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Abstract 

Thin films of polymer mixtures made by spin-coating can phase separate in two 

ways - by forming lateral domains, or by separating into two distinct layers. The 

latter situation - self-stratification or vertical phase separation - could be 

advantageous in a number of practical applications, such as polymer 

photovoltaics. In our experiments, we have used time-resolved small-angle light 

scattering and light reflectivity during spin coating to study the structure 

development in PS/PMMA and PFB/F8BT blends, solution cast in toluene. A 

sample cell was designed, made and mounted on the apparatus to manipulate the 

evaporation rate. Having solved the Meyerhofer equation for thinning rate and by 

fitting the model to the experimental data, we are able to extract the evaporation 

rate of toluene during spin coating. We demonstrate that, by controlling the 

evaporation rate during the spin-coating process, we can obtain either self­

stratification or lateral phase separation in the same system. We relate this to a 

previously hypothesised mechanism for phase separation during spin coating in 

thin films, according to which a transient wetting layer breaks up due to a 

Marangoni-type instability driven by a concentration gradient of solvent within 

the drying film. Our results show that a high evaporation rate leads to a laterally 

phase separated structure, while reducing the evaporation rate suppresses the 

interfacial instability and leads to a self-stratified final film. Using the set up we 

developed to control the morphology through evaporation rate, we made 

preliminary photovoltaic devices. It is possible to control the efficiency of the 

polymer photovoltaics by means of process parameters such as evaporation rate. 
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Chapter One 

Introduction 

1.1 Overview and Motivation 

Immiscible polymers are widely used for many practical applications; so their 

phase behaviour, morphology and thermodynamics properties have been the 

object of intensive studies during the past two decades. Spin coating is a 

method used widely in the creation of highly uniform, sub-micrometer polymer 

films. It is used widely in industry to make thin films of photo-resists, sol-gel 

glasses and functional materials such as semiconducting polymers for use in 

polymer based field-effect transistors, light emitting diodes and photovoltaics 

[1]. The films of immiscible polymers can be made by spin coating; two 

immiscible polymers are dissolved in a common solvent, then the blend is spun 

cast and this leads to phase separation. The final structure of the blend films 

which is far from equilibrium can have many different morphologies 

depending on the history of the process. The process is affected by various 

parameters such as evaporation rate, solvent nature, spin rate, temperature, 

substrate chemistry, blend chemistry such as polymerization and concentration, 

film thickness etc. It is very important to have a deep understanding of the film 

formation process. Knowing that, we would be able to control the structure and 

1 
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tailor the appropriate structure that is in favour of device efficiency. Currently 

there is no complete theory that accounts for the structure of a spin coated film. 

In this introductory section, I consider the many important factors that would 

have to be incorporated in such a theory. These factors would include: 

• Bulk thermodynamics, both of binary polymer mixtures and of ternary 

polymer solutions. 

• The mechanism by which phase separation takes place in bulk samples. 

• The way surfaces and interfaces modify bulk thermodynamics in thin 

films. 

• New mechanism of phase separation, mediated by surfaces and 

interfaces in thin film of binary polymer blends. 

• The effect of solvent evaporation and hydrodynamics flow in the spin­

coating oftemary polymer solution. 

• The origin of interfacial instability, In particular Marangoni type 

instability in thin polymer films 

In what follows, I discuss these factors. 

Why are polymers hard to mix? Miscibility in polymer blends can be described 

in the frame-work of FIory-Huggins theory, based on a simple equation for the 

free energy of mixing which defines whether two species will mix or not. 

Polymers do not gain that much entropy by mixing. Thus, when two different 

polymers are blended, phase separation is likely to occur. There are two main 

ways to effect phase separation in a polymer blend: temperature quench and 

solvent quench. Temperature induced phase separation happens when 

molecular mobility is promoted by a temperature above the glass transition but 

inside the two-phase region. A Solvent quench occurs when a common solvent 

is added to the polymers. The latter happens in spin casting. In both cases, 

there are two main mechanisms, spinodal decomposition and nucleation 

followed by growth. The former is due to random fluctuations in composition 

in the unstable region of the phase diagram and the latter happens when the 

phase separation occurs in the metastable region of the phase diagram. Bulk 
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demixing of binary polymer mixtures [2-12] and ternary polymer solution [13-

17] has been studied extensively during the last two decades. Phase separation 

in bulk samples of polymer blends generally leads to isotropic domain 

structures with a characteristic length scale increasing in the course of the 

process with no specific equilibrium value [18]. However, strongly anisotropic 

domain growth may be expected in the vicinity of the surfaces confining any 

bulk sample [19]. 

The surface is an important factor that can significantly affect the morphology 

of the blend film, particularly in its vicinity. In general, the coexisting 

compositions do not show the same interfacial energy value with the boundary 

surfaces. There is a preferential attraction between the confining surfaces and 

one of the components. Usually, the component with lower interfacial energy 

will segregate to the surface to decrease the total free energy. This leads to 

"near surface" or "enrichment surface" structure. The surface effect was 

considered for the first time by Reich and Cohn [20] in 1981. In their study 

they showed that boundaries and specific polymer-surface interactions can 

strongly affect the phase separation. Ten years later Ball and Essery [21] in a 

numerical study, simulated the phase behaviour of a binary mixture as a 

function of cooling rate. A strong dependency of domain morphology with 

cooling rate was observed and the effect was more apparent near the surface 

where as domains were formed preferentially parallel to the surface. Shortly 

after, Richard.A.L.Jones et al [22], experimentally detected the surface­

directed spinodal decomposition for PEP/dPEP system. Jones' experiment 

inspired many further investigation of this problem, including via experimental 

techniques [19] and theoretical and analytical development [23, 24]. 

In thin films, due to the confinement effect, there are additional surfaces and 

interfaces. External surfaces can significantly alter the phase decomposition of 

polymer blends in thin films [22] and break the translational and rotational 

symmetries. The break of the symmetry of the polymer mixture and 

preferential attraction of one of the blend components leads to the formation of 
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wetting layers [25-29] or surface-directed phase separation [19, 22, 30-32]. In 

thin films, due to the presence of additional surfaces, composition fluctuation is 

not random as it is in the bulk and is directed by the surface. The phase 

separation is due to surface-induced spinodal decomposition. This phenomenon 

which has been intensively studied [19, 22-24,31,33-46] may lead to domain 

morphologies and domain growth kinetics which significantly differ from those 

in bulk [13, 19,20, 22, 35, 46-54]. Depending on both external surfaces, it is 

possible to obtain a different final phase domain morphology such as self 

stratified (multilayer) or column-like phase domains [55] with interfaces 

oriented parallel or perpendicular to the substrate. 

The near surface structure, particularly in thin films, depends on various 

experimental parameters such as bulk composition, nature of the surfaces, 

wettability, quench depth etc. There are several theories that explain the 

formation of the typical blend structures and surface topographic structure in 

thin spin coated films [13, 18, 47, 56]. Among them the most versatile one is 

due to Walheim et al [1, 13] who considers the undulation on the surface of a 

binary blend as a function of solubility difference of the components in the 

common solvent. The theory has been latterly extended to ternary blends [57-

59]. 

The nature of the solvent is the other variable which directly affects the 

morphology of the spin coated film. Solvent has a major role in undulation at 

the film surface [13, 57, 60-64]. Evaporation rate, which we shall pay intensive 

attention to in this thesis, has a major impact on film thickness and thus the 

final morphology. The occurrence of several defects such as striation [65, 66] 

and "chuck marks" [67, 68] has been attributed to the evaporation rate. These 

defects can cause failure in electronic devices. Therefore there is a huge 

motivation to understand how they are formed in order to avoid them. Research 

shows that evaporation and solvent related issues are the key parameters to 

control the striation formation [60, 66, 69, 70]. Recently, some important 



Overview and motivation 5 

factors like the interaction between polymer and solvent has been considered. 

Controlling evaporation rate is attractive in other industrial processes such as 

solvent annealing which is an alternative to temperature annealing [71, 72] and 

also is used to create different surface morphology [73-75]. In a systematic 

research by Lue et al [57] the effect of solvent type on the morphology of the 

thin film of PVK has been studied. The results show that the interaction 

between polymer chains and solvent is not as important as evaporation rate. In 

other words, no matter how good or how poor a solvent is, if it has low vapour 

pressure (like toluene), evaporation rate will be low and it would decrease the 

composition gradient near the surface and suppress the Marangoni instability. 

Conversely, exploiting a solvent with high evaporation rate during the spin 

coating will lead to a surface with high roughness due to the Marangoni effect. 

In spite of much research and many proposed models for the spin coating 

process, there is not any universal theory to explain the mechanism of polymer 

film formation and predict the phase behaviour precisely. Therefore, it is not 

easy to design a processing route which reliably leads to a desired morphology. 

One possible reason could be that so far many of the studies have been 

restricted to analysis of the structure of the final film. As the process is non 

equilibrium, it is not very accurate to deduce complex details from the end 

point alone [I]. On the other hand, due to quick evaporation of solvent, it is 

very difficult to study the process during film formation. Until very recently, 

no technical method was developed to acquire information during the process. 

However in 2005, Jukes and Herriot [1, 76] for the first time have developed a 

technique that made it possible to study the process of phase separation in spin 

cast film in situ during formation. The method opened a new avenue to study 

the spin cast polymer film, but it is in an early phase of development. 

In my project, I have developed this method which is based on time resolved 

small angle light scattering and light reflectivity and studied the structure 

evolution, in particular interfacial instability in thin polymer films during spin 
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coating. In previous experimental work in our group (1], strong evidence was 

found to support the model for the mechanism of film formation due to 

Walheim et al [13]. During spin casting, polymer blends initially form transient 

self-stratified layers due to preferential attraction of one of the components by 

the surface [1, 18, 19, 22, 28, 29, 35, 46, 51, 55, 77, 78]. These transient 

wetting layers subsequently break up due to instability. Our work, and that of 

other workers [1, 13], suggested a further hypothesis: that the instability 

leading to the break up of the layers was driven by a solvent concentration 

gradient inside the film. We speculated that a Marangoni type instability [79-

81], driven by solvent concentration gradients within the layers is the 

governing mechanism for interfacial instability. During the spin coating, the 

solvent is removed from the system by evaporation from the surface. If the rate 

at which solvent is removed by evaporation exceeds the rate at which diffusion 

within the film equilibrates the solvent concentration, then a substantial solvent 

concentration gradient will be generated in the film. With the near-surface 

region being at a higher total polymer concentration, while near the substrate 

the solvent concentration will be higher. Since the energy of an interface 

between two immiscible polymers swollen by solvents is a strong function of 

the solvent concentration, this solvent gradient creates an effective potential for 

the interfacial position, which in some circumstances will make the interface 

physically unstable. 

To probe the effect of solvent gradients within the film, I have studied the 

development of morphology in films spin cast in a sample cell with a 

controlled solvent vapour pressure. The environmental cell is designed and 

made to be mounted on the light scattering apparatus. Toluene vapour was 

introduced by blowing nitrogen inside a toluene bubbler. The bubbler was 

inside a water bath for temperature control. The saturated vapour pressure of a 

gas is a function of temperature only. So by changing the temperature, we were 

able to change the vapour pressure of the gas in the cell. The idea was that by 

increasing the vapour pressure of the gas inside the cell, the evaporation rate of 
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toluene from the film will decrease and this will weaken the surface tension 

profile in the film and therefore suppress Marangoni instabilities. 

To establish a quantitative relationship between the process variables - the 

temperature of the solvent reservoir and the flow rates of the carrier gas - and 

the evaporation rates, we carried out a series of measurements of the time­

evolution of the thickness of a film spun from pure solvent. From these, we 

were able to extract quantitatively the evaporation rate for a given set of 

process variables and spin speed. For this analysis, we used the model of 

Meyerhofer [82]. This builds on an earlier model of Emslie, Bonner and Peck 

(EBP) [83], which solves the hydrodynamics of the flow of a Newtonian fluid 

with viscosity 1/ and density p on a plate spinning with angular velocity (0, by 

simply adding a term for a constant evaporation rate e per unit area. 

The specular reflectivity-time was measured during the spin coating process for 

toluene at different saturated vapour pressures. The thickness-time profile was 

reconstructed. Our results show the expected outcome, the higher the nominal 

vapour pressure is inside the cell, the lower the evaporation rate. 

To the prediction of the Meyerhofer theory, by fitting experimental thickness­

time curves, we have extracted the evaporation rate for each vapour pressure. 

Our results are quantitatively accounted for by the theory. This suggests there 

are two stages of film thinning during spin coating; an early stage dominated 

by hydrodynamic thinning in which the solvent vapour pressure does not 

strongly affect the rate of thinning, and a second, evaporation rate dominated 

stage in which the rate of thinning can be systematically change by the solvent 

vapour pressure. 

Having calibrated our apparatus to allow us to specify an evaporation rate for a 

given experiment, we turned to the results for films spun from mixtures of 
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polystyrene (PS) and polymethyl methacrylate (PMMA) to study the origin of 

interfacial instability. The polymers studied had molecular weights of 100000 

Da (PS) and 96000 Da (PMMA). We tested our hypothesis by changing the 

concentration gradient in the film. Our results show that we are able to control 

the morphology by controlling the evaporation rate. There is a threshold for the 

evaporation rate, where above it, the interface becomes unstable and a laterally 

phase separated structure forms. Below the threshold the structure stablises and 

a layered architecture forms. 

We applied our hypothesis on a new blend system, PFBI F8BT in toluene in 

order to create different morphologies. PFB and F8BT are both conjugated 

polymers from polyfluorene derivatives and have potential application in 

polymer photovoltaics. The morphology of the active layer in optoelectronic 

devices such as polymer based field-effect transistors[84-86], light-emitting 

diodes (LEDs) [87-92] and photovoltaic devices (PVs)[93-95] plays an 

important role in device efficiency. Charge generation and charge transfer 

happens in the interfaces in the active layer. It has been demonstrated that the 

morphology of the active layer can greatly enhance the device performance 

[96, 97]. This can be achieved by controlling the processing parameters such as 

solution and substrate temperature, spin-speed, solvent and solvent saturated 

atmosphere. We made a preliminary attempt to make photovoltaics by 

controlling the process parameter, evaporation rate here, and producing a range 

of morphologies. Then we studied the effect of the morphology on device 

efficiency. By controlling the evaporation rate during spin coating in our 

environmental cell we were able to produce different morphologies of 

PFB/F8BT without changing the composition of the blend. While the 

morphology of the film responds to variation in evaporation rate more or less 

systematically, understanding the device efficiency seems to be more 

complicated. Our results show that the layered structure doesn't necessarily 

lead to higher device efficiency. The efficiency of the device which is related 
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to charge generation and charge transfer (and the latter is believed to be more 

important) is far more complicated. 
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Chapter 2 

Theory and Background 

2.1 Thermodynamics of bulk polymer blends 

Polymers are usually immiscible as they are made of relatively long chains and 

do not gain much entropy by mixing. It is desirable to blend materials as it 

generally provides a system with some properties of each component or totally 

distinctive characteristics. However, it is possible to make polymer blends by 

changing the temperature or composition. Heating polymers above their 

melting point (polymer melt) or dissolving them in a common solvent can 

sometimes lead to miscible or partially miscible blends. The condition that 

defines whether two polymers will mix is the free energy of mixing. This is 

given by the difference between the free energy of the mixture and the total 

free energy of two polymers when separate. Miscibility in polymer blends can 

be described in the framework of the well- known Flory-Huggins theory. This 

theory yields a simple equation for the free energy of mixing per lattice site. 

Il~-:; = ~: log91 A + (I ~:A) log(l- 91 A) + X91A (1-; A) (2.1) 
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f/J A : 
N A & NB: 
Z: 

k B : 

The free energy of mixing 

Volume fraction of component A 

The number of lattice sites occupied per chain of component A and B 

The interaction parameter 

Boltzmann constant 
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The first two tenns describe translational entropy contribution and are 

suppressed relative to their values in binary small molecule mixtures by the 

factors N A and NB which are of the order of 103 
- 104 for high molecular 

weight polymers [1]. The last tenn represents the enthalpic component of free 

energy change on mixing. It can be positive (opposing mixing), zero (ideal 

mixtures) or negative (promoting mixing)[2]. In its simplest fonn,X has an 

inverse dependence with temperature which represents a purely enthalpic 

interaction [3]: 

1 
Zoc­

T 

(2.2) 

However 10 particular the interaction parameters do not only vary with 

temperature but also with composition and in certain cases even with chain 

length [4-7]. 

2.1.1 Thermodynamics of ternary systems: polymer A-polymer B­

Solvent 

One way of mixing two immiscible polymers is by changing the composition. 

That is by dissolving them in a common solvent. In what comes next we shall 

study the thennodynamics behind the effect, Le how the existence of a solvent 

can make two immiscible polymers become miscible. 

The free energy of homogeneous ternary mixtures is the expansion of Flory­

Huggins theory for binary systems [3, 8] and can be expressed as [9]: 

g(tA,f/J2) = A1n(tA) +1Lln(f/J2)+1L1n(f/J3) + Z12tAf/J2 + Z23f/J2f/J3 + ZI3tAf/J3 
NI N2 N3 

(2.3) 
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g(rA ,(h): 

fA : 
Nj : 

Xi}: 

The free energy of mixing of three components 

volume fraction of component i 

The number of lattice sites occupied per chain of component i 

The interaction parameter between component i and j 

2.1.1.1 Pseudobinary solutions 
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If a solvent is good for both polymers, the ternary system can be treated as a 

pseudobinary system [10]. It means that polymer A and polymer B are mixed 

in units of blob A and blob B rather than segment A and segment B [11]. A 

good example of this system is polystyrene (PS)- toluene- polybutadiene (PB). 

Toluene is a good solvent for both of these polymers. Thus one can treat this 

system as a PS solution and a PB solution. The FIory-Huggins interaction 

parameters between PS and toluene and PB and toluene and PS and PB are 

given by Z PS-To/ = 0.436, X PH-To/ = 0.465 and X PS-PH = 0.1. The interaction 

parameters between "PS and toluene" and "PB and toluene" are approximately 

the same and therefore the solvent is divided equally between liquid phases. 

The solvent will act as a diluent to decrease the interaction parameters between 

PS and PB [11]. For more details on using the pseudo- binary approximation, 

see reference [11]. Therefore blending immiscible polymers in a good solvent 

is thermodynamically favourable as the enthalpic part of the free energy is 

reduced through the interaction parameter. 

2.1.1.2 Athermal system 

To define athermal behaviour we must first outline the assumptions made by 

Flory-Huggins theory. Flory- Huggins theory is based on a lattice model and 

predicts the free energy of mixing in polymer systems and solutions. 
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The free energy of mixing (~Gmix) has two parts, the combinatorial part 

(~G;ix) which depends on entropy and the residual part (~G!bJwhich is an 

enthalpic term and is related to intermolecular forces between components. 

~G;iX: 

~G!ix: 

The combinatorial part, related to entropy 

Residual part related to enthalpy 

(2.4) 

In a regular solution it is assumed that all components have the same size, 

therefore the entropy is negligible and a formula for the enthalpy contribution 

can be derived. However, for polymer solutions the condition is different and 

one can not ignore the effect of entropy. Initially it is assumed there is no 

energy interchange between polymers and the solvent. The free energy of 

mixing is derived based on the assumption that the change in enthalpy due to 

mixing is zero. The interaction parameter is now introduced to account for the 

contribution of enthalpy on the free energy of mixing. 

When an amorphous polymer and solvent mix without any energetic effect, it 

is referred to as athermal behaviour. In an athermal solution the contribution of 

enthalpy due to mixing can be ignored. To fulfil this condition the components 

should have chemically similar substrates. A good example of this kind of 

system is polystyrene and toluene. Flory and Huggins showed that the change 

in Gibbs energy and entropy of mixing are given by: 

(2.5) 

The regular solution theory for molecules of similar size yields the following: 

(2.6) 

XI and x2: The molar fraction of the components 
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Now, we can extend the athermal theory to a ternary system and study the 

effect of the solvent on mixing of two polymers. We assume that there is no 

energy interchange between polymer A and solvent and polymer B and solvent, 

i.e. Z = X = 0, the last two terms in equation (2.7) will be zero. This 
AS BS 

means that the enthalpic contribution of free energy will be smaller. As there is 

less energy cost, mixing will be thermodynamically favourable for the system. 

2.1.1.3 Thermodynamics of an inhomogeneous ternary system 

In a system composed of three components, polymer A, polymer B and a 

solvent, one can not ignore the effect of concentration or thermal fluctuations 

in the system. In 1988 Hashimoto [11] showed that the contribution of 

concentration fluctuations on the free energy of mixing could be significant. 

The total free energy of mixing in an inhomogeneous binary system can be 

written as [12]: 

~Gm = J[g(~) + K(V ~)2JlV 

~ : volume fraction of component A 

V~: 

g(~) : 
K: 

The spatial gradient of (J\ 
The homogeneous contribution to the free energy 

The gradient energy parameter 

(2.7) 

The gradient energy parameter (K)has two contributions, enthalpic and 

entropic. 

(2.8) 

The enthalpic part (K H) is an energetic term while the entropic part (Ks) is 

related to the connectivity of the chains that constitute the polymer molecules 

[13]. These gradient coefficients have been estimated for small molecule, 
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polymer-solvent, polymer-polymer and polymer-polymer-solvent systems. For 

estimates of these coefficients see reference [13] . 

The entropic contribution for an inhomogeneous polymer-polymer system was 

presented by de Gennes [14]: 

1 R2 R2 
Ks (polymer - polymer) = -[ --.£... + ~] 

6 N1f/J1 N 2 f/J2 
(2.9) 

RG/ : The radius of gyration of polymer i 

f/Jj: The volume fraction of polymer i 

N Degree of polymerization of polymer i 
/ : 

The enthalpic gradient contribution for a polymer-solvent system has been 

calculated by Debye [15]: 

1 2 
K H (polymer - solvent) = - RG1 %13 

6 
(2.10) 

%13: The F1ory-Huggins interaction parameter between polymer-solvent 

Mc Master [16] extended Debye's approach for polymer-solvent systems and 

obtained the enthalpic gradient parameter for polymer-polymer systems. 

1 2 2 
KH (polymer - polymer) = -(RGI + RG2 )%12 

6 

(2.tt) 

A similar approach was used to obtain the enthalpic contribution to the free 

energy in an inhomogeneous pesodubinary polymer-polymer-solvent system 

where fluctuations in solvent concentration are small [17]. 

1 2 
K H (polymer - polymer - solvent) = - RGl %12 

6 
(2.12) 

%12: The Flory-Huggins interaction parameter between polymer-polymer 
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Balsara and Nauman [18] calculated the entropic gradient contribution for a 

polymer-solvent system by using a lattice approach: 

1 R2 
Ks (polymer - solvent) = _ Cl 

2 (1-~I) 
(2.13) 

Aryapadi and Nauman [13, 19] extended Debye's approach to find KH for an 

inhomogeneous polymer-polymer-solvent system where the spatial fluctuation 

of concentrations of all the components is considered. Here is the equation: 

(2.14) 

Where g( ~ , ~2) is the free energy of homogeneous ternary mixtures and is 

expressed as (rewritten from equation (2.3) : 

(2.15) 

(2.16) 

(2.17) 

2.1.2 Practical limitation of Flory-Huggins theory 

The Flory-Huggins theory is based on assumptions which may over simplify 

the problem of mixing in practice. For instance, it only describes the 

equilibrium status of polymers. But in reality polymers often do not have 



Chapter 2 24 

enough time to reach their equilibrium. For instance, by going through their 

glass transition or by crystallising, the motion of the chains could be frozen 

long before equilibrium. 

Flory-Huggins theory assumes weak forces between the polymers which may 

not be the case in all situations. It is also assumed that polymers are in a 

molten, random coil state [20]. If the equilibrium state of a polymer is 

crystalline or liquid crystal, there would be a strong tendency towards 

demixing. 

Despite the shortcomings in Flory-Huggins theory, it still provides the most 

convenient framework for polymer blends. This is mainly due to the existence 

of the interaction parameter, Z, that varies with both temperature and 

composition [21]. 

B 
Z=A+­

T 
(2.18) 

Where the constant A represents an entropic contribution to Z, and B the 

entalpic contribution. This essentially is a convenient way of parametrising the 

free energy. 

2.2 Phase diagram 

The Flory-Huggins model allows us to evaluate the Gibbs free energy as a 

function of a system's composition and therefore construct a phase diagram 

from the free energy curves. According to the shape of the curves in the free 

energy versus concentration plots, there are three distinct areas in the resulting 

phase diagrams, stable, metastable and unstable. Mathematically, the first 

derivative of free energy with respect to concentration reflects the condition of 

equilibrium through the equality of the chemical potentials of coexisting 

phases. The criterion for a stable one phase system in a binary mixture with 

composition rp at fixed temperature T and pressure pare: 
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(2.19) 

The line separating the unstable and the stable region is called the binodal 

(solid line in figure (2.I(c)). However if a certain part ofthe free energy curve 

is convex (figure 2.1 Cb )), the second derivative of the free energy with respect 

to concentration would be negative. This defines the unstable region in the 

phase diagram in which any thermally excited fluctuation in concentration will 

result in the lowering of the system's free energy. 

