing, leading to high S values. Implementing a rapid quench 

step, which could be monitored using the in situ reflectometer improved hexagonal 

ordering. The BCP films were characterised with SEM, results are shown in Figure 

7.13. PS – b – P4VP thin film was reconstructed with ethanol before imaging. 
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Figure 7.13 a) SEM images of PS – b – P4VP film which was solvent annealed in 

the upgraded solvothermal annealing chamber. The inset shows a cartoon 

representation of the surface. b) Film thickness measurements taken using the in situ 

reflectometer. 

 

The SEM image showed a BCP film was fabricated containing hexagonal ordering of 

the P4VP cores, with little to no defects seen across the samples. Image J analysis of 

the SEM image, by converting to binary and the Feret Diameter measurement, 
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b)                                                                                                                                 

0 200 400 600 800 1000
0

10

20

30

40

50

	

Measurement	(no.)

Fi
lm

	T
hi
ck
ne
ss
	(n

m
)

SEM

200nm

S values 
calculate 
were 0.98 



 
137 

confirmed the pores had a diameter of 18nm ± 2nm and a pitch of 21nm ± 1nm.  Figure 

7.13 b) shows the in situ reflectometer measurements of the BCP thin film; 

measurements were taken every 2 seconds during the 30 minute anneal. The results 

show a starting film thickness of 18nm, which increases to 45nm during the anneal, 

before returning to 18nm at the nitrogen purge step. This shows a film swelling of 

250%, allowing for adequate microphase separation before the film was purged with 

nitrogen gas. S value calculated were 0.98.  AFM characterisation was carried out also 

and is shown in Figure 7.14. 

 

 
Figure 7.14 AFM height image and profile of ethanol reconstructed PS- b – P4VP. 

 

The AFM characterisation confirmed what was observed in the SEM analysis. The PS 

– b – P4VP film showed excellent hexagonal ordering with no defects. The profile 

analysis showed pores of equal pitch and diameter, similar to what was recorded with 

the SEM analysis. The Z scale measured with AFM appears smaller than what was 

recorded using the reflectometer. This is due to the physical limits of the AFM probe. 

The tip will not reach the bottom of the pore to get an accurate measurement. This is 

due to the pore size being so small, hence the Z scale is smaller in AFM than the 

reflectometer measurement.  
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Once characterisation confirmed that the BCP patterns were suitable for pattern 

transfer, the inclusion process was carried out. Transforming these surface patterns to 

a hard mark material was achieved by an iron nitrate inclusion step. The inclusion 

method is described in detail in chapter three. This process allowed the P4VP cores to 

be selectively infused by the iron nitrate salt. Once inclusion was performed, the films 

were treated with UV/O3 for 3 hrs. This converted the nitrate to an oxide and to 

degrade the polystyrene matrix, generating an iron oxide nanodot array. The iron oxide 

nanodots were then characterised with SEM and AFM to confirm hard mask 

formation. Results are shown in Figure 7.15. 

 

 
Figure 7.15 SEM images of iron oxide nanodot array fabricated by an inclusion 

process to PS – b – P4VP film. The inset shows a cartoon representation of the 

surface. 

 

The SEM analysis confirmed that the BCP pattern had been converted into a nanodot 

array. It must be noted that to confirm oxide formation, XPS analysis would need to 

be carried out. Since this inclusion process and UV/O3 treatment is routinely done in 

the literature to prepare iron oxide,46  we can assume that the oxide has been formed. 

AFM characterisation was performed on the hard mask array to determine nanodot 

feature size, see Figure 7.16. 
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Figure 7.16 AFM characterisation of iron oxide nanodot array. a) height image of 

iron oxide nanodot array, b) profile showing heights between 2.5 and 3.8nm with a 

pitch of 21nm, and c) histogram showing the range of nanodot height across the 

imaged region. 

 

The AFM analysis confirmed that the iron oxide nanodot arrays had similar feature 

size as the BCP template. This was expected, and confirmed that the inclusion process 

was successful. It was also shown that the nanodots have an average height of 4nm. 
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These dimensions corroborate to the feature size of iron oxide nanodots prepared by 

PS – b – P4VP inclusion reported in the literature.46  A comparison of the BCP 

template and iron oxide nanodots array is shown in Table 7.3 

 

Table 7.3 Comparison of BCP template and iron oxide nanodot array 

Measurement P4VP core Iron Oxide Nanodots 

Height 18nm (measured by 

reflectometer) 

4nm (measured by AFM) 

Diameter  18nm ± 2nm 22nm ± 5nm 

Pitch  21nm ± 1nm    25nm ± 3nm    

 

 

The next step in the process was etching of the samples to form silicon nanopillars. 

