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Abstract

Thin polymer films used as resists play an essential part in the 

fabrication of microcircuits. The resist operates by undergoing some chemical 

change during irradiation which changes its solubility characteristics, allowing 

development of the image. Solvent development is controlled by both kinetic 

factors such as penetration into the polymer and diffusion into the solution, 

and thermodynamic interactions between polymer and solvent. The work 

described in this thesis describes the modification of a piezoelectric quartz 

crystal microbalance to measure each of these phenomena. The results 

show that all of the factors important in resist development can be monitored 

and have provided vital information in optimising the performance of particular 

systems. The use of the QCM method has enabled the measurement of 

thermodynamic parameters in terms of Flory-Huggins parameters. Volume 

fraction activity coefficients and interaction parameters have been determined 

for a series of solvents with PDMS (to validate the method) and polystyrene 

and PMMA (for use in characterising dissolution phenomena).

The QCM technique has also been adapted for use in the solution 

phase, enabling the monitoring of changes in polymer dissolution and 

solubility during development. Hence, an understanding of the parameters 

that affect the resolution of resists has been gained. This work has 

concentrated on the effect of polymer molecular weight and its distribution, 

the type of developing solvent and its temperature and UV irradiation on the 

dissolution characteristics of a number of polymer/developer systems. The 

results for PMMA as a model but commercially relevant system, were shown 

to be comparable to those of other workers and several discrepancies in 

literature have been clarified. Also, it has been demonstrated that a range of 

effects fundamental to the dissolution process can be studied. The results



have been extended to both positive (e.g. polystyrene, poly(4-chlorostyrene), 

poly(phenylmethylsilane)) and negative resists (e.g. poly(vinyl cinnamate)) 

and yielded information on two major aspects of resist development; swelling 

and dissolution. The relative rates of these two stages have been 

investigated to enable the determination of the predominant diffusion 

mechanism of the resist systems.

The two experimental techniques have allowed correlation of the 

observed dissolution behaviour with thermodynamic properties so that the 

behaviour of a particular polymer/solvent system can be predicted. The use 

of the QCM method in both the vapour and solution phase has been shown to 

be extremely useful for the determination of the optimum developing 

conditions of a wide range of systems in a rapid, convenient and economic 

manner.
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Chapter One



1.0 Introduction

Thin polymer films are used extensively in the semiconductors 

industry and are an essential part of the production of very large scale 

integrated circuits (VLSI), particularly in the development of smaller 

component sizes. VLSI fabrication requires a method for forming accurate 

and precise patterns, usually on silicon substrates. These patterns are 

defined by lithographic processes in which the desired pattern is first 

generated in a resist layer (usually a polymeric thin film) and then 

transferred via processes such as etching into the underlying surface.

During the solvent development of the resist material, the solvent 

penetration and polymer dissolution are controlled by both kinetic and 

thermodynamic polymer/solvent interactions. Kinetic factors, such as the 

diffusion of the solvent into the polymer structure, the relaxation response of 

the polymer and subsequent diffusion of the polymer molecules into the 

solvent must be considered. The mobility of the solvent molecules into the 

polymer is primarily related to their molecular size and the thermodynamic 

compatibility gives an indication of the strength of the interactions between 

the polymer and solvent molecules.

The purpose of this study was to use the quartz crystal microbalance 

(QCM) to obtain information on the dissolution properties of thin polymer 

films, with the aim of investigating the molecular processes involved in the 

thermodynamics and kinetics of polymer solution. Such information will 

prove useful in the understanding of the effect of solvent developing 

conditions on the ultimate resolution of the resist.



1.1 Photoresist Technology

Microcircuit fabrication requires a method for forming accurate and 

precise patterns, usually on silicon substrates, to produce the desired 

electrical characteristics of the circuit and polymeric materials play an 

important role in the fabrication of these patterns. The definition of the 

pattern in the resist layer is achieved by exposing the resist to some suitable 

form of patterned radiation such as ultraviolet light, electrons, x-rays or ions 

(usually through a mask). The resist contains radiation-sensitive groups 

which chemically respond to the incident radiation forming a latent image of 

the circuit pattern, which can subsequently be "developedM by exposure to a 

suitable solvent to dissolve away either the irradiated (for a positive resist) or 

unirradiated areas (for a negative resist) of the polymer to leave exposed 

metal. The areas of resist remaining after development must now protect the 

underlying substrate during the variety of additive and/or subtractive 

processes encountered in semiconductor processing. A schematic diagram 

of the photolithographic process is shown in Figure 1.

1.1.1 Resist Requirements

The performance of a resist depends on a large number of processing 

variables which makes the determination of the performance of a photoresist 

more difficult. Variables such as substrate preparation, temperature and 

time of pre- and post-exposure bake, degree of exposure, developer 

composition and time and method of development can affect the resolution 

obtainable.

Resist requirements for microfabrication are similar irrespective of 

exposure technology. Application of a polymer for high energy radiation
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Figure 1: Schematic Representation of the Photolithographic

Process Sequence



lithography depends on various parameters such as solubility, adhesion, 

etch resistance, radiation sensitivity and resolution. Schnabel and 

Sotobayashi have discussed the effects of these parameters in more detail 

in a comprehensive review of the different types of polymers that have been 

considered as resist materials1. Solubility in volatile organic solvents is a 

necessary requirement, since films are normally deposited on a substrate by 

spin-coating from solution and quick evaporation of the solvent will give a 

more even film. The resist must be able to withstand the etching 

environment during the pattern transfer process3  and must possess 

adequate adhesion to the substrate (e.g. silicon dioxide and silicon nitride) 

which will withstand all processing steps. Poor adhesion will lead to marked 

undercutting (see Figure 2), loss of resolution and possibly complete 

destruction of the pattern3.

Qyercut

7 \7 \ Resist

Substrate

Vertical

Undercut

\ r~\ i
Figure 2: Types of Resist Profiles
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In an undercut profile, the shape of the resist is dominated by the 

dose and reflected exposure rays, while in the overcut profile, the developer 

dominates the resist profile and removes part of the unexposed film. Etch 

resistance refers to the ability of the resist to withstand the etching 

environment during the pattern transfer process2 . The most common 

method of pattern transfer is wet chemical etching, which places emphasis 

on the adhesion and chemical stability of the resist.

Sensitivity and contrast are two very important lithographic 

parameters of a resist and must be optimised when considering design 

features that must be incorporated into the resist. They are determined 

primarily by the chemical composition, molecular parameters and physical 

properties of the polymer. The sensitivity of a resist is conventionally defined 

as the input incident energy required to achieve the desired chemical 

response in the resist. The contrast of a resist is the pattern attainable with a 

given resist for a particular processing condition. For negative resists, it is 

related to the rate of cross-linked network formation and, for a positive resist, 

to both the rate of degradation and the rate of change of solubility. The 

radiation sensitivity of polymers is generally determined by measuring the 

thickness of resist layers (dN) after development as a function of dose4 . 

Figure 3 shows exposure curves commonly obtained with positive and 

negative resists.
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Positive Resist 

D'

Negative Resist

log D expo sure log Dgxposure

Figure 3: Schematic Diagram of the Exposure Curves for

In the case of positive resists, the dose required to remove, upon 

development, 1 0 0 % of irradiated polymer, is a measure of the radiation 

sensitivity. The corresponding measure for negative resists is the dose 

required for obtaining 50% of the original resist layer. The contrast factors 

can be derived from the linear portions of the exposure curves (see Figures 

3 and 4).

Positive and Negative Resists

y = l°9 D 0  0  1 Positive Resist
D'

y = [ log D ^ °| 1 

Dgel
Negative Resist

Figure 4: Measurement of Contrast for Resist Systems
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The pattern resolution attainable with a given resist, for a particular 

set of processing conditions, is determined in a large part by the resist 

contrast. A flow chart detailing a typical resist process is shown in Figure 5.

Reichmanis and Thom pson^ have recently published a review on 

resist materials for microlithography, which discusses the various 

lithographic technologies available and the different resists and processes 

that are being developed for these technologies.

SUBSTRATE
CLEANING

J POST-EXPOSURE [ 
! TREATMENT !

PLASMA
DE-SCUM

DEVELOP

POST-BAKE

EXPOSE

ETCH

SPIN-COAT PRE-BAKE

STRIP

  Indicates that process not used for all materials

Figure 5: Flow Chart for a Typical Resist Process
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1.1.2 Types of Resist Materials

There are a number of publications which give comprehensive 

reviews on the types of materials that are used as resists and the 

technologies involved in the microelectronics industryST.8,9, |n his review, 

Pethrick has made an attempt to predict the changes in microlithographic 

technology that may occur in the next decadelO.

Resists can be categorised into two types, negative and positive 

resists depending on the solubility change upon irradiation of the material.

1.1.2.1 Negative Resists

Polymer resists that become less soluble after exposure to radiation 

are termed negative resists and during development in a suitable solvent, 

the exposed regions of polymer remain whilst unexposed polymer is 

removed. The insolubilisation can be brought about by a number of means 

such as an increase in molecular weight due to polymerisation or cross- 

linking, or a change in polarity due to formation of more polar groups or 

more non-polar functional groups.

Current research on negative resists tends to concentrate on the 

incorporation of radiation sensitive cross-linkable groups into the main chain 

or side chain to promote cross-linking. The major families of negative resists 

are primarily the vinyl carbon backbone systems with reactive side chains 

such as styrenes, halogens and epoxy groupsl 1 .

Taylor and co-workers12  first reported that the incorporation of a 

halogen into methacrylate and acrylate polymers resulted in a thousand-fold
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increase in their sensitivity to radiation induced cross-linking. This finding 

has been applied to styrene-based resists by Thompson and co-workers 

who found improved resist sensitivity when using chlorine substituted 

styrenes1 3 . Generally, the chlorine containing polymers have higher 

sensitivity and glass transition ( T g )  than polystyrene whilst retaining 

resolution14. The chlorine content of the resists can be used as a control of 

the sensitivity and contrast of the resist system with the contrast decreasing 

and sensitivity increasing with increased chlorine c o n t e n t 1 5 , 1 6 . 

Chlorostyrene, chloromethylstyrene and a number of other polystyrenes 

have been copolymerised with polymers such as siloxanes and 

polyvinylnaphthalene with enhanced sensitivities having been observed17. 

The incorporation of silicon atoms into the backbone v ia  

polydimethylsiloxane (PDMS) produces a highly sensitive resist. The high 

sensitivity of PDMS is due to the weak silicon-carbon bond (140 - 180 kJ 

mol"1) and the formation of two radicals for efficient cross-linking3.

In polystyrene-based resists the contrast increases with decreasing 

molecular weight. However, the lower sensitivity of the lower molecular 

weight chlorostyrenes is often traded for higher resolution. Swelling upon 

development can be evident, but may be suppressed by a good choice of 

developer.

The capacity of the epoxy moiety to undergo efficient cross-linking 

reactions has been utilised in the resist industry. Hirai and co-workers1 3  

first reported the use of epoxidised 1,4-polybutadiene as a high resolution ( 1  

pm), highly sensitive electron beam resist, and this sensitivity has since 

been confirmed by Feit and co-workers13. Unfortunately, the contrast of the 

resist was low and hence did not achieve wide usage. However, this initial 

work has encouraged the use of epoxy groups to provide radiation
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sensitivity in polymer systems, such as the copolymer of glycidyl 

methacrylate and ethyl acrylate20.

A simple photodimerisable resist is poly(vinyl cinnamate) made by the 

esterification of poly (vinyl alcohol) with cinnamoyl choride2 1 . Upon 

irradiation in the deep UV region, the cinnamate groups can dimerise to 

yield a truxillate as shown in Figure 6 . If cinnamates from two chains are 

involved the cyclic product represents a cross-link. Copolymers of poly(vinyl 

cinnamate) may be prepared to address particular fabrication requirements, 

and other photodimerisable groups may be attached such as naphthyl 

acrylate, styryl acrylate orfuran acrylate to improve sensitivity22.

CH CH H C ------------- CH

—  C H - C H 2—  —  c h - c h 2  —

Figure 6: UV-lnduced Dimerisation of PolWvinvl cinnamate)

Negative resists have seen continuing use in the manufacture of 

circuit boards and microelectronic devices because of their high chemical 

resistance, good image reproduction qualities and low cost. The sensitivity 

of negative resists is generally greater than that of positive systems since an 

average of only one cross-link per chain is required to achieve an insoluble 

cross-linked network23 . Most positive systems require several events per 

chain to affect differential solubility. Since polymer dissolution occurs first by



swelling of the matrix followed by chain disentanglement (see Section 

1 .2 . 1 ), the resolution of many materials is inferior to that in positive systems. 

However, Novembre and Bowden have shown that by careful selection of 

developer solvents, high resolution patterns can be obtained in several 

negative-acting resists24.

1.1.2.2 Positive Resists

Materials that exhibit enhanced solubility after exposure to radiation 

are known as positive resists. The enhanced solubility can be brought about 

by either chain scission or by dissolution-inhibition mechanisms. Positive 

resists are used widely in the production of VLSI devices because of their 

high resolution.

The "classic" positive resist that undergoes chain scission upon 

radiation is polymethylmethacrylate (PMMA ) 4 >2 5  as shown in Figure 7. Its 

popularity in the resist industry is due to a number of factors such as 

degradation by chain scission without cross-linking, dissolution in several 

solvents (especially ketones) without appreciable swelling, good adhesion 

to substrates and good resistance to acidic and alkaline etch solutions.

PMMA was first reported as an electron-beam resist by Hatzakis2 5  

and is still considered to be one of the highest resolution materials available. 

Since this first report, the performance of PMMA as a resist has been 

improved by chemical and physical modifications and these have been 

reviewed by M oreau2 ®. The accepted mechanism of radiation induced 

cleavage of PMMA involves scission of the polymer backbone which results 

in a reduction in polymer molecular weight and enhanced solubility of the 

exposed regions2?. The sensitivity of PMMA can be improved by increasing



PMMA
+ 0 0  + OO 2  + CH 3  + OCH 3

p-Cleavage

c h 3  c h 3
I | Further

CH 2 - C = C H 2  + -c —  ►  Chain
I Scission

C = 0  
1

O

CH 3

Figure 7: UV-lnduced Chain Scission of PMMA

the molecular weight and narrowing the polydispersity with a practical upper 

limit of about 700000 in number average molecular weight (M n) without 

coating difficulties. The efficiency of main chain cleavage can be further 

improved by replacement of the methyl group with electronegative 

functionalities, such as chlorine or cyano groups, or by the introduction of 

bulky groups to provide steric hindrance and hence weaken the main chain. 

The copolymerisation of the methacrylate with more radiation sensitive 

components can also improve the sensitivity of the resist.

The dissolution-inhibition resists are typically composed of three 

com po n en t s :  a novolac  resin ( p h e n o l f o r m a l d e h y d e ) ,  a



diazonaphthoquinone sulphonate ester and a dilute aqueous base. The 

alkali-soluble resin is rendered insoluble through incorporation of a 

hydrophobic, radiation-sensitive material. Upon irradiation, the hydrophobic 

moiety may be either removed or converted to an alkali-soluble species, 

allowing selective removal of the irradiated portions of the resist by an alkali 

developer solution. Although the basic components of all dissolution- 

inhibition resists are the same, changes in the substitution pattern on the 

novolac resin and/or photo-active compounds lead to changes in resist 

performance. One deficiency of the novolac resins is their low glass 

transition temperature which usually ranges from 7 0  to 1 2 0 ° C ,  as thermal 

stability is required to withstand the pre- and post-baking treatment.

A number of organosilicon materials have been investigated as 

polymer resists and more recently research has begun on the polysilane 

derivatives29*29. Polysilanes are a class of polymers in which silicon atoms 

constitute the main chain with organic groups in the side chain. All the high 

molecular weight polysilane derivatives absorb strongly in the UV spectral 

region, and the position of this absorption is a function of both the nature of 

the side chain and the molecular weight of the polymer. Irradiation of the 

polysilanes leads predominantly to chain scission, but the ratio of chain 

scission/cross-linking is dependent upon the side group. Because of their 

high silicon content, the polysilanes provide an excellent etch barrier to 

developing conditions. A number of reviews have appeared in the literature 

on the use of soluble polysilanes in m ic r o l i t h o g r a p h y 2 9 » 3 1 , 3 2 >



14

1.1.3 Application of Resist Materials

The first process in the semiconductor manufacturing sequence 

involves the coating of the substrate with the resist material. The objective of 

this step is to obtain a uniform, adherent, defect-free polymer film over the 

entire substrate. There are several methods by which a support may be 

coated with a photoresist, and the chosen method depends largely on the 

uniformity requirement and the thickness of the coating d e s i r e d 3 3 .

Spin coating is a technique whereby a thin coat of photoresist (0.1 - 5 

pm) is applied to one side of a small section of a substrate and is used 

where a fair degree of uniformity is desirable. Usually the substrate is 

flooded with a resist solution and then rapidly rotated at a constant speed 

between 1 0 0 0  and 1 0 0 0 0  revolutions per minute until the film is dry. 

Fundamental properties which govern film uniformity and thickness include 

polymer composition, molecular weight, solution concentration (i.e. 

viscosity), solvent properties and the angular velocity and acceleration of the 

spinner. Thompson and co-workers discuss the effect of these parameters 

in more d e ta il 3 and Moreau gives a comprehensive examination of the 

physics involved in spin coating26.

Other methods used for the coating of resist materials include spray, 

dip and roller coating. Spray coating is used to apply very heavy or thick 

coatings, whilst dip coating provides the most uniform coatings and is used 

for large-scale production and the treatment of large areas. The resulting 

thickness of resist is again dependent on the viscosity of the photoresist and 

to the speed at which the substrate is withdrawn from the coating solution. 

Roller coating is used for the uniform application of very thin coatings to rigid 

surfaces, but is not practicable for the coating of small surfaces. Comparison



of all the available coating techniques shows that spin coating prevails as 

the most dynamic, uniform process capable of the resolution of film thickness 

required for high resist performance. A comprehensive review of the 

parameters involved in coating is given by Elliot in his review of integrated 

circuit fabrication technology34.

After coating a resist film from solvent, the polymer film contains 1 to 

3% residual solvent and may contain built-in stresses caused by the shear 

forces encountered during the coating process. Prior to exposure, the resist 

film is baked at a temperature above the Tg (i.e. where the polymer chains 

are mobile) and the boiling point of the solvent to remove the residual 

solvent and any stresses formed during coating. Residual solvents will 

adversely affect both subsequent exposure and developing cycles, and 

stress in the film may result in loss of adhesion or erratic developing during 

subsequent processing. During pre-baking, the polymer flow relieves any 

built-up stress, closes pinholes, planarises the film, and by the formation of 

an insoluble surface layer produces a desirable induction effect upon 

dissolution in a developer. Pre-baking therefore ensures that the resist film 

has uniform properties across the substrate33.

1.1.4 Development of Resist Materials

Once a resist has been applied to a substrate and irradiated, the next 

step in resist production is the development1 3 . The object of the 

development step is to remove the exposed or unexposed resist region at a 

faster rate than the background and in a reproducible manner. It has a great 

influence on pattern quality and requires more process time than any other 

step. There have been new developments in this stage of the lithographic 

process such as Reactive Ion Etching (RIE) and plasma etching1 3  which



involves dry etching environments33. Dry development has been reviewed 

extensively by Taylor3 7 , and advances in these development processes 

have been taken into account in the design of organic resist materials3 3 . 

However, the solution development of images still remains the most 

common method for the production of microcircuits. Since development is a 

major variable in achieving good photoresist geometries, it must be carefully 

determined and monitored to optimise the process. During the development 

process, there should be no reduction in original film thickness, minimum 

developing time (< 1 minute), minimum distortion and swelling and faithful 

reproduction of the required dimensions. A number of variables can affect 

the development time such as pre-bake conditions, developer concentration, 

developer temperature, resist thickness and the amount of mixing. 

Generally all these variables are fixed except developer concentration and 

temperature and these are usually used to adjust the development time.

Since differences in development rates play such a crucial role in 

determining ultimate circuit density, further improvements in VLSI 

technology depend upon a clear understanding of photoresist dissolution at 

the molecular level.
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1.2 Dissolution of Polymers

1.2.1 The Theory of Dissolution of Polymers

The dissolution of glassy polymers in principle occurs exactly like 

small molecule dissolution in that the polymer/polymer interactions between 

the monomer units of the polymer chains are replaced by polymer/solvent 

interactions between the monomer units and the solvent molecules3 9 . 

However, there are differences in the individual phases of the dissolution 

process. In the case of a monomeric solid, each solvated molecule is 

immediately free to move away from the undissolved monomer and into the 

solvent. Each solvated monomer unit in the bulk polymer though, has a 

limitation imposed on its mobility because of its covalent bonding to the 

polymer backbone. After solvation, it can only move away to the extent of 

the length of the solvated portion of the chain. Only when the other 

monomer units belonging to the same chain are similarly solvated is the 

entire chain free to move away from the bulk polymer.

The process of dissolution of a polymer by a liquid consists basically 

of two stages3 9 . First, the small more intrinsically mobile liquid molecules, 

driven by their chemical potential gradient, diffuse into the polymer matrix to 

form a gel. Then, swelling and loosening of the interpenetrating and highly 

immobile chain-like polymer molecules occurs in response to the build-up of 

internal pressure resulting from the absorption of liquid. As the polymer 

matrix swells, the mobility of the absorbed liquid molecules typically 

increases due to plasticisation or the increase in the polymer molecules' 

segmental mobility, and the penetration tends to auto-accelerate. Finally, as 

the polymer molecules become separated, they acquire sufficient intrinsic 

mobility to diffuse away into the surrounding liquid.