Fmix 

~ 
Fmix 

F'o ~ 
::J 

Fo -Fo ca 
I I I .... 

Q) 

I I I F'o Co 

I I E 
Q) 

1-phase 

I , I I 
I-

<1>\ <1>0 <1>2 <1>\ <1>0 <1>2 

(a) (b) (c) 
composition 

Figure (2.1) Free energy of mixing as a function of concentration where two 
species are (a) miscible, (b) immiscible, (c) Schematic phase diagram of an 
incompressible polymer solution. Richard A.L. Jones & Randal W. Richard, 
1999 (21]. 

Spinodal regions are located inside the coexistence curve. The spinodal lines 

(dotted lines in figure (2. I (c)) separate the metastable from the unstable regime 

within the two-phase region. Binodal (coexisting curve) and spinodal lines 

meet at the critical point. At the critical point, the system can make large 

fluctuations in concentration with very little cost in free energy [22]. The 

thermodynamic condition for the critical point is given by: 

(2.20) 
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For polymer blends the miscibility can only be achieved whenz < Zcr' The 

Zcr parameter at the critical point can be derived as follows: 

( J

2 
1 1 1 

Zcr ="2 ~NA + ~NB (2.21) 

N A and NB are the number of polymer segments and are the degree of 

polymerization. 

In binary systems, the phase diagram is plotted in terms of temperature (Y axis) 

and composition fraction (X axis). In ternary systems however the phase 

diagram is more complicated. It is made of three binary systems and is three 

dimensional, with temperature on the vertical axis. However, for simplicity it is 

common to use the two dimensional projection of the surfaces onto the base of 

a triangle (figure (2.2». However, the exact calculation of the phase diagram of 

a ternary system consisting of at least one polymer component is difficult [9] 

and the calculated equilibrium curve sometimes deviates significantly from the 

experimental value. 

For ternary systems, Dobry and Boyer-Kawenski [23] studied 78 polymer­

polymer-solvent solutions using the cloud point isotherm method. They added 

solvent to two turbid immiscible polymers until the agitated solution became 

clear. To show the phenomenon is reversible, they evaporated the solvent from 

a clear mixture until it was cleared. Later on other methods were developed to 

plot the ternary phase diagram. In reference [24] some of the methods are 

mentioned. Figure (2.2) shows a ternary phase diagram of PS-PMMA-toluene. 
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Toluene 

pMMA ______________ ~~------------~PS 

WTpS 

Figure (2.2) A typical Phase diagram of the system PS (100K)-PMMA (69K) -
toluene at 23°C. A uniform blend of PS and PM MA was made by dissolving the 
polymers in toluene and shaking the sample. In a few days the mixture was 
separated into two distinct liquid phases. More than three weeks was given for 
the samples to reach equilibrium. Gel permission chromatography (GPC) was 
used to determine the composition of each phase. The solid triangles represent 
the mixed point of the starting PS-PMMA-toluene mixture. Taken from W.Y. 
Lau Wayne, 1984 [25]. 

2.3 Mechanism of Phase separation 

Phase separation takes place when a single phase system suffers a change of 

composition, temperature or pressure that forces it to enter either the 

metastable or the spinodal region. Figure (2.3) illustrates three different phase 

separation path ways. In what follows, the common phase separation 

mechanisms will be discussed. 
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solvent 
(a) (b) 

2 phase Cl) 1 phase .... 
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~ .... 
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<I> 
polymer A 

Figure (2.3) Schematic phase diagrams illustrating the different path which may 
lead to phase separation: (a) temperature quench: a mixture of two polymers 
undergoes phase separation on cooling. (b): solvent quench: two polymers are 
dissolved in a common solvent, and then phase separation happens after solvent 
evaporation. In (c) one or both of the components polymerises, causing phase 
separation to occur when a certain critical degree of polymerization has been 
reached. Taken from Richard A.L. Jones & Randal W. Richard, 1999 [21]. 

2.3.1 Spinodal decomposition 

When a system is forced to jump from a single phase region into a spinodal 

region of immiscibility, the phases separate spontaneously by a mechanism 

called spinodal decomposition, which is based on the amplification of random 

composition fluctuations [21]. As it is shown in figure (2.1 (b», at any 

composition of r/Jo between r/JI and r/J2' phase separation of r/Jo to any 

composition close to r/Jo results in lowering the free energy of the system from 

Fo to F;. In the spinodal region any random, thermally induced concentration 

fluctuation will grow to form domains of the two coexisting phase [21, 26]. In 

the bulk, the unstable state decays by the growth of long wavelength 

fluctuations [27] .The length scale depends on molecular size of the polymer 

and the distance from the critical point. However concentration fluctuations 

grow at different rates [22]. On long length scales figure (2.4 (b», the 

composition fluctuation can only grow in amplitude by transferring material 

from the troughs to peaks; this happens by diffusion, as the wavelength 

becomes longer, the fluctuations grow relatively slowly due to long distance of 

diffusion. On the other hand, a short wavelength fluctuation creates a sharp 
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concentration gradient (figure (2.4( c»). If the gradient is steep compared with 

the length scale of the radius of gyration of a polymer chain, there would be an 

energy penalty [21]. So, short fluctuations are suppressed as their growth 

would lead to the fonnation of excess interface, with an associated free energy 

cost which is thennodynamically unfavourable [21]. Thus there will be an 

intennediate dominant length scale of fluctuations (figure (2.4(a») that grow 

the fastest and control the morphology of the phase separation in the early 

stages. 

2.3.1.1 Characterisation of the spinoda/ decomposition process 

Analysis of the spinodal decomposition process for isotopic polymer mixtures 

can be considered in four stages. The pictures of these stages are shown in 

figure (2.5) There are two important length scales. R, characterises the size of 

the domains and their average separation, and w, which characterises the width 

of the interface between domains. In the very early stages ofSD both Rand w 

are constant and are related to the fastest growing wavelength. They lead to the 

development of the peak in the scattering of structure factor at q m (0). The 

amplitude of the composition profile increases with time without any variation 

inqm (figure (2.5(a»). 

In the intennediate stage, q m decreases and the fluctuation amplitude increases 

with time as is shown in figure (2.5(b», until the latter approaches the 

coexisting composition. Then it enters the complicated transition stage, which 

is characterised by two time dependent length scales as indicated in figure 

(2.5(c». As the R which characterises the size and separation of the domains, 

increases, the interfacial width wet) decreases towards its equilibrium 

value, w(t) = w(oo). 

At the final stage the only length scale characterising the morphology 

is R(t) » wet) , which characterises both the average size and the separation of 

the domains. 
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The late stage of the process IS identical to a "nucleation and growth" 

mechanism [21, 26]. 

(a) 

z 

(b) 

z 

• • • • • • • • (c) 

z 

Figure (2.4) Spiodal decomposition. (a) In the stable part of phase diagram, the 
random concentration fluctuation grow quickly in amplitude (b) Long wave 
length fluctuation grow slowly due to long distance of diffusion (c) Short 
fluctuations are suppressed due to high free energy penalty associated with sharp 
concentration gradient. Richard A.L. Jones & Randal W. Richard, 1999, [21). 

2.3.2 Nucleation and growth 

When the system enters a metastable region from a single phase, any small 

composition fluctuation will raise the free energy ofthe system. To make phase 

separation happen, a droplet of the minority phase, greater than a critical size 

has to be nucleated. This slow nucleation followed by growth of phase 

separated domains is aptly known as "nucleation and growth". The one and 

two phase regions are separated by the so-called binodalline. 
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Figure (2.5) The behaviour of the interface width and average domain size at 
various stage of spinodal decomposition [49]. In each diagram the dashed curves 
represent the composition profile at a later time (tz) than that given by solid 
curves (tt). f/J; and f/J; correspond to the equilibrium composition in each phase. 

F.S Bates, 1989 [26]. 

2.3.3 Wetting 

So far we have only talked about the bulk situation. However, in the situation 

we consider experimentally, involving thin films, the role of the surfaces and 

interfaces is very important. Here we consider the role of interfaces in 
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thermodynamics of mi xed pol ym er systems. The themlodynami c definiti on of 

wetting is based o n the concept of surface energy or tens ion . Surface tens ion 

results from an imba lance of molecul ar fo rces in a liquid . To defin e the surface 

tension, temperature, volumes and chem ica l pote nti al are assumed to be fi xed . 

For one component system, we have: 

Q = F - pN (2 .22) 

Q : Grand potenti al 

F : Helmholtz free energy 

p : Chemical potenti al 

N : umber of particles 

The surface tension a is derived from the the rmodynamic di ffe rentia l: 

dQ = adll - SdT - pdV - ndp (2 .23) 

11: The sur face area 

S : The entropy 

T : Temperature 

p: Pressure 

V: Volume 

The surface ten ion is de fined as the excess free energy to enl arge the surface 

area by one unit. It a lso can be viewed as a fo rce. Now con ider a liquid d rop 

on a solid surface . There are three different phases present and so three 

di fferent surface tensions as foIlows; o lid-vapour (a ,,,, ) , so lid-liquid (a ,, ) and 

liquid-vapour (a ,J (fi gure (2.6)).The re la tion between these three surface 

tensions is g iven by well-known Young equati on: 

(2.24) 

() : The contact angle 

a". 
a", ..... -~ ..... ---.;..., 

Figure (2.6) Force balance at the three phase contact line. The vcctors indicate 
the surface tcnsion between solid -vapour, Solid - liquid and liquid - vapour 
phases. 
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Wetting can be viewed as a direct consequence of Young's equation. When 

there is a droplet on the surface, as the surface is not totall y covered by the 

liquid it is refered to as parti al wetting (fi gure (2 .7(a») . By changing some 

thermodynamic parameters like temperature, the surface tensions and contact 

angle will change. At a certain point when the sum of solid-liquid tension and 

liquid-vapour tension becomes equal to solid-vapour surface tension, the 

contact angle is zero and a unifoml film covers the substrate. Thi s situation is 

referred to as complete wetting (fi gure (2 .7(b»). Analogously the contact angle 

can reach 180 degrees and total dewetting happens (fi gure (2.7(c»). In thi s case 

the liquid does not wet the solid and in equilibrium it remains separated from 

the substrate by a laye r of vapour [28] . 

Figure (2.7) Wetting of a liquid drop on a solid substrate: (a) partial wetting, (b) 
complete wetting, (c) complete drying state. 

2.3.3.1 Wetting transition 

The wetting transition is a shift between parti al and complete wetting. If the 

system is studied as a function of temperature, the transition temperature is 

ca lled the wetting temperature, T",. Due to the details of the intenTIolecul ar 

interaction this transition may be a first or second order transiti on (cri tica l 

wetting). If a discontinuity occurs in the first deri vati ve of the free energy, the 

transition is sa id to be first order. First order wetting implies a di scontinuous 

jump to infinite film thickness at T"" the film thickness j umps discontinuously 

from a microscopically thin to a thick film at the wetting transition temperature 

TII' [28] (fi gure (2,8 (a»). 

If the first derivative of the free energy is continuous, the transition is ca lled 

second order. These continuous transitions come in two di fferent fl avours: the 

so-called long- and short-range critical wetting transitions. 
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In long-range critical wetting (LRCW) transitions, the discontinuity is followed 

by a continuous divergence of the film thi ckness (figure (2.8(b))). The 

divergence is due to a change in sign of the net effect of the long-range va n der 

Waal s forces in the interaction energy between the two interfaces. As the 

transition is continuous and due to the long-range forces, this transition is 

ca lled the long-range criti ca l wetting (LRCW) transition [29]. 

Thi s is an exceptional situation for which the long- range van der Waal s forces 

can be neglected. As the transition is continuolls and due to short-range forces, 

thi s transition is ca lled the shol1-range critica l wetting (S RCW) transition [30] . 

In thi s case the film thick ness diverges continuously on approaching T, •. 

lllickness 

t =--: -- . ~ Temperat11l'e 

Ty 
1llickness 

~ t TeJnpent1D.'e .. 
lllirJme$ Iy 

-----&.I' .... TeJupen111l'e 

Ty 

Figure (2.8) Schematic of variation of film thickness via temperature in (a) lirst order 
wetting transition, (b) long range order critical wetting and (c) short range order critical 
wetting. 
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2.4 Surface Effect on Phase Separation in Bulk and 

thin films 

The morphology of a phase separated film is governed by the interplay 

between phase separation and phase segregation (wetting) [31]. Phase 

separation is controlled by ZN, where Z is the Flory-Huggins interaction 

parameter and is the measure of the unfavourable polymer-polymer interaction, 

N is the number of segments of the polymers. On the other hand wetting is 

governed by the interaction of the polymers with the new boundary phases [28, 

31, 32]. The effect of de wetting on pattern formation in polymer films and also 

in turn the dependence of dewetting on film thickness, temperature, sample 

geometry, composition, etc has been extensively studied [28, 32-44]. In the 

next section the thermodynamics of wetting will be explained. 

Phase separation in bulk polymer films will lead to an isotropic domain 

structure (figure (2.9(a»). However in the vicinity of the surface confining the 

bulk, an anisotropic structure is expected [45]. The main reason for this 

happening is related to preferential attraction of one of the components by the 

surface. Essentially, the coexisting components have different interfacial values 

with the boundary surfaces. Thus, one of them, usually the component with 

lower surface energy will migrate to the surface to reduce the free energy of 

system. When the difference between surface energies is high, phase separation 

will lead to a layered structure with domains aligned parallel to the surface 

(figure (2.9(b»). So the final structure of the bulk consists of an isotropic 

structure distant from the free surface and an anisotropic and enriched structure 

near the surface. However these two structures will merge at some depth 

beneath the surface. 

In thin films where the thickness of the sample is much smaller than its lateral 

extensions, the influence of the surfaces is very crucial and the entire domain 

morphology may be determined by the surfaces (figure (2.9(c»). However, at 

equilibrium the total interfacial area needs to be minimised; therefore, 

depending on the particular surface-polymer interaction and the wetting 



Chapter 2 
36 

, f th ' tl'ng components the layers are expect to coarsen thereby behavIOur 0 e eXlS 
, h' hi rdered bilayer or trilayer domain structure [45] (figure leadmg to a 19 Y 0 

(2,9(d))), 

~-­

~--
Ca) Cb) Cc) Cd) 

Figure (2.9) Schematic drawing of possible doma' hi" h ' b' 10 morp 0 ogles 10 p ase 
separatlOg mary polymer blends. (a) isotropic bulk 't t' (b) I" ' I , , f h d k SI ua Ion, pre.erenha 
migratIOn 0 tear phase to the boundary sur~ace () 't t" 'fil , .; ,c SI ua Ion ID a thm I m 
with two boundary surfaces attracting the same phase far fro 'I'b ' d 
d) ' . . (). 'I'b . m eqUJ I rlum an 

( situation as ID c ID eqUl I num. Here, complete wetting of the dark phase is 
assumed for both boundary surfaces. G. Krausch, 1995 [45J. 

2.4.1 Surface- directed spinodal decomposition 

In the bulk the concentration fluctuation governs the phase separation, In an 

unstable region of phase diagram as described before, these random 

fluctuations (figure (2.l0(c))) lead to spinodal decomposition, In thin films, the 

presence of the two surfaces (polymer/air and polymer/substrate) breaks the 

translational and rotational symmetries, These additional surfaces modify the 

direction of compositional waves and make them directional (figure (2.1 O( d))), 

As the decomposition is derived by the surface, it is called surface-directed 

spinodal decomposition, In the bulk, surface-directed spinodal decomposition 

leads to a surface enriched structure, In thin films it can create self-organised 

ordered phase domain structures [46-49] or a laterally separated phase in the 

plane of the film [42, 45, 50-52]. 

For homogeneous surfaces this self-organisation can result in a self-stratified 

(multilayer) or column-like phase domain morphology [46] with the interfaces 
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between blend phases oriented ( in genera l) parallel or perpendicular to the 

substrate, respective ly [48J (figure (2 . 11 » . 

/ 
I 

~(C) 

\ 
sp inodnl binodnl 

~ 1 ~A 

Figure (2. to) Bulk (c) and surface-directed (d) spinodal decomposition (a, b, e) of 
a binary mixture. Coexisting compositions are <PI and <Ph while the initial 
concentration is <Po . A. Budkowski et 01, 2002 1481. 

Figure (2.11) Self-organisation of thin polymer blends films. A homogeneous 
substrate can induce multi layer (self-stratification) or column-likc-mOl-phology of 
phase domains (<PI and <1'2). A. Budkowski et 01,2002 1481. 

Studies on se lf-orga ni sation in thin films composed of polymer blends arc 

moti vated by numerous technological app li cations. In addit ion to attractive 

aspects of se lf-assembly, spec ific phase domain morphologic can increase 

device efficiency. For instance, a se lf-strat ifi ed morphology is used in gas 

separating membranes [53] and polymeric photodiodes [54]. A column-like 

morphology is present in li ght em itting polymeric diodes with a variab le colour 

or in anti -reflect ion coatings [55]. Patterned substrates are used in "all­

polymer field transistors" to keep apart the phase region of the source and 

drain [56]. 

(d) 
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2.4.2 Previous studies on interface effect in thin films 

In 1981, Reich and Cohen [57] reported the first study of phase separation of 

polymer blends (melts) in thin films. The work was aimed to understand the 

effect of confining surfaces on phase separation behaviour. It was shown that 

both geometrical constraints on the chain confrontations imposed by the 

boundaries and specific polymer-surface interactions strongly influenced the 

phase separation process. The influence increased with decreasing film 

thickness. 

Ten years later, a numerical study was carried out by Hall and Essery [58] to 

understand the particular influence of boundary surfaces on the domain 

morphology in a phase separating binary mixture. They assumed that there is 

an established temperature gradient perpendicular to the sample surface. It was 

shown that in the near surface of off critical binary mixtures the domains are 

formed preferentially parallel to the surface rather than isotropically as usually 

observed in the bulk. In their simulation, a strong dependence of the domain 

morphology on cooling rate with the highest degree of surface induced order 

occurring at sufficiently low quench rate was obtained. A similar pattern was 

found to be generated by a boundary associated with a surface free energy. 

Shortly after, R.A.L. Jones et al [27] experimentally observed the composition 

wave with a wave vector normal to the surface for PEP/dPEP system. They 

argued that these surface- directed spinodal decomposition waves are due to 

the preferential attraction of one of the polymers to the surface. They also 

studied laterally averaged composition profiles as a function of distance. The 

bulk is characterised by a randomly-oriented phase separation profile and the 

lateral average procedure does not yield a systematic behaviour. However the 

surface exhibits an enrichment layer of d-PEP followed by a depletion layer. 

This oscillatory profile is time-dependent and decays with a characteristic 

length to the bulk composition. 

Jones' experiment motivated many further investigations of this problem. The 

experimental techniques and results have been reviewed by Krausch [45]. 
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Following this experimental observation, Puri and Binder [59, 60] applied two 

special boundary conditions to conventional Cahn- Hillard equation theory for 

spinodal decomposition in the bulk. They took the preferential attraction of the 

components to the confining surface into account. Numerical solutions of their 

equations were very similar to experimental profiles obtained by Jones et al. 

For a good review of theoretical and numerical development of this problem 

see [61, 62]. 

In 1993, Lambooy et al [35] imaged the shapes of the growing hole and the 

interface between two polymers (PS/PMMA) and measured the dewetting 

velocity. According to them, the shape of the interface changes significantly 

with substrate viscosity and for the films thinner than 100 nm, a strong 

decrease of the dewetting velocity with decreasing the PMMA thickness was 

observed. This was due to the significant influence of silicon layer on the 

mobility of PM MA substrate layer. 

All studies mentioned above are related to polymer melts. As we discussed 

earlier in this chapter, there is another way of making polymer blends by 

dissolving them in a common solvent and then spin coating. Spin coating is a 

quick way of making thin film of polymer blends. A good solvent decreases the 

free energy of mixing and therefore mixing is thermodynamically favoured. 

In 1994 M. Geoghegan and R.A. L Jones et al [63] reported the lamellar 

structure formed in ternary system of polystyrene- polybutadiene spin cast 

from a toluene solution. Using neutron scattering technique they observed a 

very well defined layered structure with sharp interfaces. One year later in 

1995 they [49] studied the effect of the surface and interface in a different 

system, polystyrene and Poly(a - methyl- styrene) thin film cast from toluene 

solution, using nuclear reaction analysis (NRA). Surface directed spinodal 

decomposition was observed. Also, the growth rate of the depletion layer near 

the surface and substrate was calculated. In 1997, Walheim et al [64] 

systematically studied the effect of solvent quality and substrate surface on 

domain structure of PS/PMMA. It was suggested that one important 
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mechanism for lateral phase separation was the creation of a transiently layered 

film by a process of wetting, followed by the break up of the layers because of 

an interfacial instability. 

Different experiments were carried out to understand the interfacial effects in 

polymer thin film, in particular the influence of boundary surfaces on phase 

domain morphology and surface-directed spinodal decomposition has been 

intensively studied [45, 61, 65-69]. 

Most of these studies are done after film formation. However as it is a non 

equilibrium process, analysing the route from the end point does not provide 

precise information about the process itself. So, there is a huge motivation to 

develop a method to study the process in situ. In 2005, Heriot and Jukes [47, 

70] for the first time developed a technique for in situ monitoring of the phase 

separation process. Using light scattering instruments, they could monitor the 

evolution of film thickness and the development of phase-separated structure as 

a function of time during the spin-coating process. Their results provided 

convincing direct evidence in favour of the Walheim hypothesis. Utilizing this 

device is in its early stage of development. Hopefully by developing the 

method, one would be able to deeply understand the process of film formation. 

2.5 Spin coated thin films 

Spin coating is a method used widely in the creation of highly uniform, sub­

micrometer polymer films in CD manufacturing, field effect transistors, 

microlithigraghy, photovoltaics, LEDs etc. To simply describe the process, a 

ternary system is made by dissolving the polymers in a common solvent. A few 

droplets are deposited on a rotating substrate and in less than a minute a 

uniform film is formed. It is believed that there are three main steps in spin 

coating. First, most of the polymer solution is flung away from the rotating 

substrate leaving a thin uniform film. This is followed by decrease in film 

thickness as a result of the balance between the centrifugal and viscous forces 
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acting on the film. During this stage phase separation occurs for immiscible 

blends. Since the polymers have different solubility in the solvent, different 

phases will solidify at different solvent concentrations. In the last stage the 

viscosity of the film becomes so high that it is frozen in the substrate and 

subsequent solvent evaporation takes place through the film surface. The final 

morphology depends on many parameters including polymer properties, 

solvent evaporation, solvent volatility and the precise casting conditions [47]. 

However, when the film formation is altered by a homogeneous surface, phase 

separation can occur in the direction perpendicular to the film plane, resulting 

in a self-stratified film [32,47,48,63]. Alternatively it can happen in the plane 

of the film, resulting in a laterally patterned structure characterised by a length 

scale that depends on process history [47, 71-76]. Laterally phase separated 

domains are always accompanied by free surface undulations [61, 64, 77-79]. 

There are different theories, trying to relate the solvent effects to the 

phenomenon [64, 77, 79]. The most versatile one was published in 1997 and 

later in 1999 by Walheim et al [64, 78]. According to the authors, due to the 

difference in solubility of the blend components in the common solvent, the 

evaporation rate of the solvent from each polymer is different. It evaporates 

faster from the phase rich in less soluble polymers, which solidifies earlier. 

Consequently the phase rich in more soluble polymer is swollen. After final 

evaporation of the solvent from this phase, it collapses and forms a lower 

region of the free surface. This mechanism is claimed to take place during the 

third stage of spin coating (Figure (2.12 (d-f))) [64]. 

UNIVERSITY 
OF SHEFFIELD 

, InO(l r::I" 



Chapter 2 42 

Solvent 
(a) (d) 

~ 
(c) (e) 

B 

Figure (2.12) Phase separation (c-d) occurs in the course of the spin-casting 
process (b-f) for a certain range of decreasing solvent concentration (a) rather 
than at a fixed point of phase diagram. Surface undulations (e-f) arc formed with 
the elevated phase rich in the polymer less soluble in a common solvent (<P 2 in (c), 
<PI in (f». A. Budkowski el ai, 2002 1481. 