This was carried out by Tyndall National Laboratory. The samples underwent a silicon 

etch using C4F8 and SF6 gases. Sample 1 was etched for 30s while sample 2 was etched 

for 1 min. The aim was to generate two surfaces with different height nanopillars, 

ranging between 50-100nm.  Once the samples were received back from Tyndall after 

undergoing etch processing, SEM analysis was carried out to determine nanopillar 

size, Figure 7.17 shown SEM characterisation for samples 1. 
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Figure 7.17 FESEM characterisation of etched iron oxide nanodots (sample 1). Tilt 

FESEM images taken at the sample edge are shown in a) and b) Iron oxide caps are 

marked with red circles. c) shown a FESEM image taken from the centre sample. 

The substrate was snap cleaved along the centre to get a clear representation of the 

nanopillars. 

 

The SEM characterisation, displayed in Figure 7.17, confirmed the nanopillar 

formation for sample 1. The sample surface was not as expected. Figure 7.17a) and b) 

show the sample contains nanopillars around ~50nm, however the pillars look over-

etched and with isotropic properties, meaning the silicon was not etched vertically to 

create straight pillars. The iron oxide nanodot cap on the top of the pillars can be 

clearly seen in a) and b) (marked with red circle) which indicated strong etch resistance 

of this hard mask material. Figure 7.17c) shows the that the surface is not uniform, the 

nanopillars are sparse and they are not in hexagonal arrays. Samples 2 SEM 

characterisation is shown in Figure 7.18. 
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Figure 7.18 SEM characterisation of iron oxide nanodots etched (sample 2). Tilt 

FESEM images taken at the sample edge are shown in a) and b). c) and d) show a 

FESEM image taken from the centre sample.  The sample was snap cleaved along 

the centre to get a clear representation of the nanopillars. 

 
The SEM characterisation (Figure 7.18) showed the nanopillar formation for sample 

2. Similar to sample 1, the surface is not as expected. Figure 7.18 a) and b) show the 

sample contains nanopillars around ~100nm, however the pillars again look over 

etched and there is a range of different height features, with some pillars being less 

than 20nm. Figure 7.18 c) shows that the surface is not uniform, the nanopillars are 

sparse and they are not in hexagonal arrays. Figure 7.18 d) shows a large-scale image 

with circular features observed on the surface. These features display no nanopillar 

structures and were observed across sample 1 and sample 2. Although not seen in the 

samples prior to etching, it is thought these features were a result of thickness 

variations in the BCP template, as seen previously. Figure 7.19 shows the thickness 

variations observed through SEM, which was discussed in chapter four.  Since the 

inclusion process relies on the BCP template, variations in the BCP film would lead 

to variations in iron oxide formation. This is possibly the reason for the variations in 

nanopillar size observed across sample 1 and sample 2. 
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Figure 7.19 SEM Micrographs of PS – b – P4VP. a) and b) are the same sample 

imaged at different scales the difference in colour observed (marked by the red 

circle) is due to the difference in film thickness across the wafer that occurs during 

spin coating, not dewetting, as these areas are also patterned as seen in the SEM 

analysis. 

 

The surfaces prepared are not optimal as uniform nanopillars have not been fabricated. 

However, the substrate can still be used as a master to prepare polymer replicas.  

Replica molding of silicon features has been reported previously. Both Zhang and 

Chandra have reported sub-micron replica molding of silicon nanopillars using PDMS 

as a primary mold and photointiated curing of monomer for secondary mold.156  

However, little research of replica molding of sub-100nm features has been reported 

and therefore, the process must be investigated and optimised. Since the features are 

smaller than those found on cicada wings, the surface area is increased, therefore 

removal of polymer molds from the master can be problematic. To limit this effect, 

the silicon masters were deposited with trichloro (1H,1H,2H,2H-perfluoro-octyl) 

silane before polymer molding began. This made removal of the primary mold simple.  