The diffusion and relaxation processes are complicated and a 

number of studies of these processes have been made, but no firm 

conclusions as to the mechanisms of solution on a molecular level have 

been reached4 ^ 4 1  *42,43. Advances have been made in the development 

of models to predict the transport of penetrants in glassy polymers based on 

free volume theories and diffusivity and viscous flow parameters44.

If the response of the polymer matrix to the penetration by the liquid 

were simply passive, offering no mechanical resistance to liquid absorption, 

the overall process would be governed solely by random walk diffusion and 

could be described by Fick’s law. Fickian behaviour for diffusion in polymers 

is described by Case I diffusion and is concentration gradient controlled. 

The solvent penetration obeys the generalised Fick equation, where the 

diffusion coefficient (D) normally increases with solvent concentration (c).

8 c = V [ D(c) Vc ]
at

However, the response of the polymer matrix to liquid absorption must 

be taken into account, and then non-Fickian behaviour (Case II diffusion) is 

observed. The swelling of the glass in gel formation involves large scale 

segmental motion, the magnitude of which is relaxation controlled. This 

relaxation process is related to slow redistribution of available free volume 

by the segmental motions in the relaxing polymer. This affects solvent 

penetration rates, making them time and sample thickness dependent. 

Figure 8  indicates the typical solvent concentration profiles observed for the 

two contrasting diffusion mechanisms.
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Figure 8: Concentration Profiles for the Limiting Cases

of Diffusion

The diffusion process can be related to the amount of solvent 

absorbed, Mt, per unit area at time t.

Mt = ktn

where k and n are constants depending on polymer/solvent system.

Fickian diffusion leads to initial direct proportionality between total 

weight uptake and t1/2, while Case II diffusion exhibits an upward sigmoidal 

curvature. Case II swelling can be characterised by the solvent boundary 

advancing at constant velocity, the weight gain being directly proportional to 

time and a uniform solvent concentration behind the advancing front. 

Vrentas and Vrentas have recently considered the theory of Fickian diffusion 

in glassy polymer-solvent system s^, a  number of reviews of non-Fickian 

sorption in glassy polymers are a v a i l a b l e ^ . 45,46,47
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The transition between the two types of diffusion can be seen from 

system to system and also, in changes in temperature and concentration in a 

given polymer/solvent system®9 . jh is  has been shown for the transport of 

methanol in PMMA sheet where a transition from Case II to Fickian transport 

is seen from ambient temperatures to the boiling point of methanol4 ®. 

Vrentas and co-workers have suggested that the dimensions of the sample 

may affect the diffusion process49. The effect of film thickness and sample 

history on the parameters describing transport in glassy polymers has also 

been studied by Hopfenberg®9 . For the n-alkane adsorption by 

microspheres, spheres, films and sheets of polystyrene, it was found that 

absorption in submicron microspheres is controlled by Fickian diffusion 

whereas films (approx. 75 pm) and spheres (approx. 184 pm diameter) sorb 

according to Case II absorption kinetics.

Ueberreiter and Asmussen4 2 * ® 1 have related the dissolution rate (s) 

to the diffusion coefficient for the penetration (D) of the solvent into the 

polymer by:

s = D 

I

where D is the diffusion coefficient and I is the thickness of swollen layer. The 

diffusion coefficient has been shown to be related to temperature by:

D = D0  exp <-E*'RT>

where Ea is the activation energy of diffusion.
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Typical values for the activation energy for the diffusion of solvents in 

polymeric solids range from 20 to 80 kJ mol"1. As the size of penetrant 

increases, the diffusion coefficient decreases but the activation energy 

increases. The diffusion coefficient is constant over a large range of 

molecular weight. It has been shown that above a limiting molecular weight, 

for the dissolution of polystyrene in toluene, although the dissolution rate 

increases and the thickness of the swollen layer decreases, that D is 

independent of chain length. This is because the diffusion process involves 

the "jump" of solvent molecules from one monomer unit to another and 

therefore will not be affected by chain length.

The overall shape of the solvent molecule will mainly influence the 

diffusion coefficient while interacting polar groups or the polarity of the 

solvent molecule should determine the thermodynamic suitability.

1.2.2 Factors Affecting Dissolution Rate

Several factors can affect the rate of dissolution including:

1 . Molecular weight

2 . Molecular weight distribution

3. Thermal history of polymer

4. Tg of polymer and solvent composition in gel layer,

5. Tacticity of polymer

6 . Formation of gaseous products within the polymer film

7. Type of developing solvent and solvent temperature

It is well known that the equilibrium solubility of polymers is 

dependent upon their molecular weight52. This is related to the decrease in
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entropy of mixing with increasing molecular weight of polymer in solution. 

However, high molecular weight positive resists are preferable to those of 

low molecular weight as increased sensitivity can be obtained53. in the 

high molecular weight resist, for a given area and thickness of resist, there 

would be fewer molecules and thus fewer scission events would be required 

to obtain sufficient degradation for complete development.

Ueberreiter and Asmussen have studied a homologous series of 

polystyrenes in a number of solvents and found that the following 

relationship held over a wide range of molecular weight ( M ) 5 4 .

s = kM 'A

where k and A are constants for a particular polymer/solvent system.

The amount of swelling of the polystyrene was found to increase with 

the square root of molecular weight and increased abnormally above a Mn 

of 150000, due to strong entanglement of large macromolecules. The 

diffusion of solvent molecules into the polymer was found to be controlled by 

the gradient of the chemical potential and dependent on the size and 

chemical constitution of the solvent molecules. The swollen layer acted as a 

resistance for the diffusion of the molecules by the diminution of the 

concentration gradient in this region. They also obtained the following 

dependence of swollen surface layer (5) on temperature.

8  = 8 0 exp<-Ea/RT>

Harrises found that removal of very high molecular weight molecules 

from PMMA resists led to considerable improvement to the dissolution rate of



PMMA in solvents. At a given weight average molecular weight (Mw) or Mn, 

samples of high polydispersity PMMA have been shown to have a higher 

dissolution rate than those of low polydispersity^®. Removal of very high 

molecular weight molecules, which are dominant in determining intrinsic 

velocity, is found to lend considerable improvement to the rate of dissolution 

of PMMA in solvent and quality of spin coated films. Harris has concluded 

that the optimum distribution of PMMA for use as a resist, is one which 

contains little or no molecules with weights below 50000 or above about 

600000.

Lai and Shepherd5 3  have studied the effects of the molecular weight 

distribution on the sensitivity of PMMA as a positive electron resist using 

methyl ethyl ketone/isopropanol (i.e. MEK/IPA) developer mixtures. The 

molecular weight and molecular weight distribution were found to have a 

significant effect on the sensitivity of PMMA. With decreasing spread in 

molecular weight distribution, the number of scission events for critical 

exposure is decreased i.e. the sensitivity increases with decreasing 

heterogeneity.

Solvent mobility in polymeric matrices is strongly affected by its local 

environment and hence, is very strongly influenced by polymer architecture 

and by the thermal and mechanical history of the polymer. Gipstein and co

workers5 7  have found that the solubility of isotactic PMMA is much greater 

than that of the syndiotactic and atactic forms. This very high solubility rate 

of isotactic PMMA is attributed to a low T g  (i.e. 40°C) and greater degree of 

free volume, and it was found that the molecular weight dependence is 

stronger for the low T g  than for the higher T g  syndio- and atactic forms.
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The effect of heat treatment on the dissolution rate of PMMA has been 

studied by Greeneich5^ and a strong dependence of the dissolution rate on 

the pre-bake temperature and time was found. Ouano59 has made a 

detailed study on the effect of residual solvent content on dissolution rate of 

PMMA, and interpreted the relationship between dissolution rate and solvent 

content in terms of the free volume theory. At high solvent concentrations, 

the PMMA chain segments may have enough mobility to facilitate solvent 

diffusion through the polymer matrix, however, as the solvent concentration 

is reduced, the solvent will reach a concentration whereby it must diffuse 

through a glassy matrix, thereby reducing the solvent loss dramatically.

Deckmann and D u n s m u i r ^ O  jn their evaluation of PMMA as an 

electron resist, have shown that the sensitivity and contrast of the resist can 

be altered by pre-baking either above or below the glass transition 

temperature. Sensitivity improvement was shown to be caused by solvent 

trapped in the network of the resist pre-baked below Tg. The trapped 

solvent pre-swells the polymer network so that small perturbations to the 

molecular weight distribution of the PMMA cause it to become soluble in the 

developer.

O u a n o 5 9  and Cooper^l have studied the dissolution rates of 

exposed and unexposed PMMA samples and found much faster dissolution 

rates for the exposed samples. Ouano postulated that the formation of 

microporosity upon irradiation (i.e. by the formation of gaseous products 

such as CO, C O 2 , and CH4 and radicals such as #OCH3 and #CH3) would 

open up the polymer structure, hence increasing the diffusion coefficient of 

the solvent.



The molecular size of the solvent is also found to have a great effect 

on the solubility of resists, as the diffusion rate of the solvent into polymeric 

resists is very strongly dependent on the free volume between the highly 

interpenetrating chains of the polymer. Ueberrieter and A s m u s s e n 4 2  found 

that the solubility rate of a polymer was closely related to the penetration rate 

of the solvent. This was demonstrated by the strong dependence of the 

solubility rate of polystyrene on the solvent molecular weight of a 

homologous series of alkyl acetates. A sharp drop in solubility rate of the 

polymer was found between propyl and butyl acetate which was attributed to 

a change in the diffusion mechanism of the solvent from a relatively 

"unhindered” to a highly "hindered" diffusion process.

Normally the suitability of a solvent is discussed in thermodynamic 

and kinetic terms, where the kinetic influence is reflected in the value of the 

diffusion coefficient while the thermodynamic suitability influences the 

thickness of the swollen layer3 9,62 ,63 . The solvent mobility is primarily 

related to its molecular size whereas thermodynamic compatibility is 

associated with the strength of the interactions between structural groups of 

both polymer and solvent molecules. An appropriate measurement of 

thermodynamic compatibility is given by the solubility parameter, 5 6 4 . The 

Flory-Huggins interaction parameter, X can give another measure of polymer 

compatibility^ (see Section 1 . 4 . 1 ) .  For a good solvent, there is a preferable 

interaction between the polymer and solvent and the chains are extended 

and this is reflected in low X value (X < 0.5). By contrast, in a poor solvent, 

polymer chains are coiled to prevent interaction with the solvent, with high X 

values (X > 0.5) obtained. In intermediate solvents, the chains are in an 

unperturbed state and these are known as theta solvents.
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The development of resists often involves the use of solvent/non

solvent systems with the non-solvent acting as a moderator3 3 . In their 

dissolution/swelling studies of PMMA in MEK/IPA and methyl isobutyl ketone 

(MIBK)/methanol mixtures, Manjkow and co-workers6 5  have observed a 

sharp transition between complete solubility and almost total insolubility, 

and found a temperature dependence of the position of this transition. The 

addition of small amounts of low molecular weight non-solvent has been 

found to increase the rate obtained with a higher molecular weight 

solvent66*67. The increase in dissolution rate may be attributed to the small 

size of the molecule penetrating rapidly into the polymer structure33.

1.2.3 Experimental Methods for Polvmer Dissolution

Traditional methods for the determination of resist film thicknesses as 

a function of time in the developing solvent, tend to rely on the repeated 

development of a resist for various pre-determined times, followed by 

quenching in a non-solvent and baking to drive off the developer before 

measuring the remaining film thickness46.

i

One of the simplest methods for polymer dissolution rate 

measurements is the "Dip and Dry" method40 *5 6 . Pieces of resist-coated 

wafers are immersed in a developing solvent and removed after a measured 

development time, dried and baked for a short time. The thickness of the 

remaining film is then measured using techniques such as diamond stylus 

measurements, interferometry and ellipsometry. However, the method is 

tedious and is prone to errors due to the presence of induction periods and 

failure to stop dissolution immediately when desired.
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Ueberreiter and c o - w o r k e r s 6 8  were amongst the first workers to have 

made a study of the rate of dissolution of polymers using the "Dip and Dry" 

technique. They investigated the dissolution process by using pellets of a 

solid glassy polymer immersed in flowing solvent and a micrometer stage- 

equipped microscope to study solvent penetration and pellet dissolution 

rates. They suspended carbon black of very fine particle size in the pellets 

and observed the surface layer of the polymers via the microscope. By 

using refractive index measurements, solvent penetration was monitored by 

the rate at which the solvent (and carbon black) front advanced into the 

pellet, dissolution rates were calculated from the rate at which the 

polymer/solvent boundary receded.

Ouano and Carrothers59 extended Ueberreiter’s technique to more 

closely simulate photoresist dissolution by using pressure-moulded or cast 

film samples in a holder that ensured a one-dimensional dissolution 

process. They developed a microscopic technique that utilised the optimum 

angle of illumination microscopy (i.e. critical angle microscopy) rather than 

dyes to follow moving layer boundaries. By this method the effect of polymer 

tacticity, Tg, thermal history of the polymer and solvent swelling power on 

dissolution dynamics could be monitored. Qualitative measurements of the 

dissolution rate of polymer films could be made by following the "Dip and 

Dry" procedure.

More recently, several insitu monitoring techniques for photoresist 

development have been reported. Konnerth and Dil|69,70 have developed 

a very high speed scanning spectrophotometer to measure the relative 

reflectivity of the resist sample as a function of wavelength. However, these 

techniques require a complex method for converting relative to absolute 

reflectivity to determine film thickness.



2 8

A laser endpoint detection system based on interferometry principles 

has been developed?*!. The intensity of reflected light oscillates periodically 

as the film thickness of polymer on a reflecting substrate decreases. The 

period of oscillation is a function of the indices of refraction of the solvent, 

polymer and wafer as well as the wavelength of the light. The change in 

intensity can be used to interpret the dissolution of the film. However, 

complications arise when the film swells or the formation of a surface 

transition layer occurs. The systems only provide data to within an integer 

multiple of one-half of a wavelength and so the resolution is not sufficient for 

detailed kinetic studies. However, in some cases a transition layer can be 

measured during laser interferometry, and Krasicky and co-workers7 2  have 

studied the dissolution process of PMMA in MEK and detected a transition 

layer.

An ellipsometer (psi-meter) has been developed by Flack and co

workers for the insitu measurement of resist film thickness in developer 

solutions72 . A psi-meter is a single element rotating polariser ellipsometer 

which modulates the polarisation of an incident laser beam and measures 

the intensity fluctuations of the reflected light. This technique has also been 

employed by Greeneich to monitor photoresist thickness as a function of 

time. Unfortunately, the method relies heavily on complex calculations.

There are several other techniques which can be used to measure 

dissolution rates and thin film processes7 4  including refractometry, NMR72, 

low frequency capacitance and critical angle microscopy22. Rodriguez and 

c o -w o rk e rs 2 7  give a review on the methods for dissolution rate 

measurements.
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Recently a group from IBM have published details of the 

construction7 6  and operation of a quartz crystal microbalance (QCM) for the 

characterisation of dissolution kinetics of thin films7 7 *7 6 . The monitor is 

capable of resolving such fine detail as the periodic modulations in 

photoresist dissolution rates due to standing wave interference effects 

during exposure. The QCM was found to be a good method for monitoring 

polymer dissolution as it is a highly accurate, sensitive and continuous 

process and thin films can be measured hence simulating the conditions 

used in the industrial processing of resist films. The use of the QCM in the 

vapour and liquid phase is described in the following sections.
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1.3 Quartz Crystal Microbalances (QCM1

1.3.1 Theory of the QCM

The QCM utilises the piezoelectric effect of certain types of quartz 

crystals which show a characteristic resonant vibration frequency in an 

electric field. The piezoelectric effect was discovered in 1880 by Pierre and 

Jacques Curie7® and is observed when pressure exerted on a small piece 

of quartz produces an electrical potential between the deformed surfaces. 

The application of a voltage produces the converse effect by causing 

physical displacements of the quartz at a resonant frequency.

This resonant vibrational frequency has been shown by Sauerbrey® 0  

to change in direct proportion to the mass of any layer of material coating the 

crystal. He exposed a torsional beam microbalance and a quartz plate to 

the same depositing flux and showed that a shift in resonance frequency 

was proportional to the deposited mass within ±2%. Sauerbrey's theoretical 

predictions have since been confirmed and extended by Oberg and 

Lingensjo®1, Behrdt and Love®2, Warner and Stockbridge®3 , EerNisse®4 , 

Miller and Bolef® 6  and Lu and Lewis®6 .

The resonant frequency of the crystal is dependent upon the physical 

dimensions of the plate and the thickness of the electrodes upon it. 

Heising ® 7  has established that the orientation of the quartz crystal with 

respect to crystallographic axes has an important effect on the resonant 

frequency. The mode of vibration that is most sensitive to the addition or 

removal of mass for a quartz crystal resonator is the high frequency 

thickness-shear mode (see Figure 9).



Figure 9: The Fundamental Thickness-Shear Mode of Vibration

To make a quartz crystal plate oscillate in the thickness-shear modes, 

the plate must be cut to a specific orientation with respect to the crystal axes. 

The cuts belonging to the rotated Y-cut family such as AT and BT-cuts are 

representative. For the purpose of monitoring thin-film deposition 

processes, almost all commercial QCMs use AT-cut quartz crystals 

oscillating in the fundamental thickness-shear mode. The AT-cut (see 

Figure 10) is commonly chosen because its resonance frequencies are 

nearly temperature independent in the neighbourhood of room temperature. 

Brice^S gives a review on the types of crystals suitable for quartz resonators 

and the factors affecting their performance.

i i z

yX

Figure 10: AT-Cut Quartz Crystal Plate

Schumacher89 has recently considered the interfacial phenomena at 

the solid/liquid junction such as the influence of solid deposits, surface
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roughness, surface stress on the resonant frequency of the crystal and found 

that these factors can greatly contribute to the resolution obtained.

Prior to 1970, most quartz crystal monitors employed the following 

equation proposed by Sauerbrey90 , to determine the deposited mass:

where AF is the resonant frequency shift, Fq is the original resonant 

frequency, rrif is the areal density of deposited film and mq is the areal 

density of the quartz plate.

The original derivation of this equation was not mathematically 

rigorous, and derivations with more sound theoretical justifications have 

since been given by Warner and Stockbridge3 3 , using a perturbation 

analysis to the loaded quartz resonator and by Miller and Bolef35 , based on 

the model of a one-dimensional acoustic composite resonator. Up to a limit 

of m f/m q = 0 .0 1 , they found that Sauerbrey's equation is a useful 

approximation because the deposited mass or thickness is linearly 

proportional to the change of frequency. Further work on higher mass 

loadings led to the insertion of the frequency constant N into the Sauerbrey's 

equation77 .

AF = - mf

where pq is the density of quartz crystal (2650 kg n r3 ), N is the frequency 

constant (Fqtq) and tq is the thickness of quartz crystal resonator.
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By extending the analysis of the acoustic composite resonator by 

Miller and Bolef, Lu and Lewis®® demonstrated experimentally that the 

following theoretically valid equation is highly accurate for a mass load as 

high as mf/mq of about 0.7. They have used a one-dimensional acoustical 

composite resonator model to study the behaviour of a quartz-crystal 

resonator with large mass loads, and the film thickness (tf) and mass of 

polymer coating can be calculated from the following equation:

Pftf = - (Fc " Fq ) Pqv c

2F,

Where p is the material density, v is the shear wave velocity in the 

material, f and q denote the film and quartz crystal respectively and Fc is the 

mechanical resonant frequency of deposited film if it were isolated. For 

materials with a spatially uniform density, the area density of the polymer film 

is equivalent to the product of thickness and density. However, the mass 

must be uniformly distributed and completely cover the quartz crystal, and 

the area covered by the deposited material should be known precisely.

Lu and Lewis have further shown that, if the added mass is limited to 

a small area and to an arbitrary location on the crystal surface, the mass 

induced frequency shift will depend on the position of the deposited mass. 

The sensitivity of detection of the crystal is inversely proportional to the 

square of the electrode diameter and thickness of the crystal®1 . The 

amplitude of the oscillation of the crystal is a maximum at the centre of the 

electrodes and near zero at the edges where the electrical connections are 

clamped as demonstrated by Ullevig and co-workers®2 . In the general 

case, the relationship between differential sensitivity and the radius is a bell
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shaped function. This indicates the importance of ensuring the complete 

coverage of the crystal when coating.

The current most widespread application of the QCM is in thin film 

science and technology i.e. as a thickness monitor for deposited thin solid 

films. Piezoelectric quartz crystal resonators have a sensitivity to mass 

changes of 10 ' 1 2  g under optimum conditions. This sensitivity has led to a 

variety of different commercial and research uses. Such applications 

include the use of piezoelectric crystals for the detection of moisture in 

hydration studies, the selective gas detection in chromatography, the 

measurement of solubility of vapours in polymers and the study of the 

corrosion of metals. Further applications of the QCM in both the gas and 

liquid phase are detailed in the following sections.

1.3.2 Applications of the QCM

1.3.2.1 QCM Measurements in the Gas Phase

The concept of measuring mass using the frequency to deposited 

mass relationships of Sauerbrey has been exploited extensively in the 

design of selective sensors for the gas phase. Recent reviews by 

G u i lb a u t"  and Alder94 , identify the current uses and areas of research for 

the QCM.

The QCM has been used as a detector for chromatography owing to 

the mass sensitivity, simplicity and ruggedness, all of which recommend it for 

portable and on-site remote operation95 . King, in 1964, was the first to use 

the quartz crystals in this fashion, by using gas chromatography stationary 

phases on the crystal coating material to improve the selectivity for certain



groups. A universal mass detector based on a resonating piezoelectric 

crystal for liquid chromatography was developed by Schulz and co-

w o rkers^ .

Polymer coated crystals have been used routinely for measuring 

vapour solubilities of a wide variety of plastics and e l a s t o m e r s 9 7 . 9 8 .  