2.5.1 Numerical model of spin coating 

Spin coating was first modelled by Emslie, Bonner and Peck (EBP) 111 1958 

[80] . Their model consists of a simple system of a viscous fluid . Hence there is 

no polymer, the viscosity remains constant during the process. They assumed 

that the solution shows ewtonian character i.e. viscosity and thickness are 

uniform over the spinning di sk and the flow in the spin off stagc is radial, 

rectilinear and slowl y varying. [n a Newtonian fluid , the shear stress changes 

linearl y with hear strain. They set the transient point when the vi scous (shear) 

force is balanced by the centrifugal force . Equation (2.25) shows the force 

balance and fi gure (2. 13) schematica ll y expresses the scheme. 

7] : 

v : 
z: 

p : 
ill: 

r: 

Fluid viscosity 

Radial ve locity (in r directi on) 

The coordinate normal to the di sk surface (rotation ax is) 

Flu id density 

Rota tion speed of the di sk 

Radial coordinate 

(2 .25) 
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Integrating equation (2.25) , we have: 

av 
a:: 

po} rz 
-'---- + c ( c is constant of integration) 

'7 

43 

(2.26) 

Applying the boundary conditi on that at the free surface of the li qu id (:: = 17 ) , 

I . h' co (a u ) . f " t lere IS no s earing lorcc - = 0 , wc obtalll the constant 0 II1tcgratlOn: a:: 
po} rh 

C = -'---- (2.27) 
'7 

By rep laci ng c in equat ion (2.26) wc have: 

a u po} r;: po} rh 
= + -'----

az '7 '7 
(2.28) 

Integrating equation above leads to: 

po} rz 2 po} rhz I 

v = - + + c 
277 '7 

(2.29) 

Employing the bounda ry conditi on that at the surface of the disk (z = 0) the 

rad ial velocity is ze ro (v = 0) , the va lue of the constant of integration will be 

zero (c' = 0) and therefore equation (2.30) will be obtained for the rad ial 

veloc ity: 

po} rz2 po} rhz 
v = - + -'------

277 '7 
(2.30) 

Figure (2.13) The balance between viscous force and centrifugal force during the 
spin coating. Taken from D.W Schubert et 01, 2003 1811. 
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The radial flow (q) per unit length of circumference is: 

h

J 
pw2rh3 

q= vdz=..:.....---
o 317 

(2.31) 

The equation below is the continuity equation in terms of radial flow per unit 

circumference (q) : 

ah = _.!. a(rq) 

at r ar 
h: 

t: 
q: 

Film thickness at any time t during spinning 

Time 

Radial flow per unit circumference 

(2.32) 

Replacing (q) from equation (2.31) in equation (2.32), and by assuming that 

the viscosity is constant, we have: 

a(r pw
2

rh
3 J 

ah 1 a(rq) 1 317 
-=----=- = 
dt r dr 

Pw2 
k=-: 

317 

r dr 

Fluid constant 

(2.33) 

r ar 

In the EBP system, the viscosity is constant (solvent only), therefore equation 

(2.33) can be rewritten as: 

ah 
at (2.34) 

EBP considered a special solution for this equation in which h depends only 

on t. In this case [80]: 
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ah = -2kh 3 

at 
h- ho 

- ~1+4khJt 

~: Initial height of the fluid layer 

45 

(2.35) 

(2.36) 

Equation (2.35) shows the film thinning rate during spin coating where there is 

no evaporation and therefore viscosity remains constant during spinning. 

Meyerhofer [82] was the first to consider the evaporation phenomenon on spin 

coating model. He simply added e, the evaporation rate, to equation (2.35): 

dh 3 
-=-2kh -e 
dt 

(2.37) 

e: Evaporation rate 

Meyerhofer didn't solve the equation above analytically. Instead he assumed 

there are two stages in spin coating. The early stage is flow dominated and the 

later stage is evaporation dominated. With this approach he could predict the 

final coating thickness in terms of several key solution parameters expressed in 

equation (2.38). Figure (2.14) shows film thickness as a function of spin speed 

and different solute concentration. 

hi =x[ e ]X 
2(l-x)k (2.38) 

e: Evaporation rate 
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Figure (2.14) Meyerhofer's model for thickness via spin speed at different solute 
concentration. D.Meyerhofer, 1978 [82}. 

There have been several more attempts to predict the film thinning rate during 

spin coating. All these models [80, 82, 83] relied on the assumption of uniform 

solvent concentration during the spin coating. Later on, the model was 

improved by Bomside, Flack and Lawrence by taking the concentration profile 

into account [84-86] and also the effect of overlaying gas above the spinning 

disk [84]. Subsequent authors have generalised the work of Emslie et al [80] to 

include various additional physical effects including non Newtonian fluid 

behaviour, non polar substrate, surface roughness, evaporation and adsorption. 

Based on all these models the next attempt was extracting evaporation rate 

from the experiment. In the next section the impact of evaporation rate on the 

polymer film will be discussed. 
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2.5.2 The effect of solvent and evaporation rate on film structure 

The effect of solvent on film structure can be considered from two different 

points of view. Firstly through solvent characteristics like vapour pressure, 

surface tension, volatility [37 of 345], viscosity and alternatively through the 

quality of solvent, i.e. the solubility of components in solvent, evaporation rate 

etc. However, in both cases fast evaporation of solvent during the spin coating 

process causes some instability in the interface. In chapter 6 we will show that 

this instability which is called a Marangoni instability plays an important role 

on the final structure in thin films. 

Evaporation is an important part of the spin coating process in determining the 

final thickness as well as producing a uniform coating. The occurrence of 

several defects such as striation [87, 88] and "chuck marks" [89, 90] has been 

attributed to the evaporation rate. Daniels et al [88] eliminated the striations by 

spinning the film in a totally closed chamber in which the evaporation is 

eliminated. Strawhecker et al [91] studied the critical role of solvent 

evaporation on polymer film roughness. Du et al [92] reported reduction in 

striations by saturating the atmosphere with solvent vapour during spin coating. 

Kozuka et al [93] used alcohols with different boiling point to control the 

striations. According to authors, striations are present even for high boiling 

point alcohols (low evaporation rate). However striation disappeared during 

drying. Striations were observed even on a stationary substrate. This suggests 

that striation formation is independent of spinning [93]. 

The flow and evaporation behaviour of solvent during the spin coating has 

been measured mainly by Brinie and Hass [87,94-96]. To implement different 

evaporation rates for the system, they employed solvents with different vapour 

pressures to make films and recorded reflectivity- time data during the spin 

coating by an optospinogram as shown in figure (2.15). Based on Braggs' law, 

they made thickness-time curve for different solvents. Figure (2.15) shows the 

result. Then, they used equation (2.13) and plotted the thinning rate (dh) as a 
dt 
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function of two times the cube of the film thickness (2h 3). The slope and 

intercept of the graph provides k and e respectively. See figure (2.17). The 

measured value of evaporation rate for different solvent can be seen in table 

(2.1). 
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Figure (2.15) Intensity versus time plot for ethanol on silicon at 2000 r.p.m. 
Taken from Dunbar P. Birnie III and Manuel Manley, 1995 [95]. 
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Figure (2.16) Thickness development for several volatile fluids at 2000 r.p.m. 
Taken from Dunbar P. Birnie III and Manuel Manley, 1995 [95]. 
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1995 [95]. 
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Controlling the evaporation rate and the vapour environment is also important 

in post treatment of the samples. Temperature annea ling is used in industry to 

induce mobility in the polymer to provide sufficient flow. However the narrow 

window between glass transtion and the thermal-degradation temperature of 

most components limits the use of temperature annealing [97, 98]. Solvent 

annealing is an alternative to temperature annealing. It is also used to create 

different surface morphologies [99-10 I] . Nilsson et al [102] studied the effect 

of several parameters, one of them evaporation rate on phase segregation in 

polyfiuorene/PCBM blends. Their results show that reduced evaporation rate 

causes a transition from a lateral structure with high roughness to a fl at surface. 

However, there is no phys ical theory to explain the structure development in 

their ex periment. Also there is no quantitative control of vapour pressure. 

Table (2.1) Measured evaporation rate for different solvents as a function of spin 
speed 1951. 

Solvent 
[ Spin speed Evaporation rate 

r .p.m j.1m I s 

Methanol 2000 3.11 

Methanol 2000 3.03 

Methanol 2000 3.09 

Ethanol 500 0.82 

Ethanol 1000 1.23 
-

Ethanol 1500 1.58 
1-----

Ethanol 1500 1.66 

Ethanol 2000 1.94 
- -

Ethanol 2500 2. 13 

Ethanol 3000 2.26 
---

Butyl acetate 2000 0.89 
-

Butyl acetate 2000 0.93 

I-Butanol 2000 0.35 
-

I-Butanol 2000 0.35 
... 
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2.6 Instability in thin films 

Understanding the mechanism of film formation is an important part of 

designing cheap efficient optoelectronic devices. "Nucleation and growth", 

spinodal decomposition and finally layering and subsequent instability are the 

different routes for film formation. I have already introduced the occurence of 

layer formation during spin coating. Due to preferential attraction of one 

component with the substrate, one polymer wets the substrate first and the 

subsequent layers form afterwards. The interface between the layers becomes 

unstable and depending on the strength of the instability a laterally phase 

separated structure can form. In this section we will explain the potential 

mechanisms that makes the interface unstable and lead to a laterally phase 

separated structure. 

In 2005, Heriot and lones [47] have shown experimentally that PS/PMMAfilm 

goes through layering during spin coating. Hence the final structure is the well 

known laterally phase separated structure; it implies that at some point the 

interface between layers must have become unstable and led to a laterally 

phase separated structure. The question is now what makes the interface 

unstable? One potential mechanism for the interfacial instability in thin films is 

the Marangoni instability. In what comes next, I shall review the theory of the 

Marangoni instability theory and explain how this phenomenon could possibly 

be responsible for the origin of interfacial instability in spin cast thin films. 

2.6.1 Marangoni instability 

To understand the Marangoni instability as the major mechanism of interfacial 

instability in spin cast thin films, first we review the instability in liquid-liquid 

layers. Then this theory will be extended to spin cast films. 

At the turn of the 20th century Henri Benard [103] studied the development of 

hexagonal patterns in thin layers of fluids that were open to the air and heated 

from below. See figure (2.lS).The formation of the hexagonal cells was 
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initiall y attributed to buoyancy forces. Later on Lord Rayleigh [104] confirmed 

through linear stab ility analysis that the formation of convective cells is related 

to buoyancy forces. However, the conditions in hi s findings do not stri ctl y 

app ly to Benards' set up[ I 05] . It took 50 yea rs for Benards incorrect 

conclusion to be dismissed. It was shown experimentall y by B1ock[ I 06] and 

theoretically by Pearson[ I 07] that those convection cells within fluids less than 

1 117111 are not stri ctl y buoyancy driven and but rather are the result of changes 

in surface tension due to small variations in either temperature or 

concentration. This convection mechanism is usually named Marangoni 

convect ion in recognition of hi s previous work[ 1 05]. 

Figure (2.18) Honey-comb like cell pattern observed in Benard convection open 
to air. J.A Maroto et ai, 200711051. 

Surface tension is a function of temperature and concentration. Surface tension 

is higher in mixtures or at low temperatures. Figure (2 .1 9) shows the effect of 

temperature on surface tension of se lected liquids. The Marangoni effect is 

created when there is a gradient in surface tension in a solution. During the 

spi n coating, the evaporation of the solvent from a solution can establish either 

a composition gradient or evaporative cooling; both these are based on a 

capillary effect. Solvent evaporates faster from the top than the bottom of the 

solution. Therefore the top of the solution has higher polymer concentration 
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than the bottom and also because the top of the solution is exposed to air, it is 

cooler than other regions. That is how the gradient is generated during the spin 

coating. Figure (2.20) illustrate the effect schematically. To minimise the free 

energy of the system, high tension regions (higher concentration or lower 

temperature) draw fluids away from lower tension regions generating a 

circulation effect and resulting in continuous convection. The convection flows 

make the airlfluid interface unstable. The magnitude of this instability when the 

thermocapillary forces are responsible can be expressed in Marangoni number 

[106-109]: 

_(d1aT)H~T 
Ma = ---'-""::::"":'--- (2.39) 

J.1a 

(dVaT): Temperature derivative of surface tension 

~T: Temperature difference between the bottom and surface of the liquid 

H: Film thickness 

f.1 : Viscosity 

a : Thermal diffusivity 

For a value of Marangoni number bigger than 80, the film will be unstable [94, 

107]. However in this model it is assumed that the temperature gradient is 

linear through the solution layer-Le. that is the gradient is flT . But during the 
H 

spin coating due to the faster evaporation rate at the top surface, a non-uniform 

temperature gradient will form. Hass and Bimie [94] considered this transient 

surface temperature gradient by defining a new parameter, d, that represents 

the effective thermal penetration depth into the surface. The effects of 

thermocapillaries upon this development are expressed as follows [94]: 

(2.40) 

d : The effective thermal penetration depth near the surface 
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Due to the square dependence of the Marangoni number on the film thickness, 

it is possible to induce the thermocapill ary-dri ven convection wi th a 

suffici entl y thi ck solution layer of high evaporation rate [94]. For thin film, 

however, the thermocapillary-induced convection is unstabl e due to its small 

Marangoni number. Birnie [87] suggested that in thin film s the concentration 

gradi ent (so lutocapillary) has a more effective effect than temperature gradient 

(thermocapillary) . Due to the square dependence of Marangoni number on H in 

equation (2.40), when the films reach about 10% of their initi al thi ckness 

during spin coating there will be no practica l susceptibility to thermocapillary 

instab ility. When the composition gradient is the dominant factor for grad ient 

in surface tension's profile, equati on (2.40) can be recast as [87]: 

JiD 

C : Relevant compositi on va ri able 

(2.41) 

D : Di ffusion rate of the component driving the composition dependent surface tension change 
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Figure (2.19) The surface tension of selective solvent as a function of 
temperature. General trend is for surface tension to lower with temperature. 
Taken from Dunbar P. Birnie Ill, 2001 1871. 
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Figure (2.20) The Marangoni convection model (including composition- gradient­
driven and temperature-gradient-driven processes) for the spin-coating process. 
T. and C2 represent the temperature and solution concentration nea r the surface 
of the so lution layer;T2 a nd Cl represent the temperature and solution 
concentration near the interface between the solution layer a nd the ITO 
substrate. S.C Lue, 200511091. 

2.6.2 Solvent evaporation rate 

Birnie [107] has shown the composition gradient can stabili se and de tabili se 

the structure. Striation formation during spin coating ari ses as a result of the 

Marangoni effect, driven by the composition gradient of surface tension in the 

solution . A favourable solvent for a specific polymer should have a hi gher 

surface tension than the pol ymer itse lf. Therefore, by remov ing the solvent 

(high surface tension component) during spinning, the top surface ten ion will 

systematica ll y decrease. This condition stabilises the system aga inst stri ation as 

it suppresses the Marangon i instability. See fi gure (2 .2 1). 

Haas and Birnie [I 10] also studied the effect of radial position and sp in speed 

on striat ion spaci ng in "spin- on- glass" coating. The tri ati on wavelength, A, is 

independent of radial position and is the same across the entire wafer. Th is 

disproves one of the mechanism in which it is suggested stri ations are the 

rad ial stretching out of cellular patterns formed initiall y at the centre of the 

film. In figure (2.22) it is illustrated why stretch out of the cellul ar patterns can 

not be the right mechanism for st ri ation formation. 
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Figure (2.21) Selecting a favourable solvent to avoid striation formation for spin 

coating for a specific polymer. Favourable solvents will have surface tension 

higher than that for the solid itself. Evaporation of the solvent with higher 

surface tension is thermodynamically favourable as it lowers the free energy. 

Data taken from Dunbar P. Birnie Ill , 2001 187\. 

Figure (2.22) If the striations were the result of elongation of cellular pattern, 
formed initially near the centre of the film, one would expect spacing between 
lines to increase linearly with the radius. But the fact that A is the same 
regardless of the position, rules out this mechanism. 
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According to the authors, cellular features form simultaneously everywhere on 

the wafer and are modified to decrease the surface tension at locations where 

shear field is high as it goes farther from the centre of the substrate, resulting in 

striations which are aligned with the fluid flow field [110]. 

The Marangoni effect has been recently studied by Luo [109] through a series 

of systematic experiments. The effect was studied for five different solvents on 

PVK film. The results show a strong dependence of film roughness on solvent 

evaporation rate due to Marangoni instabilities near the surface. Table (2.2) 

shows the characteristic data for various solvents. THF is a good solvent and 

toluene is a poor solvent for PVK, but both show a relatively low evaporation 

rate. According to Luo et aI, the final structure of the films made from these 

two solvents is very smooth with no cell structure or striation near the surface. 

Roughness vs. evaporation rate data is plotted in figure (2.23). These results 

indicate that the Marangoni instability is minimal for low evaporation 

regardless of solubility [109]. When the evaporation rate is low, there is no 

sharp composition gradient along the film, so there is no Marangoni convection 

during the casting process. The fact that there is no obvious structure difference 

between good and bad solvents, suggests that the interaction between polymer 

chains and the solvent does not have an important role in dynamic instabilities. 
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T a blc (2.2) The characteristic data of different solvent 11091· 

, 
vp jL 7] I y p 

e Solvent V 

I (g/cm3
) (mmHg) (0 ) (mPa s) (mN/m) 
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Figure (2.23) RM S roughness plotted as a function of evapora tion r a te of four 
solvents. Higher vapour pressure increases the roughness. Data ta ken from S.C 
Lue, 2005 11091. 

Walheim et al [64] proposed a mechanism fo r undulation in (PS/PMMA) 

surface as a function of solvent quality and so lubility of the component in it. 

Strawhecker et al [9 1] studied the evaporation ra te in (PSI PEMA) system. 
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They considered both volatility and film levelling. Films created by more 

volatile solvents are rougher due to flow instabilities and very long viscoelastic 

relaxation times for levelling [91]. In other words, they conclude that the 

roughness of the film is dictated by solvent evaporation rate and for slow 

evaporating solvent (with vapour pressure <0.1 bar) there is no Marangoni 

instability. 

2.6.3 The effect of other parameters on film structure 

Although spin casting is a simple process to produce immiscible polymer films, 

a deep understanding of the process of film formation, particularly thin films is 

not yet available. Up to twenty years ago phase separation in thin films was 

considered the same as that in the bulk. The reasons for this deficiency could 

be firstly related to technological limitations hampering the study of film 

formation as it happens. Secondly, many parameters such as spin speed, 

evaporation rate, temperature, substrate chemistry, solvent nature, blend 

chemistry such as polymerization and concentration, film thickness etc can 

have significant effects on the film and some of them are not easy to control. 

However, many of these factors have been studied. In the next part some of 

these parameters will be discussed. 

2.6.3.1 The effect of molecular weight on surface energy 

In general, in thin films most studies revealed that the lower surface free 

energy component is enriched at the air-polymer interface in order to minimize 

the magnitude of interfacial free energy [Ill]. Surface energy depends on 

many parameters such as polymer molecular weight (equation (2.42)). 

However, the dependence of surface enrichment on molecular weight and then 

surface energy is not always straightforward. Some anomalous behaviour has 
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been reported [111, 112] where the component with higher surface energy 

preferentially segregates to the air-polymer interface. 

E=A __ k_ 
M~ 

w 

A & k : Constant 

(2.42) 

The surface chemical composition of polymer blends has been also extensively 

investigated in the past decades, both experimentally [111, 112] and 

theoretically [27]. Geoghegan et al [113] reported the effect of molecular 

weight on the morphology of as-cast (PS/PB) films. They showed that self 

stratified structure can be obtained by changing the molecular weight of the 

component and surface enrichment is dependent on the molecular weight. 

Tanaka et al [111] reported an anomalous behaviour for high molecular weight 

Polystyrene (PS) and low molecular weight Poly(methyl methacrylate) 

(PMMA), where the latter preferentially segregates at the air-polymer interface 

even though it has a higher surface energy. Hariharan's [112] numerical results 

also confirmed that the surface can be covered by lower molecular weight 

component. This is mainly due to the entropic penalty associated with the 

longer polymer chain at the surface. In other words, there is a compromise 

between end group surface tension and main part surface tension. 

The behaviour of a spun cast (PS/PMMA) blend as a function of molecular 

weight in the range of 20K-100K has been studied in detail [64, 114, 115]. In 

2003, Li et al [73] systematically studied the effect the surface morphologies 

and thermal stabilities of PS/PMMA blend film as a function of molecular 

weight of PS, varied from 2.9-129 K. Three different kinds of morphologies 

were detected in the range and the dependency of surface morphology on 

molecular weight was confirmed. 
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2.6.3.2 The effect offilm thickness on the structure 

Polymer dewetting of thin polymer film on a silicon substrate as a function of 

film thickness was studied previously [116]. Polymer films with thickness less 

than twice the gyration of an unperturbed chain, 2Rg , are defined as two 

dimensional ultrathin films [117, 118]. The polymeric blend films with 

thicknesses less than 2Rg of the higher molecular weight component can be 

defined as two-dimensional ultrathin blend films [119] (figure (2.24)). It has 

been shown that the surface structure of multi component polymer systems like 

(PS/PMMA) is fairly different from that in the bulk. That is, a lower surface 

free energy component is generally enriched in the surface region in order to 

minimize the air-polymer interfacial free energy. Since polymeric chains at the 

interface, in general, are thermally unstable, the molecular aggregation 

structure in the two-dimensional ultrathin film of a binary polymer blend is 

different from that in the thick film. Tanaka et al [75] studied the (PS/PVMA) 

system. Although the blend was miscible in the bulk, in the ultra thin films, 

phase separation happened below the bulk phase separation temperature. 

According to the authors the negative spreading coefficient of PVME on the PS 

matrix and the remarkably reduced conformational entropy of a PVME chain 

due to stretching could be the potential cause for the occurrence. In another 

experiment [117] they showed that the surface structure of (PS/PMMA) film 

depends on film thickness. They attributed the formation of the surface 

structure to the possible chain conformation freezing, due to fast evaporation of 

the solvent. They conclude that the formation of the surface structure of 

(PS/PMMA) can be explained by the film thickness dependence of both the 

Flory-Huggins interaction parameters and the degree of entanglement among 

polymer chains. 

Akpalu et al [50] investigated the suppression of lateral phase separation in thin 

polyolefin blends as a function of film thickness and temperature. 
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Figure (2.24) Schematic representation of the conformation of polymer chains in 

the thin film and the two-dimensional ultra-thin blend film. The image on the 

right hand side shows a polymeric films where thicknesses (d) are less than twice 

the radius of gyration of an unperturbed chain (2Rg). This is defined as two­

dimensional ultrathin films. The polymeric blend films with thicknesses less than 

the dimension of 2Rg, of the longest component can be defined as two­

dimensional ultrathin blend films. K. Tanaka et ai, 1995 [119]. 

2.7 Summary 

So far, I have reviewed the thermodynamics of polymer blends in binary and 

ternary systems. Dissolving polymers in a common solvent favours the mixing 

as it lowers the enthalpic cost to free energy of the mixing. Thin polymer films 

can be made by spin casting polymer blends. The morphology of the film 

depends on many parameters. To control the morphology it is essential to 

understand the mechanism of film formation. Knowing that, we should be able 

to design tailored structures for specific applications. Despite intensive studies 

on spin cast thin polymer films, there is no general theory to explain the 

mechanism of film formation. This is due to the fact that film formation is a 

non equilibrium process and the proper way of studying the system is 

monitoring film characteristics during film formation (not afterwards). 

Unfortunately, the technology is not advanced enough for in-situ study of the 

non-equilibrium process of spin coating films. 
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However, in my project I have used a home made device in Sheffield called the 

Optospinometer which is based on small angle light scattering to probe the film 

formation during spin coating. Heriot and Jones [47] have shown during spin 

coating, first a transient wetting layer forms and is followed by an interfacial 

instability which leads to lateral phase separation. 

The work presented in this thesis concentrates on the origin of the interfacial 

instability. For instance what makes the film unstable? The answer to this 

question is important because the formation of self stratified structure or lateral 

phase separation depends on this instability. 

We have considered the Marangoni instability as a potential mechanism for 

interfacial instability. We have tested our hypothesis by controlling the 

evaporation rate during spin coating. The idea was that changing the 

evaporation rate can change the concentration gradient in the film which in turn 

is the driving force for the Marangoni instability. The question was then how to 

control the evaporation rate during spin casting? This was achieved by 

controlling the environmental conditions. To do that, we have designed and 

made an environmental cell mounted on the optospinometer. This experimental 

set up enables us to change the vapour pressure of the gas in the chamber while 

spin casting is in progress. Higher vapour pressure in the cell decreases the 

evaporation rate from the film. Lower evaporation rate will suppress the 

Marangoni instability and therefore a layered structure is expected to form. 