 

 

 

 

 

 

200	nm 2 μm
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Using the protocols optimised in previously, molding of the silicon nanopillars 

(sample 1 and sample 2) was carried out. The silanisation of the silicon master made 

PPGDA primary mold removal straightforward. Figure 7.20 shows photographs of a) 

silicon master, b) primary mold, c) secondary mold. 

 

 

Figure 7.20 Photographs of a) Silicon wafer that has been etched, b) primary mold, 

c) secondary mold. The inset shows a cartoon representation of the surface. 

 

To see if the replica molding was successful, secondary molds were characterised. 

SEM characterisation of the polymer surfaces presented previously was carried out by 

performing a gold deposition prior to imaging. This not only prevents charging of the 

material, but also provided protection for the polymer material from becoming 

thermally degraded by the electron beam. However, gold coating of these polymer 

samples was not possible due to the size of the features. Since the samples are sub-

100nm, deposition was shown to cover the surface features and a SEM image showing 

accurate representation could not be obtained. Non-coated samples were shown be 

degraded by the electron beam even when imaged at low eV. For these reasons, AFM 

was used to characterise polymer replicas. Representative images are shown in Figure 

7.21. Silicon AFM probes were used with a force constant of 40N/m and a resonance 

frequency of 300kHz in tapping mode. 

 

 

 

 

a)                                             b)                                             c)                           
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Figure 7.21 a) AFM height image, profile and 3D image for silicon master sample 

1. b) AFM height image, profile and 3D images for sample 1 PEGDA secondary 

mold. 

 
From the AFM characterisation, it can clearly be seen that the replica molding was 

successful. Figure 7.21 a) and b) shows the master and the PEGDA secondary mold 

for sample one. The difference in height, previously seen in the SEM images was seen 

here also. The AFM characterisation for sample 2 is shown below.  
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Figure 7.22 a) AFM height image, profile and 3D image for silicon master sample 

2. b) AFM height image, profile and 3D image for sample 2 PEGDA secondary 

mold. 

 
Figure 7.22 shows the master and PEGDA secondary mold for sample two. Again, the 

replica molding was successful as nanostructures of similar feature size were observed 

in the secondary mold. 
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For comparison Table 7.4 shows the average height calculated for each sample. The 

height measured by AFM is lower than what was reported using SEM. However, AFM 

is a more accurate representation of height as an average was taken over a minimum 

of three images. 

 

Table 7.4 Average height measurements for silicon nanopillars and PEGDA replicas  

Measurement Silicon 

nanopillars 

(sample 1) 

PEGDA 

Replica 

(samples 1) 

Silicon 

nanopillars 

(sample 2) 

PEGDA 

Replica 

(samples 2) 

Height 29nm 28nm 54nm 51nm 

 

 

Since AFM characterisation confirmed replica molding was successful, antibacterial 

activity could be investigated. These polymer molds were tested for antibacterial 

activity by collaborators in Technische Universitat (TU) Dresden. Following the 

protocol described in chapter three, polymer samples were adhered to a sterile petri 

dish and an E. coli SM2029 cell solution suspended in the dish; prepared as described 

in the method section. Samples were incubated at 30°C for 30 mins before undergoing 

washing steps. This was to ensure a standard coverage was obtained allowing for solid 

cell counting. The samples were tested in triplicate and compared to unpatterned 

PEGDA. Confocal fluorescence microscopy was used to investigate cell death on 

sample surfaces. The E. coli SM2029 cell is modified with green fluorescent protein 

(GFP) and fluoresces green. Propidium iodide was used to stain cells to investigate 

cell death or damage. This intercalating agent, which binds to DNA, cannot cross 

membranes of live cells, differentiating living, and dead or damaged cells. Figure 7.23 

shows the results obtained by confocal fluorescence spectrometry. 
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Figure 7.23 a) Surface coverage of GFP expressing cells (live) after 30min contact. 

b) Surface coverage of propidium iodide stained cells (dead). c) Ratio of GFP: 

propidium iodide signals after dead/live cell staining.  
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Figure 7.23 a) shows the surface coverage of GFP expressing cells (live cells). Both 

sample 1 and 2 had similar surface coverage of 7.2% and 6.7%, respectively. The 

unpatterned PEGDA had almost double the coverage with 12.4%. Figure 7.23 b) show 

the surface coverage of propidium iodide stained cells (dead cells). Here, sample 2 

shows the highest number of dead cells with 0.6%. Samples 1 shows smaller 

percentage of dead cells than the unpatterned control at 0.02%, which was unusual. 