Equilibrium between vapour and rubber is almost simultaneous mainly 

because the film is so thin. The data produced is precise, allowing the 

observation of subtle changes in the polymer. This rapid equilibrium has led 

to the extensive use of QCMs in the area of surface science. Ognjanovic 

and c o - w o r k e r s 9 9  have recently developed a new method of interpreting 

data from the QCM  technique which enables the study of the variation of 

surface concentration of 1 -iodo-n-hexane on polystyrene with respect to time 

at the vapour/polymer surface. Good agreement was obtained between the 

QCM data and Rutherford backscattering techniques, with the QCM offering 

distinct advantages such as increased sensitivity and the capability of 

collecting swelling data continuously with time.

Levenson^OO has produced a brief survey of the QCM surface 

science applications which include the chemisorption of gases on thin films, 

in molecular studies of gas/surface interactions and in physical adsorption.

Hlavey and Guilbaut1 ® 1 have reviewed the application of the 

piezoelectric quartz crystal in different areas of analytical chemistry. The 

review details the usefulness of the piezoelectric crystal as a sorption 

detector in polymer research. Further reviews have been published on the 

use of p ie z o e le c tr ic  crys ta ls  for m ass and ch em ica l

measurements94,102,103>
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1.3.2.2 QCM Measurements in the Liquid Phase

Studies of the effects of liquids on quartz crystal resonators have only 

appeared recently in the literature. In comparison with the use of 

piezoelectric detectors in the gas phase, only a small number of studies of 

the operation of these sensors in liquid have been described.

Adsorption measurements using a crystal are more difficult to obtain 

in a liquid than in the gas phase as there are greater energy losses at the 

crystal/liquid interface, which makes it more difficult for the crystal to maintain 

a stable oscillation. The frequency shift of the crystal is proportional to the 

ratio o f the kinetic energy of the deposit to that of the bare crysta l^ , if the 

deposit forms a distribution of droplets rather than a uniform film, then the 

influence of viscous effects is increased.

The dampening, D of the crystal resonator is defined as the reciprocal 

of the quality factor Q.

D = J_ = _______ Energy dissipated per cycle________

Q Time averaged energy store in the resonator

For an air-backed quartz transducer, a quality factor of about 15 is 

obtained if it is radiating into water but this is increased to 1 0 0 , if air is 

substituted as the load, hence it can be seen that a large dampening effect is 

observed with water as the l o a d 1 04.

Because of the problems associated with the dampening effect of 

viscous liquids, most of the research associated with the use of the QCM in 

the liquid phase has centred round the QCM circuitry and crystal mounting.



Konash and Bastiaans1 0 5  have made attempts to overcome the dampening 

problem. They produced a novel flow cell design in which the method of 

crystal mounting appears to have compensated for the increase in energy 

loss by allowing the liquid to come into contact with only one face of the 

crystal. They observed changes in the resonance frequency of the crystal 

when different liquids passed through the cell, and attributed these changes 

either to density differences or to surface adsorption. They managed to 

achieve stable adsorption exclusive of density effects. They found however, 

that the sensitivity was poor and that the coating on the crystal became 

saturated with analyte and, in addition, was gradually removed by solvent 

action.

Recently, several groups have adapted the QCM for solution work 

with concurrent electrochemical experimentation106. jh is  instrumentation 

can measure both the mass change and the charge passed at an electrode 

surface. Such measurements have been applied to the study of metal

d e p o s i t i o n 1 0 7 »1 0 8 f jo n  fluxes in p o l y m e r  f i l m s 1 0 9 , 1 1 0 , 1 1 1  a n c j several

other interfacial phenomena112,113.

Deakin and Melroy1 1 4  have reported the application of the QCM to 

the insitu study of the oxidation of aluminium in a solution of ethylene glycol 

and ammonium pentaborate. They found that they could quantitatively study 

the growth and dissolution of thick, passive oxide films. However low 

concentration solutions had to be used as the viscosity of the solvent at 

higher concentrations causes the oscillation of the crystal to cease.

Nomura and co-workers 1 1 5  have made an examination of the 

change of frequency obtained when a quartz crystal was immersed in 

solvent mixtures. They found that the change in oscillation frequency
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depended on the density and viscosity of the solvents, whilst the solvent flow 

had little effect on frequency change. They found good agreement between 

measured and calculated frequency changes when the crystal was 

immersed in organic solvents. However the oscillation frequency is quite 

sensitive to stresses caused by mounting and the changes in the hydrostatic 

pressure of the fluid. They have also studied the dependence of crystal 

frequency on temperature 1 1 6  and found that between 20 and 27°C, the 

transistorised oscillator gave a pronounced decrease in frequency of 1 kHz.

The shift of resonance frequency of a crystal when brought in contact 

with a viscous liquid was calculated by Kanazawa and Gordon117.

AFL = Fo1-5 (nLp l ) 0 -5  

^PqPq

where F0 is the oscillation frequency of the blank crystal, tjl and pl are the 

viscosity and density of the liquid, and pq  and pQ are the shear modulus and 

density of quartz, respectively.

In their study of the frequency changes resulting from metal 

deposition and from oxide formation, Bruckenstein and Shay11** have 

shown that the mass sensitivity of the QCM can be the same in the fluid as in 

vacuum. They have considered some of the experimental aspects of the use 

of the QCM in solution1 1 9. The employment of reference and indicator 

crystals has helped to compensate for liquid density changes10**. Insitu 

electrogravimetric studies of sub-monolayer and many monolayer thick 

electrodeposited and electrosorbed films have been measured by this 

technique. The high sensitivity of the QCM technique has also made it a



useful tool in the study of the swelling behaviour and stability of Langmuir- 

Blodgett films in the aqueous p h a s e 1 20.

Recently, the QCM has been applied as a "biosensor" in which an 

immunological reaction that occurs at an interface of a transistor results in an 

output of an electrical s i g n a l 1 2 1 , 1 2 2 . j h e antigenic component is 

immobilised on an auxiliary thin film or directly on the crystal surface, and 

the antibody in solution is detected by reaction with the immobilised antigen.

Hinsberg and co-workers have introduced a method for the 

measurement of dissolution kinetics of thin films using a piezoelectric crystal 

attached to a microbalance76. |n a later paper, Hinsberg and Kanazawa7 6  

published details of construction and operation of the QCM for the 

characterisation of dissolution kinetics of thin films. The instrument allows 

the accurate characterisation of etching behaviour of very thick and rapidly 

dissolving films and can be used to examine photoproduct effects on resist 

dissolution77. By adapting the design of a QCM from the literature, we have 

been able to construct a QCM dissolution apparatus capable of monitoring 

polymer dissolution, and have used this monitor to study the factors affecting 

polymer dissolution.
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1.4 Thermodynamics of Polvmer Solutions

In the previous sections, we have introduced the theory and methods 

of study of the dissolution kinetics of polymer/solvent systems. In order to 

correlate the factors that affect the dissolution kinetics with the diffusion of 

solvent into the polymer structure, we need the ability to measure the 

polymer/solvent interactions. Hence an understanding and an experimental 

method to measure the thermodynamics of polymer solutions is required.

1.4.1 The Theory of Thermodynamics of Polvmer Solutions

Solutions of high polymers and other large molecules show striking 

departures from the laws of ideal solutions. Experimental measurements of 

the activities of low molecular weight substances in polymer solutions 

showed, as early as the 1930's, that polymer solutions are far from ideal. 

Meyer and Luhdem annl2 3  first suggested that deviations from ideality of 

polymer solutions were due to the length and consequent number of 

conformations of the polymer chains. Fowler and R u s h b r o o k e l  2 4  

introduced the concept of a rigid lattice whose lattice sites are occupied 

either by polymer or solvent segments. H u g g i n s 1 2 5  and F l o r y 1 2 6  extended 

the lattice method to athermal mixtures of monomers and chain polymers, 

and the relationships derived from this theory have been used in this thesis.

From the point of view of thermodynamics, the properties which are of 

particular interest are the activity coefficient, y and the Flory-Huggins 

interaction parameter, X. The activity coefficient can be defined as a 

measure of deviation of a solution from ideality and can be expressed in a 

modified form of the Raoults Law expression.



Yi = Pi 

(P i°x i)

where Pi is the equilibrium pressure of component 1 over the solution, P-|° 

is the saturated vapour pressure of the component at the temperature of the 

solution, xi is the mole fraction of the component in solution and yi is the 

activity coefficient of component 1 in the solution.

The use of mole fraction (x) is inconvenient in polymer solution 

calculations because the molecular weight of the polymer is very large 

compared to that of the solute, and hence as a result the mole fraction of the 

polymer in solution is usually very small even though the weight fraction may 

be close to unity. Calculation of the mole fraction requires precise 

knowledge of the polymer molecular weight, which is often difficult to 

determine accurately. Concentration scales which are convenient to use 

when determining thermodynamic properties of polymer solutions include 

volume fraction (O), segment fraction (¥ ) , weight fraction (W) and site 

fraction (0 ). In this work, volume fractions have been used throughout. The 

solvent and polymer are denoted by the subscripts 1 and 2  respectively.

<*>1 = XjVj
xiV 1 + x2 V 2

where V i is the molar volume of the solute.
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The interaction parameter is a measure of the interaction between the 

polymer and the solvent and it is related to the solubility of the polymer in the 

solvent. Solubility is governed by the free energy of mixing. For solution to 

take place at constant temperature and pressure, there must be a negative 

change in this free energy.

AG < 0

Hence, using the Gibb's equation:

AG = AH - TAS 

then AGm = AHm - TASm < 0

Where AGm is the Gibbs free energy of mixing, ASm is the entropy of 

mixing, AHm is the enthalpy of mixing and T is the temperature.

The entropy value in the equation can be determined from a lattice 

model (i.e. we assume that solution can be represented by a three 

dimensional lattice) using the Boltzmann equation:

AS = k InW

where k is the Boltzmann constant and W is the number of ways of arranging 

a system.
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If pure solvent, each site of the lattice is occupied by a solvent 

molecule, whilst if a polymer/solvent system, each site can contain either a 

polymer segment or solvent molecule.

ASm = -k (x-,InO-, + x2 lnO>2)

where x is the mole fraction and O is the volume fraction (<X>1 + <X> 2  = 1 for a 

binary system).

The enthalpy of mixing arises from differences in interaction energies 

between polymer segments and solvent molecules. Flory's treatment states 

that waa is the interaction between solvent molecules, Wbb is the interaction 

between polymer segments and wab is the interaction between polymer and 

solvent.

The energy change upon mixing would be:

w = wab - 0.5(waa + wbb)

For ni solvent molecules, m 2  polymer segments (where r is the 

number of sites occupied by polymer):

AHm = (n + m 2 ) O 1 < £ 2  w 

or AHm = RT <E>! <D2 5C

where X is the interaction parameter characterising the energy interactions.
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However, free energies of mixing are difficult to measure, therefore 

the free energy is related to some colligative property of the solvent, for 

example, vapour pressure or osmotic pressure.

Using partial molar functions and Raoult's Law, the Flory Huggins 

expression becomes:

In a i = lnd>i + ( 1 - 1 /r)<J> 2  + <&22%

Where r is the ratio of the molar volume of the polymer to the molar 

volume of the solvent i.e. V 2 ° /V i°  and ai is the thermodynamic activity of the 

solvent.

Activity coefficients on a volume fraction basis are therefore given by:

y iv = a-|/Oi = exp [(1 - 1 /r ) 0 2  + 5CC>2 2]

The interaction parameter consists of an enthalpy term and an 

entropy term:

X  = %H + 5CS

The Flory Huggins model has three main disadvantages in that it 

contains a series of mathematical approximations, assumes no volume 

change on random mixing and only mixing or combinatorial entropy effects 

are considered, which means that such things as polarity are not 

considered.



The interaction parameter has been used as a measure of the 

"quality" of a solvent for a given polymer/solvent system. It is usually 

regarded as an empirical parameter defined as a "residual free energy" so 

that it accounts for enthalpic and all entropic contributions apart from the 

combinatorial term. Generally, a value of X greater than 0.5 indicates a poor 

solvent interaction for the polymer/solvent system whilst conversely a value 

less than 0.5 indicates a stronger interaction. More comprehensive 

treatments of the thermodynamics of polymer solutions have been 

p r o p o s e d 5 ^  but for a working model the Flory Huggins theory is sufficient for 

our studies.



1.4.2 Experimental Techniques used to Determine

Thermodynamic Properties of Polvmer Solutions

Numerous techniques have been used to determine thermodynamic 

parameters of polymer solutions, and these include:

1 . Vapour pressure lowering

2 . Isopiestic sorption

3. Gas liquid chromatography

4. Osmotic pressure

5. Sedimentation-diffusion equilibrium

6 . Vacuum microbalances

7. Sorption by thin films coated on piezoelectric crystals

Comprehensive reviews of these techniques have been produced by 

Orwoll1 2 7  and Bonner128.

1.4.2.1 Vapour Pressure Lowering

Vapour pressure lowering experim ents involve the direct 

measurement of the difference in vapour pressure between a solution and 

pure solvent. The experiments can be carried out using essentially two 

methods: the null method1 2 9  and the differential method of Jessup129. The 

absolute pressure above a solution of known composition is measured, 

usually by balancing it against air or nitrogen with a null manometer, and the 

balancing pressure is then measured with a mercury manometer or 

electronic Bourdon gauge. From the weights or volumes of the solvent and 

polymer used, the composition of the solution can be determined. Solvent 

may be added as a known weight of fluid into the polymer-containing vessel



or by distillation onto the polymer from a calibrated tube, the level of which is 

read before and after distillation.

Baxendale and c o - w o r k e r s 1 29  have carried out a thorough 

comparison of the differential method and the null method of determining 

solvent partial pressures. Bawn and c o - w o r k e r s 1 31 have used a similar 

process to study polystyrene sorption in toluene and MEK at different 

temperatures.

1.4.2.2 Isopiestic Sorption

The isopiestic sorption method has many variations and in broad 

terms, a polymer/solvent solution is allowed to come to equilibrium with the 

same pure solvent of known partial pressure. The known partial pressure is 

generated by maintaining a sample of pure solvent at a temperature lower 

than that of the solution or by making a solution of known composition for 

which the partial pressure/concentration relationship is known. Gee and 

O r r 1 3 2  produced one of the earliest examples of the isopiestic method.

A different type of isopiestic device was used by Van der Waals and 

H e r m a n s 1 3 3 f ancj Bonner and P r a u s n i t z 1 3 4 .  This type of device involves 

the suspension of the polymer sample on a pan by means of a sensitive 

quartz spring. Sakwada and c o - w o r k e r s 1 3 5  provided a third variation of the 

isopiestic method which was used for the study of water sorption by polyvinyl 

alcohol. The apparatus is similar to the quartz spring device except that only 

one constant temperature bath encloses both solvent and polymer solution 

compared to two individual baths for the other methods.



1.4.2.3 Gas-Liquid Chromatography (GLC)

In 1969, Smidsrod and Guillet1 3 6  were the first workers to use GLC to 

measure thermodynamic properties such as activity coefficients and 

enthalpies of solution. Since then a considerable amount of work has been 

done by other workers using GLC to measure thermodynamic properties of 

polymer systems1 37,138,139.

In this method, polymer is loaded onto a chromatographic column and 

it becomes the stationary phase in a GLC experiment. The low molecular 

weight diluent in the vapour phase acting with a carrier gas such as helium, 

are injected into the column. The polymer has a tendency to absorb the 

diluent. This tendency is a function of the interaction parameter and it is 

measured in terms of the retention volume.

Where the thermodynamic parameters of a solute in a polymer have 

been determined at zero solute concentration, the activity coefficient is 

known as an "infinite-dilution" activity coefficient and a review of the 

determination of infinite-dilution activity coefficients has been produced by 

G u ille t1 4 0 . Conder and P u r n e l l 1 4 1 ,1 4 2 ,1 4 3  have developed the 

mathematical basis for the use of GLC at infinite solvent concentrations and 

the method was shown to produce results which agreed with traditional 

static methods. Brockmeier and co-workers1 44,145,146  were the first to 

demonstrate that GLC could be used to determine the partial pressure of a 

solute in a polymer solution at concentrations up to 50% by weight.

Finite concentration GLC involves the equilibration of the 

chromatograph column (packed with the polymer-coated substrate), with a 

mixed carrier-solvent vapour stream of known constant composition. This is



followed by the injection of a small quantity of solvent as in a conventional 

experiment. Finite concentration GLC has been used by Aspler and co

workers14? 1 0  study the effect of water on a cellulose derivative and also the 

interaction of organic vapours with hydroxypropylcellulose.

1.4.2.4 Osmotic Pressure

Many workers have used the osmometer to study the thermodynamics 

of polymer solutions9 1 *149 . This method involves the measurement of 

solution virial coefficients and a typical equilibrium time is around 24 hours. 

However, the viscosity of the solutions sets a limit to the maximum 

concentrations. Performing this method in solutions of up to 30%  

concentration has only been achieved in a few cases. Rehage and Meys 

managed to achieve this percentage of concentration using a system of 

polystyrene in toluene and cyclohexane respectively149.

1.4.2.5 Sedimentation-Diffusion Equilibrium

The sedimentation-diffusion equilibrium method operates on the 

theory that in an ultracentrifuge there is such a distribution of molecular 

species, that the centrifugal forces are balanced by differences in the 

activities. This provides a method in principle that is a simple technique for 

the determination of the activities and chemical potentials in polymer 

solutions. Pederson9 1  and Drucher150 fjrst demonstrated that the balance 

between these two effects could be used to determine activity coefficients in 

binary solutions. An exact theory of the thermodynamics of the 

ultracentrifuge equilibrium was later proposed by Young and co

w orkers 1 9 1 . Further theories which were closer to ideality have been 

advanced by Shulz 1 5 2  and other workers153 ,154 ,155 ,156 , Scholte197



has used this method to study polystyrene with toluene and cyclohexane at 

different temperatures and concentrations.

1.4.2.6 Vacuum Microbalances

This method involves the isothermal measurement of the absorption 

of the vapour of a volatile liquid into a thin film of an involatile liquid spread 

on an inert particulate solid. Thin films are used to reduce the time to reach 

equilibrium.

There are three types of microbalance which have been used to study 

the thermodynamic properties of liquid mixtures. The types include the 

quartz spring balance, commercial electronic beam balance and the 

magnetic suspension balance. The magnetic suspension balance 

combines the advantages of both the quartz spring balance and the 

commercial beam balance in that its performance is not affected by the 

organic vapours studied and it provides a high load to precision ratio. 

Ashworth and Price15 8 ,1 5 9  have used the three balances to study 

polydimethylsiloxane (PDMS) solutions, in particular, the sorption of 

benzene and cyclohexane on PDMS at 25°C.

1.4.2.7 Piezoelectric Sorption Detector

K ing95t Bonner and C h a n g 1 60 have shown that a piezoelectric 

crystal can be used to study the thermodynamics of polymer solutions. 

When the quartz crystal is coated with a viscous polymer liquid, it can be 

used to detect the sorption of solutes by the polymer. The frequency of the 

crystal changes in response to a change in mass on the surface of the 

crystal and these responses can be used to calculate the appropriate



thermodynamic parameters. Crystals of this type have been shown to be 

sensitive up to mass changes of 10- 9  g96. The frequency increases as mass 

increases when the crystal is placed in a dense medium, such as a liquid or 

compressed gas.

Bonner and Chang have investigated nitrogen sorption by low density 

polyethylene at 125°C and pressures up to 2000 psi. Their experiment was 

performed at both continuous flow and static conditions and equilibration 

times of fifteen minutes were obtained. The sorption of organic vapours by 

polystyrene has been studied by Saeki and co-workers1 6 1  using AT-cut 

crystals with a 10 MHz base frequency. Equilibrium times of three to ten 

minutes were obtained using an acceptable tolerance of frequency change 

of ±5 Hz.

1.4.2.8 Comparison of the Experimental Methods

The choice of experimental technique to employ in the determination 

of activity coefficients and interaction parameters for a particular 

polymer/solvent system is driven by a number of factors. These include the 

required accuracy of the results, the range of concentration to be studied, the 

length of equilibrium time, the range of temperature to be studied and size of 

sample.

Vapour pressure lowering experiments can be highly accurate but the 

thermodynamic parameters determined can be substantially in error if the 

solvent is impure or not properly degassed. The method becomes very 

inaccurate at very small vapour pressures and a long time is required before 

equilibrium is attained. The osmotic pressure and sedimentation techniques 

use dilute polymer solutions and hence are not applicable.



The G L C  technique becomes more inaccurate at higher 

concentrations of solvent because larger injection volumes have to be used 

and this strains the theory on which the calculations are based. The 

chromatographic peaks become more spread out at large vapour 

concentrations, which makes the measurement of the retention times less 

precise. Infinite dilution G L C  has been shown to be a reproducible, accurate 

and rapid method of determining activity coefficients and interaction 

parameters of solutes in polymers1 39 with reproducibility of results of 1 - 

2 % 12 8 . in their finite concentration G L C  study of decane sorption by 

polyethylene at 185 ° C ,  Brockmeier and co-workers1 44 , 145,146  have found 

agreement between these experimental values with those at infinite dilution. 

However, there are systematic differences between G L C  results and 

extrapolated results of finite concentration studies carried out using static 

methods. The reason for this difference has not yet been resolved, although 

some efforts towards resolution have been r e p o r t e d 16 2 . Typically, G L C  

results can be determined over the course of a day, comparing well with the 

vacuum microbalances, although some polymers may require a week for an 

isotherm to be obtained by this method, particularly if bulk polymer is used 

rather than a polymer spread onto a solid support. The concentration range 

open to study by G L C  is limited by the requirement that the saturator 

temperature must be below that of the column such that for a column at 

25 ° C ,  the highest usable saturator temperature is approximately 23 ° C .