Higher evaporation rate will trigger the Marangoni instability and lead to 

lateral phase separation. In what follows I will briefly describe the content of 

each chapter. 

Chapter 3 

In chapter 3, I explain the experimental set up and different methods used to 

study the films made by spin casting, such as small angle light scattering, 

atomic force microscopy, optical microscopy, fluorescence microscopy etc. I 

will explain how the Fresnel equations have been used to model the reflectivity 

data and for plotting the thickness-time profile. 
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Chapter 4 

In chapter 4, I will explain how I tuned my experimental set up. The first part 

of the chapter explains how the optics of the optospinometer have been 

modified. The second part is about controlling the vapour pressure inside the 

environmental cell. A series of swelling experiments were carried out by 

exposing the polystyrene films to toluene vapour at different vapour 

concentrations and rates. During the exposure, the reflectivity data was 

obtained by the optospinometer. The swelling behaviour was modelled using 

Fresnel's equations. The purpose of the experiments was to monitor stability of 

the gas flow in the cell and also controlling the concentration of the toluene 

vapour by changing the temperature of the gas or mixing it with nitrogen. 

Chapter 5 

In this chapter, I will describe how to change the evaporation rate during spin 

coating systematically by casting the film inside the environmental cell. Then I 

will explain how I extracted the value of evaporation rate for toluene by 

solving Meyerhofer's thinning rate equation during spin coating. 

Chapter 6 

Knowing the value of evaporation rate and how to control it, we applied it on 

PS/PMMA spin cast films to test the Marangoni instability. PS/PMMA films 

were made in the environmental cell at different vapour pressures and different 

evaporation rates. The hypothesis was that the higher evaporation rate causes a 

steep concentration gradient in the film. Therefore the interface will roughen to 

decrease the interfacial energy. This is a Marangoni instability. Conversely, 

slower evaporation rates will suppress the concentration gradient near the 

surface and therefore the Marangoni instability is driven by the concentration 

slope won't be strong enough to break to the surface of the film. As a result, a 

self stratified structure forms. The films made w(th different evaporation rates 

have different morphologies. The films were washed with selective solvents to 
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see if layering happens. The result confinns slow evaporation rates can create 

self stratified structure. 

Chapter 7 

In chapter 7, a new system composed of semi conducting polymers 

(F8BT/PFB) is studied. This blend is a potential material for active layer in 

photovoltaics. The efficiency of the device is strongly related to the 

morphology of the film. The ideal structure should provide enough interfaces 

to create excitons but it should supply a short and direct route for the charges to 

reach the electrodes. Using our experimental set up, we could produce variety 

of morphologies just by changing the evaporation rate in the environmental cell 

during the spin coating. The semi conducting blend films were first made on 

silicon substrates at different evaporation rates. They were characterised by 

optical microscopy, fluorescence microscopy and atomic force microscopy. 

As a preliminary attempt, we made a real photovoltaic device by spin casting 

the active layer on ITO substrate. The devices were characterised by means of 

different methods. The data are presented as preliminary results. However, we 

achieved our goal to produce films with different morphologies and different 

efficiencies, but more experiments need to be done to properly characterise the 

devices and discuss the physics behind it. 

Chapter 8 

Is conclusions and suggestion for future work. 
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Chapter 3 

Experimental Techniques 

To study the mechanism of film formation during spin coating we have used 

various techniques. 

A Small angle light scattering device integrated with a spin coater was used to 

collect information during the film formation. 

To study the source of interfacial instability, we designed and made an 

environmental cell that can be mounted on the spin coat chunk. Inside the cell, 

the vapour pressure of the inserting gas can be controlled. In this chapter the 

experimental set up will be explained in detail. 

Atomic force microscopy (AFM), fluorescence and optical microscopy have 

been used to study the topography and structure of the films. 

3.1 Small angle light scattering 

Small angle scattering (SAS) is the collective name given to the techniques of 

small angle neutron (SANS), X-ray (SAXS) and light (SALS, or just LS) 

scattering. In each of these techniques, radiation is elastically scattered by a 
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sample and the resulting scattering pattern is analysed to provide information 

about the size, shape, molecular weight, poly dispersity and internal structure 

[1-4]. During the scattering process, any changes in structure would be 

reflected in the energy or momentum of the scattered beam. In light scattering, 

the energy transfer is negligible, so it works based on momentum transfer. Any 

changes in momentum would be mirrored in momentum transfer or scattering 

vector, Q, which is defined as the difference between the propagation vectors 

of the incident and scattered light. The magnitude of the scattering vector is: 

(3.1) 

n: Refractive index of the medium 

A: The wavelength of the beam 

8: Scattered angle 

y 
kj /8 

Laser ---~~ e--------cl - Detector 

Sample 

Figure (3.1) Schematic definition of scattering vector 

By substituting equation (3.1) into Bragg's Law of Diffraction (3.2), we 

approach a useful expression which shows the relationship between Q and the 

distance of the sample from detector: 

A=2dsin% (3.2) 

d = 2n1t 
Q 

(3.3) 

d : Distance of sample from detector 



Experimental techniques 78 

3.1.1 The connection between light scattering and Fourier 

transform 

When light is scattered from a small scattering obj ect, the amount of scattering 

defines the scattering cross section. For a single scattering object, the intensity 

of the scattering object is expressed in equation (3.4). 

FCr) = o-p(.t) exp(2JZif.r)) (3.4) 

FC!): The intensity of the scattering object in direction s 
0- : Scattering cross section 

p(1) : Density at position X . 

Coherent scattering from a multiple source can be expressed in equation (3.5): 

(3.5) 

v 
F(r): Wave scattered in direction s 

p(1'): Scattering potential at position X 

F(/(x)) = F(w) = Jf(x)exp(-2JZi01r) (3.6) 

F : Fourier Transform function 

Comparing equation (3.5) with (3.6) which is the definition of Fourier 

transform shows that scattering produces the Fourier transform of an object. 

More detail about the scattering intensity can be found in appendix I. 

3.1.2 Small angle light scattering with integrated spin coater 

Small angle light scattering (SALS) is the main technique to study film 

formation in situ. The schematic image of this home made device made in 

Sheffield is shown in figure (3.2). A drop of the polymer blend is deposited on 
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the substrate which is placed on the stage of the spm coater, capable of 

reaching spin speeds in the range 0-10000 r.p .m within 200 I11S. During 

sp inning, a laser beam (He-Ne, 633 nm ) incident on the sample is re fl ected and 

the refl ected li ght is detected by two detectors . The first is a S i photodiode with 

a time resolution of I ms and measures the intensity of the specul ar refl ecti on 

from the sample. Any scattered li ght out of the specular direction (offspec ular 

scattering) is projected on a screen and then imaged by a CC D camera which 

ca n capture 30 frames pe r second . 

CCD camera 
(30 frames/sec) 

Beam splitter and photodiode -
Detector (10,000 data points/sec) 

spincoater 
rotation 

stage 

Beam splitter and (reference) 
photodiode detector 

Figure (3.2) Schematic of light scattering device made in Sheffield 

3.1.3 Fresnel equations 

Fresnel equations desc ribe the behav iour of li ght propagating in the media of 

different refractive index. When li ght is incident on an interface, a frac ti on of it 

is refl ected and refracted , as long as the refractive indices of the two media a re 

different. The extent to which radiation is re fl ected at a surface or in terface 



Experimental techniques 80 

depends on wavevector. In vacuum, the z component of the wavevector 

(normal to the surface) is given by [3]: 

k = (2nl )SinB 
Z,o lA (3.7) 

() : Grazing angle of incident 

Subscript 0 indicates the vacuum. In any other environment, the equation (3.7) 

can be written as [3]: 

(3.8) 

kc,': The critical value of kz., below which total reflection occurs. 

The reflection coefficient or reflectance at a sharp interface between two 

media, i and i + 1 is given by: 

(k z•, - kz•I+1) 

'i.l+l = (k k ) 
z.1 + z.l+l 

(3.9) 

In the case that polymer is In contact with air or vacuum, the reflection 

coefficient, rO.l and the reflectivity, R, are respectively defined by: 

(k z.O - kz.1) 

rO! = 
. (kz•o + kz.!) 

(3.10) 

(3.11) 

R: Fresnel reflectivity at the interface 

• r : The conjugate of r 

Now consider the case where a polymer film (medium 1) is in contact with 

vacuum (medium 0) and substrate (medium 2). The reflection coefficient from 

specimen/vacuum and from specimen/ substrate are ro,l and ru respectively. 
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Given that the film thickness IS d, the reflectance can be determined as 

follows: 

ro.1 + 'i.2 exp(2ikz.l d) 
r=--------

1+ rO,Irl,2 exp(2ikz,ld) 
(3.12) 

k
z
•, : The scattering vector or momentum in the film 

The reflectivity for such a specimen is given by: 

(3.13) 

Now consider the speCImen is composed of n layers, each with variable 

thickness on a substrate, and the (n + I)th layer being the substrate and index 0 

related to external surroundings (figure (3.3(b». The reflectance of the 

specimen is the reflectance at air/specimen interface, i.e., rO,I' This includes the 

internal reflection from each subsequent layer, starting from the substrate 

((n+l)th layer) and the layer closest to substrate (n th) layer. The reflectance 

between the (n -1) th and nth layer is given by: 

r:_I." + r:,"+1 exp(2id "k,,) 
r = 
,,-I," I " (2'd k ) + '"_1,,,',,,,,+1 exp I " " 

(3.14) 

r': Reflectance at the interfaces given by eq. 3.9 

This reflectance, '"-1,,,, is used to calculate the reflectance for the next layer by: 

':-2.,,-1 + '"-I.,, exp(2id ,,-I k,,_1 ) , -~~~~~---~~--,,-2,,-1 - l' (2 'd k ) , + r"_2,,,_I',,_I,n exp In_I n-I 
(3.1S) 

This calculation is then continued until the reflectance of air/specimen, '0,1 , is 

obtained and then reflectivity can be calculated by R = '0,1,;'1 . 
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Incident b eam Reflected beam 

Vacuum (0) 

Film (1) 

SlIblltro.te (2) 

(a) 

o 

1 d. 

(b) 

Figure (3.3) (a) Reflection from surface of a media (b) Schematic of a n layer mm 
each with variable thickness. 

3.1.4 Specular reflection 

When the laser beam is incident on the sample, it is refl ected from the surface . 

Due to constructi ve and destructi ve interfe rence of the refl ected beam from 

air/solution and solution/substrate interfaces, frin ges will fo rm (fi gure (3.5). 

The constructi ve interferences are the result of fulfilling Bragg's law. To apply 

Bragg's law, consider two waves C and D be ing sca ttered from top and bottom 

of a laye r with thickness d (fi gure (3.4)) . Because the refrac ti ve index of the 

two media is different, refraction will occur. However, the two waves are onl y 

in phase if the ex tra path length of wave D over C (= AN+BN) equals a whole 
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number of wave lengths. The equat ion for thi s path difference gives the Bragg 

law : 

AN + BN = 177,1 

2d cose = 117 ,1 

e: The internal angle regarding to the normallinc 

d : Film th ick ness 

A: Beam wave length 

c D 

N 

Figure (3.4) Reflection and refraction from a sin gle layer. 
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Cl:: 
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0.1 

0.0 ...J.-__ -,-__ ~---.,.----_.-----,.----.., 

2 
Time (5) 4 6 

(3 .16) 

(3 .17) 

Figure (3.5) The fringe formation corresponding to constructive and destructive 
interference. The peaks are the result of Bragg's law. 
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3.1.4.1 Thickness-time profile 

During spin coating, the reflectivity exhibits a series of peaks and troughs 

(figure (3.5)), corresponding to constructive and destructive interference of 

reflected light from the solution/air and solution/substrate interfaces. As the 

solvent is being removed from the system, the refractive index of the solution 

changes with time. It is assumed that the changes in reflective index with time 

for both the polymer and solution is linear at all time. So we have: 

nl = nj + (gradient * t) (3.18) 

n
l

: Refractive index of the film at time t 

nj: Initiative refractive index of the film 

gradient: Gradient oflinear plot of n vs t 

Given equation (3.17), it can be seen that two adjacent peaks in the specular 

data will correspond to a thickness change of Ild : 

Ild = J/2ncos{} (3.19) 

{} : The internal angle regarding to the normal line 

n: Refractive index of the film 

According to Snelllaw we have: 

nl sin P = n2 sin {} (3.20) 

{} 
• _I (nl sin p) =sm (3.21) 

n2 

f3: The incident angle regarding to the normal line 

{}: Internal angle inside the film 

nl & n2 : Refractive index of media 1 and 2 
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By rearranging equation (3. 19), we have: 

A-
d(/) = d(f) + (m - I) * [ ] 

2 * cos(B) * n 
(3.22) 

m - I : Peak number in specular data 

d(t) : Film thi ckness at any time during film formation 

d (f) : Final film thi ckness 

By replacing 11 , from equation (3 .1 8) in (3.22), we obta in equation (3.23), it is 

possible to plot film thickness as a function of time. 

A 
d(t)=d(f)+(m - l) * [ ] 

. 2 * cos(B)*(n;+gradient * l) 

Figure (3.6) shows the typical plot of thickness vs. time. 
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3.0 3.5 

Figure (3 .6) The typical plot of thickness vs. time for a PS/PMMA film during 
spin coating. The peak time and the number of peaks extracted from the 
relevant reflectivity-time graph were used in equation (3.23) to make this plot. 
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3.1.5 Off specular Scattering 

Reflections off smooth surfaces are known as specul ar refl ection or 

a lternati ve ly specul ar scattering. Refl ections off rough surfaces are known as 

diffuse refl ections or alternati ve ly off-specular scattering. In thin films it 

happens when the film has structure at the surface or structure within the plane, 

as demonstrated in figure (3.7). Any fluctu ations, either spati a l or tempora l, or 

a combination of these two, in the scatte ring length density will lead to non­

spccular or off specul a I' scattering [5]. The scattered li ght is observed as a ring 

and by measuring the intensity of the cross-section of the ring, a plot of 

intensity vs. wave vector could be obtained (fi gure (3 .7 (a))). 

(a) (b) 

o IT-specula .. 

11 I 

Figure (3.7) The specular and off specuJar reflection from film surface. 
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3.2 The Environmental cell 

To study the interfacial instability in polymer thin films and testing our 

hypothesis (Marangoni instability) we have designed a chamber that can be 

mounted on top of the spin coater stage and can be used while collecting 

reflectivity-time and also off specular data from the optospinometer (figure 

(3.8». UQG (ultra quality glass) was used for the windows to minimise the 

intensity loss. Figure (3.9) shows the intensity versus time plot for a silicon 

substrate both inside and outside of the cell. As is seen in figure (3.9) the 

intensity loss is small. Also because we do not use the absolute value of the 

intensity in our calculations, the slight reduction in intensity does not affect the 

data analysis. 

Vapour pressure was quantitatively controlled in the cell. Toluene vapour was 

introduced by bubbling nitrogen through toluene. The bubbler is inside a water 

bath for temperature control (figure (3.10». According to Clausius-Clapeyron 

relation, the saturated vapour pressure of a gas is a function of temperature 

only (equation 3.24). 

(3.24) 

Pt & TI : Corresponding vapour pressure and temperature 

P2 & T2 : Corresponding vapour pressure and temperature in another point 

All vap: Molar enthalpy of vaporization 

R: The gas constant (8.314 Jmorl K-1) 

Therefore, by changing the temperature of the gas, we were able to achieve the 

desired vapour pressure. In chapter (5) we will explain how the evaporation 

rate of the toluene from the spinning film is extracted and also controlled inside 

the environmental cell. Figure (3.10) shows the experimental set up. 
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Figure (3.8) Environmental cell made of stainless steel mounted on spin coater 
chuck. Vapour pressure can be quantitatively controlled in the cell. The laser 
beam reflects from the sample through the side windows made of ultra quality 
glass. The gas outlet can either go through liquid paraffin or an exhaust pipe to 
avoid unwanted air entering the system. The inlet nozzle is bent (not secn here), 
as to avoid the direct blowing of gas onto the substrate. 
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Figure (3.9) Silicon reflectivity inside and outside of the environmental cel\. 
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Figure (3.10) Experimental set up, including optospinometer, environmental cell , 
gas control panel and water bath with a bubbler containing toluene. 
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3.3 Atomic force microscopy (AFM) 

The topography of the cast films were collected by Multimode atomic force 

microscope (AFM), Nanoscope IlIa (Veeco, Santa Barbara, USA) operated in 

tapping mode with OMCL silicon probe from Olympus. The cantilevers had a 

nominal spring constant of 40 N/m and resonant frequency of 300 kHz. Height 

and phase data were collected simultaneously. The images were analysed by 

Nanoscope software, version 5.12. 

3.4 Optical microscopy 

The optical microscope images have been used to study the sample surface 

morphology. The images were also used as input for Fast Fourier transform 

(FFT) analysis which provides information on the structure length scale. 

ImageJ software was used to obtain a two dimensional Fourier transformation. 

From this transformation an intensity distribution in reciprocal space is 

obtained. Usually a ring of intensity is present which can be used to determine 

the length scale on the sample surface. 

3.5 Polymers 

Two different systems have been studied. The first system was Polystyrene and 

polymethylmethacrylate (PS/PMMA). The second studied system was 

semi conducting polymer blend (PFB/F8BT). Both blends were solution cast in 

toluene. 
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3.5.1 PS/PMMA 

Polystyrene (PS) with chemical formula (CsHS)n and polymethylmethac rylate 

(PM MA) with chemical formula (Cs0 2H8)n were prov ided from Polymer lab 

and Polymer source. Table (3 -1 ) shows the materi al specification. 

Table (3.1) Specification of PS and PMMA 

Polymer # Sample Source Mp Mw Mw/Mn 

PS Part 110:20 13-5005 Polymcr lab 96000 94650 1.03 

PMMA Part 110:2023-5005 Polymcr lab 100000 100300 1.04 

3.5.2 PFB/F8BT 

Conj uga ted polymers, PFB and F8 BT were used to make acti ve layer for 

photovoltaics. PFB poly((9, 9-dioctylfluorene)-a lt-bis-N, N_-(4-butylphenyl)­

bi s-N, N_-phenyl-I , 4- phenylenediamine) and F8 BT (Poly(2 , 7-(9, 9-di-n­

octylfluorene-alt-benzothiadiazole) are both polyfluorene deri vati ves. PFB is a 

hole transpol1ing polymer and F8 BT is an electron acceptor in photovoltaic 

devices. 

3.5.3 Solvents 

Toluene was used as the main solvent to make blends fo r both PS/PMMA and 

PFB/F8 Bt system. Solutions were made up to 10% polymer and 90% toluene 

by weight. Films were spun for 20 seconds at a speed of 2000 r.p .m. 

Cyclohexane and acetic ac id were used fo r se lecti ve washing of some 

components in the film. 
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Chapter Four 

Tuning the Optospinometer and 

Environmental cell 

This chapter has two parts. The first part explains how the optics in 

optospinometer was modified to obtain a more uniform beam spot and 

scattering pattern. 

The second part is about the stability of the gas flow and equilibrium between 

film and vapour in environmental cell. To monitor this, we have done a series 

of swelling experiments by exposing previously made polystyrene films to 

toluene vapour at different conditions. Analysing the reflectivity-time data, we 

propose a model for thickness evolution of swelled films. 

4.1 Improving the optics 

The optospinometer set up and the physics behind it is explained in chapter 3. 

The main physical concept is reflection and scattering of laser light from a 

substrate. We have modified the optical set up in two steps. First reducing the 

93 
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beam size and second e liminating the effect of any other interfe ring light 

source. 

4.1.1 Reducing the beam size 

The onset of instability in the film is revea led in scattered light. If the p lane of 

the film ro ughens, it w ill scatter the light. To monitor thi s process c learl y, we 

need to have a sma ll beam footprint on the substrate and a high density of the 

scattered light. The scattered li ght forms a ring if there is a length sca le 

w ithin an isotropic structure. The formation of the ring and its subsequent 

movement prov ides va luabl e in fo rmati on on structure evolution. T hi s will be 

di scussed in chapter 6. A big size beam spot makes it very di ffi cult to detect 

the scattering ring as they can merge as one spot (fi gure (4. I)) . 

To reduce the beam size, first we have tri ed multiple lenses and home made 

pin holes to converge the beam and reduce the size. T he optical pin ho les were 

not smooth enough around the edge and didn ' t provide a c lean beam spot. 

The next tri al was using a beam expander and a diaphragm . A Beam expander 

reduces the intensity of the laser but creates a big spot size. Placing a 

diaphragm in front of the beam expander, the size of the beam was controll ed. 

See fi gure (4 .2). 

Scattering ring 

A big beam footprint A Small beam footprint 

Figure (4.1) A big beam foot print will merge with the scattering ring and make 
it difficult to distinguish between the scattering and the small beam footprint. 
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4.1.2 Focusing the scattering pattern 

To eliminate the interference of li ght from ex ternal sources w ith the scattered 

li ght , the li ght path between thc sc reen and ca mera was iso lated from the 

surrounding area. A sliding box was designed in which the camera is mounted 

at one end and a screen at the othe r end . To find the focus di stance (length of 

the black box in fi gure (4.2», first we opened both anns and ali gned them 

hori zontall y. Then we removed the photodiode and put a paper with some tcx t 

on the screen and then moved the camera a long the ra il till the tex t was clear. 

The di stance between the camera and screen was measured (- 37 cm ). The 

advantage of hav ing a constant di stance betwee n camera and screen is that 

when we need to move the screen for example closer to the sample to detect 

sma ller length sca le, there is no need to adjust the camera as the di stance is 

constant. 

Figure (4.2) Optospinometer after the modification. The CCD camera and a 
glass screen are mounted at two ends of a black Aluminium box, in order to stop 
the light from the surroundings interfering with the scattered light. The 
supporting rail was modified to make the box slid easily. A beam expander and 
diaphragm, reduce the intensity and size of the beam. The environmental cell 
encloses the rotating chuck. 
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4.2 Characterising the performance of the 

environmental cell 

In order to characterise the perfonnance of the environmental cell, we carried 

out pilot experiments to investigate the uptake of the solvent by thin polymer 

films. Although the swelling of polymers lies outside the main focus of this 

thesis and these experiments were carried out mainly to characterise the 

apparatus, the phenomenon of polymer swelling is of interest in its own right 

and is introduced in the next section. 

A series of polystyrene films with different thicknesses were spin cast. To 

produce different film thickness, polystyrene with different molecular weights 

were spin cast at different r.p.m. The thickness was at the range of 40 and 

1400 nm. The PS films were exposed to toluene at different vapour pressures. 

The swelling of glassy polystyrene films exposed to toluene will be 

investigated by studying the reflectivity-time data. We will suggest an 

exponential model for thickness development. The model is then compared to 

experimental results. 

4.2.1 An introduction to swelling 

Swelling of polymers and phenomenon related to swelling such as diffusion, 

delamination and debonding of coatings from substrate [1] etc have 

technological importance in many areas such as emulsion, coating, adhesion, 

drug delivery etc. The swelling process in polymers is a combination of 

diffusion of the solvent to the free volume present in the porous structure of 

the polymer (mass uptake) and stretching of the polymer chains. 

In a nonnal case, the mass transport can be described in the framework of 

Fick's first and second Laws. Fick's first law relates the flux of the material to 

the local concentration gradient of the diffusing species at any given point in 

the space. 
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F=D
dC 
dx 

(Fick 's first law) 

F: The flux of matter 

D : Diffusion coefficient (m2 s·l) 

97 

(4.1) 

Fick's second law commonly known as the diffusion equation assumes that 

the concentration gradient is not constant and is changing with time. 

dc = !!....(D de) 
dt dx dx 

(Fick's second law) (4.2) 

Now consider a semi infinite system with constant diffusion coefficient where 

a material is deposited in a plane at x = 0 and is given enough time to diffuse 

in a film. In this situation, the solution for equation (3.2) can be written as: 

A' ( x
2 J c(x t) = -exp --'Ji 4Dt 

(4.3) 

Integrating the flux of the material over time gives the amount of mass that 

has left the plane as follows: 

(Dt 
M(t)=CoV~ (4.4) 

Co: Concentration of material deposited in the plan 

Equation (4.3) forms the basis of diffusion experiment analysis. This kind of 

diffusion in which the mass of the diffusive species is determined as a 

function of time and is proportional to the square root of time is called Case I 

diffusion. This can be distinguished from Case II diffusion in which mass 

uptake changes linearly with time. When a non glassy polymer is exposed to a 

solvent or vapour, the solvent will diffuse to the polymer, following case I 
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diffusion. The chains will also move. The relaxation process which is 

involved with chain motion in the polymer film is much faster than the time 

the solvent/vapour can diffuse into the film. This is the characteristic of case I 

diffusion. In contrast, in case 11 diffusion, the relaxation time is much longer 

than the time associated with diffusion. This usually happens in glassy 

polymers. 