The ratio of dead to live cells for each sample is represented in Figure 7.23 c).  

Comparing these results to the work of Kelleher et al. who reported significant 

antibacterial activity on cicada wings when tested with Psedomonas Fluoresens 

bacterial cells,59  the bacterial effect observed here is not as significant. In their 

bacterial testing, they observed much greater cell coverage within the 30 minute 

treatment; 20% cell surface coverage was observed with 4.5% being dead cells. 

Resulting in a dead to live cell ratio of 0.22, almost double than what is observed here.  

 

Ivanova et al. investigated the bacterial activity of nanostructured black silicon and 

Diplacodes Bipuntata dragonfly wing. Although their surface treatment time was 

longer than what is reported here (3 hours), they reported significant activity on both 

surfaces. They determined the number of cells killed rather than expressing the ratio 

of dead to live cells. Both black silicon and the wings had comparable activity with a 

killing rate of ~450,000 cells min-1 cm2. 168 This is twice the effect recorded on the 

surfaces describes herein. It is expected that the antibacterial effect is lessened on this 

surface due to poor coverage and uniformity of the nanostructures. 

 

Nevertheless, it is clear from the bacterial testing that sample 2 showed the greatest 

antibacterial effect, when compared to unpatterned PEGDA and sample 1.  

Surprisingly, sample 1 activity was less than the unpatterned PEG. This could be a 

result of a number of factors: 

 

1. The molds prepared are not fabricated from optimal masters, as previously 

mentioned. The molds contained areas that are not patterned and areas with 

collapsed pillars. 

2.  The height of the pillars on this mold do not exceed ~60nm, confirmed through 

the AFM characterisation. 
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There is a clear difference in the height of the samples and their antibacterial activity. 

This suggests that pillars with a range of heights, as seen in sample 1, are not 

appropriate for antibacterial surfaces. Figure 7.23 c) shows the ratio of dead to live 

cells for sample 2 is 26 times higher than sample 1. Again, this mold is not perfect as 

it contains areas which are unpatterned. The increase in antibacterial effect for sample 

2 suggests that the height of the pillars seen in this sample contributes to increased cell 

death, since the only difference between sample 1 and sample 2 is the height of the 

pillars. Moreover, the height of these pillars could be controlled using the swelling 

properties of PEGDA and water, as demonstrated with the cicada wing PEGDA molds. 

 

The consensus is that the mechanism responsible for cell death at the nanostructured 

surface is mechanical in nature. A clear understanding of the underlying mechanism 

is yet to be conclusively determined, with a number of proposed mechanisms being 

reported.169-171 The complexity of microbial cells and the multitude of cell-surface 

interaction taking place has left this still under debate. It has been proposed that simple 

cell puncture by the nanopillars leads to cell death.58  More recent advance show cell 

stretching across the nanostructured surface leads to cell rupture.172, 173  However, 

more research is needed to obtain a conclusive understanding of the antibacterial effect 

nanopillars exhibit. 
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7.3 Conclusion 
In this chapter, the successful replication of nanostructured cicada wings has been 

carried out by means of replica molding. Nanostructured gels of PEGDA, PEGDA 

20% H2O and PEGDA 40% H2O have been prepared and characterised with SEM and 

AFM. The polymer structures showed excellent replica molding with nanopillar arrays 

seen across samples. Gels have the ability to swell and incorporate water into the 

matrix. To investigate how this swelling property would affect the nanostructured 

surface, liquid AFM was performed on the nanostructured gels. Height profiles were 

compared to the height of the air AFM. Results showed each gel underwent swelling 

and this influenced nanopillar dimensions, with PEGDA 40% H2O showing a 

significant change of nanopillar height from 181nm -390nm. This finding has shown 

the ability to control nanopillar height in PEGDA gels by swelling with water.   

Using the molding protocol optimised on cicada wings, replica molding of 

silicon nanopillars was carried out. Fabrication of silicon nanopillars was achieved by 

annealing PS – b – P4VP BCP thin film using the solvothermal annealing chamber. 