The vapour sorption techniques can, in principle, be used at solvent 

pressures up to saturation, although because small temperature fluctuations 

can cause large changes in solvent partial pressures and the long length of 

time required to reach equilibrium this is not practicable. The use of vacuum 

microbalances is usually restricted to temperatures around ambient, 

although quartz spiral microbalances have occasionally been used at



elevated temperatures. However, unlike GLC where the results are less 

accurate for high concentrations, vapour sorption results are more accurate 

at higher concentrations.

The time required to determine the absorption isotherm for the 

piezoelectric sorption method is fairly rapid because of the use of thin 

polymer films. An experimental precision of less than 2% has been obtained 

for the piezoelectric sorption detector. Bonner and Chang 1 6 0  found good 

agreement between their results and those of Lundberg and co-workers1 6 3  

within an experimental precision of 1%. Saeki and co-workers found 

reasonable agreement between their results and those of other workers 

using more traditional methods1 3 1  »146>164, but disagreement was found for 

solutions of chloroform and benzene in polystyrene at low solvent 

concentrations. The restriction of using ambient temperatures found for the 

vacuum microbalances does not apply to the piezoelectric sorption 

apparatus or to GLC methods since an oil bath or conventional gas 

chromatograph oven could be used.

The sample size required for polymer/solvent measurements varies 

according to the experimental method used. The electronic vacuum  

microbalance and GLC apparatus requires 0.2 - 2 g of polymer whereas 

only 50 - 100 mg of sample is required for the operation of the quartz spiral 

microbalance. Sub-milligram amounts of polymer are required for the 

piezoelectric sorption detector.

The piezoelectric sorption detector can therefore offer many 

advantages when determining activity coefficients and interaction 

parameters. These include the possibility of measuring thermodynamic 

parameters over a wide range of temperatures and pressures. The



measurement of these parameters at finite concentrations can be made 

rapidly as equilibrium is attained quickly when small amounts of polymer are 

used and the experimental data obtained has very high precision. The 

piezoelectric sorption detector combines the advantages of the vacuum 

microbalances and finite concentration GLC. It involves trivial data reduction 

and does not require any of the assumptions needed for GLC analysis.



1.4.3 Thermodynamic Properties of Polvmer/Solvent Systems

A large database of values of thermodynamic parameters for 

polymer/solvent systems has been compiled by Orwoll as part of his 1976 

re v ie w l2 7 . This review has been used as a preliminary source of the 

thermodynamic parameters of the polymer/solvent systems studied in this 

thesis.

1.4.3.1 Polydimethylsiloxane (PDMS)/Solvent Systems

A number of investigations have been reported on the thermodynamic 

properties of PDMS with various organic solvents hence making it ideal for 

testing our apparatus. A comparison of results between different groups is 

possible for benzene and hexane. Chahal and c o - w o r k e r s 1 6 5 t using a 

vapour sorption technique, have determined the Flory-Huggins interaction 

parameter for the sorption of hexane and benzene in PDMS at 20°C finding 

a linear decrease in the value of X with increasing solvent concentration. 

Flory and S h ih l6 6  have since repeated the measurements and found good 

agreement with the results obtained by Chahal.

S u g a m i y a 1 6 7  have used osmotic pressure measurements in the 

calculation of X for a series of n-alkanes with PDMS over a 5 - 30 wt%  

concentration range. Included in their results are data for the sorption of n- 

hexane on PDMS at 20 and 50°C. The value of X was found to slightly 

increase with temperature, but varied little over the measured concentration 

range.

Summers and c o - w o r k e r s 1 6 8  used GLC techniques in their 

measurement of thermodynamic parameters of PDMS/hydrocarbon systems
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over a wide temperature range, and the solvents included benzene and 

hexane. Good agreement between their GLC results and the vapour 

sorption measurements of Chahal and co-workers165 was found.

Ashworth and Price have used both the magnetic suspension 

b a l a n c e 1 58 anCj GLC 1 6 0  m the measurement of the variation of X with 

concentration for benzene in PDMS at 25°C and found excellent agreement 

with the work of Flory and Shih. Ashworth and Price have continued their 

study by the determination of the vapour sorption of chloroform at 30°C at 

infinite dilution and compared these results with those obtained by GLC in a 

previous study on the same polymer170. Price and Guillet1 7 1  have applied 

the technique of gas chromatography to the study of polymer solution 

thermodynamics of hexane and benzene in PDMS. Comparison of the GC  

results with those of other workers using sorption techniques gave good 

agreement172.

As far as the author is aware, there are no literature results for the 

measurement of the thermodynamic parameters of PDMS/solvent systems 

using the piezoelectric sorption technique.

1.4.3.2 Polystyrene/Solvent Systems

Many studies, both at infinite dilution and at finite solute 

concentrations, have been made for polystyrene. Because of the numerous 

data available, it is again possible to make some comparisons between the 

data of various workers with our experimental results.

Baughan1 0 4  has presented X at 20°C for a wide variety of mixtures of 

polystyrene with both polar and non-polar diluents at relatively low values of



solvent concentration. Several vapours ranging from those of liquids in 

which polystyrene dissolves (e.g. benzene, dioxane) to those of liquids in 

which it will only swell (e.g. cyclohexane, nitromethane) were measured. 

Schulz and Flory, using a sedimentation technique, have found that the 

interaction parameter for the system polystyrene/cyclohexane increases with 

increasing solvent concentrations1 73.

Bawn1 3 1  has used vapour pressure lowering techniques to study the 

vapour sorption of MEK on polystyrene at different temperatures (25, 60 and 

80°C ). The dependence of activity coefficient on the weight fraction of 

solvent was independent of temperature whilst the interaction parameter 

increased with increasing solvent concentration. Bawn and co-workers"1 7 4  

have shown little temperature and molecular weight dependency in the 

values of activity coefficient for the sorption of chloroform on polystyrene at 

25 and 50°C. However the rate of attainment of equilibrium was markedly 

different. Flory and H ocker175 have investigated the thermodynamic 

properties of polystyrene with MEK at 25°C using high pressure osmometry.

Saeki and co-workers1 3 "1 have determined the activity coefficients of 

benzene, cyclohexane and chloroform in binary solution with polystyrene at 

23.5°C  using a piezoelectric sorption apparatus. Good agreement was 

found between the results of Baughan and those of Saeki for the 

polystyrene/cyclohexane system. However at low solvent concentrations, 

disagreement was found between the results for benzene and chloroform 

and previously published results. No other studies of polystyrene/solvent 

systems have used the piezoelectric sorption apparatus.
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1.4.3.3 Poly(4-chlorostyrene)/Solvent Systems

There is very little vapour/liquid equilibrium data available for the 

sorption of solvents by poly(4-chlorostyrene). The most relevant work is that 

of Corneliussen and co-workers 176. In their study of the thermodynamic 

properties of solutions of polar polymers using isopiestic techniques, they 

have measured the interaction parameter as a function of volume fraction for 

poly(4-chlorostyrene) in toluene at 22°C. They found that the introduction of 

polar side groups into a non-polar polymer skeleton causes a continuous 

transition between the properties of the pure non-polar and pure polar 

polymers.

1.4.3.4 Polymethylmethacrylate (PMMA)/Solvent Systems

As far as the author is aware, there has been no systematic studies of 

the effect of solvent concentration on the thermodynamic parameters of 

PMMA.

1.5 Summary

In this introductory Chapter, we have given an overview of the 

technology and processes involved in the development of polymer resist 

systems with implication to the overall resolution of the resist and hence we 

have shown the need for the further understanding of the 

solubility/dissolution kinetics of polymers. W e have described the 

experimental techniques available for the study of polymer dissolution and 

shown that the QCM technique could be developed as a possible method for 

the detailed study of resist development.



We have shown methods for the measurement of the thermodynamic 

parameters for the interaction of solvent with the polymer structure, and 

described the necessary theory for the understanding of the 

thermodynamics of polymer solutions.

We will now present the experimental techniques used in the 

determination for both the solution and dissolution kinetics.



Chapter Two



2.0 Experimental

As discussed in Chapter 1, the development of the resist is one of 

the most important steps in photolithography, and there are many factors that 

affect the overall resolution of this process. In an attempt to gain an insight 

into the dissolution characteristics of resist materials, our QCM technique will 

be applied in the liquid phase and furthermore, its use in the vapour phase 

wili enable a correlation of the observed dissolution with the 

thermodynamics of resulting polymer solutions.

By the use of the QCM under liquids, we will demonstrate a 

technique that is a quick and accurate method for the study of polymer 

solutions and dissolution. Exposure of a layer of polymer on a crystal to 

solvent in this way initially results in a weight gain due to solvent absorption, 

followed by a weight loss as polymer dissolves away from the surface. 

Monitoring of the solvent action as a function of time and suitable 

deconvolution of the results allows calculation of the rate of penetration of 

solvent into the polymer and the rate of polymer dissolution.

The use of the QCM in the vapour phase proved to be a viable 

method for the determination of thermodynamic properties of polymer 

solutions. The quartz crystal was coated with a thin polymer film and 

allowed to sorb solvent vapour at a series of pressures hence allowing the 

measurement of the thermodynamics of solution under conditions very 

similar to those in practice.

The following sections will describe our choices of apparatus and 

experimental set-up for the above applications. Both the kinetics and 

thermodynamics studies were performed concurrently, however as literature



precedence suggested that liquid phase measurements were more complex 

than those in vapour, initial experience of the use of the QCM was gained for 

the vapour phase.

2.1 Vapour Sorption Apparatus

For the measurement of the thermodynamic properties of polymer 

solutions, a method of accurately controlling and measuring the solvent 

vapour pressure of the system is fundamentally important. Hence, a suitable 

vacuum system incorporating the QCM apparatus needed to be assembled, 

which would enable the simultaneous measurement of both the solvent 

vapour pressure and frequency change of the polymer coated crystal.

2.1.1 Development of Apparatus

The vacuum system was designed to admit solvent vapour into the 

QCM apparatus and monitor the uptake of solvent at a series of known 

vapour pressures. Schematic diagrams of the vacuum system and QCM  

apparatus used in the measurement of the polymer/solvent interactions are 

shown in Figures 11 and 12.

Basic pumping on the system was provided by means of an Edwards 

rotary vacuum pump and this was backed with an Edwards mercury diffusion 

pump, with a liquid nitrogen trap. The pressure in the pumping line was 

monitored using Edwards "Pirani" and "Penning" meters. The sorption 

apparatus was designed for operation from 1x1 O' 5  Torr to atmospheric. The 

pressure in the sorption chamber was measured with a M.K.S. Instruments 

"Baratron" 270 capacitance pressure gauge operated with a 1000 Torr head. 

This allowed determination of pressures up to atmospheric to a precision
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Figure 12: Schem atic Diagram of the Vapour Sorption Apparatus

of ±0.01 Torr over an operating temperature range of 0 - 45°C. The gauge 

was connected to the sorption vessel by means of a glass line which was 

maintained at a temperature greater than the sorption vessel by means of 

heating tape and a Variac controller. This prevented condensation of 

solvent prior to entry of the sorption vessel.

Taps A - F in Figure 11 were greased, ground glass taps and the 

remainder were "teflon" greaseless taps to prevent any sorption of solvent by
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grease present. The main pumping line led to the absorption chamber 

through tap K where the quartz crystal holder was situated, a subsidiary line 

incorporating taps L and J led to the solvent reservoirs. Two solvent flasks 

were utilised so that the solvent could be distilled over to purify and degas it. 

The upper vacuum line was added to the apparatus to perform other solvent 

distillations and degassing when required.

A commercially available Edwards FTM5 thin film deposition monitor 

was used to monitor the frequency of the quartz crystal. This monitor uses 

the QCM principle outlined in Section 1.3.1, and is designed to display the 

thickness of films up to 1 mm covering the crystal to a resolution of ± 0 . 1  nm 

after being programmed with the density of the covering material and hence 

a rate of deposition/removal of ±0.1 nm s_ 1  can be measured. Alternatively 

the base resonant frequency of the crystal and the subsequent frequency of 

the loaded crystal can be displayed with a resolution of ±1 Hz, and the 

monitor was used in this mode for this work.

The AT cut, 6  MHz base frequency quartz crystals (diameter 14 mm, 

electrode diameter 7 mm, thickness 0.5 mm) were supplied by Edwards. 

The crystal was supported by a holder fitted with heating/cooling coils and 

this holder was placed in a jacketed glass vessel, as shown in Figure 12, 

which was connected to the vacuum system.

A number of designs for sealing the system were used in the course 

of this study. Early work with greased ground glass flanges and/or rubber 

gaskets showed that solvent vapour was rapidly absorbed, either by the 

grease or rubber, hence invalidating the results. Therefore, the crystal 

holder was sealed to the jacketed vessel by means of a coupling 

incorporating a copper gasket, which eliminated the use of grease or rubber,
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hence minimising the solvent sorption problem. An additional mount was 

also designed so that two crystals could be accommodated in the jacketed 

glass vessel. In this case, the conventional crystal mount was dispensed 

with and the crystals were supported using thin wires which were soldered 

to a metal plate at the top of the sorption vessel, and connected to a switch 

enabling the monitoring of the frequencies of both crystals. The metal plate 

was attached to the sorption vessel as for the original mount.

The sorption vessel was maintained at a constant temperature by a 

Grant W14 circulating water bath capable of ±0.01 °C control, which was 

connected to the water jacket of the vessel and the heating/cooling coils of 

the crystal holder, all the tubing to and from the bath being insulated. The 

sorption vessel was also enclosed in an air thermostat constructed from 

wood and perspex, with the use of perspex at the front of the vessel allowing 

the observation of the system during an experiment, and polystyrene blocks 

were used to further insulate the system. The temperature of the air 

surrounding the sorption vessel was maintained at approximately 0.2°C  

higher than that of the vessel, and a heating mat in conjunction with a 

circulating fan was used to heat the enclosure. This air thermostat insulated 

the sorption vessel from any external fluctuations of temperature. The vessel 

temperature was monitored by means of a mercury in glass thermometer (25 

- 50°C operating range, accurate to ± 0 . 1  °C). This was calibrated with 

reference to a platinum resistance thermometer.
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2.1.2 Procedure

The original crystal frequency (i.e. uncoated crystal) was recorded in 

air and the crystal coated with the polymer being studied. The coating was 

applied by adding dropwise via a syringe, a dilute polymer solution 

(approximately 0.1 - 1 .0  wt%) onto the top face of the crystal. A commercially 

available spin-coater was then used to spread the polymer solution evenly 

over the crystal surface to produce a thin film. (N.B. The speed of the coater 

could be adjusted to allow for viscosity differences between polymer 

samples.) After allowing the solvent to evaporate, the crystal was replaced 

in the holder and the frequency measured. During the course of the study, 

the effect of pre-baking the spin-coated crystal was studied to ensure that all 

the solvent had evaporated prior to measurements. The coated crystals 

were pre-baked at 140°C for twenty minutes and the frequency was then 

measured.

The crystal was placed in the sorption vessel, and the unit sealed. It 

was then evacuated by means of the rotary pump until a pressure of < 0 . 1  

Torr was achieved, at which point the mercury diffusion pump was switched 

on. Evacuation of the system prior to a sorption experiment minimises 

changes in the measured frequency due to the sorption of water or air, and 

allows the pressure zero to be obtained. When the crystal frequency had 

stabilised (usually overnight), it was recorded at the measured pressure.

Before commencing each experiment, the leak rate of the system 

was measured to ensure any leaks in the system had been minimised and 

that they would not have a great effect on the actual readings. For this, the 

pumps were isolated from the sorption vessel by closing Taps K and J and 

the pressure change in the vessel over a known period of time recorded.
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Hence, a leak rate was found, enabling us to establish that any frequency 

and pressure changes were due solely to the absorbate and not attributable 

to the absorbing of air upon the breakdown of vacuum A high leak rate 

(>1x10-3 Torr min-1) could not be tolerated, and leaks present in the system 

had to be eliminated or minimised.

Prior to each run, the solvent to be used was degassed. The solvent 

flask was attached to tap H with the tap closed and the flask was placed in 

liquid nitrogen to freeze the solvent. Taps K and J were closed and Tap H 

carefully opened to evacuate the solvent, any change in pressure was 

monitored by the "Penning" and "Pirani" gauges. Tap H was then closed 

and the liquid nitrogen removed to allow the solvent to return to room 

temperature. The degassing procedure was repeated until no change in 

pressure was observed. Taps K and J could then be opened. Any solvent 

first used in a run was distilled at least twice to remove impurities before 

degassing was performed. After the leak rate test and solvent degassing, 

the system was again evacuated.

After sufficient evacuation (i.e. when no further change in the vacuum 

was observed and the pressure was less than 0.01 Torr), the pumps were 

again isolated from the sorption vessel by closing taps K and L and a small 

amount of solvent vapour (=5 - 20 Torr) was admitted into the vessel wataps 

H and J and then the taps were closed. The frequency change due to the 

absorption of the solvent onto the crystal was monitored by the FTM5 until 

equilibrium had been reached. The equilibrium position was taken as the 

time when the pressure and frequency had reached constant or near 

constant values (±1 Hz). The time taken to attain this position varying 

according to the solvent, polymer coating and pressure. The resulting 

frequency, vapour pressure and the temperature of the air thermostat were



recorded. More solvent vapour was then admitted into the vessel and the 

procedure repeated until the sorption isotherm had been obtained. As each 

solvent approached the solvent vapour pressure, the solvent had to be 

gently heated so sufficient could be admitted into the sorption vessel.

On completion of the sorption isotherm, the solvent flask was again 

placed into liquid nitrogen to freeze the solvent. Taps J and H were re

opened and the solvent desorbed from the crystal back into the solvent flask. 

Once the removal of solvent from the sorption vessel was complete, taps J 

and H were closed and taps K and L opened so that the system could be 

evacuated.

It was observed with higher solvent concentrations that there was 

significant desorption of vapour from the polymer film. After initial 

admittance of solvent vapour, the frequency of the crystal decreased as 

expected, but at equilibrium the frequency had increased to above that of the 

initial decrease at that particular pressure. This was thought to be caused by 

the solvent condensing out onto the polymer and quartz crystal, and 

illustrates the need to ensure that equilibrium conditions have been attained.

Several sets of sorption data were obtained to ensure reproducibility 

of results. For each system, a control run was performed on an uncoated 

crystal to ensure that observed frequency changes were due to absorption 

by the polymer and not quartz crystal absorption.
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2.2 Dissolution Kinetics Apparatus

The commercial FTM5 QCM unit used in the vacuum studies was not 

suitable for use in the solution mode, as the monitor "failed" (i.e. oscillation of 

the crystal ceased) as soon as liquid was placed on the faces of the crystal. 

The failure was due to the oscillator circuit not driving the crystal oscillator 

sufficiently to overcome the viscous effect of the liquid because of the poor Q 

factor. Therefore an oscillator circuit was built in the laboratory, which was 

operable under such solution conditions.

2.2.1 Development of Apparatus

Initially an oscillator circuit based on that published by Hinsberg and 

co-workers7 6  was built, but this was found to be inoperable (a number of 

design faults were found) and failed as soon as the crystal was immersed in 

solution. The transistorised Pierce-Miller oscillator circuit of Benje and co- 

w orkersl7 7  (similar to that proposed by Nomural 15) was then constructed, 

which was more successful than the original circuit, but did not give the 

required stability for solution studies.

Finally a circuit based on the oscillator design of Bruckenstein and 

S ha y1 19  was constructed. This set-up utilises two quartz crystals, a 

"reference" crystal and a "working" crystal, with separate oscillator circuits. 

The reference crystal is canned to exclude it from external influences, which 

gives extra frequency stability, and only the frequency difference between 

the two crystals is measured. The circuit diagram can be found in Figure 13. 

With a few modifications to the layout of the circuit and the addition of a 

variable capacitor to the working crystal circuit for more frequency control, a 

stable frequency reading could be observed for the crystal under solution.
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The crystals used were AT cut, 10 MHz base frequency quartz 

crystals, which had a diameter of 14 mm and thickness 0.5 mm and were 

supplied by Euroquartz Ltd (Crewkerne). The crystal circuits and 

optocoupler circuit were driven independently by 5V power supplies. The 

frequency difference between the working and reference crystals was 

monitored using a Racal Dana 1030 frequency counter (resolution ±0.1 Hz) 

which was interfaced to an Elonex PC 8 8 C microcomputer, via a Metrabyte 

IEEE interface card, where subsequent data treatment was performed. 

Measurements were made at one second intervals, each being the average 

of ten separate readings. To give signals of the required stability, the 

apparatus (i.e. crystal holder and oscillator circuit) was contained in an 

aluminium box which acted as a Faraday cage. A computer program was 

written to enable the crystal frequency difference and the time elapsed to be 

stored on disc for further manipulation, and this program can be found in 

Appendix 3.

Once a viable oscillator circuit had been constructed, the flow cell for 

the dissolution studies was built. Initially flow across only one face of the 

crystal was considered. A solvent impermeable material which is an 

electrical insulator was required for its construction and PTFE was chosen 

because of its inertness, and stainless steel piping was chosen for the 

solvent inlet and outlet.

The initial cell design utilised "O" rings to clamp the crystal between 

two PTFE pieces, and the solvent was flowed across one face of the crystal. 

A Watson-Marlow 502 peristaltic pump was used to flow the solvent across 

the crystal face using flow rates of 5 - 40 ml min‘ 1. "Homemade" butyl "O" 

rings (made from butyl sheeting) were used since butyl rubber was found to 

be less reactive towards MEK and MIBK (which are typical developing



solvents in the resist industry) than commercially available "O" ring material. 