When a glassy polymer is exposed to a good organic solvent/vapour, the 

weight of the polymer increases linearly with time. The polymer swells and as 

mentioned before a specific situation known as case 11 diffusion can happen. 

Case 11 diffusion has received considerable attention within the previous five 

decades [1-14]. It is characterized by linear kinetics and a sharp diffusion 

front [10] and can be described in two main stages: 

(a) The initiation stage in which the volume fraction of the solvent on the 

surface (({Js) will increase until a critical value (((Jc) is reached. At this 

point a case 11 diffusion front forms. 

(b) The propagation stage, where the front moves through the polymer with 

uniform velocity. 

The difference between actual volume fraction and the equilibrium volume 

fraction in stage (a) is a result of osmotic pressure that acts on semi-permeable 

surface of a glassy polymer. The osmotic pressure is resisted by the stress 

exerted by the chains in a glassy polymer. In glassy polymer films the chains 

are immobilised, therefore the relaxation of the chains happens slower than 

diffusion. This builds up stresses in the film and further diffusion of the 

solvent is possible only when the chains are relaxed. Crank [11] introduced 

the swelling stress to the diffusion equation. This led to the Thomas and 

Windle [10] model that describes the transport behaviour in case 11 diffusion 

based on the diffusion coefficient (D) and the flow viscosity of glassy 

polymers (TJ 0) . 

When the front is formed, the concentration of the penetrant in the front stays 

relatively constant while ahead of the front the concentration drops sharply. In 
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other words, the polymer ahead of the front is glassy but the material behind is 

highly plasticised. This has been shown by optical microscopy analysis 

(Thomas and Windle) [9] and Rutherford backscattering spectroscopy (Mills 

et at) [15]. The formation of the front is preceded by an induction period, 

during which the concentration of the solvent decreases as a function of depth 

in the film [16], see figure (4.3). Immediately after the induction period, the 

front is formed and moves at constant speed [17]. The velocity of the front 

may accelerate or decelerate at longer times[18]. 

0.20 

0.1 ~ 

0.10 
t=7.6x105 S 

,/ 
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o 800 1800 2400 3200 4000 

Depth (nm) 

Figure (4.3) Isodohexane volume fraction vs. depth profile in polystyrene after 
different exposure times. C. Y "ui et al, 1987 [17). 

4.1.1.1 Thermodynamics of swelling equilibrium 

The thermodynamics of equilibrium swelling of polymer films exposed to an 

organic solvent vapour can be described by the method of analysis proposed 
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by Flory- Huggins (more recently by Chen et al). It is based on equality of the 

chemical potential of the components at equilibrium. i.e. the chemical 

potential of the solvent vapour (f.1vapour) is equal to the chemical potential of 

the solvent in the film (f.1 pol) when they are in equilibrium. 

f.1vapour = kT In a (4.5) 

a: Activity of the solvent vapour 

a which is the activity of the solvent vapour is defined as the ratio of partial 

pressure of solvent vapour to the vapour pressure of the liquid at fixed 

temperature. 

The chemical potential of the solvent in the film (f.1 pol) can be derived from 

the Flory-Huggins theory ofmixing[19, 20] 

(4.6) 

f/Js: Volume fraction of solvent in the polymer film 

N: The degree of polymerization 

By equating equation (4.5) and (4.6) it is possible to describe the equilibrium 

behaviour of the vapour/ (polymer-solvent) in terms of X the Flory-Huggins 

interaction parameters. 

lna = (l-(bs{l- ~)+ In(bs + Z(l_(bs)2 (4.7) 

A plot of the fit to equation (4.7) from Sharp and Jones work is shown in 

figure (4.4). It shows as the relative pressure of the vapour (water here) 

increases, the amount of the solvent absorbed at the equilibrium will increase. 

The data taken from QCM (quartz crystal microbalance) in figure (4.5) show 

the same result. i.e. by increasing the vapour pressure, the initial rate of uptake 



Tuning the optospinometer 101 

increases but along with that, the total equilibrium time increases as well. The 

increase of equilibrium time is not expected for diffusion in polymer material, 

because the diffusion coefficient is expected to increase with increasing the 

solvent content. In other words, diffusion in bulk films is different from thin 

films (films less than 2 f.l111) • 

In a model suggested by Hui and co workers [16] it is assumed that swelling is 

driven by differences in osmotic pressure 6TI across the polymer/vapour 

interface. Therefore the rate of change in volume fraction (d</J) can be 
dt 

written as: 

d</J Lln 
-=-
dt 17 

(4.8) 

TI: Osmotic pressure 

Elongational viscosity 

Elongational viscosity (1]) describes the response of the polymer to the 

osmotic pressure introduced by rapid swelling when it is exposed to a solvent 

vapour. The stresses are induced by swollen polymer and further uptake can 

only happen when the stresses have relaxed. The relevant relaxation time is 

set by 17. 

In our work in section (4.2.3), we will use a different approach to show there 

are different regimes during the swelling of a glassy polymer film. Using 

reflectivity-time data and by modelling the thickness-time, we demonstrate 

there is more than one stage in the kinetics of swelling of glassy films of 

polystyrene. 



Chapter 4 102 

1 ~------------------~----------------~ 
9 00° '- O. 

::l 
o 0.8 c. 
~ 0.7 
Q3 0.6 -~ 0.5 
'0 0 .• 
>0.3 -:> 0.2 -:t 0.1 

O~----~----~----~----~----~--~ 
o 0.005 0.01 0.015 0.02 0.025 0.03 

Volume fraction of water 

Figure (4.4) Dependence of the equilibrium volume fraction of water on the 
activity of water vapour in the air surrounding the films (with different 
molecular weights) [20]. Material used were (.) 80K Da PLA (poly (DL­
lactide», (0) 12K Da PLA and ( ... ) 10K Da PLGA glycolic acid. Data taken 
from Sharp et ai, 2001 [20]. 
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o 100 

Figure (4.5) Kinetics of swelling on poly (DL-lactide) for polymers hydrated at 
relative humidities of (0) 6%, (0) 37%, and (~) 78%. Data taken from Sharp et 
ai, 2001 [20]. 
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4.2.2 Stability of the gas flow in the environmental cell 

The experimental set up for the environmental cell has been explained in 

chapter 3. In this part we will show that the set up is working and it is 

behaving as expected. The first experiment examined the stability of flow in 

the gas loop. Toluene at different vapour pressures was produced by blowing 

nitrogen gas through the solvent at different flow rates. The concentration of 

toluene is a function of temperature only. Therefore, changing the nitrogen 

flow rate, should not affect the concentration of the vapour in the cell and 

therefore no shift or volatility in reflectivity is expected. Figure (4.6) shows 

the situation in the environmental cell is very stable and that decreasing the 

flow rate of nitrogen does not alter the reflectivity 

There are two methods to change the vapour pressure of the gas in the cell. 

The first method as mentioned before is changing the temperature. The higher 

the temperature of the gas, the higher the vapour pressure will be. The second 

method is mixing the toluene with another gas. This will dilute the vapour and 

reduce its pressure. 

The result of the first technique (changing the vapour pressure by means of 

temperature) will be discussed in chapter 5. In what comes next, the second 

method (diluting toluene by nitrogen) in our set up will be inspected. 

The concentration of toluene was controlled by mixing the toluene gas with 

nitrogen prior to entering the cell. Figure (4.7) shows the result. At the 

beginning when there is no exposure, the reflectivity is constant. Then the 

film is exposed to toluene at 18°C. This temperature provides the nominal 

vapour pressure of 19.61 mmHg and toluene concentration of 

19.61 * 100 = 2.6% (760 mmHg is the saturated vapour pressure of toluene at 
760 

its boiling point). The reflectivity changes and after 5 minutes it increases 

slowly and reaches the equilibrium. At t=15 min, toluene is mixed with 

nitrogen gas to reduce the concentration. The composition is (1: 1) ratio of 

toluene to nitrogen. The concentration of toluene is halved to 1.3%. There is 

an immediate response to the change in concentration at t=15 min. First the 
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intensity drops and then it starts to increase and reach the equilibrium. It takes 

less time to reach the equilibrium thi s time. This could be due to the fact that 

the film contains some toluene from the prev ious exposure and therefore is 

a lready swollen. Also because the vapour concentration is lower, the stress 

induced by osmotic pressure will be lower and therefore it takes less time to 

reach the equilibrium . 

Figure (4.8) shows another multi exposure experiment. A PS film was 

exposed to toluene with vapour pressure of 19.61 mmHg for about 15 minutes 

and then the va lve was closed to obstruct any gas flow. As seen in fi gure 

(4.8), the reflectivity drops. Then the valve was exposed to toluene with the 

same concentration va lue i.e. the vapour pressure of 19.6 1 mm/-ig at 18 °C and 

toluene concentration of 2.6%. The refl ectivity responds to the change. These 

outcomes are representati ve of many other experiments that show the set up is 

working in the expected way and that we are able to control the vapour 

pressure in the environmental cell. 
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Figure (4.6) PS film is exposed to toluene at different nitrogen flow rate. 
Changing the flow rate from 4 /1/11;', to 2 /I",ill does not make any change in 
reflectivity. 
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Figure (4.7) Reflectivity data of PS film responding to the reduction of toluene 
concentration in environmental cell. The film is exposed to toluene at room 
temperature (18 °C) and swells. Then the concentration is halved by mixing the 
toluene with nitrogen gas. There is an immediate response to the change. Also at 
the second exposure, it takes less time for the film to reach the equilibrium. 
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Figure (4.8) Monitoring the saturation condition in the environmental cell. PS is 
exposed to toluene gas with 2.6% concentration and frin ges form due to 
swelling. Then the nitrogen gas valve is switched off after about 15 minutes. By 
decreasing va pour pressure, the reflectivity drops. A fter a couple of minutes, the 
film is exposed to toluene again, with the Same concentration and reflectivity 
rises. 
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4.2.3 Swelling behaviour of polystyrene film 

Satisfied with the stability of the gas flow and swelling response of the film, 

the films were exposed to toluene at 18°C. We have tried to study the film 

swelling process by modelling the reflectivity- time data. In what follows we 

will explain the modelling step by step. 

Figure (4.9) shows the reflectivity-time for a PS film with initial thickness of 

1200-1400 nm exposed to toluene. Fringes appear due to absorption of the 

toluene in the film and changes in the film thickness and also changes in the 

refractive index of the film. At the beginning, the refractive index of the film 

is the refractive index of PS (nl = nps = 1.59). During swelling, the refractive 

index of the film will change to n2 : 

(4.8) 

n2: Refractive index of the swelling film 

n PS: Refractive index of pure PS (1.59) 

v PS: Volume fraction of PS 

n sol Refractive index of toluene (1.5) 

v sol Volume fraction of toluene 

The volume fraction of the film can be written as a function of film thickness: 

(4.9) 

dl : Initial film thickness 

d 2: Final film thickness 
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The initial film thickness (d)) was measured by either ellipsometry or AFM . 

However, the final film thickness could not be measured in the same way, 

because the film would collapse after being removed from the toluene 

atmosphere. Therefore, we had to calculate the film thickness. 

Fringes are due to constructive and destructive interference of the reflected 

beam from the surface and interfaces of the film and substrate. Between each 

two subsequent peaks, the film thins by !1d which is given by equation (3.19) 

!1d = A/2n cos (). In our experimental set up, the incident angle is 45 degrees, 

the refractive index of polystyrene is 1.59 and the wavelength of the laser is 

633 nm. () is the internal angle and by applying Snell's law, we 

have cos () = 0.8898. Using equation (3.16) and by substituting all values we 

obtain !1d as below: 

!1d = 633 = 229.48 :::: 230nm 
2 * 1.59 * 0.8898 

(4.10) 

We should mention that in our calculation for thickness change between two 

fringes, it is assumed that the refractive index is constant. But in reality the 

refractive index of the polystyrene film when toluene is introduced to the 

system, will change continuously according to equations (4.8) and (4.9). 

However, our assumption for having constant refractive index for calculation 

of !1d has very little effect on it. To make it more clear, even if the volume 

fraction of toluene reaches an extreme value of 0.9 (v) = 0.1 and v2 = 0.9), in 

that case the value of n2 will be n2 = 1.59 x 0.1 + 1.50.9 = 1.51 and, 

subsequently !1d = 236nm. The difference between our assumption and the 

extreme case of having 90% toluene in the swollen film introduces 6 nm 

difference in !1d which at this stage of modelling has a negligible 

consequence on the results and can be ignored. 

Knowing the difference in thickness between each two subsequent fringes and 

by counting the number of fringes (full and fraction of fringes) and also 
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knowing the initial thickness, we are able to ca lculate the final film thickness 

after swelling. 

In the next step we assume there is a linear relati onship between refracti ve 

index and film thickness. Therefore we can write: 

n2 - n, 
n[thickness ] = n ) + ( ) x thickness 

d 2 - d, 
(4.11 ) 

n, & d, : Initi al refracti ve index ( 1.59) and initi al film thickness 

n2 & d 2: Final refracti ve index and final film thi ckness 

thickness : Film thi ckness during the swelling 

The thickness is changing with time. If we have an equation for thickness as 

a function of time, we can replace it in the Fresnel equation. We suggest a one 

variable stretched exponential equation for thickness as a function of time as 

follows: 

t 2 
thickness[t] = d 2 +(d

J
- d 2 )x exp(-(- ) ) 

a 

t : Swelling time (111 in) 

a : Constant 

And refl ecti vity according to Fresnel 's equation reads: 

(4. 12) 

(4.13) 

The different components of the equation above have been introduced in 

chapter 3. (d) in Fresnel's refl ecti vity equation (4. 13) was replaced by 

suggested Thickness[t] from equation (4.12). By adjusting (a) fo r each set of 

experimental refl ectivity-time data, the thi ckness evolution during the 

swelling was obtained. The model is done by Mathemati ca software and is 
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based on 2 layers (s ili con substrate+ po lystyrene film ). Fi gures (4.9) - (4.11 ) 

show the refl ecti vity-time data and a plot of the fit to equation (4. 13), with 

stretched ex ponenti al thi ckness fun ction (equation (4 . 12». As it is observed, 

there is good match between data and model at earl y stages ; however thi s is 

not true at later stages. Thi s outcome is expected and is in agreement with the 

theory of case II di ffusion that suggests the re are di fferent regimes during 

swelling of the glassy pol ymer film s. At the pre liminary stage, there is a 

bigger dri ving force fo r mass uptakc duc to bigge r d iffe rence in chemi ca l 

potenti al o f the vapour and the solvent in the film . The quick mass uptake and 

subsequent swelling, gcnerates stress in response to the osmoti c pressure. In 

g lassy po lymers, the chains attached to the substrate have di fferent mobility in 

comparison to cha ins at the free surface. While the cha ins at the free surface 

are free to stretch in response to a good so lvent, there are other a reas o n the 

film that show res istance to di f fu sion of the penetrating molec ules . Thi s 

barrier to the fl ow of the penetrant to glassy area o f the fi Im bui Ids up an 

osmotic pressure and the refore a subsequent stress in the film . Relax ing of the 

chains comes w ith swelling and is a response to the induced stress. However, 

the diffusion of toluene to the glassy palt of the polystyrene film occurs when 

the chains at the top layer of the film become stretched. Thi s time delay 

introduces different swelling rates . Therefore, a s ingle stage thi ckness 

evolution model can not full y describe the behaviour ofthe system. 

Equation (4 . 12) is an empirical equation. To start , I tri ed a two va riable 

stretched exponenti a l equation for thickness as a fun cti on of time as follows: 

. t b 
tJ1lckness[t]=d2 +(d l - d2 )xexp(-(-) ) (4.13) 

a 

a & b : Constant 

I tri ed different va lues and combinations of a and b. The best general result 

was obta ined with b = 2 and fittin g a for di ffere nt curves . The Mathematica 

programme, version 5.2 was used for modelling and fittin g thi s equation to the 
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data. To find the best va lue for the constants in equation (4.1 3), di fferent 

numbers were assigned to a and b and the programme was run to plot the 

curve. The author believes that the final version of Mathematica at thi s time 

(version 6) has an option to evaluate a bi g range of numbers at the same time. 

Thi s option provides a better opportunity for fitting and makes it easier to find 

the best match between the data and the fit. 
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Figure (4.9) A polystyrene fil m of thickness 11 50 11111 was exposed to to luene at 
vapour pressure of 19.61 mmHg. The variab le parameter (a) in equation (4. 12) 

is 0.51. 
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Figure (4.10) A polystyrene film of thickness 127011111 was exposed to toluene at 
vapour pressure of 19.611llIllHg. The variable parameter (a) in equation (4.12) 

is 0.22. 
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Figure (4.1 I) A polystyrene film of thickness 1400 IlIIt was exposed to toluene at 
vapour pressure of 19.61 III 111 Hg. The value of (a) in equation (4.12) is 0.92. 
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4.3 Summary 

In this chapter the optospinometer was modified by reducing the beam size by 

means of a beam expander and a diaphragm. To eliminate the effect of 

interference of the scattered laser beam and light from the surrounding 

environment the camera and the screen were mounted at the two ends of a 

black box made of aluminium. The box was painted black to avoid any 

reflection from a shiny surface. 

The stability of the gas flow and uptake of toluene in environmental cell was 

examined by exposing the polystyrene film to toluene vapour and examining 

the equilibrium behaviour at different vapour pressures. Reflectivity was 

modelled by using the Fresnel equations and one variable stretched 

exponential model was suggested for thickness evolution during swelling 

(thickness[t]=d2 +(d\-d2 )xexp(-(!-i». Matching the model to the 
a 

experimental data shows that the thickness evolution has more than just one 

phase. In other words, stretching the chains happens with different rates as the 

swelling front proceeds. This is in agreement with the theory of case 11 

diffusion for glassy polymers. Since the mobility of the chain is different with 

depth of the film, there is a time delay for the vapour molecules to diffuse 

through the whole thickness of the film. Therefore there is a front where 

behind it the polymer is highly plasticised and ahead of it still glassy. This 

builds up an osmotic pressure on the surface of the film. The swelling of the 

chains is a response to relax this stress. The solvent/vapour can diffuse further 

only when the chains are swollen by the solvent. In our model, a fit of the 

proposed thickness-time equation initially shows a good match with the 

experimental data. But before reaching the equilibrium there is a deviation in 

the model. This is possibly due to diffusion of the front towards the glassy 

region of the film. 

Overally, the gas stability inside the environmental cell is in a good condition. 

In the next chapter we will spin cast toluene at different vapour pressures in 
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the environmental cell and establish a model to extract the evaporation rate 

during the spin coating. 
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Chapter 5 

Evaporation Rate in Spin Coating 

5.1 Introduction 

As discussed previously there are two major stages in the spin coating process. 

First, the solution is spread on the substrate until the shear force balances the 

centrifugal force. Then at the second stage evaporation takes over and become the 

dominant mechanism of film thinning. 

Despite the importance of evaporation rate on film quality, there is no systematic 

technique to study the effect of evaporation rate on the film thinning. So far, most 

studies have used different solvents with different vapour pressures to study the 

effect of evaporation rate on film morphology. The higher the vapour pressure is 

the higher the evaporation rate. We believe that employing different solvents is 

not an ideal way of studying the effect of evaporation rate during spin coating. 

Different solvents have different affinity or X factor and solubility with polymers 

and different viscosity. These constraints can alter the kinetics of film formation. 

Therefore, by using different solvents, evaporation will not be the only factor 

influencing the system. In this chapter we will show how we determined the 

evaporation rate during spin coating at different vapour pressures. 

116 
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To establish a quantitative relationship between the process variables - the 

temperature of the solvent reservoir and the flow rates of the carrier gas - and the 

evaporation rates, we carried out a series of measurements of the time-evolution 

of the thickness of a film spun from pure solvent. From this data, we were able to 

extract quantitatively the evaporation rate for a given set of process variables and 

spin speed. For this analysis, we used the model of Meyerhofer and by solving its 

equation we managed to extract a quantitative value for evaporation rate during 

the spin coating. 

This calibration is then used in our subsequent experiments on the spin coating of 

blends in chapter 6. 

5.2 Controlled vapour pressure atmosphere 

The first sets of experiments were done by spinning liquid toluene at different 

vapour pressures in the environmental cell. The reflectivity- time data were 

collected and a typical graph is shown in figure (5.1). 

Fringes are due to constructive and destructive interference of reflected beam 

from the surface and interfaces of the film and substrate. Between each two 

subsequent peaks film thins by !ld which is given by equation (3.16) 

!ld = A/2ncosO. To calculate the internal angle (0) we use Snell's law: 

no sinfJ = n) sinO (5.1) 

fJ: The incident angle regarding to the normal line 

no & n): Refractive index of air and toluene respectively 

0: The internal angle 

In our experimental set up, the incident angle is 45 degrees, the refractive index of 

toluene is 1.5 and the wavelength of the laser is 633 nm. By replacing these values 
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in equation (5.1), we have l*sin45=1.5*sinO and therefore cosO=0.88191. 

Using equation 3.16 and replacing all values we obtain ~d as below: 

633 
~d = = 239.235nm 

2 * 1.5 * 0.881917 

Knowing the difference in thickness between each two subsequent fringes and by 

counting back the number of fringes, we were able to plot thickness-time profile 

for toluene at each vapour pressure. It should be mentioned that when the 

reflectivity becomes constant, it means that no toluene is left and the thickness has 

reached zero. We call the corresponding time (t f) . Figure (5.2) shows a typical 

thickness-time curve for toluene. 

The next step was to control the evaporation rate of the solvent. Toluene was spun 

cast in our environmental cell in controlled vapour atmosphere. Nitrogen gas was 

blown through a bubbler containing toluene in a water bath. By controlling the 

temperature of the bath, toluene vapour was produced at different saturated 

vapour pressures. If necessary, to reach a certain desired concentration of toluene, 

the vapour was mixed with nitrogen before entering the cell. Table (5.1) shows 

the vapour pressure and concentration of toluene at different temperatures. It is to 

be expected that the higher the vapour pressure inside the cell, the slower the 

evaporation of the toluene from the spinning substrate. To test our idea we filled 

the cell with gas at different vapour pressures and spin cast toluene while the 

reflectivity-time data was collected. Figure (5.3) shows the results for some 

selected vapour pressures. Increasing the vapour pressure shifts the end point time 

( t f ) towards longer times. These results prove that our experiment is working and 

we are able to manipulate the evaporation rate by controlling the environmental 

parameter. 
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Figure (5.1) Reflectivity-time data for toluene during spin coating. The thickness 
change between every two subsequent fringes has been calculated (M = 239nm). 

By knowing that there is no toluene at t = t f and the thickness is zero and by 

counting back the number of fringes, thickness-time curve can be constructed. See 
figure (5.2). 
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Figure (5.2) Thickness via time during spin coating of toluene. Data points extracted 
from figure (5.1). 
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Table (5.1) Vapour pressure and concentration of toluene at different temperature 

Temperature 

Cc) 

25 

20 

I R 

16 

14 

12 

10 

R 

6 

4 

2 

I 

0.5 

0.4 

0.3 

0.1 

o 3 

Vapour pressure 

(mmHg) 

28.47 

2 1.R6 

19.61 

17.56 

15.69 

13.99 

12.45 

11 .06 

9.8 1 

8.07 

7.66 

7.19 

6.96 

Concentration% 

3. 75 

2.RR 

2.58 

2.3 1 

2.06 

1.114 

1.63 

1.45 

1.29 

1.1 4 

1.00 

0.95 

0.9 1 

- vp=O 

vp=12.45 mmHg 

vp219.61 mmHg 

- vp=28.47 mmHg 

End pOint l ime (I,) is shifting lowards higher values as Ihe 

vapour pressure in the enviromental cell is increasing . 

6 T ' 9 Ime (s) 
12 15 18 

Figure (5.3) Comparing reflectivity-time plot for toluene at different vapour 
pressures. The black curve is when there is no toluene in the cell. By increasing the 
vapour pressure inside the cell, we can manipulate the thinning rate and make it 
evolve slower. v p is indicative of nominal vapour p.·essure of toluene in the 

environmental cell. 
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5.3 Extracting the evaporation rate in spin coating 

In the previous section we have shown that it is possible to control the evaporation 

rate. The next challenge was to extract the evaporation rate at each saturated 

pressure. We made our calculations based on the Emslie, Pecker and Boner (EBP) 

and Meyerhofer equation. To the knowledge of the author so far, this equation has 

not been solved analytically. We have solved Meyerhofer equation and extracted 

the evaporation rate value by fitting parameters for our experimental data. The 

details will be explained in the next section. 