SEM and AFM characterisation of the BCP pattern revealed ideal templates with few 

defects and perfect hexagonal ordering. Using an iron nitrate inclusion process, these 

BCP templates were successfully converted to a hard mask forming an iron oxide 

nanodot array, verified by SEM and AFM analysis. Etching of these samples was 

carried out by Tyndall National Laboratory to produce samples with varying pillar 

heights; sample 1 (~28nm) and sample 2 (~49nm). The surface features were 

characterised with SEM and AFM, which showed that the surfaces had pillars of 

mixed heights, as well as regions that were unpatterned. It is believed that this is a 

result of the difference in BCP film thickness across the wafer. The original film 

thickness was recorded to be 18nm. The pillars were also seen to have isotropic 

properties and were collapsed in areas; a result of over etching.   

Nevertheless, although not optimal, these surfaces were replica molded to see 

if nanoscale features could be molded using protocols previously optimised. This 

successful molding was characterised with AFM. The molds were then tested for 

antibacterial properties by collaborators in Technische Universitat Dresden. Results 

revealed that sample 2 (~49nm pillars) had an antibacterial effect when compared to 

sample 1 (~28nm pillars) and the control; unpatterned PEGDA. This key finding gives 

valuable information that will aid future work to develop antibacterial polymer 

surfaces. 
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7.4 Future work 
It has been demonstrated that nanopillar height can be controlled using the swelling 

properties of gels, however it must now be investigated how the mechanical properties 

affect antibacterial activity. As the gel swells and incorporates water into the matrix, 

the structure will become soft and supple. Although among debate in literature, it is 

thought that the bacteria on cicada wings are killed by the nanostructure through 

impalement. If the nanostructure is soft, this impaling of bacteria could be hindered, 

thus resulting in less antibacterial activity. Therefore, bacterial cell testing on each 

polymer mold would be key to further understanding the antibacterial mechanism.  

 

It is evident that improvement of silicon nanopillar masters in needed. Having 

a perfect master with uniform nanopillars would aid the fabrication of optimal polymer 

replicas. It was seen in the SEM characterisation that the silicon master showed 

evidence of over etching and regions that were unpatterned. It is possible these 

unpatterned regions were formed through differences in film thickness, where the over 

etching is caused by the hard mask material being too thin (4nm shown in AFM 

analysis). Therefore, changing the thickness of the original BCP thin film should 

resolve these issues. This will allow a higher concentration of iron nitrate to be 

infiltrated into the P4VP core, resulting in larger iron oxide nanodots, which will be 

robust for the etch step. It goes without saying that the bacterial cell testing must be 

repeated to see if the antibacterial effect could be increased. Since these experiments 

were carried out by collaborators, repeating this in the short-term is not possible. 

However, investigating antibacterial activity of these surface with E. coli SM2029 

cells, as well as other Gram-negative bacteria, will be the subject of future work. 
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Summary 
In this thesis, the set-up and optimisation of a state-of-the-art solvothermal annealing 

chamber has been presented. The aim to overcome the dewetting limitation associated 

with static annealing of PS – b – P4VP and develop a highly controllable process was 

achieved. The results presented show the effective reproducibility of BCP films 

without polymer dewetting. A wide range of dynamic solvothermal annealing 

conditions have been investigated with 30°C for 30 minute anneal presenting 

cylindrical patterns with features of an average pitch of 25.5nm ± 2.4nm and an 

average diameter of 21.3nm ± 3nm. This work draws parallel to the solvent annealing 

chambers seen in the literature,40, 42 with the chamber herein having the ability to 

process four-inch wafer, unlike that what is seen in the literature thus far. Following 

the work of Gotrik et al. the hexagonal ordering of PS – b – P4VP was improved by 

implementing a reflectometer to record in situ swelling measurements and by 

increasing the speed of the quench step.27  

 