The electrical contact between the crystal and oscillator circuit was made via 

aluminium wire with silver-loaded epoxy glue making a permanent 

connection between the crystal and wire. This cell design gave satisfactory 

results but was prone to leakage of solvent from the crystal cavity and was 

difficult to thermostat when temperature control was required. It was also 

found that resolution was reduced due to the clamping of the crystal.

A more simple cell design, with both sides of the crystal exposed to 

the developing solvent, was then constructed. The crystal was placed in a 

crystal holder such as that used on electronic circuit boards and this holder 

was then soldered to the input of the oscillator circuit. A metal rod was fixed 

to the holder so that the height of the crystal could be adjusted. This design 

involved no "O" rings or clamping of the crystal so that there would be no 

constraint on the solvent used and the crystal could be interchanged with 

great ease.

A schematic diagram of the kinetic apparatus used with the second 

cell design is shown in Figure 14. The apparatus consisted of a glass vessel 

containing the developing solvent (capacity =150 ml) which was 

magnetically stirred to achieve equilibrium conditions of temperature and 

composition in the solvent. The temperature control of the beaker was 

maintained by circulating thermostatted water from a water bath (Grant W14 

circulating bath). The solvent in the vessel was hence thermostatted to 

±0.1 °C and the temperature of the solution was monitored using a mercury 

in glass thermometer (range 0  - 50°C, accurate to ± 0 . 1  °C).
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2.2.2 Procedure

Before starting a series of experiments, the crystals were cleaned (by 

soaking the crystals overnight in chloroform and using cotton wool to clean 

the surface). The resonance frequency of each of the uncoated crystals was 

then recorded in air before being coated with polymer. The coating 

solutions used were approximately 1 wt% polymer in solvent. The coating 

was applied by immersing the crystal in the polymer solution and allowing 

the solvent to evaporate. "Dip coating” was used .nstead of spin coating as 

the crystal needed to be coated on both sides. The crystals were then pre

baked above the glass transition temperature of the polymer to remove the 

remaining solvent and to anneal the film.

The coated crystal was placed in the crystal holder and its resonant 

frequency allowed to stabilise before being recorded. The crystal was then 

rapidly immersed into the developing solvent and the frequency change 

followed with time until no further change was noted. On completion of the 

run, the crystal was cleaned with chloroform and re-immersed in the 

developing solvent and the frequency measured, thus enabling the 

calculation of the remaining film thickness.
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2.3 Materials

2.3.1 Solvents

Solvents of the best available grade supplied by the Aldrich chemical 

company were used throughout the study and were shown by GLC to be at 

least 99 mole% pure. Methyl, ethyl, n-propyl and n-butyl acetates were 

distilled over potassium carbonate to remove any traces of acetic acid and 

the methanol was distilled from calcium hydride. Prior to use in the 

thermodynamic studies, the solvents were distilled over a number of times, 

using the two solvent flasks attached to the apparatus, in order to purify and 

degas the solvent.

2.3.2 Polymers

2.3.2.1 Polymethylmethacrylate (PMMA)

The PMMA sample (see Figure 15) used in the thermodynamic 

studies and the initial kinetic studies was a polymer supplied by BDH Ltd 

having a Mn of 56000 and a polydispersity (y) of 2 . 0  as measured by Gel 

Permeation Chromatography (GPC). 1H NMR spectroscopy showed it to be 

primarily atactic.

CH 3

n
C = 0

O

c h 3

Figure 15: PMMA



For the molecular weight studies, narrow polydispersity samples from 

Polymer Laboratories Ltd were used. The molecular weights quoted are 

those supplied by the manufacturers for GPC calibration purposes (as 

shown below in Table 1). Unless otherwise stated, PMMA will refer to the 

wide polydispersity sample; where the standards have been used, it will be 

explicitly stated.

Mn Y

6100 1 . 1 1

10300 1.06

2 2 2 0 0 1.07

34500 1.04

67000 1.04

107000 1 . 1 0

330000 1 . 1 1

820000 1.04

1400000 1.07

Table 1: Molecular Weight Distributions of PMMA Standards 

2.3.2.2 Polystyrene and Poly(4-chlorostyrene)

The polystyrene was a secondary standard with a Mw of 430000 and 

y of 3.1 obtained from the Aldrich chemical company (Figure 16). For the 

molecular weight studies, a polystyrene standard with a Mw of 675000 and y 

of 1.05 from the Polymer Laboratories was also used.
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Figure 16: P o ly s ty re n e

The poly(4-chlorostyrene) was prepared by a radical polymerisation 

process using a 0.1 wt% azobisisobutyronitrile initiator with a 50% solution 

of inhibitor free 4-chlorostyrene (supplied by Aldrich chemical company) in 

to luene17®. It had a Mn of 60000 and a yo f 1.88 as measured by GPC  

using polystyrene calibration standards.

2.3.2.3 Poly(phenylmethylsilane)

The wide polydispersity poly(phenylmethylsilane) polymer (Figure 

17) w as p rep ared  v i a  a W u rtz -ty p e  coupling of the  

methylphenyldichlorosilane monomer heated at reflux in toluene with a 

sodium dispersion. Full details of the preparation can be found in Reference 

179. (The monomer and solvents were supplied by the Aldrich chemical 

company.) The sample had a Mn of 9600 and a y of 6.2 as determined by 

GPC using polystyrene calibration standards.

CH 3

Figure 17: Poivfphenvlmethvisilanel
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For the molecular weight studies, this wide polydispersity polysilane 

sample was separated into a range of molecular weights by either 

preparative GPC or fractional precipitation with methanol and the resulting 

molecular weight distributions measured by GPC (Table 2).

Separation

Method

Mn y

Prep. GPC 29300 1.9

18400 1.4

7500 1.4

Fractionation 53700 5.8

34500 1.9

14500 1.4

9600 1 . 2

Table 2: Molecular Weight Distributions of Poly(phenylmethylsilane) 

2.3.2.4 Polydimethylsiloxane (PDMS)

The PDMS sample (Figure 18) was a DC 200 silicone fluid obtained 

from Dow Corning Ltd. It had a Mw of 26000.

CH3

\  S i— 0  / n
ch3

Figure 18: Polydimethylsiloxane
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2.3.2.5 Poly(vinyl cinnamate)

The poly(vinyl cinnamate) (Figure 19) was supplied by the Aldrich 

chemical company.

?
CH
II
CH

f A j

X / '

Figure 19: Polyfvinyl cinnamatel
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2.4 Ultra-Violet Exposure Experimental Method

To illustrate the potential application of some of our polymer samples 

to photoresist systems, we exposed some polymer samples to UV irradiation 

to determine the effect of exposure on the dissolution characteristics of the 

polymer films. The initial studies on the wide polydispersity PMMA sample 

were performed at the Chemistry Department of City University using a 

medium pressure mercury lamp (Hanovia, 500W ). As the preliminary 

studies gave promising results, the PMMA sample and poly(vinyl cinnamate) 

sample were exposed to a high intensity deep UV lamp (UVA Associates, 

200W, with output peaks at 254 and 313 nm) at the University of Bath. A 

metal box was constructed which allowed the sets of crystals to be exposed 

to the irradiation at a constant distance whilst giving adequate shielding to 

the user during the exposure and removal of the crystals. Prior to exposure, 

both the lamps were allowed to warm-up over a 15 - 30 minute period and 

the crystals were turned over halfway through the irradiation to ensure the 

even exposure of the sample (i.e. only one side of the crystal could be 

exposed at one time). The dissolution kinetics of these samples was then 

measured.

2.5 Conclusion

The following chapters will illustrate some results using both the 

vapour sorption and dissolution kinetics apparatus and will give some 

preliminary results for the effect of UV exposure on the dissolution of 

polymer films.



Chapter Three
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3.0 Development of Experimental Techniques

The aim of the work in this chapter was to establish that the 

experimental techniques, for both the dissolution and vapour sorption 

apparatus, would give accurate and reproducible results compared with 

existing experimental methods.

3.1 Dissolution Kinetics - QCM Apparatus

The following sections outline the data reduction used to obtain 

information from the raw frequency data about the dissolution kinetics of the 

polymer systems.

3.1.1 Data Reduction

As previously stated in Section 1.3.1, the mass change of a polymer 

can be related to the frequency change by Sauerbrey's relationship:

F = - (F02). Mp 

ANpq

where F is the frequency of the loaded crystal, F0  is the fundamental 

resonant frequency, A is the active area of the uncoated crystal, pq is the 

density of quartz, N is the "Frequency Constant" of the quartz crystal and Mp 

is the mass of coating.
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Using the above equation and introducing the density of the polymer, 

pp, the frequency can be transformed into the film thickness, Tf using the 

following equation (assuming uniform coating):

T f  = ( N P q )

F0 2 Pp

AF

The initial film thickness of the polymer coating can be calculated from 

the difference between the frequency of the coated crystal and that of the 

uncoated crystal whilst resonating in air. When initially immersed in liquid, 

the coated crystal exhibits a decrease in oscillation frequency. The 

magnitude of this shift is related to the viscosity and density of the liquid. To 

compensate for this change in frequency, the crystal is immersed in the 

developing liquid prior to coating, to enable the measurement of the crystal 

frequency in solution before coating (Fu). The frequency of the coated 

crystal upon immersion in the liquid is measured (Fc), and the difference 

between Fc and Fu indicates the frequency change (AF|jqUjd) due to the 

coating whilst resonating in the liquid medium.

AF||quid = (Fc - Fu)

Within experimental error, and by treating the film as a rigid layer, the 

film induced frequency shift in solvent is the same as that of the bare crystal. 

This results in the effects of solvent and film on the frequency shift being 

additive and can be treated independently.

The changes in frequency of the crystal (AF) during development of 

the film are stored with the corresponding development times by the 

computer and can be displayed as a series of frequency/time curves. The
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results for a series of polymer films can then be normalised to the same 

initial thickness by displaying throughout the development the percentage of 

film remaining with respect to time.

From the normalised curves, the dissolution/swelling rates of the 

polymer films may be obtained by measuring the slope of the % film 

remaining/time curves. The data was imported from the BASIC computer 

program directly into a speadsheet to enable easy data manipulation.

In cases where no swelling occurred, the rate of dissolution was taken 

as the initial slope of the percentage of film remaining versus time plot. In 

systems showing concurrent swelling and dissolution, the two curves were 

deconvoluted to measure rates of both processes. For the purposes of this 

work, the dissolution rate is measured at the end of any induction or swelling 

period.

AFt = - (F 0 -F t)

% film remaining = . 1 0 0

Dissolution rate = /%  film removed) . Tf
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3.1.2 Feasibility Studies of Dissolution Kinetics Apparatus

As an introduction to our work and to serve to illustrate our methods, 

initial studies from the literature were performed on PMMA. This polymer 

has been studied by other workers and it is also in commercial use as a 

positive photoresist. The usual developing solvent for PMMA is a mixture of 

MEK and IPA, and this system was used for our initial feasibility studies. 

Precise comparison of our results with those of other workers is not possible 

since the dissolution rate in a solvent depends on a large number of factors 

including the exact structure and thermal history of a particular polymer 

sample, which makes it difficult to work on identical samples to those used 

for the literature studies.

All the PMMA samples used in this work were pre-baked in an oven at 

160°C for 1 hour to remove remaining solvent and to anneal the polymer 

film.

3.1.2.1 Effect of Film Thickness on Dissolution Measurements

Figure 20 shows the results for the dissolution of PMMA (Mn 56000, y 

2.0) at three different initial film thicknesses in a 60:40 v/v mixture of MEK 

and IPA at 25°C, plotted as functions of both film thickness and frequency 

change. For the film of starting thickness 0.42 pm, the total change in 

frequency for complete dissolution is 11.7 kHz. Since the uncertainty in 

measuring the frequency is less than ±10 Hz, we can measure the film 

thicknesses with a resolution of approximately ±0.1 nm. The results also 

show that, within the limits studied, the rate of dissolution given by the slopes 

of the curves is independent of the film thickness.
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Figure 20: Effect of Film Thickness on the Dissolution of PMMA
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The shape of the dissolution curves indicate that a brief induction 

period occurs before rapid dissolution starts, and as the last layers of 

polymer are removed from the crystal surface a slowing down in the 

dissolution rate is observed. These observations are related to the initial 

penetration of the solvent and swelling of the surface layer before 

dissolution occurs and to the adhesion of the last layers of the polymer to the 

substrate. Both of these features will be studied in more detail during the 

course of this thesis.
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3.1.2.2 Reproducibility of Dissolution Measurements

To illustrate the reproducibility of our measurements, four separate 

experiments were performed on different days and with different quartz 

crystals for the dissolution of PMMA in MEK at 25°C. The films were 

approxim ately 1pm in thickness and have been normalised to the same 

initial thickness. The results are displayed in Figure 21 as the percentage of 

the film remaining with development time. No swelling of the film was 

observed, and all four film s had been com plete ly removed a fter a 

development time of 75 s. The dissolution curves are very sim ilar and 

calculation of dissolution rates gave 2.422 ±0 .017  pm m im 1 with the four 

runs agreeing to within ±1%.

100.0

-0- Run 1

Run 2 

-4- Run 3
5  75.0

Run 4

-v- Run 5

25.0

0.0 50.0 100.0 150.0
T  i n e  < s )

Figure 21: Reproduciblitv of Dissolution Rate Measurements for

PMMA in MEK at 25°C
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3.1.2.3 Effect of Temperature on Crystal Resonant Frequency

An uncoated crystal was exposed to a developing solution of 100%  

MEK over the temperature range 16 - 53°C, and the effect of solution 

temperature on the resonant frequency can be seen Figure 22.

The frequency change was recorded once a steady frequency had 

been attained. The resonant frequency of the crystal increased linearly with 

temperature with a maximum frequency change observed of 500 Hz 

between 16 and 53°C. This change in base frequency due to temperature, 

illustrates the importance of recording the frequency of the uncoated crystal 

(Fu) in the solvent at the required developing temperature.
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Figure 22: Effect of Temperature on an Uncoated Crystal in MEK



3.1.2.4 Measurement of Swelling and Dissolution Kinetics

A series of 1pm thick PMMA coated crystals were developed in both 

good solvents and non-solvents at 25°C to show the capability of the 

dissolution apparatus to monitor both dissolution and swelling processes. It 

has already been shown in Section 3.1.2.2, that MEK is a good solvent for 

PMMA with complete dissolution of a 1pm film within 75 s. Figure 23 shows 

that both tetrahydrofuran and MIBK have similar solvent power to that of 

MEK, with no swelling of the film observed and complete dissolution within 

100 s. PMMA is observed to swell in dichloromethane with a 5% weight 

increase within 300 s and no dissolution of the film. No swelling or 

dissolution (i.e. weight change) is observed for the "development" of a 

PMMA sample in cyclohexane. Both toluene and 3-methyl-2-butanone also 

show a combination of dissolution and swelling of the PMMA films with an 

initial 1 0 % increase in weight observed before dissolution becomes the 

predominant process.
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3,2 Vapour Sorption ■ QCM Apparatus

The aim of this section was to demonstrate that our recently designed 

and constructed vacuum apparatus could utilise the QCM to successfully 

determine various thermodynamic parameters of polymer solutions.

3.2.1 Data Reduction

The following data reduction method was used to obtain the volume 

fraction activity coefficients and Flory-Huggins interaction parameters from 

the vapour sorption data obtained for the polymer/solvent systems studied.

Using Sauerbrey's relationship (as outlined in Section 1.3.1), the 

weight fraction of solvent (w i) sorbed by the polymer can be calculated 

using:

W! = m' = AF' : W! = 1 - w2

m' + m0  AF' + AF0

Where AF' is the frequency decrease due to the solvent mass (Am') 

sorbed by the polymer on the crystal and AF0  is the frequency decrease due 

to the initially applied polymer coating of mass Am0.

Hence the volume fraction of solvent (O i) can be calculated from:

0 > 1 = AF'/p : <D1 = 1 - 0 > 2

AF'/p + A F ^
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The saturated vapour pressure of the solvent at the solution 

temperature P 1 0  is calculated using the following equation:

where A,B and C are the Antoine vapour pressure equation coefficients. The 

values of A,B and C and second virial coefficients for the solvents used in 

this study and the literature sources are given in Appendix 1.

At equilibrium between the solvent vapour phase and the 

polymer/solvent solution phase, the fugacity of solvent in the vapour phase 

equals the fugacity of solvent in the liquid phase. Hence, the volume fraction 

activity coefficient vyi of the solvent at a given solution temperature is given

W here P i is the partial pressure of solvent above the polymer 

solution, P i 0  is the saturated vapour pressure of solvent at the solution 

temperature T, B n  is the second virial coefficient of the solvent, V 1 0  is the 

molar volume of solvent and R is the gas constant.

As shown in Section 1 . 4 . 1 ,  the polymer/solvent interaction parameter 

can be obtained from the Flory-Huggins expression:

In P1° = A -   B__
(T + C)

b y 1 3 4 .

In Vy 1 = In <D, + 1̂ - 1_y& 2  + %
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The values of O-j and O 2  represent the volume fractions of solvent 

and polymer respectively, r is the ratio of the molar volume of the polymer to 

that of the solvent and X is the Flory-Huggins polymer/solvent interaction 

parameter.

BASIC computer programs "FHUGG1NS" and "CONSTANT" have 

been written to calculate volume fraction activity coefficients and interaction 

parameters and can be found in Appendix 3.

3.2.2 Estimation of Errors

The QCM sorption method of determining activity coefficients and 

interaction parameters is open to large errors caused by the limitations of the 

design of the system.

The main errors in this study were in the measurement of the 

frequency decrease due to the coated polymer, the resolution of the FTM5 

and the temperature control of the air thermostat. The errors were 

determined by changing the effect of each of the factors in turn, and 

recalculating the parameters.

The QCM sorption method is much more susceptible to deviation at 

low solvent concentrations. At low solvent concentrations (i.e. G>1 < 0.05), an 

error in measured frequency change of ±1 Hz, could cause a deviation of the 

calculated activity coefficient of 1 %, and an error as great as 30%  in 

interaction parameter. At higher concentrations, the overall frequency 

change is much greater and thus the effect of an error of ±1 Hz will not be as 

great. For a typical system, a solvent volume fraction of 0.3, a 1 Hz change 

could cause an error of approximately 5% in the measurement of interaction
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parameter. In the measurement of the frequency change due to the polymer 

coating, an error of 1 0 % in the measurement of AF0  will have little effect on 

the value of activity coefficient and volume fraction of solvent, but an error in 

Flory-Huggins interaction parameter of up to 3% can occur. A greater 

accuracy in determining the activity coefficients and interaction parameters 

could be obtained by applying thicker polymer films. However, for our 

sorption studies, if the coating was too thick then the crystal "failed" either 

due to lack of contact with the electrodes or due to failure of the FTM5 

monitor (which has a certain operating range).

The control of temperature via the air thermostat was another source 

of error as the heating mat and circulating fan were unable to maintain the 

desired temperature stability. The fan was on continuously whilst the 

heating mat was controlled by the relay and would cut in and out during the 

experiment according to any temperature fluctuations of the surroundings.

When the fan cut in, the temperature of the air thermostat would surge 

up to a maximum of 0.4°C and when it cut out, the temperature would drop 

by 0.4°C before the relay turned the heating mat back on. The set-point of 

the relay had been adjusted to minimise the temperature surges observed. 

The greatest variation in the temperature inside the sorption vessel would 

have been ± 0 . 1  °C  which translates into an error of *0 .5%  in the activity 

coefficient over the measured concentration range. The greatest error was 

observed in the measurement of X, where the effect of a temperature change 

could produce an error as large as 2 0 % at low solvent concentrations and 

7% at higher concentrations. It was found that temperature fluctuations had 

negligible effects on the solvent fraction.
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These possible errors must be taken into account when interpreting 

the experimental data. For the initial vapour sorption studies, error bars 

have been added to the Figures (Y±3%, X ±5%) to give an indication of the 

precision of our results.

3.2.3 Feasibility Studies of the Vapour Sorption Apparatus

3.2.3.1 Solvent Sorption on an Uncoated Crystal

To illustrate the importance of maintaining a very low leak rate in the 

vacuum system, an uncoated crystal was subjected to varying pressure of air 

over the range 0 - 400 Torr at 50 Torr intervals at 30°C and the subsequent 

change in frequency was monitored, and the results are shown in Figure 24.

An air pressure of 400 Torr produced a frequency change of 35 Hz, 

and a linear relationship was found between change in frequency and air 

pressure. This emphasizes the requirement of a leak-tight system, 

particularly if small changes in frequency are to be measured, to ensure that 

any change in frequency can be attributed to the admittance of solvent rather 

than leaking of air into the system.

Hexane vapour was admitted into the sorption vessel whilst fitted with 

an uncoated crystal and the resulting frequency change was monitored at 2 0  

Torr intervals over the pressure range 0 - 1 4 0  Torr at 30°C.

The frequency of the uncoated crystal changed linearly with solvent 

pressure as shown in Figure 24. The initial experiment indicates the 

importance of running a blank crystal in the required solvent before 

measuring the frequency change of a coated crystal. Any sorption of solvent
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by the vacuum system can be eliminated by subtracting the frequency 

changes observed with the blank crystal from those of the coated crystal. 

The change in AF from hexane and air may be related to the difference in 

density of the two media.
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Figure 24: Solvent Sorption of an Uncoated Crystal at 30°C

3.2.3.2 Sorption of Benzene, Chloroform and Hexane on PDMS

As outlined in Chapter 1 , PDMS is one of the most thoroughly studied 

polymers for which vapour liquid equilibria data is available hence allowing 

a comparison between performance of the QCM technique and that of other 

methods. It is also one of the few high molecular weight polymers available 

as a liquid at room temperature, allowing easier coating of the crystal.
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To establish the validity of our sorption method, volume fraction 

activity coefficients and Flory-Huggins interaction parameters for benzene, 

chloroform and hexane in PDMS solutions at 30°C have been determined, 

and compared with literature data obtained by other vapour sorption 

measurements1^  (Figures 25 to 30). The same PDMS sample was used in 

both this work and that of reference 159. Each solvent system was run over 

as wide a solvent pressure range as possible, and repeated to ensure 

reproducibility. The results for the sorption of PDMS with benzene, hexane 

and chloroform have been directly compared with the results of Ashworth 

and Price as they have shown good reproducibility of their results with those 

from the literature.