5.3.1 Solving Meyerhofer's equation 

To extract the value of evaporation rate from these curves, we have used EPB and 

Meyerhofer equation, dh = -2kh3 - e . 
dt 

Using the reduced variables where x = Ah and s = Bt , the above equation can be 

written as below provided that A and B fulfil relations (5.3) and (5.4): 

dx 3 -=-2x -1 
ds 

(5.2) 

(5.3) 

B 
e=-

A 
(5.4) 

Rearranging equation (5.2), we have: 

f dx -Jds 
-2x3 -1 

(5.5) 
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Which has the solution : 

I r (1 + Vix)2 h - 1+ if42x l s = 1,~ - In , (";; 1,/. ? - 2v 3Arc tan[ h ] - C 
t216 1- \i2x+t4x- v 3 

(5.6) 

Where the integration constant, C, related to the time ' fi li al at which the film 

thickness becomes zero. 

s = B I = /[ x] - C (5.7) 

C = /[0] - B * I fili al (5.8) 

lfillal can be read from refl ectivity-time graph at each vapour pressure. By 

replaci ng C in equation (5 .6), we obtain the relation below as Meyerhofer' s 

equation answer. 

r 
3r::: )2 3/:2 l . __ I _ _ (1 + \I 2x _ - } + 'V 4 ~ x _ _ * (5.9) 

5 - 3~ In V2 V4 2 2J3Arc tan[ J3 ] (.f[0] B I filial) 
\12 16 1- 2x + - 4x 3 

By adj usting the constants A and B for each appli ed vapour pressure, we obtai n 

good fits between equation (5.9) and our experimental data which is plotted in 

fi gure (5.4); from the fitted values of A and B we calculate the evaporation rate for 

each value of the applied vapour, which is plotted in fi gure (5 .5). As expected, the 

higher the nominal vapour pressure is inside the cell, the lower the evaporat ion 

rate. Appendix A shows the detail s of what has been done for fitting. 
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5.3.2 Governing mechanisms for film thinning during spin coating 

In Meyerhofer's calculation it was assumed that spin coating has two major stages 

and each step is governed by a different mechanism. At the beginning, the film 

thinning is governed by hydrodynamic flow in which shear and centrifugal forces 

compete until a viscous layer is formed. After this, the solvent starts to evaporate. 

Our results provide direct evidence in favour of Meyerhofer's theory. 

Thickness-time profiles for toluene at different evaporation rates is shown in 

figure (5.4). The black curve shows when the film was made at ambient 

temperature and there is no gas flowing inside the cell. Here the evaporation rate 

is highest. Moving towards the blue curve the vapour pressure inside the cell is 

increasing and the blue curve shows when toluene is spin cast in the highest 

possible vapour atmosphere (low evaporation rate). This is the second evidence to 

suggest that by changing the vapour pressure of the flowing gas we can either 

decrease or increase the evaporation rate of the solvent. The predominant feature 

in this graph is that at the beginning of spinning, regardless of evaporation rate all 

curves fall on the same path clearly implying that hydrodynamic thinning is 

dominant at the beginning of spinning. However when the films reach about one 

third of their thickness, the evaporation becomes dominant and they behave 

differently as expected and show a variable thinning rate. This provides strong 

support for Meyerhofer's theory. 

5.4 Conclusion 

In this chapter, I have shown how to make a thickness-time profile when we have 

an evaporative solvent during spin coating. This is different from constructing a 

thickness-time profile for a spin cast film (polymer +solvent) as explained in 

chapter four. This is due to the fact that when we have only solvent in the system, 
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the thickness of the film will become zero when the solvent is totally evaporated. 

As no film is formed at the end, it is not possible to start from final film thickness 

and count back the number of fringes to construct the thickness-time profile. 

Instead we chose a different approach. Using Snell's law and Bragg's law, we 

calculated the thickness variation between two subsequent fringes and by knowing 

that the final thickness is zero, we constructed the thickness- time profile for 

toluene during the spin coating at different vapour pressures. 

We extracted the evaporation rate of a solvent during the spin coating by using the 

Meyerhofer equation for the thinning rate of a spin cast film. By fitting the 

solution to the thickness-time profile modelled from reflectivity-time data, we 

extracted the value of evaporation rate for toluene at different vapour pressures. 

The results provide direct evidence in favour of Meyerhofer's theory; this 

suggests that film thinning happens in two different stages with at least two 

different mechanisms. At the beginning, the film thinning is governed by 

hydrodynamic flow in which shear and centrifugal forces compete until a viscous 

layer is formed. Evaporation becomes the main player at the second stage. The 

thickness-time profile shows that at the beginning of the spin coating, the thinning 

rate is almost the same for all films regardless of evaporation rate (hydrodynamic 

thinning). When the evaporation takes place, the rate of thinning is proportional to 

evaporation rate. The higher the evaporation rate is, the quicker the layer thins. 
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Figure (5.4) Thickness time profile for toluene at different saturated vapoul" 
pressure. The evaporation rate is controlled by changing the vapour pressure inside 
the cell. The black curve is related to highest evaporation rate. For the blue curve, it 
takes longest for the toluene to evaporate due to the higher saturated vapOlll" 
pressure inside the cell and therefore slower evaporation rate. 
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Figure (5.6) Thickness time profile for toluene at different saturated vapour 
pressure. Figure (5.4) with more plots. 



Chapter 6 

Controlling Instabilities during 

Spin Coating through Evaporation 

Rate 

6.1 Introduction 

Previous experimental work in our group shows strong evidence to support the 

model for the mechanism of film formation due to Walheim et al. During spin 

casting polymer blends initially form transient self-stratified layers due to 

preferential attraction of one of the components by the surface. The factor that 

determines if the film is self-stratified is if these layers subsequently break up 

due to instability at the interfaces between these layers. Usually the interface 

becomes unstable and will lead to a laterally phase separated structure figure 

(6.1). 

In this chapter we will address the origin of the interfacial instability. Our 

hypothesis is that a Marangoni type instability[ 1-3], which we believe is driven 

1')7 
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by a gradient of solvent evaporation from the substrate to the surface of the 

film , is the governing mechanism for interfac ial instability. 

One way to test thi s hypothesis is by changing the concentration gradi ent in the 

film . The concentration f,Tfadient is due to sol vent evaporati on. During the spin 

coating, the solvent is removed from the system by evaporation. If the rate of 

evaporation is greater than the di ffusion of the solvent to make solvent 

concentrati on uniform through the film - then a concentrati on gradient will form 

causing a va ri ation in interface tension profil e in the film . The mechani sm IS 

schematically illustrated in fi gure (6.2) . 

Therefore if the generation of such a gradient across the film makes the 

interface physica ll y unstable, it should be poss ible to see the di ffcrence in 

structure by changing the evaporation rate in a spin coating film . 

In the prev ious chapter we have shown how to control and extract the 

evaporation rate from a spin cast film . It was shown that introducing toluene 

gas in the cell can suppress the evaporation rate from the spinning film. In this 

chapter, the evolution of the PS/PMM A film structure in vapour atmosphere 

i.e. different evaporation rate will be di scussed and the Marangoni instability 

will be addressed. 

-
" ' 

(i i i) ..... IIIIIII~ 

(iv)~ .... ~ 

Figure (6.1) Proposed mechanism of film formation during spin coating of an 

immiscible blend 141. 
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Figure (6.2) Schematic of concentration gradient during spin coating which 
creates an interfacal tension profile in the solution. 

6.2 Design of experiment 

To study the interfac ial instability of polymer blend during the spin coating, we 

considered the Marangoni instability as the origin of thi s instability. The 

Marangoni instability happens as a result of a concentration gradient in the 

film. Therefore we had to find a method to control the concentration !:,'Tad ient. 

We tested the idea by controlling the evaporat ion rate in the environmenta l 

cell. The inspiration was that if the vapour pressure inside the ce ll is high, thi s 

will suppress the evaporation rate. Lower evaporation rate will let the diffusion 

suppress the so lvent concentration gradient in the film. As a result the 

Marangoni instability will be repressed. Vice versa , increas ing the evaporation 

rate should create a strong solvent concentration gradient and thi s in turn 

should trigger the Marangoni instability. Depending on if the instability is 

suppressed or enhanced we should be able to create a range of morphologies 

from self-stratified to latera ll y phase separated structure. 

In the last two chapters, it is ex plained how we controIl ed the vapour pressure 

and the evaporation rate in the environmenta l cell. 

A blend of 50:50, PS/ PMMA, 10% concentration by weight in toluene was 

prepared. The silicon substrate was cleaned by pl asma cleaning. After the 

substrate was placed on the pin coater chuck, the beam splitter was adjusted to 

obtain the true refl ectivity for s ilicon and a lso the best image on the creen. 

The environmental chamber was positioned and filled with gas. The vapour 
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pressure of the gas was controlled by a water bath with a bubbler containing 

toluene. The full set up is explained in chapter 3. The waiting time was at least 

3 minutes to assure that the cell was saturated with gas. The substrate was 

rinsed off with toluene to remove any dust or particles. A pipette assembled on 

top of the cell was used to dispense a few drops of the blend on the substrate 

and it was spun for 20 seconds at 2000 r.p.m. During spinning, the reflectivity 

and off specular data were collected and subsequently analysed by means of 

different methods. 

6.2.1 Analysing off specular data 

The scattered light is projected on a screen and recorded by a CCD camera 

which takes 600 images during 20 seconds of spin coating. Any instability in 

the film will be visible as off specular light (scattering). Any defined length 

scale in the film, will show an off specular ring. Evolution of this ring 

provides direct information on structure evolution and in particular length scale 

formation. 

In what follows, the procedure to convert scattering images to length scale­

time graph (q - space) will be explained. Each point in the ring is presented by 

its distance from the centre and the angle B in figure (6.3(a)). Figure (6.3(b)) 

shows the cartoon of the unwrapped image of intensity. Due to the symmetric 

shape of the ring, half of it is considered for intensity calculation. This is 

schematicalIy illustrated in figure (6.3(c)). A plot of intensity via pixel number 

at a time t is shown in figure (6.3(d)). These curves have been radially 

averaged over time. Radially averaged intensity data have been used to plot q 

via t. QCt) is related to length scale in reciprocal space (or q -space) and is 

equal to q = 2Jt , where d is length scale. The system was calibrated by an 
d 

AFM grid with 10 pm features. The distance between the screen and coating 

stage was 56 cm. Figure (6.4) is q - t plot for PS/PMMA film during spin 
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coating. As seen, the onset of instability and structure evolution can be probed 

by means of this graph. 

Cb) 

r 

90 180 () 270 360 

Cd) 

Figure (6.3) (a) Each point in the image is presented by rand e. (b) unwrapped 
image of intensity. (c) Due to symmetric shape of the circle, only Intensity of half 
of the image is analysed. (d) A plot of intensity via pixel number/time frame at 
any time in lab view programme. 
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Figure (6.4) Structure development for PSIPMMA sample during spin coating. 

Different regions in this image are explained in figure (6.15). The colours 

represent the intensity as determined by the key on the plot. 
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6.3 Phase separation in PS/PMMA film 

Film structure and topography of the film is affected by many different 

parameters. Figure (6.5(a)) shows the typical spin cast film structure. In the 

centre there are isotropic islands of PMMA in a cellular pattern followed by a 

transient region with striation towards the edge. The polygonal cells in the 

centre of the film are reminiscent of Benard-Marangoni pattern. The striations 

are the source of failure in devices. Therefore in addition of the interest to 

understand the physics behind it, there is an industrial motivation to produce 

striation free films. 

The length scale of the striation pattern is approximately 50 /lm, which is the 

same as in the isotropic centre. This suggests that the hydrodynamics simply 

break the symmetry of the instability when the shear field is large without 

affecting the physics that underlines the selection of a length scale. In other 

words, the formation of striations is not independent of the factors that control 

the overall film structure. 

The CCD camera records the scattered light from the film. The scattering 

happens when there is a type of instability such as roughening in the film. The 

existence of the ring in scattering pattern is indicative of a specific length scale 

in the structure. Applying Fast Fourier Transform on the optical micrograph 

reveals a length scale of about 50 f.1Jrl which is same as the length scale of the 

scattered ring. It confirms that evolution of the scattering ring during the spin 

coating can in fact provide valuable information about the dynamic of film 

formation. 

To obtain more information about different phases in the film, selective 

solvents have been used. Some samples were washed with acetic acid and 

cyc1ohexane. The former is a good solvent for PMMA and the latter is a good 

solvent for PS. Figure (6.6) is a topography AFM image of as cast PS/PMMA 

film. The bright islands are elevated columns of PMMA that disappeared after 

washing the sample with acetic acid (figure (6.7(a)). Washing the sample with 



133 

cyclohexane at the next stage, removes the PS ri ch phase from the film (fi gure 

(6.8)). PS has a lower surface tension and it is expected to be more abundant at 

the top surface of the film as thi s in theory should decrease the free energy of 

the system. However, the ex istence of any PMMA on the top surface of the 

film confirms that film fonn ation is far from its equilibrium . 

Figure (6.5) Optical micrographs and off speclllar intensity of a PSfPMA film (a) 

in the centre (b) transient region and (c) towards the edge of the sllbstrate. 
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Figure (6.6) (a) A topography AFM image of a as cast I>S PM MA film. The 

structure is laterally phase separated. The circular domain of one phase is 

scattered in the matrix of other phase (b) Three dimensional image of the island 

in the centre of image (a). Features in the island. The surface is concave. The 

scale is in microns. 

o 2S so 7S 100 20 dO 60 80 

Figure (6.7) (a) A topography AFM image of the sample above after washing in 

acetic acid to dissolve the PMMA. The elevated islands have disappeared. This 

shows that they are made of PMMA (b) The three dimensional image of (a). The 

scale is in microns. 
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Figure (6.8) (a) The sample in figure (6.7) was washed with cyclohexane, this 

removed the PS rich phases, however the substrate is not clear yet. A rim is left 

behind. (b) The three dimensional image of the rim in (a). The scales arc in 

microns. 

We have repeated the selecti ve washing experiment changing the sequence of 

washing (i.e the sample was first washed with cyclohexane and then with 

acet ie acid). This was done as a supporting experiment. As expected there is 

not an obvious change in the morphology of the fi Im washed w ith cyclohexane. 

All the PMMA islands are present at the surface as prior to the washing (figure 

(6 .9 (b)). The background is sli ghtly alte red by washing. T he second stage of 

washing with acet ic acid has removed the islands but PS spikes are still 

present. See figure (6 .9 (c)). Washing the sample one more time with 

cyclohexane removes the PS eontent from the film and leaves a shadow of 

PMMA is land . This is seen in figure (6. 10). However it should be mentioned 

that the molecul ar weights of the polymers in figure «6 .6)-(6.8)) are slightl y 

different from the polymers in figure (6.9) and (6. 10). 
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Figure (6.9) (a) 3-dimensional AFM image of as cast PS/PMMA (b) washing the 

sample with cyclohexane hasn ' t significantly changed the morphology. This 

suggests most of the top layer consists of PMMA. (c) Acetic acid has removed 

PMMA islands but PS is present at the background. 
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Figure (6.10) PS/PMM A film , first washed with cyclohexane, second with acetic 

acid and third with cyclohexane. On the substra te there is a shadow of cellula r 

pattern seen at the top surface 

6.4 The effect of evaporation rate on film thinning 

In Chapter 3 we described how to pl ot the thickness-time profil e for a film 

during spin coating. Figures ((6. 11 )-(6 .1 3)) show the refl ecti vity-time plot for 

PS/PMM A film with different evaporation rates. The final time ( ' / - when 

there is no toluene in the film) is consistent with the trend in evaporation rate. 

By measuring the final thi ckness of the film and appl ying Bragg's law, the 

thickness-time curves are pl otted in fi gure (6. 14). As expected, this plot is very 

similar to thickness-time plot for toluene. The initial part of all curves show 

similar behaviour as hydrodynamic thinning is the governing fac tor for fi lm 

thinning at thi s stage. Later, when evaporation starts to dominate, film s thin at 

diffe rent rates. At higher evaporati on rates the thinning rate is hi gher. 
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Figure (6.11) Rcflectivity timc for PS/PMMA film madc at atmosphcrc pl'cssure. 
The indicated specific time are rcad from q - f graph in figure (6.15(a». 
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Figure (6.12) Reflectivity time for PS/PMMA film made at higher vapour 
pressure (13.99 mmHg). Due to lower evaporation rate, it takes longer for toluene 
to evaporate and therefore the final time (if) is higher. 
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Figure (6.13) Reflectivity time for PSIPMMA film made at highest possible 
vapour pressure atmosphere before condensation. The final time (t f) is 

approximately 13 seconds. 

6.5 The effect of evaporation rate on interfacial 

instability 

To study the Marangoni type instability in the liquid-liquid interface of 

PS/PMMA films, we spin cast the films in the environmental cell exposed to 

toluene gas at various vapour pressures. 

Figure (6.15(a)) is a contour plot showing the radially averaged intensity of the 

scattered light out of the specular direction for the blend film made in ambient 

conditions with the highest evaporation rate (e = 3.15,um / s). There are three 

distinctive regions on the plot. After 1.5 seconds the instability initiates with q 

shifting towards the higher value of scattering vector, indicative of formation 

of smaller length scale structure. This is followed by breaking up of the 
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structure and formation of a pattern of approximately 12 J1l11. Finally a fixed 

pattern with length scale of about 50 J1l11 forms and the scattering ring remains 

intact till the end of the spinning. The relevant times are indicated on R - t 

graph in figure (6.11) which on its own, can not supply the same information 

provided by off specular data. While reflectivity-time gives information about 

layering and thickness changes during spin coating, the scattered beam 

provides information on instability and structure development. 

The evaporation ends in less than 4 seconds and the film is settled. Figures 

(6.l5(b» and (6. 1 5(c» are the optical micrographs of the centre with a cellular 

pattern and edge of the film with the familiar striation with a periodicity of 

about 50pm. 

In the next stage the evaporation rate of the solvent from the film has been 

decreased by increasing the overhead vapour pressure. As seen in figure (6.16), 

the onset of instability and the film settlement time is delayed due to slower the 

evaporation rate in the cell. The cellular pattern and striations are bigger than 

the previous sample but less predominant. 

In figure (6.16(a-c», at (e=1.03J1l11/s) we can see there is a change in the 

final structure as well as the scattering pattern. Most of PMMA islands are 

appeared towards the edge and also striations begin to disappear. There is no 

dominant q vector and also no scattering ring and it takes longer to develop a 

fixed structure (6.5s instead of3.5s). 

If we exploit lower evaporation rates, the above trend continues and at one 

extreme (e = 0.42,um / s) there is no lateral phase separation. As shown in 

figure (6.19(a», the q(t) profile does not reveal any dominant q value, 

indicating a lack of a specific length scale in the film. It is clearly seen that 

evaporation rate in this film is very slow as it takes 13s for the toluene to 

evaporate. Comparing the final time (t f) at highest evaporation rate 

(e = 3.15,um / s & t f = 3.5s) with the lowest evaporation rate 

(e = 0.42pm / s & t f = 13s) shows that thinning time is roughly 270% longer. 
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We speculate that due to a low evaporation rate, the concentration gradient in 

the film is not bi g enough to trigger (or initiate) the Marangoni instability. The 

osc illation of the scattered light in fi gure (6. I 9(a» is similar to the fringes seen 

in refl ectivity-time data (fi gure (6.13». This is due to thickness va riation 

during the spin coating. Perhaps the magnitude of the instability is never 

suffici ent enough to break through to the surface and form any structure with 

defined length scale. We intend to consider if a layered type structure is 

formed. Washing the samples with se lecti ve sol vents verifies our deduction. 

This will be discussed in the next section. 
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Figure (6.14) Thickness-time plot for PS/PMMA film with different evaporation 
rate. The X sign indicates the onset of instability in film s. The values are 
extracted from q - t graphs in figures «6.15)-(6.19». However at low evaporation 

rate there is not any obvious instability till the very end stage when toluene is 
completely evaporated. 
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Figure (6.15) (a) The off-specular scatter q(t) profile shows the structur'al 

evolution when there is no overhead gas pressure and the solvent evaporation 
rate is at its highest (e = 3.15f.1m / .'I). There are 3 different stages; firstly smooth 

layering occurs, then the structure breaks up with features on many length scales 
and finally at (t>3.5 s) a fixed pattern with a length scale of - 50 pili forms. 
Optical micrographs taken at (b) the centre of the sample and (c) the edge of the 
sample show a laterally phase separated structure (-50 J.lm) with radial striations 
towards the edge of the sample. 
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Figure (6.16) (a) Film is made in environmental cell with a saturated gas pressure 
of 8.64 IIII11Hg which slowed down the evaporation rate from the film. It takes 
longer for toluene to evaporate; therefore 1/ is longer than the previous sample 

(- 6 seconds). (b) Optical micrograph of the centre region with a larger but less 
defined length scale. (c) Striations towards the edge of the sample. 
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Figure (6.17) (a) due to a lower eva poration r ate in this sample, the Ma ra ngoni­

like instab ility is wea ker and does not completely break through to the surface. 

T herefore, considerably less off-specular scattering is observed. T he film evolves 

more slowly becoming fi xed a fter 6.5 s. In the optical micrographs (b) a nd (c) 

there is no cellular pattern a nd the striations a re less dominant. 
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Figure (6.18) (a) Decreasing the evaporation rate, shifts the end point time (tf ) 

towards higher value. (b) There is no dominant structure in the centre and in (c) 
striatiolls completely disappear. 
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Figure (6.19) (a) The lowest evaporation rate (e = 0.42J1m / s) is applied and 

therefore the concentration gradient which dr'ives the Marangoni-Iike instabilit y 
is most suppressed. The oscillation of the scattered light is similar to the fringes 
in specular reflectivity. There is no dominant length scale. Perhaps the 
magnitude of the instability is never sufficient to break through to the surface. 
Micrograph (b) from the centre and (c) from the edge of the sample show neither 
a cellular pattern nor striations. A layered structure is believed to have been 
formed in this sample. See figure (6.20) and section (6.5) for more information on 
layer formation. 
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6.6 Bilayer formation 

Any structure evolution in films with low evaporation rates suggests that 

layered structure is formed. The optical microscope images show no lateral 

phase separation. To prove the formation of layers, selective washing was 

carried out on the sample with lowest evaporation rate (e = 0.42,um Is). The 

sample was first washed with acetic acid. Figure (6.20(b)) clearly shows the 

existence of a layer which has been detached from the substrate and partially 

folded (or rolled). This layer must be rich in PS to show resistance to acetic 

acid. Washing the sample with cyclohexane removed the remaining PS layer 

and clears the substrate. The fact that film has been detached from the substrate 

suggests PM MA is the bottom layer. Another possibility is there are 3 layers 

with PMMA on top and the bottom of the film and PS in between. We need 

more sophisticated method such as Nuclear Reaction Analysis (NRA) to 

characterise the order of the layers properly. In figure (6.20(b)) it seems that 

there is a secondary phase separation. Perhaps Raman spectroscopy could 

provide more information on the chemical composition of the phases. 
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Figure (6.20) (a) As cast PS PMMA film with lowest evaporation rate (b) after 

washing the sample with acetic acid , PS layer is dispatched from silicon substratc 

and rolled (c) washing the sample with cyclohexane has removed the remaining 

PS layer. 
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6.7 Summary and conclusions 

In this chapter we have addressed the origin of interfacial instability in 

PS/PMMA films. Films were made at controlled vapour pressure atmospheres 

to generate different evaporation rates. Using reflectivity-time data, the 

thickness-time curves were plotted. There are two dominant regions in the plot 

confirming that there are two mechanisms governing the structure of a spin 

coated film. The early stage is mostly affected by the balance between the 

shear force and the centrifugal force. This is followed by evaporation of the 

toluene from the film. At higher rates the film thins very quickly. Decreasing 

the evaporation rate will shift the final formation time towards a higher value. 

Using off-specular data and by radially averaging the intensity of the scattering 

images, they were converted in to length scale-time plots that provided 

valuable information on the structure evolution during the spin coating process. 

The result is summarised in figure (6.21). At high evaporation 

rates (e > 1.8f.Jm / s) where solvent evaporates from the surface of the film 

quicker than diffusion can re-equilibrate the concentration through the film, 

there will be less solvent at the surface. This can lead to a Marangoni type of 

instability where if the interface between the two polymers roughens, it lowers 

the total interfacial energy, leading to a lateral phase separation. Evaporation 

rates between 1.6 -1.8J.1m / s correspond to the transient region where striations 

start to develop. Decreasing the evaporation rate below 1.6f.1m / s stabilises the 

structure. The concentration gradient is not steep enough to trigger the 

Marangoni instability, and therefore a layered structure is more likely to form. 