The development of a selective plasma etch process for the removal of P4VP cores 

from PS – b – P4VP nanopatterned film has been demonstrated. To the best of our 

knowledge, this is the first time this has been exhibited. Results showed that a nitrogen 

plasma has selectivity for P4VP of 2.2:1. The work presented suggested that the 

position of the nitrogen in the aromatic ring plays a key role in this selectivity, which 

was investigated further using in situ plasma etching and XPS spectrometry. Results 

confirmed the quick removal of P4VP by a nitrogen plasma when compared to the 

sterically hindered P2VP, concluding that the position of the nitrogen in the pyridine 

molecule is related to etch mechanism in nitrogen plasmas. XPS data revealed the 

incorporation of nitrogen and oxygen into the polymer film during the etch process, 

this correlates to the work carried out by Wagner et al. who also found the 

incorporation of nitrogen post plasma treatment. 138  

 
Motivated by work carried out by Oria et al. the aim to modify a preferential PS brush 

layer with oxygen plasma was investigated.140 The intention being to convert PS from 

a preferential brush layer to a neutral brush layer using plasma. A detailed 

investigation into oxygen plasma treatment of PS thin films has been carried out. 

Changes in wettability, surface energy and film thickness post plasma treatment have 

been recorded. Results show that treating PS brush layers with oxygen plasmas 
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significantly changes the wettability and surface energy. Initial BCP annealing on 

plasma treated films showed that plasma treated PS brush layer influenced PS – b – 

PMMA orientation. This work highlights the importance of controlling surface energy 

and functionality for BCP orientation. This preliminary results merits further 

investigation as BCP annealing on plasma treated films suggested a change in BCP 

orientation, similar to that seen by Oria et al. 140 

 
Cicada wings have recently been of interest due to their antibacterial properties 

exhibited by the nanopillar surface.57, 150  These natural surfaces have been previously 

characterised and investigated,59, 174  however, replica molding of such features has 

not been demonstrated to our knowledge. Herein, the successful molding of 

nanostructured cicada wings has been carried out by means of replica molding. 

Nanostructured gels of PEGDA, PEGDA 20% H2O and PEGDA 40% H2O have been 

prepared and characterised with SEM and AFM. The polymer structures showed 

excellent replica molding with nanopillar arrays seen across samples. Gels have the 

ability to swell and incorporate water into the matrix. To investigate how this swelling 

property would affect the nanostructured surface, liquid AFM was performed on the 

nanostructured gels. Height profiles were compared to the height profiles of the air 

AFM. Results showed each gel underwent swelling and this influenced nanopillar 

dimensions, with PEGDA 40% H2O showing a significant change of nanopillar height 

from 181nm - 390nm. This finding has shown the ability to control nanopillar height 

in PEGDA gels by swelling with water. To our knowledge this is the first time this 

has been demonstrated using replica molded cicada wings. This replica molding and 

swelling properties corroborates to the work carried out by Kelleher et al. who 

demonstrated the swelling properties of molded trench structures.167  

 

Using the molding protocol optimised on cicada wings, replica molding of 

silicon nanopillars was carried out. Little replica molding of sub-100nm features has 

been demonstrated in the literature. Fabrication of silicon nanopillars was achieved by 

annealing PS – b – P4VP BCP thin film using the solvothermal annealing chamber. 

SEM and AFM characterisation of the BCP pattern revealed ideal templates with few 

defects and perfect hexagonal ordering. These BCP templates were comparable to the 

excellent microphased arrays fabricated by Park et al.40   Using an iron nitrate 

inclusion process, these BCP templates were successfully converted to a hard mask 
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forming an iron oxide nanodot array, verified by SEM and AFM analysis. Etching of 

these samples was carried out by Tyndall National Laboratory to produce samples 

with varying pillar heights; sample 1 (~28nm) and sample 2 (~49nm). The surface 

features were characterised with SEM and AFM, unlike what was demonstrated in the 

literature, characterisation revealed that the surfaces had pillars of mixed heights, as 

well as regions that were unpatterned. It is believed that this is a result of the difference 

in BCP film thickness across the wafer prior to hardmask inclusion. The pillars were 

also seen to have isotropic properties and were collapsed in areas; a result of over 

etching.  

These silicon nanopillars were replica molded to see if nanoscale features 

could be molded using protocols optimised using the cicada wings. This successful 

molding was characterised with AFM. The molds were then tested for antibacterial 

properties by collaborators in Technische Universitat Dresden. Although not as 

significant as demonstrated by Kelleher et al.,59  results revealed that sample 2 (~49nm 

pillars) had an antibacterial effect when compared to sample 1 (~28nm pillars) and the 

control; unpatterned PEGDA. This key finding gives valuable information that will 

aid future work to develop antibacterial polymer surfaces. 
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