Agreement between the volume fraction activity coefficients 

determined by the QCM method and that of Price159 using a vapour 

sorption technique has been determined to within an average of ± 2 .6 % for 

the various solvent systems studied. This agreement is well within the 

experimental error quoted by previous literature values. There is a greater 

deviation in the results at lower solvent concentration, which is probably due 

to differences in measurement procedures between the methods, and also 

less accuracy in making small G>i and vyi measurements.

There is less agreement between the experimental values of 

interaction parameter and the literature values, than observed with the 

activity coefficients. The measurement of interaction parameters is more 

susceptible to variations in experimental conditions than are the activity 

coefficients. This can be clearly seen by consideration of the data obtained 

from the sorption of benzene on PDMS. The activity coefficients (Figure 25) 

obtained from the two experimental runs show good reproducibility, but the
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values of interaction parameter (Figure 26) show much greater deviation, 

even though the same experimental data was used for the calculation of 

both parameters.

3.3 Conclusion

In this preliminary results chapter, our initial studies of PMMA have 

illustrated that the QCM technique is a rapid and simple method for studying 

polymer dissolution. With our technique we have demonstrated that both 

concurrent dissolution and swelling characteristics can be reproducibly 

monitored in a series of solvents. We will show in subsequent chapters that 

this technique can be used to study the effect of some of the factors which 

determine the development resolution of resist systems.

In our thermodynamics studies, we have shown the importance of 

maintaining a low leak rate in the vacuum system, and how the Flory- 

Huggins interaction parameter is very prone to experimental error. 

However, we have shown good reproducibility of our experimental results 

for the interaction of PDMS in a series of solvents, and agreement with data 

obtained from more conventional vapour sorption techniques. In Chapter 4, 

we will demonstrate the reproducibility of our method for other 

polymer/solvent systems and compare the data with that obtained by other 

workers using the piezoelectric sorption technique. We will then present 

some thermodynamic data for systems similar to those used in our 

dissolution kinetics studies, and attempt to make use of this data to aid in the 

understanding of the role of polymer/solvent interactions during resist 

development.



Chapter Four



4.0 Thermodynamic Data from Vapour 
Sorption Studies

4.1 Introduction

During the development of photoresist materials, both the solvent 

penetration and resist dissolution are controlled by kinetic and 

thermodynamic polymer/solvent interactions. The mobility of a solvent 

molecule into the polymer structure can be related to its molecular size as 

will be discussed in Chapter 7, whilst the interactions between the polymer 

and solvent molecules give an indication of thermodynamic compatibility. 

As shown in Chapter 1 , a measure of polymer/solvent compatibility is given 

by the Flory-Huggins interaction parameter. To enable a correlation 

between observed dissolution kinetics and thermodynamic interaction, the 

activity coefficients and interaction parameters have been measured for a 

series of polymer/solvent systems close to those used in our dissolution 

kinetics studies.

In Chapter 3, our initial studies of solvent sorption on PDMS have 

shown the reproducibility of the QCM method for the determination of 

thermodynamic parameters with results obtained from other more traditional 

sorption methods. In this Chapter, these studies have been further 

continued by the direct comparison of our experimental data for the sorption 

of solvent on polystyrene with results obtained by other workers using a 

QCM method161. Volume fraction activity coefficients and Flory-Huggins 

interaction parameters were also measured for a series of PMMA/solvent 

systems where literature results are not available. This will allow the direct
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comparison with the PMMA and polystyrene/solvent systems used in the 

dissolution kinetics studies.

The sorption apparatus as described in Section 2.1, was set up with 

a dual crystal holder to allow the monitoring of the change in frequency of a 

blank crystal whilst measuring the frequency of the polymer coated crystal 

upon solvent sorption. In the following experiments, the frequency of the 

uncoated crystal remained constant, indicating that all the frequency 

changes observed for the coated crystal must be due to solvent sorption by 

the polymer coating and not the quartz crystal.

Throughout the thermodynamic study, it was observed that after each 

sorption experiment, the frequency of the coated crystal did not always 

return to its original oscillating frequency after solvent evacuation. This may 

be due to the movement of the polymer coating during solvent sorption or 

insufficient solvent desorption.

Graphs have been plotted to show the thermodynamic parameters 

measured for the polymer/solvent systems studied. The results are 

tabulated in Appendix 1.
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4.2 Solvent Interactions with Polystyrene

4.2.1 Sorption of Benzene on Polystyrene

The sorption of benzene on polystyrene (Mw 430000, y 3.1) was 

measured at 30°C with two quartz crystals coated with different coating 

thicknesses (AFq = 1 7 1 2  and 1990 Hz). Figures 31 and 32 show there is 

good agreement for both the activity coefficients and Flory-Huggins 

interaction parameters. The reproducibility of the results obtained with our 

apparatus for two different crystals was thus clearly demonstrated.

The sorption of benzene with polystyrene has been previously 

studied by Saeki and co-workers161, using a piezoelectric sorption detector, 

and by B a u g h a n 1 ® 4 f using a more conventional weighing method. These 

studies were carried out at 23.5 and 20.0°C, using polystyrene samples of 

molecular weight 110000 and 500000, respectively. A comparison of our 

results with those of both Saeki and Baughan can be seen in Figures 31 and 

32. Our experimental results would be expected to deviate from the 

literature, as our sorption study was performed at a higher temperature using 

a different molecular weight polystyrene sample. Over the concentration 

range measured, a linear relationship between the activity coefficient and 

solvent fraction is observed, with our experimental results higher than those 

of Saeki and co-workers but of a comparable line of slope. Baughan's 

values of activity coefficients are also in very good agreement with our 

experimental data except at high and low concentrations of solvent, where 

the values of interaction parameter deviate greatly due to the scatter of 

Baughan's data.
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This observed deviation between the results of Baughan and our 

experimental data may be due to the different measurement procedures. 

For example, the polymer films used in the vapour sorption experiments of 

Baughan were cast from a 3% w/v polystyrene/benzene solution, and the 

amount of solvent sorbed by the polymer sample is measured by a balance 

with a precision of ±0.05 mg. In our study, the polymer sample was coated 

on the crystals from a 0.05% w/w polystyrene/chloroform solution (giving a 

thinner film), and the weight of the solvent sorbed by the polymer was 

measured with a precision of ±0.002 mg. Hence, with our thinner coating 

(i.e. lower equilibration times) and higher precision, we are able to obtain 

lower experimental error.

Figures 33 and 34 illustrate the effect of changing temperature on the 

values of Y and X respectively. For the sorption temperatures (i.e. 25, 30 and 

35°C), there is little difference in the slopes for both Y and X with the values 

of all the thermodynamic parameters decreasing with increasing 

temperature. The average values of X are 0.62, 0.47 and 0.43 at 25, 30 and 

35°C respectively, the interaction parameter values indicating poorer solvent 

interaction at lower sorption temperatures. At all three temperatures, X was 

found to be approximately independent of solvent concentration and, as 

expected, X and Y were not found to change linearly with sorption 

temperature (it is often found that X depends on 1/T126), it js therefore 

surprising that Saeki has found lower interaction parameter values at a 

lower sorption temperature.
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4.2.2 Sorption of Chloroform on Polystyrene

Figures 35 and 36 show the volume fraction activity coefficients and 

interaction parameters for the sorption of chloroform on polystyrene at 25, 30 

and 35°C. The values of activity coefficients and interaction parameters 

decrease with increasing temperature (i.e. enhanced polymer/solvent 

interaction). A slight increase in interaction parameter is observed with 

increasing solvent concentration, however, as the error bars indicate, this 

may be due to experimental error.

The activity coefficients obtained by Bawn and c o - w o r k e r s 174  using a 

polystyrene sample (Mn 290000) at 25°C and vapour pressure lowering 

technique correlate well with the experimental data. Figure 36 indicates that 

there is a slight deviation in the gradient of the line for X between the 

experimental and literature data, however similar dependence of interaction 

parameter with solvent concentration has been found.

There is great disagreement between our experimental results and 

those of Saeki and co-workers for their measurement of chloroform sorption 

on polystyrene (Mw 600000) at 2 3 .5 °C 1^ 1. Using a similar measurement 

technique, Saeki found much lower activity coefficient values which were 

independent of solvent concentration. For the values of interaction 

parameter, there was no correlation between our experimental data and that 

of Saeki except for a similar line of slope for the range of solvent 

concentration studied. Saeki has obtained negative values of X which is 

rather surprising as it would indicate that there are specific interactions 

between chloroform and polystyrene which is unlikely in this system.
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4.2.3 Sorption of Cvclohexane on Polystyrene

The volume fraction activity coefficients and interaction parameters for 

the sorption of cyclohexane on polystyrene at 30°C are shown in Figures 37 

and 38. Good linear correlation between the activity coefficient and solvent 

volume fraction was obtained, and comparison of two separate runs, with 

different quartz crystals, again shows good reproducibility of the results. The 

deviation between the two sets of interaction parameters is also well within 

experimental error (as discussed in Chapter 3).

The sorption of cyclohexane on polystyrene (M n 1 1 0 0 0 0  and 500000) 

has also been studied by S a e k i1 61 at 23.5°C, using a piezoelectric sorption 

detector, and by B a u g h a n 1 6 4  at 25.0°C, using a more traditional weighing 

method. Our results for the activity coefficients and the line of slope correlate 

well with both sets of literature results, whilst there is deviation in the values 

of X. The experimental results show a decrease in interaction parameter 

(i.e. increased solvent interaction) with increasing solvent concentration. 

Baughan found higher values of X but with a similar line of slope, which is 

not unexpected as both a different molecular weight of polystyrene and 

lower sorption temperature were used. However, Saeki and co-workers 

found lower values of interaction parameter which were less dependent 

upon solvent concentration.
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4.2.4 Sorption of Hexane on Polystyrene

Figures 39 and 40 show the volume fraction activity coefficients and 

interaction parameters for the polystyrene/hexane system at 30°C. It was 

very difficult to obtain reasonable reproducibility for this polymer/solvent 

system, especially at lower concentrations of solvent. There are no literature 

results for direct comparison with this system. The activity coefficient 

decreases with increasing solvent concentration, whilst the interaction 

parameter shows an average value of 1 . 1  with little variation with respect to 

solvent concentration. This high value of the interaction parameter is 

indicative of the poor interaction between the hexane molecules and 

polystyrene.
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Figure 39: Sorption of Hexane on Polystyrene at 30°C
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As we have clearly demonstrated, by comparison with literature, that 

the QCM vapour sorption technique is a valid method for the determination 

of Y and X at a series of sorption temperatures, we have continued our study 

to include systems comparable to those used in the dissolution kinetics 

chapters.

4.2.5 Sorption of MEK on Polystyrene

The activity coefficients and interaction parameters for the sorption of 

MEK on polystyrene at 30°C are shown in Figures 41 and 42 respectively. 

The activity coefficient and interaction parameter decrease linearly with
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increasing solvent concentration. Above the solvent volume fraction of 0.05, 

the interaction parameter is then found to be virtually independent of solvent 

concentration, with an average value of 0 .8 . Good reproducibility between 

experiments was found for both Y and X.

Using vapour pressure lowering techniques, Bawn and co

workers 1 31 have also carried out a study of MEK sorption on polystyrene 

(M n 290000) at 25°C. The literature results for X are lower than those 

obtained from this study and increase with solvent concentration. It should 

be noted that Bawn and co-workers used a lower molecular weight sample 

and sorption temperature, and quoted very little experimental data.
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4.2.6 Sorption of I PA on Polystyrene

Using our developed experimental technique, the sorption of IPA on 

polystyrene at 30°C has been measured. Figures 43 and 44 indicate that at 

low solvent concentration, both the values of activ ity coeffic ient and 

interaction param eter initia lly increase until reaching a solvent volum e 

fraction of 0.05, where upon a decrease in activity coefficient and constant 

value of interaction parameter is observed. The increase in both X  and Y is 

not linear, and the observed upward slopes may be due to the larger 

experimental error in measurement that occurs at very low concentrations of 

solvent (4>i < 0.05). There are no literature values available for the sorption

of IPA on polystyrene.
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Comparison of the activity coefficients for the sorption of MEK and IPA 

on po lystyrene gives a c lear indication of the d iffe rences in the 

polymer/solvent interactions for the two solvents. Both Y and X values for IPA 

sorption are much higher than the respective values for MEK, and the 

deviation between values increases at higher solvent concentrations. The 

low values of X  for MEK in polystyrene indicate that it is a good solvent for 

polystyrene, whilst the high values of X  for IPA sorption indicate that the 

alcohoi is a poor solvent. It would therefore be expected that mixtures of 

MEK and IPA will give an intermediate value of X.
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The results for the polystyrene/solvent systems clearly show that our 

technique is a suitable method for the determination of the activity coefficient 

and interaction parameter for polymer/solvent systems. The use of the 

piezoelectric sorption apparatus in the determination of the thermodynamics 

of polymer solutions has been further continued to include the study of other 

resist/solvent systems.
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4.3 Solvent interactions with Polv(4-chlorostvrene)

As stated in Section 1.1.2.1, recent developments in styrene-based 

resists have shown that the inclusion of chlorine into the benzene ring 

enhances the sensitivity of the resist. The addition of this chlorine atom will 

affect the polarity of the polymer and hence, the observed thermodynamic 

behaviour of poly(4-chlorostyrene) would be expected to differ from 

polystyrene.

4.3.1 Sorption of Benzene on PolW4-chlorostvrene)

The activity coefficients and interaction parameters for the sorption of 

benzene on poly(4-chlorostyrene) at 30°C are shown in Figures 45 and 46. 

For comparison, the results for the polystyrene/benzene system (Section 

4.2.1) have been included. After an initial rise at low solvent concentrations, 

the activity coefficient decreases with increasing solvent volume fraction. At 

the lower solvent concentrations, the activity coefficient for the sorption of 

benzene on poly(4-chlorostyrene) is lower than that for polystyrene with a 

different slope of the line. Due to the differences in polarity, a difference in 

activity of the two polymers would be expected. Solvent molecules 

surrounding a polar sub-unit of a polymer chain will tend to orient in the field 

of the dipole, and this effect will be greatest for poly(4-chlorostyrene). 

Because of these orientation effects, there are changes in the entropy and 

heat of dilution which do not occur in the case of the non-polar polymer. It 

seems that the polar contribution for poly(4-chlorostyrene) is not constant but 

reaches a maximum in the activity coefficient around a solvent concentration 

of 0 . 1 .
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Figure 46: Sorption of Benzene on Polv(4-chlorostvrene) and

Polystyrene at 30°C - Interaction Parameter



At very low solvent concentrations, the interaction parameter for the 

poly(4-chlorostyrene)/benzene system is negative and initially increases 

rapidly with solvent fraction. Above a solvent fraction of 0.1, this increase in 

interaction parameter becomes more gradual and the values lie closer to 

those of polystyrene.

The deviation from linearity for the poly(4-chlorostyrene)/benzene 

system at low concentrations, may be attributed to the difference between 

the van der Waals forces assumed in the Flory-Huggins theory and the 

actual intermolecular potential between the polymer segment and the 

solvent molecule. It is possible that a polar interaction exists between the 

benzene ring and the chlorine atom in the polymer. The very low value of X 

indicates a very strong interaction between the solvent and polymer. At 

higher solvent concentrations, where there is less variation in the value of X, 

the polymer becomes saturated with the solvent and hence the polar 

contribution becomes less significant. As discussed in Section 3.2.2, at low 

concentrations of solvent, there is greater experimental error associated with 

the interaction parameter (such as the correct attainment of the equilibrium 

position) and this may contribute towards the scatter of experimental data.
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4.3.2 Sorption of Cyclohexane on Polv(4-chlorostvrene)

The activity coefficients and interaction parameters for the sorption of 

cyclohexane on po ly(4-ch lorostyrene) and polystyrene at 30°C are 

displayed in Figures 47 and 48 respectively. Both the activity coefficient and 

interaction parameter decrease with increasing solvent concentration, with 

higher values than the corresponding polystyrene/cyclohexane system. As 

observed in Section 4.3.1, the difference in activity coefficients between the 

two polym ers may be accounted for by consideration of differences in 

polymer polarity. At solvent volume fractions greater than 0.05, the slopes of 

the lines in Figure 47 are similar, indicating a constant polar contribution. 

Figure 48 shows that the interaction parameter for poly(4-chlorostyrene) in 

cyclohexane has a linear dependence upon solvent concentration.
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Figure 47: Sorption of Cyclohexane on Polv(4-chlorostvrene) 

and Polystyrene at 30°C - Activity Coefficient
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Figure 48: Sorption of Cyclohexane on Poly(4-chlorostvrene) 

and Polystyrene at 30°C - Interaction Parameter

An indication of the effect of the po lar contribution of poly(4- 

chlorostyrene) to the interaction parameter can be obtained by consideration 

of the differences in slope of the lines in Figure 48, and by assuming that 

polystyrene does not have a measurable polar contribution. The overall 

higher value of X  for poly(4-chlorostyrene) indicates lower interaction of the 

solvent with the polymer (ignoring molecular weight effects) compared with 

polystyrene.

Using more traditional vapour sorption methods, Corneliussen and 

co -w o rke rs176 have also found that the interaction parameter of poly(4- 

chlorostyrene) was higher than that of polystyrene in their study of toluene 

sorption at 20°C.
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4.3.3 Sorption of Hexane on Polv(4-chlorostvrene)

The results for the sorption of hexane on poly(4-chlorostyrene) at 

30°C are shown in Figures 49 and 50. There are no literature results for 

direct comparison with this system however at high concentrations of 

solvent, good reproducibility for this polymer/solvent system was obtained. 

At low solvent fractions, both Y and X are strongly dependent upon solvent 

concentration. Above a solvent volume fraction of 0.08, Y decreases with 

increasing solvent concentration whilst X remains independent of solvent 

concentration.

For comparison, the data for the sorption of hexane on polystyrene 

(Section 4.2.4) has been added to the Figures. The polar contribution of 

poly(4-chlorostyrene) again seems to be the predominant factor, with the 

thermodynamic data at low solvent volume fractions showing a great 

difference in activity between the two polymers. At high solvent volume 

fractions, comparison of the slopes of the lines for the two polymers show 

good agreement (i.e. parallel) with slightly higher values for the activity 

coefficient and interaction parameter found for the more polar polymer. For 

the polystyrene/hexane system, the activity coefficient increases on 

approaching zero solvent concentration which is contrary to the poly(4- 

chlorostyrene) system where Y decreases on approaching lower solvent 

concentrations. This is indicative of a very strong polymer/solvent interaction 

between poly(4-chlorostyrene) and hexane.
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Figure 49: Sorption of Hexane on Polv(4-chlorostvrenel and 

Polystyrene at 30°C - Activity Coefficient
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Polystyrene at 30°C - Interaction Parameter
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In the previous sections, we have observed some differences in 

thermodynamic behaviour between polystyrene and poly(4-chlorostyrene) 

for a series of solvents used in our PDMS studies. We have continued our 

study by considering the poly(4-chlorostyrene)/solvent behaviour for 

systems that we have used in our dissolution studies.

4.3.4 Sorption of MEK on Polv(4-chlorostvrene)

For the sorption of MEK on poly(4-chlorostyrene) at 30°C, the activity 

coefficient decreases whilst the interaction parameter increases linearly with 

increasing solvent concentration (Figures 51 and 52). Again there is good 

reproducibility between experimental runs, and comparison with the data for 

the sorption of MEK on polystyrene (Section 4.2.5) shows that both the 

interaction parameter and activity coefficient for poly(4-chlorostyrene) are 

lower than the corresponding values for polystyrene, which is the opposite to 

the trend previously observed in this thesis. The large difference in the 

interaction of MEK between the two polymers is again probably due to the 

strong polar interaction which exists between the dipole moment created by 

the chlorine atom and MEK, giving an overall lower X value for poly(4- 

chlorostyrene) than for polystyrene.
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Figure 51: Sorption of MEK on Polvf4-chlorostvrene) and 

Polystyrene at 30°C - Activity Coefficient
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Figure 52: Sorption of MEK on Polv(4-chlorostvrene) and

Polystyrene at 30°C - Interaction Parameter



4.3.5 Sorption of IPA on Polv(4-chlorostvrene)

The interaction of IPA with poly(4-chlorostyrene) has been measured 

at 30°C and the activity coefficients and interaction parameters are given in 

Figures 53 and 54 respectively. The activity coefficient decreases linearly 

with increasing solvent concentration, with the values much higher than 

those obtained for the corresponding polystyrene/IPA system (Section 

4.2.6). The interaction parameter is independent of solvent concentration, 

with an average value of 1.9 indicating the poor interaction between solvent 

and polymer. This contrasts well with the thermodynamic behaviour 

observed for MEK in poly(4-chlorostyrene) (Figures 55 and 56). This value 

of interaction parameter is higher than that observed for the polystyrene/IPA 

system.