Washing the sample with selective solvents confirms that the layered structure 

forms during spin coating and it is possible to stabilise the interface between 

layers by controlling the environmental parameters. 
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PS/PMMA film s, eva poration rates higher th an 1.8 f.1111 / s triggers th e Ma rangoni 
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Chapter 7 

Structure Development in 

Semiconducting Polymer Blends 

7.1 Introduction 

Blended polymer based optoelectronic device have attracted a huge amount of 

interest over the last few years due to their potential app lication in polymer 

based field-effect transistors[ 1-3], ligh t mitting diodes (LEDs) [4-9] and 

photovoltaic devices (PVs)[ I 0-12]. However, the efficiency of such devices, in 

particular the solar power conversion efficiency for all-pol ymer solar ce ll s st ill 

remains well below the va lue of the conventional photovo ltaic material [13] . 

The low effic iency of solar cells is mainly due to charge tran pOl1 pathways 

within the active layers. It is suggested that charge trapping is the main loss 

mechanism for charge transport [13, 14]. It has been demon trated that the 

morphology of the active layer can greatly enhance the device performance 

[15, 16]. This can be achieved by controlling the processing parameters such as 

152 
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solution and substrate temperature , spin-speed, solvent and sol vent saturated 

atmosphere. 

Using the set up 1 developed to control the morpho logy through evaporati on 

rate, in thi s chapter we demonstrate a pre liminary attempt to control the 

morpho logy in semiconducting pol ymer blends used in photovoltaics. We have 

used the environmental ce ll to make the active layer of a series of photovolta ic 

dev ices at di fferent vapour pressure. The goa l was to produce a va riety of 

morpho logies and then investi gate how these va ri ati ons effect the effi ciency of 

the dev ice. Tailoring di ffe rent structures by controlling the evaporati o n rate 

onl y, will allow the morphology dependence of the effi c iency to be studied 

without varying the chemica l composition . 

7.1.1 The effect of the morphology on device performance 

In the search for alternati ve green energy sources, nanostructured orgamc 

materials are a potenti al candidate to produce low cost dev ices. The effi c iency 

of opto-electronic devices is highl y re lated to film morpho logy [1 5, 17- 19]. 

The structure of a thin film in turn is strongly affected by process pa rameters 

during spin coating such as solvent evaporation , initial concentration , phase 

separation and subsequent phase coa rsening [4, 20] . Therefore it is very 

important to have a deep understanding o f the film formation process. 

Knowing whi ch, we could ta ilor the structure providing good device effi ciency. 

In o rganic optoe lectronic dev ices, an acti ve laye r is sandwiched between two 

electrodes. Thi s layer is made of conjugated pol ymers and provides a place for 

exciton di ssociation or e lectron-hole binding (in LEDs) and a lso a route fo r 

charge transfer from the site of exc iton di ssociation to the electrodes . In 

photovolta ic devices , an exe iton (electron-proton pa ir) is generated by li ght and 

then di ffuses to a nearby interface where it separates into an electron and a 

hole. In light emitting dev ices, electrons and holes are inj ected from each 

e lectrode and need to recombine to emi t li ght. This is schemati ca ll y illustrated 

in fi gure (7. 1). However, in both cases the exciton is formed far fro m the 
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interface. Excitons have a very sho rt life time (about IO ns) and rather short 

di ffu sion di stance (~ 10 nm ) [4 , 2 1]. They need to reach the interface within 

their life time. Therefo re an optimum structure for the acti ve layer should 

provide enough interfaces to let the exc iton di ssoci ate or recombine w ithout 

being trapped in-betwee n boundari es. Otherwise, due to the short li fe time it 

wilI be wasted. The laterall y phase separated structure with small size domains 

is a good candidate for the purpose . However, after producing charges, they 

need to move towards electrodes . 

The interconnected o r bi continuous structures can produce suffi c ient route for 

charge transfer. Verti call y phase separated morphology no rmal to the surface 

provides the perfect route for charge transfe r. Therefore there is an optimum 

structure in which both charge production and charge transfer are at thc ir best 

combination. 

Snaith[ 14, IS] and Ari as and Hall and co workers [1 5, 17] suggested that thc 

main reason for the low cffi ciency of pol ymeri c photovo lta ic dev ices is related 

to charge transfer not charge generation . They found that charge colIecti o n 

effi ciency sca les with the surface area of the interface between the mesosca lc 

PFB-rich and FSBT- rich phases[I S] . The area is marked as 111" in fi gure (7.2). 

Prev ious work to stud y the effect of the evaporation rate on morpho logy of the 

blend was done by Hall et al [17] by heating the spin-coater chuck with a 

halogen lamp immediate ly prior to spin coating. Due to the asymmetry o f the 

heating process and di fferent temperature across the substrate, a range o f 

different morphologies were developed and studied . In another work [1 5] by 

the same group, the above method plus drop casting in a c losed environment 

was used to control the evaporation rate. However, in these papers the re is no 

systematic way of chang ing the evaporati on rate . The focus is rathe r on 

changing the scale of the morphology to increase the e ffi ciency. In thi s chapter 

we will change the evaporation rate systemati ca ll y and stud y the effect of thi s 

change on the morphology of a PFB/FSBT blend. 
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Figure (7.1) Schematic illustration of charge injection in (a) Photovoltaics and (b) 

Light emitting diodes. 

(b) Inblrfaco botwoon PFB-rlch 
and F8ST-rich Phaso 

I 
I 
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Figure (7.2) Schematic representation of blended PFB/F8BT. t is the film 
thickness, d is the average diameter of the circular phase, and 6r is the distance 
over which charge can migrate, within the minor phase, to reach the interface. 
H.J. Snaith et ai, 2002 1181. 
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7.2 Case study: PFB/F8BT 

PFS poly((9, 9-dioctylfluorene)-alt-bis-N, N_-(4-butylphenyl)-bis-N, N_­

phenyl-I, 4- phenylenediamine) and F8BT (Poly(2, 7-(9, 9-di-n-octylfluorene­

alt-benzothiadiazole) are both polyfluorene derivatives. PFB is a hole 

transporting polymer and F8BT is an electron acceptor in photovoltaic devices. 

Figure (7.2) shows the chemical structure ofF8ST and PFB. 

Different morphologies of the blend can be achieved by usmg different 

solvents such as toluene, xylene [9, 10, 15, 18, 22], chloroform [15, 23] and 

isodurene [10]. 

f8BT 

Figure (7.3) Chemical structure of PFB and F8BT 

7.3 Experiments 

The solution of the conjugated polymers were made by dissolving the 

homopolymer of PFB and F8BT separately in toluene at a concentration of 10 

ml in 1 ml. The toluene solutions were mixed to form a polymer blend with a 

composition of 1: 1 by weight. The experimental set up was similar to the one 

used for the PS:PMMA system. 

Nitrogen gas was blown through a bubbler containing toluene placed in a water 

bath allowing temperature control. Silicon substrates were cleaned using the 

plasma cleaning technique. The films were spun cast at 2000 rpm inside the 

environmental cell at different vapour pressures. The distance between sample 

and screen was 42.4 cm. 

A series of photovoltaic devices were also made. The active layers were made 

in a controlled environment atmosphere to produce different morphologies and 
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were thus characteri sed. The detail of the dev ice making is ex plained late r in 

thi s chapter. 

7.4 Results 

To luene was produced at di fferent vapo ur pressures by changing the 

temperature of the water bath conta ining a bubbler fill ed w ith so lve nt. Table 

(7. 1) shows the va pour pressure and concentrati on at di ffe rent temperatures . 

Refl ecti vity- time data and off specular scattering were co ll ected during the 

spin coating and ana lysed . The structures o f the films were studied by optica l 

microscopy, flu orescence and atomi c fo rce microscopy. 

Table (7.1) Vapour pressure and concentration of toluene at different 

temperature 

Temperature Vapour pressure Concentration% 

Cc) (mmHg) 

25 28.47 3.75 

20 21.86 2.8R 

16 17.56 2.31 

12 13.99 1.84 

8 11 .06 1.45 

7.4.1 Reflectivity- time data 

We analyse the refl ecti vity-time data to ensure the change in evaporati on rate is 

consistent w ith applied vapour pressure . As seen in fi gures ((7.4)-(7-9» , by 

appl ying hi gher vapour pressure, the end po int time Cl!) moved towards 

hi gher va lues. The fin a l time (/ f) for all samples is compared in fi gure (7. 10). 

This graph clearl y demonstrates a good correlati on betwee n the applied vapour 



Chapter 7 158 

pressure and final time. Evaporation rate is more suppressed at higher vapour 

pressures. We expect this variation in the evaporation rate to produce different 

morphologies. 
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4 
Time (s) 

6 8 10 

Figure (7.4) Reflectivity- time for (1:1) ratio of PFBIF8BT in toluene. The film 
was made at the highest evaporation rate with no toluene flow over it. 
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Figure (7.5) PFBIF8Bt film made in environmental cell with toluene vapour 
pressure 11.06 mmHg. 
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o 2 4 6 8 10 12 14 16 18 20 
Time (s) 

Figure (7.6) PFBIF8Bt film made in environmental cell with toluene vapour 
pressure 13.99 mmHg. The evaporation rate has been decreased. 
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Figure (7.7) PFBIF8Bt film made in environmental cell with toluene vapour 
pressure 17.56 mmHg. The final time has shifted to higher value. 
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Figure (7.S) PFBIFSBt film made in environmental cell with toluene vapour 

pressure 21.S6 mmHg. 

0.30 

0.25 

~ 0.20 
.;;: 
n 
~ & 0.15 

0.10 

0.05 

I 
~=12.49s 

0.00 4--.---.---,.-r--.,...--r-""T""--r--,.--,r--..--"T"'""""T'""-r" ........ --.-..--"T"'""""T'""....., 

o 2 4 6 8 10 12 14 16 18 20 
Time (s) 

Figure (7.9) PFBIFSBt film made in environmental cell with toluene vapour 
pressure 2S.47 mmHg. 
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Figure (7.10) t J as a function of applied vapour pressure of toluene for 

PFBIF8Bt films. Comparing the final time for the sample made at ambient 
atmospheric pressure (t J = 3.34s) and the sample made at the highest vapour 

pressure (t J = 12.49s) clearly shows the evaporation rate has been suppressed 

during film processing. 

7.4.2 Structure formation in PFB:F8BT: the effect of evaporation 

rate 

Figures (7.11 )-(7.16) show the morphology of the as cast film at different 

vapour pressures. The morphology at ambient temperature with no flowing gas 

suggests two distinct phases. Small isolated islands of one component are 

distributed in the continuous matrix of the other phase. The fluorescence 

microscopy images (7.11 (b) and (c» show the isolated particles are PFB (dark 

regions in (7 .11 (b» and the matrix is enriched in F8BT (green regions in 

(7. 11 (b». The isolated PFB particles have an average size of approximately 

2 f.1111. An AFM image of the same sample (figure (7.12» shows that PFB is 
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the lower phase and the higher phase is rich in F8BT. Also there is a smaller 

length scale within the structure. The overall thickness of the film is 85 nm. 

Comparing the florescence images from this sample and the topography 

images, reveals that the top surface is a mixture of both materials plus 

distributed islands ofFSBT, approximately 15 nm high. 

Decreasing the evaporation rate changes the structure. In figure (7.13) where 

the environmental cell is filled with toluene at 11.06 mmHg (8°C), more 

isolated angular regions exist (7.13(a)). However, looking at the fluorescence 

micrograph (figure (7. 13(b))) clearly shows that PFB regions become larger in 

this sample. The dark PFB areas have increased and at the same time the F8BT 

rich phase has more defined structure and is distinctively green in (7.13 (b) 

and dark in (7.13 (c». 

Decreasing the evaporation rate or increasing the vapour pressure to 

13.99 mmHg (at 12°C) makes the features more compacted (figure (7.14)). 

Similar to the trend above, the amount of mixed phase has decreased and the 

surface area fraction of PFB phase increased. AFM images (figure (7.15») of 

the sample show that the F8BT rich phases are still higher than PFB. 

When the evaporation in the film was more suppressed by applying higher 

pressure (17.56 mmHg at 16°C) the fashion of phase separation started to 

change slightly. The interface between two phases (green and black area in 

figure (7.16») is not as sharp as before. Going towards higher vapour pressure 

(22 mmHg at 20 0e and 28.47 mmHg at 25"C), the trend of phase separation is 

consistent. Le by decreasing the evaporation rate, the percentage of PFB 

decreases. In the fluorescence microscopy image in figure (7.1S(b») the green 

colour is dominant. We can not be sure that the emission of green colour 

(F8BT rich phase) is from surface of the film. However the weak emission of 

the blue colour (PFB rich phase) in image (7.18 (b)) suggests that the 

percentage of PFB on the surface of the film is not high. The domains in 
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(figure (7.18)) are more elongated and interconnected. The topography of this 

film (figure (7.19)) is clearly different from others for example figure (7.12). 

The film made at higher vapour pressure, is highly undulating on the surface. 

There is not a sharp interface between phases and the difference in height 

between high and low phases are approximately 5 nm (3 times smaller than the 

film made in atmosphere). 
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Figure (7.11) (a) Optical micrograph of the blend PI'B/F8BT (1:1) spin cast from 

10 mg/ml solution in toluene and in atmosphere, with isolated region having the 

length scale of about 21'111. (b) The fluorescence micrograph of the film with 

F8BT emitting green light and (c) PFB appears blue. The higher-lying phase 

consists of F8BT mainly. Considering the relative composition of the phases, PFB 

phases have a high amount of PFB as they appear completely dark in (b) and 

shiny blue on (c). 
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Figure (7.12) Height topography of (PFB/F8BT) film made in ambient 

temperature (a). The fluorescence microscopy from figure (7.11) shows that the 

dark regions in image above are rich in PFB. The bright regions are rich in 

F8BT. The dark brown areas are a mixture of both materials. (b) The smaller 

scan of the same sample reveals the existence of a fine length scale (about tens of 

nanomctrc) with in the structure. (c) Section analysis of the film. The height 

difference between lower phase (rich in PFB) and higher phase (F8BT) is about 

27 11111. The thickness of the film is about 85 11111, determined by AFM measuring 

of the depth of a scratch in the film. 
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Figure (7.13) (a) Optical micrograph of the blend PFB/F8BT spin cast in 

saturated toluene vapour atmosphere (v p = 11.06 mmHg, T=8 °C). The PFB wells 

are about 4.43 pili. (b) and (C) fluorescence microscopy images of the film. 

Decreasing the evaporation rate made the lower phase PFB wells bigger. 
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Figure (7.14) (a) Optical micrograph of the blend PFB/F8BT spin cast in 

saturated toluene vapour atmosphere (v p = 13.99 IIII11Hg, T= I2"q. The length 

scale is 3.5 pili. (b) and (c) fluorescence microscopy images of the film shows the 

distribution of PFB and F8BT in the film. 
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Figure (7.15) AFM topography (a) and section analyse (b) of (PFB/F8BT) film 

made in environmental cell with nominal toluene vapour pressure (13.99 mmHg) 

at 12 °c' The lower phase is PFB and the highel- phase rich in F8BT. The height 

difference between higher and lower phases has decreased to 18.5 11111 and the 

overall film thickness is about 50 11111. 
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Figure (7.16) (a) Optical micrograph of the blend PFBfF8BT spin cast in 

saturated toluene vapour atmosphere (v p = 17.56 IIlIllHg, T=16 °C), with length 

scale of 3.24 filii. (b) and (c) fluorescence microscopy images of the film. The 

shape of the domains started to change more visibly. The PFB wells become more 

extended. The high phase is enrich in F8Bt and is more continuous. 
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Figure (7.17) Optical micrograph of the blend PFB/F8BT spin cast in saturated 
toluene vapour atmosphere (v p = 22 IIII1lHg, T=20 °C), with length sca le of 3.37 

1'111. (b) Fluorescence microscopy images of the film. PFB lower phase has 
transformed to elongated domain. Higher phase becomes richer in F8BT. The 
surface is undulated. 



Morpho logy dC\'I.' loplllcnt in sCllliconduc ting pol ymcr blends 17 1 

Figure (7.18) Optical micrograph of the blend PFBfF8BT spin cast in saturated 

toluene vapour atmosphere (v p = 28.47 1I1111Hg, T=25 °C), with length sca le of 

3.47 pill. (b) and (c) fluorescence microscopy images of the film show that the 
surface of the film mainly consists of F8BT. Undulation is very high and 
evaporation rate is the lowest in this sample. 
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Figure (7.19) (a) Topography of a 5011111 thick PFB:F8BT film prepared from 

toluene solutions, with lowest evaporation rate (b) AFM section analysis of the 

sample. The higher layer composed of an F8BT-rich phase is a pproximately 6 11111 

thick. 
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7.5 Discussion and conclusion (Part 1- silicon substrate) 

The PFB/F8BT films were cast from a solution of toluene on a silicon substrate 

with different evaporation rates controlled in the environmental cell. As a 

result, films with different morphologies were fabricated. The aspiration of this 

work is to attribute the morphology development in this blend to Marangoni 

instability theory. If Marangoni instability is applicable to this blend, we 

should be able to see a clear trend; decreasing the evaporation rate should 

suppress the Marangoni instability. How do we detect this? Since the interface 

instability is suppressed, the extent of lateral phase separation should become 

less and perhaps at some point a layered structure will form. This means by 

decreasing the evaporation rate the surface composition should be enhanced 

with one of the polymers. This should be visible as a colour change in the 

fluorescence microscopy. 

It should be mentioned that the intensity of the fluorescence is dependent upon 

the thickness of the film. Knowing this, one can argue that the dark areas for 

example in figure (7. 13 (b)) are the result ofthe weak signal from the lower part 

of the film. Our argument is the areas that appeared dark within figure 

(7.13(b)) emit blue light in figure (7.13(c)). The green regions in figure 

(7.13(b)) don't emit light in figure (7.13(c)). This suggests that the colour 

contrast is due to the difference in absorbance coefficient of PFB and F8BT 

rich phases rather than the variation in thickness. If the colour contrast were 

related to thickness only, the lower phase should have appeared dark with both 

550nm and 480 band pass filters. 

How do we know that the dark region (PFB rich phases) has a lower thickness 

and is less abundant on the surface? While analysing the data, the fluorescence 

and AFM images should be considered together. To make it clear, we discuss 

figures (7.11) and (7.12) which are related to the same sample. The PFB rich 
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phases (dark region in (7.l1(b)) and blue areas in (7.11(c))) have a distinctive 

shape. AFM images (figure (7.l2)) show that these areas are lower in height. 

The matrix phase (dark and light brown) in figure (7.l2) corresponds to the 

dark green and light green area in figure (7 .11 (b)). The variation in the 

thickness in the AFM image follows the variation of green spectrum in the 

fluorescence microscopy image. This suggests that the different spectrums of 

green colour in figure (7. 1 2(b)) are more likely to be due to the variation in the 

thickness of the film. 

Based on our observation we suggest that the difference between the two 

colours (blue and green) in the fluorescence images are more likely to be due to 

the difference in the absorption coefficient of the two materials. This is based 

on the evidence that the area emitting blue light with one filter doesn't emit any 

light with the other filter. Similarly, the green emitting areas do not emit light 

with the blue filter. 

On the other hand the different spectrums of one colour are more likely to be 

due to variations in thickness rather than richness of the phases. 

A first glance at the system using optical and fluorescence microscopy images 

doesn't reveal any clear trend. The variation in composition along with the 

evolution of domains from round to elongated shaped domains, makes it very 

difficult to extract a clear trend with the naked eye. 

However, we employed image processing software (ImageJ) to obtain 

quantitative information about the development of structure. Figure (7.20) 

shows how the images were processed. A threshold was applied to the image 

and two major phases were marked by different colours. The marked districts 

were treated as particles and the area fraction of the marked phase was 

calculated. A plot of the surface area fraction of the lower- lying phase (which 

appeared rich in PFB) at different vapour pressures, along with the relevant 

morphologies, is shown in figure (7.21). There is a peak in the graph. We name 

the area before and after the peak, region I and region 11 respectively. In region 

I, initially the percentage of PFB increases and after reaching the peak in 
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region 11, it starts to decrease. The trend in region 11 can be explained by 

Marangoni theory. At the PFB peak, a steep composition gradient is created by 

the high evaporation rate. Therefore there is a high driving force for Marangoni 

instability to take place and make the interface between the layers unstable. 

The result is a lateral phase separation of one phase in the matrix of the other 

phase. At the peak we have 41 % PFB on the lower-lying phase. The rest of the 

composition is mainly F8BT and some mixed phase domains. By going 

towards lower evaporation rate in region 11, the polymers remain in the solvent 

for longer, the composition gradient diminishes and the Marangoni effect 

becomes weaker. Therefore, there is a good chance for bilayer formation. In 

region 11, by going towards the right end of the plot (suppressing the 

evaporation rate), the area fraction of PFB goes down consistently and as the 

blend is 50:50 by weight, we postulate the F8BT percent goes up on the surface 

of the film. The dominant green colour in the fluorescence images confirms our 

hypothesis. Therefore, the Marangoni instability theory is in agreement with 

the structure development. 

The question is, why does region I show a different trend? One possible 

explanation could be, the faster solvent evaporates, the less time the polymer 

components have to rearrange themselves into separate phases whilst the 

transient wetting layer is being forming. Since the initial layers are less pure, 

the subsequent phase separated domains will also be less pure and the 

composition is a mixture of both components. Two different shades of dark and 

bright green area in the fluorescence image of a film made at atmospheric 

pressure may suggest the presence of a very rich F8BT phase in the vicinity of 

less rich F8BT phase. However, as mentioned before, the change in intensity 

could be due to variation in the thickness. More sophisticated techniques such 

as XPS are needed to study the composition change. 

By decreasing the evaporation rate in region I (increasing the vapour pressure), 

the polymers have more time to segregate towards the specific layer in the 

bilayer. As a result, each layer will be more enhanced with its main component. 

The subsequent Marangoni instability will break the interface (of the already 
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enhanced phases) to the surface and a laterally phase separated structure will 

fonn. 

Therefore we may consider a threshold evaporation rate, which when above a 

transient bilayer made of highly enhanced layers is fonned. Further Marangoni 

instability will lead the structure fonnation (region II). Below the threshold 

vapour pressure, there might be a composition variation in each layer within 

the transient wetting layer, and therefore the subsequent structure (as a result of 

Marangoni effect) will have mixed phases. One would expect that the solubility 

of the polymer in the solvent plays an important role. 
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Figure (7.20) (a) Fluorescence microscopy image of the sample with F8BT 
emitting green light and PFB appear dark. (b) By applying a threshold colour, 
PFB areas have been marked by red colour and the area fraction of the red 
regions is calculated by the software. 
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Figure (7.2 t) PFB fraction area at different vapour pressures along with the 
relevant morphology. There are two different regions with a threshold 
evaporation rate. Either side of this threshold the film evolves differently. The 
PFB rich regions appear as the dark recessed regions in the above AFM images. 
The PFB regions emit blue light. The curve is a guide to the eye. 
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7.6 Photovoltaic devices 

We made a preliminary attempt to make photovoltaics by controlling a process 

parameter, in this case evaporation rate. A range of morphologies were 

produced as a result. We then studied the effect of the morphology on device 

efficiency. Photovoltaic devices were fabricated in the architecture Glass/ITO 

(50nm)/PEDOT:PSS (60nm)/Active Layer/Ca(20nmlAg(40nm). The active 

layer was spin cast from a blend of (1:1) PFB and F8BT (PFB/F8BT). 

Solutions were prepared at 10 mg/ml concentration in toluene. The active layer 

was made in environmental cell under saturated toluene atmosphere at different 

vapour pressures to produce different morphologies. The calcium and silver 

cathode metals were supplied by Testboume with purities of 99.5% and 

99.99% and were deposited on the active layer by a vapour deposition 

technique. Then the devices were sealed with glue and a glass sheet in a 

nitrogen glove box and later on were characterised by florescence microscopy, 

Atomic force microscopy and Photoluminescence. 

7.6.1 The result of fluorescence microscopy and AFM 

Fluorescence images (lOOx) taken through an optical microscope usmg a 

550nm band pass filter (figures (7.22(a-f))) and 480nm band pass filter (figures 

(7.23 (a-f))) show the distribution of PFB and F8BT rich phases on the 

substrate. Going from image (a) to image (f), the evaporation rate is 

decreasing. Initially when there is no toluene vapour pressure, the amount of 

(dark) PFB phase over the matrix of (green) F8BT phase is visibly higher. 

Figure (7.22 (a)) shows the isolated PFB domains have polygonal shape. 

Increasing the vapour pressure changes the PFB domains from round to 

elongated shape (figure (7.23 (b)). The occurrence of isolated regions in films 

with slower evaporation rate is smaller than in films with higher evaporation 

rate, as illustrated in Figures «7.22) and (7.23)). i.e. A more continuous F8BT 

high phase is obtained when the film is prepared via spin coating under a 
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higher vapour pressure atmosphere (lower evaporation rate).This suggests that 

the lower evaporation rate induces the layered type structure as expected. 

However, the rate of the structure development is not the same at different 

stages. Initially, applying the vapour pressure (suppressing the evaporation 

rate), has a strong effect on the morphology. The percent of F8BT in the form 

of a continuous phase on the higher- lying phase increases noticeably. It covers 

the majority of the lower PFB phase. The build up of continuous F8BT on the 

polymer/air surface will more or less continue but with a much smaller rate at 

lower evaporation rate. However in most samples there is a smaller length 

scale within big length scales. AFM images show the topography of the film 

and more details about the morphology. When the evaporation rate is high, the 

structure consists of a dark phase of PFB wells with micron sized domains in a 

homogeneous phase of F8BT. By decreasing the evaporation rate, the 

morphology of F8BT evolves to a more rough structure. In figure (7.30) we 

can see a mesoscale (tens to hundreds of nanometre) structure in the F8BT 

phase which is reminiscent of spinodal decomposition. Alternatively it could 

be due to a secondary phase separation. 



C hapter 7 
180 

Figure (7.22) Fluorescence microscopy images of thin film s of the blend 
F8BT:PFB (1:1) spin-coated from a 10 mglml solution in toluene on a substrate of 
ITO, pre-coated with 60 IIIIlPEDOT:PSS. With (a) having the highest 
eva poration rate made in atmosphere and (f) having the lowest evaporation rate. 
Dark areas arePFB wells in the matrix of green F8BT phase. The scale bars are 

5J1m. 
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Figure (7.23) Fluorescence microscopy images of thin film s of the blend 
F8BT:PFB (I: I) spin-coated from a 10 mg/ml solution in toluene on a substrate 
of ITO, pre-coated with 60l/m PEDOT:PSS. With (a) having the highest 
evaporation rate made in atmosphere and (f) having the lowest evaporation rate. 
Blue emission is done by PFB. The scale bars are 5 jJl1I. 
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Figure (7.24) (a) Tapping-Mode AFM images of a thin film of the blend 

F8BT:PFB (1:1) spin-coated on ITO substratc at toluene saturated atmosphere 

( vI' = 11.06 IIlmHg, T=8 °q. (b) The same sample with more details. 
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Figure (7.25) Tapping-Mode AFM images of a thin film of the blend F8BT: PI· B 

spin-coated with lower evaporation rate ( vp = 13.99 IIII11Hg, T= lrq. (a) The 

laterally phase separated structure with interconnected lower phase structure (b) 

F8BT phase is more uniform than PFB. 
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Figure (7.26) (a) Tapping-Mode AFM images of a thin film of the blend 
F8BT: PFB spin-coated with lower evaporation rate ( v fJ = 17.56 ",ml-f~, T= 16 °C). 

(b) The roughness of the F8BT has increased. 
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Figure (7.27) Tapping-Mode AFM images of a thin film of the blend F8BT:PFB 

spin-coated with lower evaporation rate ( v p = 28.47 mml-fg, T =25 °C) (a) the 

interconnected structure at lowe." phase has reduced , perhaps due to slower 
evaporation rate and longer transformation time.(b) There is a mcsoscale 
structure within F8BT domains. 
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7.6.2 Photovoltaic device characterisation 

Power conversion efficiency (peE) is a standard way to measure the efficiency 

of photovoltaic devices. There are 6 pixels on the substrate, each makes a 

device. The peE reported here for samples prepared at each vapour pressure is 

the average value of all 6 pixels. The length scale of the samples with different 

morphologies was measured by using atomic force microscopy images and 

employing Nanoscope 5.12 software. Figure (7.28) is a plot of normalized peE 

via length scale. As expected increasing the length scale decreases the 

efficiency of the device. However, it is not well understood why the micron 

size domains can perform as a device. Perhaps this is due to the smaller 

mesoscale structures inside the micron sized domains. 

When a photovoltaic device is exposed to a photon, the absorbed energy will 

excite the electron. The excited electron will go to a higher energy level. This 

creates an unstable state. Therefore the electron will return to the ground state 

and as a result different phenomena can happen. It can re-emit light (this is 

called photoluminescence) or it can produce charges or some non-radiative 

recombination (which is not easy to measure) can occur. Efficiency of the 

device can be characterised by measuring these outcomes. For example PLQY 

(photoluminescence quantum yield) is the ratio of number of photons excited 

to the number of photons incident on the sample (PLQY= number of photons 

out/number of photons in). Another quantity which is commonly used for 

device performance is EQE (External quantum efficiency) which is the ratio of 

produced charges to the incident photons (EQE= number of charges 

out/number of photons in). 

Figure (7.29) shows the photoluminescence quantum yield efficiency of 

samples prepared at different vapour pressure. The sample made with the 

lowest evaporation rate shows a high PL quantum efficiency which usually 

means low charge generation. The sample made at ambient pressure along with 

the sample made at (v p = 17.56 mmHg, T= 16°C), have low photoluminescence 
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quantum yield efficiency which means higher probability for charge 

generation. Overly it seems that there is an optimum morphology with the best 

possible domain size and shape that affect the efficiency of the device. 
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Figure (7.28) Normalised power conversion efficiency of PVs with active layer 
made of made of the a thin film of the blend F8BT:TFB (1:1) spin-coated from a 
10 mglml solution in toluene on a substrate of ITO, via length scale calculated 
from AFM images. 
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Figure (7.29) Photoluminescence quantum yield efficiency (PLQY) of PVs at 
different toluene vapour pressures. The active layer is made of a thin film of the 
blend F8BT:TFB (1:1) spin-coated from a 10 mg/ml solution in toluene on a 
substrate of ITO. 

7.7 Discussion and Conclusion (Part 11- photovoltaics) 

Controlling the evaporation rate during spin coating in our environmental cell 

enables us to produce different morphologies of PFB/F8BT without changing 

the composition of the blend. While the morphology of the film responds to 

variations in evaporation rate more or less systematically, understanding the 

device efficiency seems to be more complicated. Suppressing the evaporation 

rate makes the F8BT phase be the dominant component in the higher- lying 

phase. This suggests the formation of self- stratified layers as a result of 

suppressing the Marangoni instability by decreasing the evaporation rate. 

However, our results show that the layered structure doesn't necessarily lead to 

higher device efficiency. The efficiency of the device which is related to 

charge generation and charge transfer (and the latter is believed to be more 
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important) is far more complicated. The architecture and composition of the 

layers along with finer structure in the matrix of the uniform phases and also 

the shape and size of the domains should all be considered together to study the 

device performance. 

However, our method of controlling evaporation rate during spin coating seems 

be a good way to study this area of science more systematically. More samples 

are required to minimise any error arising from experimental conditions like 

faulty substrates etc. An extensive study of the photovoltaic devices made in 

our lab is beyond the scope of this thesis. However employing more 

characterisation methods could enable us to gain a better understanding of the 

performance of these devices. 

7.8 The effect of substrate on the morphology of 

PFB/F8BT 

The nature of the substrates and the interaction between these and a specific 

polymer is very important in controlling the architecture of optoelectronic 

devices. In this section we compared the morphology of PFB/F8BT deposited 

on silicon substrate and a ITO/PDOT:PSS substrate. For the matter of 

simplicity, the fluorescence images of PFB/F8BT, solution cast at highest 

evaporation rate are compared in figure (7.30). The fluorescence microscopy 

shows that the higher phase observed in both substrates correspond to F8BT 

emitting phases. However, a more continuous F8BT layer is observed on 

silicon substrate than on ITO. This could possibly be related to the extent of 

hydrophilicity of the surface. Perhaps both of these substrates are hydrophilic 

after plasma cleaning, but with a different degree of hydrophilicity. It is clear 

that PFB is more hydrophilic than F8BT as in both cases it wets the hydrophilic 

substrate. Initial contact angle measurements of the surface energy of these 

polymers measured elsewhere [10] show that the surface energy of PFB is 
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higher than that of F8BT and indicate that PFB interacts more favo urabl y w ith 

ITO and PEDOT :PS S surfaces . As a lowcr surface energy component, F8BT 

mi grates to the po lymer/a ir surface to decrease the total energy of the system . 

However, the first investi gati on of fi gure (7.30) shows that the re la ti ve 

composition of the F8BT (and consequentl y PFB) phase is di ffe rent on the two 

substrates. F8BT is more continuous and more pure on the s ili con substrate. In 

other words, the F8BT ri ch phase on the sili con substrate has hi ghcr percentage 

o f F8 BT than on the ITO substrate . However, more ex perimenta l techniques 

such as Raman spectroscopy or X PS are needed to full y characteri se the 

composition of these phases. Never the less, it is an interesting consequence 

that even di fferent degree of hydrophili c ity can change the kineti cs of film 

formati on, perhaps by affecting the form ation of a trans ient wetting layer. It 

would be interesting to use substrates with completely opposite properti es 

(hydrophilic and hydrophobic) and study the structure of the resulting film . 

Does F8BT wet a hydrophobic surface? How does the domnin . hape change? 

How pure w ill di ffe rent phases be? The answer to these questions are not clear 

yet, but appl ying the ex perimental method deve loped in my proj cct, provides 

numerous opportunities for systemati c stud y of morpho logy form ation which is 

the key rol e definin g the effi c iency of pol ymer based optoelectronic dev ices. 

Figure (7.30) Comparing the morphology formation of PFBII·8BT on (a) silicon 

substrate and (b) ITO/PDOT:PSS. Scale bars are 5 pm. 
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Conclusions and Future work 

In this thesis I have studied how to control the morphology of solution cast 

polymer thin films by means of process variables such as evaporation rate. This 

parameter was selected based on a fundamental model that explains the 

mechanism of film formation. It is suggested that during the spin coating, due 

to preferential attraction of one component to the substrate, a transient layered 

structure is formed. A subsequent interfacial instability destroys the transient 

wetting layer and forms the well-known laterally phase separated structure. 

The origin of this instability which is the main interest of this project is related 

to the Marangoni type instability, which we believe is driven by a gradient of 

solvent evaporation from the substrate to the surface ofthe film. 

I examined this hypothesis by changing the concentration gradient in the film. 

During the spin coating, the solvent is removed from the system by evaporation 

which creates a concentration gradient. This happens when the rate of 

evaporation is greater than the time scale of solvent diffusion to make the 

concentration uniform through the film. As a result an interfacal tension profile 

is formed in the film. 

191 
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To control the evaporation rate, we first built an environmental chamber 

mounted on the optospinometer apparatus. I have shown that it is possible to 

control the evaporation rate by filling the cell with controlled vapour pressure 

of the same solvent as in the film solution. The vapour pressure was 

systematically controlled by changing the temperature. To extract the 

evaporation rate, we solved Meyerhofer's equation for the thinning rate of a 

spin cast film. By fitting the solution to the thickness-time profile modelled 

from reflectivity-time data, we extracted the value of evaporation rate for 

toluene at different vapour pressures. The results provide direct evidence in 

favour of Meyerhofer's theory; this suggests that film thinning happens in two 

different stages with at least two different mechanisms. At the beginning, the 

film thinning is governed by hydrodynamic flow in which shear and centrifugal 

forces compete until a viscously static layer is formed. Evaporation becomes 

the main player at the second stage. The thickness-time profile shows that at 

the beginning of the spin coating, the thinning rate is almost the same for all 

films regardless of evaporation rate (hydrodynamic thinning). When the 

evaporation takes place, the rate of thinning is proportional to evaporation rate. 

The higher the evaporation rate is, the quicker the layer thins. 

Future work (1): We have extracted the evaporation rate for toluene at 

different vapour pressure. This can be done for different solvents such as 

Chloroform, xylene, MEK, THF etc. 

Future work (2): Different substrates with different surface energy or 

properties can be used with the evaporation rate experiment. The interest could 

be how the property of the substrate can affect the hydrodynamics of the 

solution. Does the substrate affect the evaporation rate? 

Future work (3): In our experiments we were unable to test higher vapour 

pressures due to the effect of condensation. It is possible to avoid condensation 

by modifying the experimental set up. One suggestion is to wrap the 
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connecting tubes and the cell in a heating mantle with a controller to change 

the temperature. Is there also any threshold, which when below, the 

evaporation rate has no significant effect on the system? 

To study the Marangoni type instability in liquid-liquid interface of PS/PMMA 

film, we spin cast the films in an environmental cell exposed to toluene gas at 

various vapour pressures. The reflectivity-time and also off specular scattering 

data were collected during the spin coating. We radially averaged the intensity 

of light scattered from the specular direction from the blended film in order to 

study the structure evolution during its formation. The results show the 

formation of different length scales during the evolution of the film. We were 

able to alter the structure evolution and final morphology by changing the 

evaporation rate. This provides strong support for our hypothesis that the 

Marangoni instability is the main origin of interfacial instability. Suppressing 

the evaporation rate gives a chance for diffusion to re-equilibrate and suppress 

the solvent concentration gradient in the film. As a result a less dominant 

interfacial tension profile will form. If the strength of the interfacial tension is 

weak enough, the Marangoni instability can not break the transient wetting 

layer to the surface and therefore a layered structure is formed. Washing 

PS/PMMA with selective solvents confirms there are layers. 

Future work (4): To characterise the layers properly, it is suggested nuclear 

reaction analysis (NRA) or Ion beam experiments with deuterated components 

are carried out. However, we have performed a preliminary experiment with d­

PS/PMMA samples. The sample which was made at the lowest evaporation 

rate, consisted of a PS layer on top with a thickness of approximately 150 nm, 

followed by a diffusion layer of roughly 30-40 nm on top of a PMMA layer. 

Studying samples with different evaporation rates shows that the diffusion 

layer (interface) is moving with evaporation rate. How will the interface move? 

Does the thickness of diffusion intermediate layer change with evaporation 

rate? How? How does the evaporation rate affect the thickness of layers? The 

answers to these questions lie in future work. 
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Another outcome of the evaporation experiments is striation formation. It 

seems that striations are a direct result of evaporation and they disappear when 

the evaporation is suppressed. Evaporation rates between (1.6 -1.8) f.Jm I s 

correspond to the transient region where striations start to develop. Decreasing 

the evaporation rate below 1.6 J.1m I s stabilises the structure. The formation and 

disappearance of the striation is analogous to the formation of the cellular 

pattern and disappearance of it at high and low evaporation rate respectively. 

They also have the same lengthscale. This suggests that the formation of 

striations is not independent of the factors that control the overall film 

structure. Hydrodynamics simply break the symmetry of the instability when 

the shear field is large without affecting the physics that underlie the selection 

of a length scale. 

Future work (5): However, one interesting way of studying the striation is 

modifying the optospinimeter by installing an additional laser and detector 

photodiode and CCD camera (parallel to the existing one). The new line should 

be aligned near the edge of the sample where the striations form. The evolution 

of the structure both at the centre and the edge could then be studied at the 

same time. 

There are still some unanswered questions. By decreasing the evaporation rate, 

one expects to see thickness increases. But both studied systems (PS/PMMA 

and PFB/F8BT) show the opposite. Decreasing the evaporation rate decreases 

the film thickness! One possible explanation could be high evaporation rate 

forms a crust which beneath it is trapped solvent. This blocks further 

evaporation from the film. At low evaporation rate films have longer time to 

reach equilibrium conditions. Perhaps most of the solvent is evaporated. 

Future work (6): Annealing the samples may change the film thickness. 
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Using the set up I developed to control the morphology through evaporation 

rate, we made preliminary photovoltaic devices. The active layer was made of 

(1:1) PFB/F8BT blend spin cast from a 10 mglml solution in toluene at 

different vapour pressures. The first series of different morphologies were 

made on silicon substrates. The results show by means of our experimental set 

up, we were able to suppress the evaporation rate and change the morphology 

during the spin coating. Fluorescence microscopy and AFM images suggest 

that the higher phase is mainly composed of F8BT with the thickness of 

approximately 15 nm and the lower-lying phase is rich in PFB. By suppressing 

the evaporation rate, the area fraction of PFB transforms with a Gaussian shape 

distribution. To make the analysis clear, we divided the (area fraction of 

PFB%-vapour pressure) plot into two different areas. The structure evolution 

above the peak can be explained by the Marangoni type instability. Decreasing 

the evaporation rate weakens the instability and a layered structure is more 

likely to form. However, below the peak (41 % PFB), the trend is different. We 

relate this to the formation of a less pure transient wetting layer. Due to high 

evaporation rate the components don't have enough time to segregate to two 

layers with completely distinctive compositions. Therefore, the subsequent 

Marangoni instability which leads to the interfacial instability at the surface 

will create mixed phases. However, suppressing the evaporation rate provides 

enough time for this decomposition to happen and makes the following 

transient bilayer more pure. As a result the phase separated phases will be 

purer. 

Future work (7): To study the compositional evolution of the phases properly, 

more sophisticated techniques like Raman spectroscopy are needed. It would 

be interesting to know how evaporation rate changes the balances of the 

different components in each phase. 

Future work (8): We need to modify the experimental system in order to 

suppress the evaporation rate even more. We have to increase the temperature 
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to produce a higher vapour pressure. This means that we need to overcome the 

condensation problem. The suggested way to do that is described earlier in this 

chapter. 

The effect of morphology on device efficiency was studied after making the 

photovoltaic devices on ITO/(PDOT:PSS) substrate. Although the active layers 

were not made under nitrogen atmosphere, the devices perform as 

photovoltaics. The overall structure is similar to the ones deposited on silicon 

substrate, i.e. the higher phase being F8BT, although the surface area fraction 

of PFB is considerably higher on the samples spin cast on ITO substrate. This 

highlights the effect of the substrate. The preferential attraction of the substrate 

for a favourable component can play an essential role in the order of the 

transient bilayer. In our experiment, despite both substrates being hydrophilic, 

the morphology and perhaps the relative composition of phases are different. 

This is possibly due to the fact that one substrate is more hydrophilic than the 

other. 

Future work (9): Substrates with different surface properties could be made, 

to investigate how the morphology evolution with evaporation rate is altered as 

a result. Can this modification enable us to have a better control of layer 

formation? Is it possible to swap the order of the layers? Or even change the 

composition ratio of the phases? How do these variations improve the 

efficiency of device? 

We have performed some tests to measure the efficiency of these devices. The 

device performance is strongly related to the lengthscale of the structure. 

However, while we are mostly able to explain the evolution of morphology of 

the active layer in photovoltaic device by controlling the evaporation rate, 

predicting the device efficiency seems more complicated. It seems that the 

mesocsale features which form inside the micron size domains have a big 

effect on device efficiency. Proper analysis of the device efficiency and related 

phenomena is beyond the scope of this thesis. However, our technique of 
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systematically controlling the morphology without changing the ratio of the 

blend, by means of evaporation rate, provides a methodical procedure for 

designing more efficient devices. 

Future work (10): More experiments like SNOM etc are needed to correlate 

the observed trend in device efficiency to a particular factor like charge 

generation or charge transfer etc. 

Other researchers usually create different morphologies by changing the ratio 

of the blend or solvent or modifying the substrate. While all these methods are 

interesting in their own right, we believe that comparing the result of these 

different experiments is not the ideal way of studying the system. Changing 

each parameter will change the kinetics of the film formation. 

The advantage of our method and the overall conclusion of this work is that we 

are able to control the morphology of spin-coated polymer blend films by 

controlling a process variable such as evaporation rate. The core of this work 

which explores the origin of interfacial instability during the spin coating of 

polymer thin films provides a deeper insight into the mechanism of film 

formation. 
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Appendix I 

Light scattering in discrete media 

The amplitude E$ (R,t) of the electric field of the radiation scattered to a point 

detector at position R in the far field is given by [1]: 

E (R- ) - -E exp[i(kR -wt)] ~b (-) [-'-. R- ( )] 
s ,t - 0 L... j q, t exp Iq j t 

R jet 

R : The distance of arbitrary origin 0 to detector 

q : Scattering vector 

R j (t) : The position of the centre of mass of particle j at time t 

bj(q,t): Scattering length of particle j 

The scattering length of particle j is defined by: 

bj(q,t) = JAp(rj,t)exp(-iq .rj )d 3rj 
VJ 

I:!.p(0,t): Measure of the local "density of scattering material" and is defined as: 

& P (i=j , t) : The local dielectric constant at position 7j in particle j 

(1) 

(2) 

(3) 
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& L : The average dielectric constant of the liquid 

&0: The average dielectric constant of the medium 

Scattering is caused by the fluctuations in the medium. Usually these 

fluctuations are associated with the variation in the "density of scattering 

material". The quantity of ~p(~,t) can be regarded as measure of the local 

"density of scattering material". ~p(~,t), in X-ray is related to scattering 

length. In neutron scattering it is related to the density of the electron and in 

light scattering is due to fluctuation in reflective index. Dielectric constants and 

reflective index are related through equation (4) 

Replacing & with n2 in equation (3), gives us: 

n L : The average refractive index of the liquid 

no : The average refractive index of the medium 

As the difference between refractive indices of the solution and the film is not 

too large, equation (5) becomes: 

_ e [n 2
(rj ,t)-n2L] 

/).p(r.,t) =-
} 4Jl' n2 

o 

Thus from equation (7) and (2), we have: 

(4) 

(5) 

(6) 

(7) 
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So as it is observed in equation (I-below), the total scattered electric field is the 

sum of the fields scattered by the individual particles. 

E (R- ) - -E exp[i(kR - wt)] ~b (-) [-'- . R- ()] 
s ,t - 0 L. j q, t exp Iq j t 

R 1=11 ~ 

Sacttering length determined by 
the instantaneous distribution of 
material wfth in the particle 

Phase factor determined by the 
instantaneous position the 
particle in the sample 

1. P.Lindner, Th. Zemb., Neurtons, X-rays and Light:Scattering Methods 

Applied to Soft Condensed Matter. 2002: North Holland. 

(8) 


	531144_001
	531144_002
	531144_003
	531144_004
	531144_005
	531144_006
	531144_007
	531144_008
	531144_009
	531144_010
	531144_011
	531144_012
	531144_013
	531144_014
	531144_015
	531144_016
	531144_017
	531144_018
	531144_019
	531144_020
	531144_021
	531144_022
	531144_023
	531144_024
	531144_025
	531144_026
	531144_027
	531144_028
	531144_029
	531144_030
	531144_031
	531144_032
	531144_033
	531144_034
	531144_035
	531144_036
	531144_037
	531144_038
	531144_039
	531144_040
	531144_041
	531144_042
	531144_043
	531144_044
	531144_045
	531144_046
	531144_047
	531144_048
	531144_049
	531144_050
	531144_051
	531144_052
	531144_053
	531144_054
	531144_055
	531144_056
	531144_057
	531144_058
	531144_059
	531144_060
	531144_061
	531144_062
	531144_063
	531144_064
	531144_065
	531144_066
	531144_067
	531144_068
	531144_069
	531144_070
	531144_071
	531144_072
	531144_073
	531144_074
	531144_075
	531144_076
	531144_077
	531144_078
	531144_079
	531144_080
	531144_081
	531144_082
	531144_083
	531144_084
	531144_085
	531144_086
	531144_087
	531144_088
	531144_089
	531144_090
	531144_091
	531144_092
	531144_093
	531144_094
	531144_095
	531144_096
	531144_097
	531144_098
	531144_099
	531144_100
	531144_101
	531144_102
	531144_103
	531144_104
	531144_105
	531144_106
	531144_107
	531144_108
	531144_109
	531144_110
	531144_111
	531144_112
	531144_113
	531144_114
	531144_115
	531144_116
	531144_117
	531144_118
	531144_119
	531144_120
	531144_121
	531144_122
	531144_123
	531144_124
	531144_125
	531144_126
	531144_127
	531144_128
	531144_129
	531144_130
	531144_131
	531144_132
	531144_133
	531144_134
	531144_135
	531144_136
	531144_137
	531144_138
	531144_139
	531144_140
	531144_141
	531144_142
	531144_143
	531144_144
	531144_145
	531144_146
	531144_147
	531144_148
	531144_149
	531144_150
	531144_151
	531144_152
	531144_153
	531144_154
	531144_155
	531144_156
	531144_157
	531144_158
	531144_159
	531144_160
	531144_161
	531144_162
	531144_163
	531144_164
	531144_165
	531144_166
	531144_167
	531144_168
	531144_169
	531144_170
	531144_171
	531144_172
	531144_173
	531144_174
	531144_175
	531144_176
	531144_177
	531144_178
	531144_179
	531144_180
	531144_181
	531144_182
	531144_183
	531144_184
	531144_185
	531144_186
	531144_187
	531144_188
	531144_189
	531144_190
	531144_191
	531144_192
	531144_193
	531144_194
	531144_195
	531144_196
	531144_197
	531144_198
	531144_199
	531144_200
	531144_201
	531144_202
	531144_203
	531144_204
	531144_205
	531144_206
	531144_207
	531144_208