The greatest deviation in the values of Y and X for MEK sorption on 

polystyrene and poly(4-chlorostyrene) can be seen at low solvent 

concentrations (experimental error will be a partial contributing factor). This 

large deviation is not observed for the polymer/IPA systems because IPA is 

such a poor solvent for the polymers that the influence of polar interactions 

upon Y and X will be negligible and hence, should not be greatly influenced 

by solvent concentration. As the X values indicate, IPA is a better "solvent" 

for polystyrene than poly(4-chlorostyrene)
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4.4 Solvent Interaction with PMMA

There is very little data in the literature for the interaction of PMMA  

with most common solvents and to give us an indication of the compatibility 

of PMMA with the solvents used in the dissolution studies, both volume 

fraction activity coefficients and Flory-Huggins interaction parameters have 

been measured for a series of PMMA/solvent systems.

To establish the validity of our method for the measurement of 

PMMA/solvent systems, we have initially studied the sorption of some of the 

solvents used in the previous sections.

4.4.1 Solvent and Temperature Effect on y  and v

4.4.1.1 Sorption of Benzene on PMMA

The volume fraction activity coefficients and interaction parameters for 

the sorption of benzene on PMMA at 30 and 40°C are shown in Figures 57 

and 58 respectively. For each temperature, two sets of experimental data 

have been shown to give an indication of the reproducibility of the data. At 

both temperatures, the values of activity coefficient and interaction 

parameter decreases linearly with increasing concentration with the slopes 

of the lines parallel. For the sorption of benzene at 40°C, there is deviation 

from linearity at lower solvent concentrations (C> 1  < 0.12). The values of 

interaction parameter indicate good interaction between the polymer and 

solvent, and that this interaction is enhanced at lower sorption temperatures. 

The deviation from linearity at 30°C , may be caused by the 

longerequilibrium times required at the lower temperature (i.e. increased 

experimental error).
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4.4.1.2 Sorption of Hexane on PMMA

The results for the sorption of hexane on PMMA at 30 and 40°C are 

shown in Figures 59 and 60. For both sorption tem peratures, good 

reproducibility of experimental data was found, with Y and X  independent of 

tem perature. The activity coefficient decreases linearly with solvent 

concentration, whilst at lower solvent concentrations, the interaction 

parameter remains independent of both concentration and temperature with 

an average X  value of 1.3. Above a solvent fraction of 0.08, X  decreases 

slightly with increasing solvent concentration. As the high value of X  

indicates, hexane interacts poorly with PMMA, and the polymer/solvent 

interaction would therefore not be expected to change dramatically with 

temperature or solvent concentration.
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Tem perature on the Sorption of Hexane 
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on PMMA - Interaction Parameter

4.4.1.3 Sorption of MEK on PMMA

The volume fraction activity coefficients and interaction parameters for 

the sorption on MEK by PMMA at 30 and 40°C are shown in Figures 61 and 

62. As with the previous systems, good reproducibility of data was achieved. 

At both sorption temperatures, the activity coefficient initially increases until a 

solvent volume fraction of 0.1 is reached, upon which it decreases with 

subsequent increases in solvent concentration. After an initial increase in X ,  

the interaction parameter at both temperatures is found to be independent of 

solvent concentration with the slopes of the lines lying parallel.
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The temperature effect on Y and X  only becomes apparent above 

solvent concentrations of 0.04. For both the values of activity coefficients 

and interaction parameters, the majority of the points at 40°C tend to lie at 

higher values than those at 30°C. However at low solvent concentrations, 

the lines of Y and X  cross over with the values becoming independent of 

temperature. The low value of X  indicates very good polym er/solvent 

interaction, with the interaction becoming weaker (i.e. subsequent molecules 

have a weaker interaction with the polymer) as the solvent concentration is 

increased. Better polymer/solvent interaction is observed at the lower 

sorption temperature.
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Figure 61: Effect of Tem perature on the Sorption of MEK

on PMMA - Activity Coefficient
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Figure 62: Effect of Temperature on the Sorption of MEK

on PMMA - Interaction Parameter

4.4.1.4 Sorption of IPA on PMMA

The data for the sorption of IPA on PMMA at 30 and 40°C is shown in 

Figures 63 and 64. At 30°C, both the values of Y and X lie above the 

respective values for the sorption at the higher temperature. This is in 

contrast with the temperature effect observed for the sorption of MEK in 

PMMA where higher Y and X values were observed at 40°C.

At 40°C and solvent fractions less than 0.05, an initial increase in 

activity coefficient with increasing volume fraction is observed. Upon which 

the activity coefficient at 30 and 40°C is shown to be independent of solvent 

concentration with the slope of the lines found to be parallel. The interaction
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parameter increases linearly with solvent concentration with a sharper 

increase observed at 30°C. The high value of interaction parameter, at both 

sorption temperatures, is consistent with the poor polymer/solvent 

interactions that would be expected for IPA.

Figures 65 and 6 6  show the activity coefficients for the sorption of 

MEK and IPA on PMMA at 30 and 40°C respectively. At both temperatures, 

the activity coefficient for IPA in PMMA lies at a much higher value than the 

corresponding value for MEK, however a similar trend in the slope of the 

activity coefficient line is observed for both solvents. Comparison of the 

interaction parameters for PMMA in MEK and IPA at 30 and 40°C (Figures 

67 and 6 8 ) shows a striking difference in polymer/solvent interaction. 

Although the same general trend in interaction parameter with respect to 

solvent concentration is observed for both solvents, the values of X for IPA 

are much higher than those for MEK. The high values for IPA indicating that 

it is a non-solvent for PMMA. It would therefore be predicted that mixtures of 

MEK and IPA should form a developing solvent for PMMA which is an 

intermediate between a good solvent and a non-solvent.
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4.4.2 Solvent Size Effect on the Activity Coefficient and 

Florv-Huaains Interaction Parameter

The effect of solvent size upon the polymer/solvent interactions for 

PMMA/solvent systems has been studied for both an alcohol and alkyl 

acetate solvent series. The observed thermodynamic behaviour will aid in 

the interpretation of the corresponding dissolution studies.

4.4.2.1 Sorption of Methanol and Ethanol on PMMA

Figures 69 and 70 show the plots of the activity coefficients and 

interaction parameters against volume fraction of solvent for the 

PMMA/methanol and PMMA/ethanol systems. For comparison, the results 

from Section 4.4.1.4 for the sorption of IPA on PMMA have also been shown.

As we have previously observed, the interaction parameter for the 

sorption of IPA on PMMA increases linearly with solvent concentration, 

whilst the activity coefficient is found to be independent of the solvent 

volume fraction. This is in marked contrast with the thermodynamic 

behaviour demonstrated for the methanol and ethanol systems. At low 

solvent concentrations (O i < 0.05 and 0.07 for methanol and ethanol 

respectively), an initial increase in activity coefficient is observed, with the 

activity coefficient decreasing linearly with further increases of solvent 

concentration. The deviations in linearity may be partially attributed to the 

higher experimental error observed at lower solvent concentrations but this 

does not account for the whole effect.
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An increase in the value of interaction parameter is also observed at 

low solvent concentration, upon which the interaction parameter is found to 

be independent of concentration. Greatest deviation between the value of X 

for the sorption of the alcohols on PMMA is observed at low solvent 

concentrations whilst at higher solvent concentrations (O i > 0.08), the value 

of interaction parameter becomes independent of the type of alcohol. By 

consideration of the interaction parameters for the two polymer/solvent 

systems, it can be concluded that ethanol has the greatest interaction with 

PMMA at low solvent concentrations. The high values of X indicate that 

alcohols are poor solvents for PMMA. The Flory-Huggins parameter 

primarily accounts for enthalpic interactions ( X h ).  However, also a non- 

combinatorial entropy contribution (X$) will play a part with more polar 

molecules such as these making exact interpretation more difficult.

As we have stated in Chapter 1 , the interaction parameter is a 

measurement of solvent interaction with the polymer structure. By 

consideration of the values of interaction parameter, the observed deviation 

in interaction parameter at low solvent concentrations may be attributed to 

differences in solvent molar volume. The smaller alcohol molecules can 

enter further into the polymer film (i.e. free volume) allowing more solvent to 

be absorbed into the polymer architecture and this is indicated by the lower 

values of interaction parameter.

At high solvent fractions, the polymer becomes saturated with solvent 

and the sorption characteristics for methanol and ethanol are then found to 

vary less with solvent concentration. A sharper increase in X is seen for the 

smaller alcohol molecules but unexpectedly the more bulky ethanol 

molecule (compared with methanol) gives the lowest value of X (i.e. highest
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polymer/solvent interaction). The size of the IPA molecule will be closer to 

the critical molecular size required for the entry of the solvent molecule into 

the polymer structure and this plasticisation effect will be less obvious. For 

the solvent concentration range measured, only a small change is observed 

in polymer/solvent interaction (i.e. X), as the majority of the IPA interacts with 

the polymer surface. The methanol and ethanol molecules are able to 

penetrate the polymer surface more easily than IPA due to their small molar 

volume, particularly at low solvent fractions. It would be predicted that the 

higher alcohols would also indicate less variation in interaction parameter 

due to their larger molecular size.

Linn and co-workers180 in their study of methanol-induced opacity in 

PMMA, such as that used in the manufacture of contact lenses, have shown 

that over the temperature range 40 - 60°C the hole nuclei created by the 

diffusion of methanol into the PMMA film is proportional to the amount of 

methanol. The growth of the hole can only occur if the sample is above the 

glass transition temperature. According to Bueches' t h e o r y 1 8 1 ,1 8 2 f 

glass transition of PMMA increases with increasing methanol content.

At 30°C, we have observed decreased polymer/solvent interactions 

as the methanol concentration is increased, however above a solvent 

fraction of 0.05, enhanced interactions are observed as the solvent 

concentration is increased. By consideration of Bueches' theory and the 

observations of Linn and co-workers, it could be envisaged that at a solvent 

volume fraction of 0.05, the methanol content is great enough to reach the 

glass transition of the PMMA sample. As Linn has shown that, above the 

glass transition, the number of hole nuclei in a glassy polymer is 

proportional to solvent concentration, it would be expected that as the
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concentration of solvent is increased above this solvent concentration, 

enhanced polymer/solvent interactions (i.e. lower X values) would be 

observed.

In Section 4.4.1.4, we measured X values for the IPA/PMMA system at 

30 and 40°C. At 30°C, we found a linear decrease in the polymer/solvent 

interactions with increasing solvent concentration. However at 40°C, a 

tailing off of the decrease was observed indicating enhanced interaction of 

the solvent with the polymer. The sorption temperature is close to that of the 

glass transition of unexposed PMMA and hence with increasing solvent 

concentration, the glass transition temperature may be sufficiently lowered to 

allow the growth of the hole nuclei formed by the diffusion of IPA into the 

polymer structure hence enhancing the polymer/solvent interaction.

In our dissolution studies Chapters 5 - 9, we will present some data 

that will show unexpected enhanced dissolution rates for the development of 

PMMA in some alcohol/MEK mixtures. The thermodynamic data obtained in 

this section, in conjunction with the dissolution data, will help in the 

understanding of this phenomenon.

4.4.2.2 Sorption of n-Alkvl Acetates on PMMA

The study of the effect of solvent size on the interaction of solvents 

with polymers has been extended to the sorption of an alkyl acetate series 

on PMMA.

The volume fraction activity coefficients and Flory-Huggins interaction 

parameter of PMMA in a series of n-alkyl acetate solvents (methyl to butyl) at
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30°C have been determined by our piezoelectric sorption detector method. 

(Figure 71 and 72). Good reproducibility was found between experimental 

runs.

Sorption of the lower n-alkyl acetates (up to propyl) shows little 

variation in the corresponding values of activity coefficients and interaction 

parameters. For all the alkyl acetate solvents measured, an increase in both 

Y and X with increasing solvent concentration (O i < 0.1) is observed. Above 

this solvent concentration, a decrease in Y is observed whilst X is 

independent of solvent volume fraction (with the exception of the sorption of 

butyl acetate).

Methyl acetate has an overall higher value of X than both ethyl and 

propyl acetate indicating lower polymer/solvent interactions. This is a 

surprising result as the smaller mobile solvent molecules should be able to 

permeate further into the polymer structure than the other bulkier solvent 

molecules, as observed in Section 4.4.2.1 for methanol sorption on PMMA. 

The results for butyl acetate sorption indicate a much lower polymer/solvent 

interaction. The solvent molecules are too bulky to enter the polymer 

structure with great ease, hence reduced polymer/solvent interactions are 

observed. These observations will be used to aid in the understanding of 

the dissolution kinetics of PMMA in alkyl acetate solvents described in 

Sections 5.2, 6.3 and 7.2. As the error bars indicate, the observed 

differences in thermodynamic behaviour between ethyl, propyl and butyl 

acetate may be due to experimental error and hence must be taken into 

account when interpreting the data.
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4.5 Conclusion

W e have shown in our thermodynamic studies, that the piezoelectric 

sorption technique is a viable method for the determination of the activity 

coefficient and Flory-Huggins interaction parameter. We have obtained data 

closer to that from conventional methods than those presented by Saeki and 

co-workers. We have presented some new data for polystyrene and 

PMMA/solvent systems which will help in the interpretation of the 

phenomenon observed in our dissolution kinetics studies described in the 

following Chapters.



Chapter Five



5.0 Effect of Molecular Weight on PMMA 
Dissolution

One of the main factors that affects polymer solubility and dissolution, 

and one that is crucial to a resist process is the molecular weight. The 

dependence of dissolution rate on polymer molecular weight and the 

distribution could be attributable to the rate of penetration of the solvent, 

disentanglement of the polymer chains, or transport of disentangled chains 

into the bulk solvent (external mass transfer) or a combination of these.

Using our QCM dissolution apparatus, the effect of polymer molecular 

weight and distribution on the dissolution rate has been studied for PMMA. 

From this study, the changes in solubility have been correlated with polymer 

molecular weight and its distribution to give an insight into the main 

parameters affecting the dissolution kinetics and hence, the ultimate 

resolution of the resist.

PMMA is a positive resist and it relies on a reduction in molecular 

weight due to chain scission2 7  to enhance the solubility of exposed regions 

of polymer (see Section 1.1.2.2). Therefore, the ability to correlate changes 

in polymer solubility as a function of molecular weight will enable the 

prediction of the change in swelling and dissolution kinetics of the PMMA 

film upon irradiation.
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5.1 Dissolution Kinetics of PMMA (Mn 6100 - 14000001 in MEK

Figure 73 shows the effect of polymer molecular weight on the 

solubility of narrow polydispersity PMMA standards between number 

average molecular weights (Mn) 6100 and 1400000 (y = 1.04 - 1 .1 1 ) at 25°C  

in MEK. Complete dissolution was observed for all the samples studied and 

clearly, polymers having lower molecular weights dissolve at a considerably 

faster rate than those with higher values. Another significant point is that the 

polymers with molecular weights over 1 0 0 0 0 0  show swelling prior to 

dissolution and the extent increases with increasing molecular weight.

An important property of most polymers is that both the solubility and 

dissolution rate decrease with an increase in molecular w e i g h t  83. As the 

polymer chain length increases, the randomly coiled chains are entangled 

to such an extent that more time is required for the polymer chains to 

separate from one another and dissolve in the solvent. The sensitivity of 

resists can be enhanced by the use of high molecular weight fractions but as 

our results show, swelling may occur with increases in molecular weight 

which could cause distortion of the resist image. While swelling of the 

polymer complicates dissolution and limits the resolution of the image, it is 

useful in inhibiting the dissolution of the unexposed resist.

Further measurements of the dissolution rate of the PMMA standards 

in MEK have been made over the temperature range 16 - 40°C and the 

dissolution curves can be found in Figures 74 to 78. It can be clearly seen 

that the swelling characteristics change over the measured temperature 

range. The dissolution curves for the molecular weight range at 16°C show 

that only the very low molecular weight samples (Mn < 2 2 2 0 0 ) indicate no
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initial swelling. Below Mn 22200, some swelling may be taking place but 

the rapid overall dissolution curve obscures any initial swelling, while at 

40°C, no initial swelling and complete dissolution was observed throughout 

the molecular weight range.

By consideration of the mean diameter of a macromolecular coil, 

Asmussen and Ueberreiter®®, m their study of polystyrene dissolution in 

toluene, concluded that the molecular weight influence is related to the 

increase of thickness of the transition layer as defined in Section 1 .2 . They 

found that above a molecular weight (Mw) of 150000, an enormous increase 

of the surface thickness occurs which considerably slows down the 

dissolution process. This phenomenon can be explained by consideration 

of Bueches' theory for the entanglement of macromolecules, where a break 

in the curve of the melt viscosity can be observed with increasing molecular 

w eig ht1®4 . As Shultz and co-workers have shown that concentrated 

polymer solutions are com parable to m elts1 ®®, it would not be 

unreasonable to expect to observe similar effects in our systems.

Krasicky and co-workers7^.18 6 f using laser interferometry, have 

shown that a transition layer is detectable for PMMA samples of M n greater 

than 30000 whilst the polymer is dissolving in MEK at 22.5°C. The transition 

layer (or offset) was found to increase with increasing molecular weight, with 

the lower limit of the layer again close to the "entanglement" or "critical" 

molecular weight found in viscous flow. The dependence of melt viscosity 

on molecular weight changes from an exponential value of unity to about 3 . 5  

at a chain length of 208 atoms corresponding to a M n of 1 0 0 0 0 . This value 

is increased to 30000 when the polymer is in a 30 per cent solution of non

volatile solvent. Manjkow and co-workers1 ® 7  have found a similar effect
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with the dissolution of polystyrene in a series of solvents, with the dissolution 

rate dropping off sharply at a molecular weight of 350000.

This increase in the required thickness of the swollen layer of the 

polymer with increasing molecular weight before dissolution can be 

explained by considering the penetration depth of the solvent. The 

penetration depth of the solvent can be related to the thickness of the 

swollen surface layer and must be adequate to free the polymer chains 

which are anchored deeper in the polymer structure and, consequently, the 

thickness of the swollen layer must be large enough to release them.

Ueberreiter and A s m u s s e n 5 1 . 1 8 8  have shown that the diffusion 

coefficients of solvents in polymers are independent of the chain length of 

the macromolecules unless the molecular weight is so low that effects of the 

chain ends become appreciable. As the diffusion process of the solvent is a 

"jump” of the solvent molecule from one chain unit to another, it should not 

be affected by the length of the entire chain. This indicates that the 

occurrence of a transition layer depends on the inability of polymers to 

disentangle themselves rapidly from the surface of the glassy, unswollen 

polymer film.

The variation of dissolution rate with molecular weight has been 

studied previously, although over restricted ranges and with different 

solvents. In his study of the factors affecting the dissolution rate of PMMA, 

O u a n o ^ O  developed a series of unexposed and electron beam exposed 

PMMA samples of varying molecular weights in MIBK at 25°C . The 

dissolution rates were calculated by allowing dissolution from 30 to 70% film 

and dividing by the time elapsed, however, no detailed analysis of the 

dissolution curves was given. He combined his work with that of
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G r e e n e i c h 5 8  f0 r the dissolution of PMMA in the same solvent at 2 2 . 8  and 

35.6°C.

Ouano suggested the following relationship between dissolution rate 

(DR) and polymer molecular weight (M)40 :

DR = aMb

where a and b are constants for a particular polymer/solvent system. 

Systems with high b values will exhibit a large distinction between an 

unexposed (high molecular weight) and exposed (lower molecular weight) 

area in a positive resist such as PMMA.

Over a narrow range of molecular weight, both Ouano and Greeneich 

found the log-log plot of dissolution rate versus molecular weight gave a 

linear relationship with the slopes of the lines almost identical. Over the 

complete range of molecular weights studied, the system could be 

represented by two linear regions with a sharp change in slope at Mn 2 0 0 0 0  

from 1.5 in the low molecular weight (highly exposed) region to 0.4 in the 

high molecular weight (unexposed and low dosage) region. Ouano 

suggested that this break in slopes could be attributed to the effects of 

irradiation such as gaseous by-products increasing the free volume of the 

polymer.

In their studies of the dissolution of polystyrene in MIBK, Manjkow and 

co-w orkers 1 ® 7  found for narrow molecular weight distribution PMMA  

samples, a linear dependence existing in the log-log plot of dissolution rate 

versus molecular weight consistent with the behaviour predicted by Ouano. 

Flack and co-workers7 3  found the log-log plot of dissolution of PMMA (Mn
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27000 - 180000) in MIBK gave a linear relationship. However, other 

w o rkers 7 1 - 1 8 9  have obtained a non-linear log-log dependence on 

molecular weight when a larger molecular weight range was studied. 

Krasicky and Cooper7 1  also found curved relationships between dissolution 

rate and molecular weight. Their different molecular weight samples were 

produced by photo-degrading a high molecular weight polymer and hence 

had varying polydispersities which will greatly affect the dissolution rate.

In their study of dissolution of thin PMMA films in ketones and 

hydroxyketones, Papanu and co-workers1 9 0  observed a similar effect of 

molecular weight on the dissolution of narrow molecular weight distribution 

samples in MIBK at 24.8°C. The dissolution rate behaviour was consistent 

with that predicted by the equation proposed by Ouano up to a Mn of 

100000 where levelling of dissolution rate is observed. For the lower 

molecular weight region8 8 , the value of the molecular weight exponent, a, 

was found to be 0.98 for the dissolution of both wide and narrow 

polydispersity PMMA samples in MIBK at 24.8°C. At a given Mn or Mw, the 

dissolution rate of a wide molecular weight distribution was higher than that 

of a narrow distribution sample.

Manjkow found that the enhancement of dissolution rate of wide 

polydispersity samples could be due to their wide distribution of chain 

lengths, as the shorter chains dissolve at a faster rate than longer chains, 

and after their removal, allow easier penetration of the polymer by solvent 

which improves the mobility of the longer chains, hence enhancing the 

overall dissolution rate. As discussed previously, higher molecular weight 

chains are anchored deeper into the polymer and require a thicker swollen 

layer to release them.
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To illustrate that differences in the polydispersity of polymers (with the 

same Mn or Mw) can affect the observed dissolution kinetics, the dissolution 

of a wide polydispersity PMMA (Mn 56000, y 2.0) in MEK at 25°C has been 

compared with that of a molecular weight series of PMMA standards (Mp 

67000, 34500 and 22000). As Figure 79 indicates, the rate of dissolution 

decreases with increasing molecular weight for the polym er standards. 

However, the dissolution curve of the wide polydispersity sample lies over 

that of the 34500 sample and not in the expected position (if considering the 

M n of the polymer). This confirms the observations reported by previous 

workers that at a given Mn or Mw , the dissolution rate is higher for wide 

polydispersity samples than for the corresponding narrow polydispersity 

polymer.

120.0

-B- 56000 

10300 

22200 

-+- 34500 

-v- 67000

0.0 25.0 50.0
T i n e  ( s )

75.0 100.0

Figure 79: Effect of Polydispersity upon PMMA Dissolution
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It can be seen that there is some disagreement concerning the log- 

log relationship of dissolution rate with molecular weight. Our results for the 

dissolution rate of the PMMA standards in MEK over the temperature range 

16 - 40°C have been plotted in the log-log format and are shown in Figure 

80. Clearly there is not a linear relation over the complete range of 

molecular weights studied. Each system can be represented by two linear 

regions. For the developing temperature range studied, the break in the 

lines occurs at the same molecular weight of approximately 100000. In the 

lower molecular weight region, the slope varies from 0.58 - 0.95 whilst 

above 1 0 0 0 0 0 , from 0.09 to 0.17 (see Table 3). Generally, higher 

development temperatures produced lower values. This indicates that, if 

swelling is not a large contributing factor, greater definition between 

exposed and unexposed regions can be made at lower temperatures. At 

low polymer molecular weights, the values of the linear correlation 

coefficient are very close to 1 .0 0 0 , whilst in the high molecular weight 

region, there is some deviation in the values particularly at low 

temperatures. This deviation may be caused by swelling obscuring the 

dissolution curves.

Our values of slope compare well with the results of Papanu190 for 

PMMA in MIBK, who found a levelling of dissolution rate at Mn 100000 and 

a slope of 0.98 at the lower molecular weight region. Ouano has again 

found a similar trend with values of comparable magnitude, it can therefore 

be surmised that where swelling is not a predominant factor, the log-log 

relationship is linear over a narrow molecular weight range but upon the 

occurrence of swelling a break in linearity will occur. Clearly, Ouano's 

explanation of the increase in free volume of the polymer (due to irradiation) 

increasing the dissolution rate can be discounted as irradiation has not 

been a factor in our experiments.
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Temperature (°C) Equation (y = mx + c) Linear Correlation 

Coefficient

Low Molecular Weight 

BsgLon

16.0 -0.953x + 5.673 0.995

20.4 -0.920x + 5.857 0.992

25.4 -0.811x + 5.336 0.973

30.0 -0.824x + 6.088 0.991

35.0 -0.711X + 5.456 0.990

40.0 -0.575X + 4.610 0.995

High Molecular Weight 

Begion

16.0 -0.172x- 3.369 0.841

20.4 -0.165X-2.790 0.856

25.4 -0.171 x - 2.041 0.979

30.0 -0.116X- 2.002 0.983

35.0 -0.099X- 1.559 0.932

40.0 -0.145X-0.377 0.948

Table 3: The Gradient and Linear Correlation Coefficients for 

the Log-Loq Plot of Dissolution Rate versus Polymer 

Molecular Weight for the Dissolution of PMMA in MEK
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Papanu and co-workers have suggested that in the lower molecular 

weight region, stress cracking occurs during the dissolution of PMMA in 

MIBK (as observed for the dissolution of PMMA in dimethylphthalate below 

8 0 °C 3 9 ), indicating a strong dependence on molecular weight. The 

swelling of the outer region of the polymer exerts a stress on the remaining 

glassy core, conversely the core applies a restraint on the swelling of the 

outer core. The stresses developed as a result of differential swelling are 

often sufficiently large in magnitude to cause cracking and crazing of the 

polym er4 7 . At higher molecular weights, the infiltration process of the 

solvent is immediately followed by substantial swelling which is so great that 

an elastic swollen layer is formed which fills in the cracks, hence the 

difference in dependence of dissolution rate on polymer molecular weight.



5.2 Dissolution of PMMA in Alkvl Acetate Solvents

During the investigation of the effect of solvent molar volume on the 

dissolution rate of PMMA (see Section 7.2), a series of quartz crystals 

coated with the molecular weight series of PMMA standards (Mn 22200 - 

330000) were developed in a homologous series of n-alkyl acetates and the 

dissolution characteristics were measured over the temperature range 15 - 

40°C.

Throughout the alkyl acetate solvent series and temperature range 

studied, the dissolution rate decreased with increasing polymer molecular 

weight as observed in Section 5.1 for the dissolution of PMMA in MEK. 

Figures 81 to 8 6  show the dissolution curves for PMMA in the alkyl acetate 

solvents at a developing temperature of 20°C.

In methyl acetate, it can be observed that rapid and complete 

dissolution is observed for all the polymer molecular weights studied and 

with the exception of the Mn 330000 standard, no swelling of the film was 

measured. Figure 82 shows the dissolution of the PMMA standards in ethyl 

acetate, the dissolution rates are much lower and the time required for 

complete dissolution of the Mn 330000 standard was greater than 400 s 

compared with 60 s in methyl acetate. Swelling of the polymer was 

observed above Mn 34500 and increases with polymer molecular weight. 

At Mn 67000, the dissolution curve has a sigmoidal shape which is not 

observed with the other samples throughout the solvent series.

All the polymer standards initially swell in both n-propyl and isopropyl 

acetate and again, the highest percentage of polymer swelling is observed
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Figure 81: Dissolution of PMMA in Methyl Acetate at 20°C
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Figure 82: Dissolution of PMMA in Ethvl Acetate at 20°C
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Figure 83: Dissolution of PMMA in n-Propvl Acetate at 20°C
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Figure 84: Dissolution of PMMA in Isopropvl Acetate at 20°C
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Figure 85: Dissolution of PMMA in n-Butvl Acetate at 20°C
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Figure 86: Dissolution of PMMA in n-Pentvl Acetate at 20°C



at the highest molecular weight. However, the dissolution rates are slower 

for isopropyl acetate than those for n-propyl acetate as indicated by Table 4.

PMMA Mn Dissolution Rate (pm s_1x 1 0 ^) 

n-Propyl Acetate Isopropyl Acetate

2 2 2 0 0 6 . 0 4.0

34500 3.0 1.3

67000 2.7 1 . 0

107000 1.4 0.5

330000 1 . 1 0.4

Table 4: Dissolution Rates for PMMA in n-Propyl and Isopropyl

Acetate at 20°C

Comparison of Figures 83 and 84 shows that the dissolution curves 

are much broader for the dissolution of PMMA in isopropyl acetate 

compared with those measured in n-propyl acetate. This broadening of the 

dissolution curves is not unexpected as the cross-section (in one direction) 

of the isopropyl group is much larger than for the n-propyl moiety and hence, 

greater disruption of the polymer structure during the diffusion of the solvent 

molecule will be required, causing greater swelling and slower dissolution 

rates of the polymer.

Throughout the range of molecular weights studied, the higher 

homologues of the alkyl acetates, show initial swelling of the polymer film, 

broadening of the dissolution curves and incomplete dissolution. As 

previously mentioned, further studies have been made over the temperature 

range 15 - 40°C and the results will be discussed further in Chapter 6 .
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The log-log plots of dissolution rate versus molecular weight for the 

dissolution of the PMMA standards over the temperature range 15 - 35°C  

(Figure 87 to 91) gave a linear relationship for all the alkyl acetates studied. 

As Table 5 indicates, the slopes of the graphs are found to be dependent on 

the type of alkyl acetate used with the slope increasing as the alkyl chain 

length increased. The difference in the slope of the lines was found to be 

greater at the lower temperatures. Throughout the solvent series and 

temperature range studied, high values of the linear correlation coefficient 

were achieved.

Solvent

Equation (y = mx + c)

(Linear Correlation Coefficient)

15°C 25°C 35°C

Methyl Acetate -0.492x + 1.648 -0.462x + 2.702 —

(0.973) (1.000)

Ethyl Acetate -0.470x + 0.026 -0.498x + 1.772 -0.358X + 1.310

(0.874) (0.988) (0.766)

n-Propyl Acetate -0.690X + 0.738 -0.645x + 1.844 -0.572X + 2.510

(0.943) (0.978) (0.963)

Isopropyl Acetate -0.767X + 0.662 -0.651 x + 1.215 -0.566X + 1.616

(0.964) (0.953) (0.977)

n-Butyl Acetate -0.749X + 0.077 -0.728x + 1.359 -0.658X + 2.213

(0.960) (0.979) (0.936)

n-Pentyl Acetate -1.581 x + 7.311 -0.932x + 2.289 -0.849x + 3.080

(0.976) (0.966) (0.957)

Table 5: Effect of Temperature on the Gradient of the Log-Log 

Plot of Dissolution Rate versus Molecular Weight for 

the Dissolution of PMMA in Alkyl Acetate Solvents
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Figure 91: Dissolution of PMMA in Alkvl Acetates at 35°C
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In the study of the effect of polymer molecular weight on the 

dissolution of PMMA in MEK (Section 5.1), a break in linearity was observed 

at a M n of approximately 1 0 0 0 0 0 . Closer observation of Figure 91a for the 

dissolution of PMMA in the alkyl acetate solvent series at 35°C indicates that 

a break in linearity of the log-log plot may also occur, and Figure 91b shows 

the results with the lines redrawn to indicate the possible break in linearity. 

The change in slope occurs at approximately Mn 100000 for all the alkyl 

acetate solvents studied which corresponds to the same molecular weight 

observed for the dissolution in MEK. Therefore, although the change in 

linearity is not as obvious, a similar explanation for this difference in 

dependence of dissolution rate on polymer molecular weight can be used.

As the break in linearity occurs at the same polymer molecular weight 

throughout the solvent series, it is unlikely that this change in dissolution 

rate is due to swelling of the polymer film overshadowing the dissolution 

curve (as swelling tends to increase with increasing solvent molar volume), 

and hence preventing an accurate determination of the dissolution rate. 

Further investigation is required to determine the extent of this effect.

The dissolution rate of PMMA in isopropyl acetate lies between that of 

n-propyl and n-butyl acetate throughout the temperature range. However, 

the slopes of the lines shown in Table 5 show a correlation between 

isopropyl acetate and n-butyl acetate at 15°C, but at 25 and 35°C, the 

slopes for isopropyl acetate are close to that observed for the dissolution of 

n-propyl acetate. This reversal of order may be explained by consideration 

of the solvent diffusion mechanism. At lower temperatures (i.e. below 25°C), 

the diffusion of the bulkier isopropyl acetate molecules (compared with 

those of n-propyl acetate) is more hindered, particularly into the high 

molecular weight polymer chains and this is substantiated by a steeper
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gradient. As the temperature of the developing solvent is increased, the 

diffusion of the molecules throughout the alkyl acetate series becomes less 

dependent on steric effects and polymer molecular weight becomes a less 

dominant factor and hence the gradient becomes less steep.

During his investigations on the effect of solvent molecular size on the 

dissolution rates of PMMA in a homologous series of acetates, O u a n o 1 9 1  

measured the dissolution rate of a series of molecular weights of 1 pm 

PMMA films (in the three tactic forms) at 25°C in n-pentyl acetate. He found 

a linear relationship for the log-log plot of dissolution rate versus polymer 

molecular weight (Mw 39000 to 316000). Gipstein and co-workers57 have 

also considered the effect of polymer molecular weight on the dissolution 

rate for the series of alkyl acetate solvents. Three polymer molecular 

weights (Mw ) of 39000, 94000 and 476000 were considered. Over the 

molecular weight range studied, the log-log plot gave a series of lines of 

increasing slope and followed the relationship found by Ouano. Our results 

are in agreement with those found by Gipstein and additionally with our 

experimental technique, we have been able to gain some insight into the 

effect of polymer molecular weight on the swelling of the polymer film.
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5.3 Conclusion

In a series of solvents, we have demonstrated that the dissolution of 

PMMA decreases whilst swelling of the film increases with increasing 

polymer molecular weight. Wider polydispersity resists are found to dissolve 

at a faster rate with less swelling than the corresponding narrow molecular 

weight distribution resists. The appearance of substantial swelling of the 

polymer film is found to change the dependence of the dissolution rate on 

polymer molecular weight. If swelling is not a large contributing factor, 

greater definition between exposed and unexposed regions of the resist can 

be made at lower temperatures. The molecular weight and its distribution is 

therefore found to have a great effect on the ultimate resolution of the resist.

The log-log relationship of dissolution rate with polymer molecular 

weight for the dissolution of PMMA in MEK has shown a break in linearity at 

Mp 100000 for all the developing temperatures studied. This break can be 

related to the ability of polymers to disentangle themselves. We have 

resolved the disagreement amongst other workers concerning this log-log 

relationship. On first consideration, the log-log plot for the dissolution of 

PMMA in alkyl acetates is found to be linear throughout the molecular 

weight series. However, closer examination of the Figures has shown that a 

change in slope may also occur at approximately M n 1 0 0 0 0 0  for all the alkyl 

acetates studied, though the effect is less marked than with the other 

solvents.

Further studies of the effect of molecular weight upon dissolution of 

other polymers are given in Chapter 9.



Chapter Six
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6.0 Effect of Temperature on PMMA 
Dissolution

The developing temperature of a polymer/solvent system can greatly 

affect the resolution of the resist, particularly in solvent/non-solvent systems. 

A change in diffusion mechanism may occur when a large enough change 

in temperature is considered. The activation energy of the dissolution 

process gives some indication of the penetration mechanism involved which 

can help in the prediction of the dissolution behaviour for a polymer/solvent 

system.

A series of polymers have been developed at various temperatures 

and the activation energies have been measured to gain an insight into the 

diffusion mechanisms involved.

6.1 Dissolution of PMMA in MEK

As part of our study into the effect of developing temperature on the 

solubility of polymers, a series of PMMA (Mp 107000, y 1.03) coated crystals 

were developed in MEK over the temperature range 16 - 40°C. Figure 92 

indicates the importance of solvent temperature to the dissolution process. 

Dissolution rates for PMMA are found to increase with temperature. All the 

samples went to complete dissolution, and above a temperature of 30°C, 

there was negligible swelling. Below this temperature, initial swelling (i.e. 

induction period) of the polymer was observed which also appears to be 

temperature dependent.
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In rubbery polymers, solvent diffusion is generally described by Fick's 

laws of diffusion, but with glassy polymers, Hnon-Fickian” diffusion kinetics 

(i.e. Case II) may be observed because of the time-dependent response of 

the polymer as it rearranges its structure to accommodate the incoming 

molecules. Fickian diffusion is observed when the penetrant mobility is 

much less than segmental relaxation rates, whilst Case II diffusion occurs 

when the penetrant mobility is much greater than segmental relaxation 

rates4?. With Case II diffusion, solvent transport in the swollen region of the 

polymer is still preceded by Fickian diffusion but a sharp front is observed 

between the unpenetrated and swollen region4 9 ,192

The appearance of the induction period in the dissolution of PMMA in 

MEK indicates that the diffusion process is Case II and the activation energy 

of the process should give an indication of the controlling diffusion process.

The dissolution process should vary with temperature in accordance with an 

Arrhenius type equation:

i -Ea /  RT DR = k exp a

where DR is the dissolution rate, T is the absolute temperature, Ea is the 

activation energy of dissolution, R is the gas constant and k is a constant. As 

Figure 93 shows, the dissolution of PMMA in MEK obeys this relationship 

with an activation energy of 1 0 1 . 1  ± 1 . 0  kJ mol’ 1 (linear correlation 

coefficient = 1 .0 0 0 ) for the dissolution process.

The study has been extended to the dissolution of a molecular weight 

range of PMMA standards in 100% MEK (as detailed in Section 5.1) over the 

temperature range 16 - 40°C. The Arrhenius plots for the molecular weight
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series give the expected linear relationships (Figure 93) and an average 

activation energy for dissolution of approximately 99 kJ mol' 1 with a range of 

85.8 - 107.4 ±1.1 kJ mol- 1  (see Table 6 ). At high molecular weights (above 

M n 107000), the activation energy is essentially independent of molecular 

weight. However, there is a slight deviation in activation energy for the low 

molecular weight polymers which may be due to the fewer experimental 

points and faster dissolution rates making the calculation of activation 

energy less accurate. In Chapter 5, we observed a break in linearity, at 

approximately M n 1 0 0 0 0 0 , for the log-log plot of dissolution rate versus 

polymer molecular weight (for a range of developing temperatures). It 

therefore appears that for the dissolution of PMMA in MEK, the activation 

energy is susceptible to polymer molecular weight until a limiting molecular 

weight of 107000 is reached. Further analysis is required to fully understand 

this phenomenon but changes in the extent of chain entanglement is a 

possible explanation.

Polymer Mn Ea (kJ mol'1) Linear Correlation 

Coefficient

10300 85.8 0.999

2 2 2 0 0 92.5 0.998

34500 95.4 0.998

67000 97.4 1 . 0 0 0

107000 1 0 1 . 1 1 . 0 0 0

330000 106.9 0.999

820000 107.4 0.998

1400000 105.0 0.997

Table 6: Activation Energies and Linear Correlation Coefficients

for Dissolution of PMMA in MEK
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A range of swelling and dissolution kinetics were observed 

throughout the molecular weight series. For the temperature range studied, 

no initial swelling was observed for the polymer molecular weight of 10300 

(Figure 94), and swelling was not observed until temperatures below 25.4°C  

at a molecular weight of 67000 (Figure 95). At Mn 820000 (Figure 96), 

swelling was observed throughout the temperature range and the amount of 

swelling increased with decreasing temperature.

The increase in temperature provides energy for a general increase 

in segmental motion hence an increase in diffusion kinetics is observed. 

The activation energy is an indication of the energy required to uncoil the 

polymer chains and to overcome the intramolecular and intermolecular 

forces binding the polymer together. The movement of the solvent 

molecules takes place through "holes" which are produced as a result of 

polymer segment mobility. Therefore movement of the molecules is 

controlled by the motions of the polymer molecules and hence molecular 

weight dependent. As the Arrhenius plots indicate, the dissolution rate 

slows down with increasing molecular weight.

Table 7 shows the literature results for the temperature dependence 

of the diffusion of ethyl acetate in p o l y m e t h y l a c r y l a t e 1 9 9 . it can be clearly 

demonstrated that the diffusion coefficient increases with temperature 

indicating an increase in diffusion kinetics (with an activation energy of 

156.5 kJ mol- 1  for diffusion).

The swelling of PMMA at lower temperatures has also been observed 

by Manjkow and c o - w o r k e r s "  during the study of dissolution of PMMA  

(M n180000, y 2.8) in 50:50 v/v MEK/IPA over the temperature range 18.4 - 

24.8°C. At 24.8°C, the PMMA completely dissolved whilst at 18.4°C,
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65%  of the PMMA film remained with swelling observed at the lower 

temperature. The diffusion of the lower molecular weight polymer chains in 

the wide polydispersity sample is hindered by the presence of the high 

molecular weight polymer chains so, at the initial stages the swelling of the 

polymer predominates the process. As the PMMA sample swells further, the 

free volume of the polymer increases and the release of polymer is less 

hindered and hence the dissolution of the polymer molecules is the 

predominant process. This behaviour is typical of Case li diffusion which is 

characterised by an independence of activation energy with diffusivity where 

as diffusion-controlled processes (Case I) tend to vary with the diffusivity of 

the solvent molecule. This linear dependence of the Arrhenius plot was first 

observed by Greeneich for the dissolution of PMMA (Mw 39000 and 25000) 

however no swelling data was reported58.

Temperature (°C) Diffusion Coefficient (cm2 s- 1 )

65 5 .7 *  10-7

55 1 .8 * 10-7

45 6.3 * 10-8

35 7.0 * 10-9

25 6 .0 * 1 0 ' 1 0

15 4 .0 *  10" 1 1

Table 7: Value of Diffusion Coefficient for Ethyl Acetate in

Polvmethylacrvlate193



1 9 2

The independence of activation energy for dissolution with or without 

swelling concurs with the results obtained by Cooper and co-workers for the 

dissolution of PMMA 6 6  in MEK and MEK/ethylene glycol mixtures and gives 

excellent agreement with their value of 103 kJ mol"1. Papanu and co

workers in their study of the effect of temperature on the dissolution of 

narrow polydispersity PMMA (Mn 66700 and 129000, y 1.11) in MIBK6 6  

found no difference in activation energy and the high value (110 kJ m ol'1) 

was indicative of Case il sorption. Comparison of activation energy for the 

dissolution of wide polydispersity (M n 180000, y 2 .8 ) and narrow 

polydispersity PMMA sample (M n 129000, y 1.11) shows an increase in 

activation energy from 103 to 152 kJ mol" 1 as the sample becomes more 

polydisperse.

In his study of the effect of temperature on the dissolution of 

polydisperse PMMA for different prebake cooling rates, Papanu found faster 

dissolution rates for the samples with the fastest cooling rates. This 

enhancement in the rate of dissolution can be related to the proportion of 

free volume present in the polymer sample. The removal of solvent from the 

sample during the prebaking process opens up the polymer structure i.e. 

enhances the free volume. After prebaking, this is frozen into the polymer 

structure if the sample is quenched to room temperature. However, as the 

cooling rate is decreased, the polymer is able to reorganise hence closing 

up the increased free volume. Therefore Manjkow was observing faster 

dissolution rates for the PMMA samples with the greatest proportion of free 

volume. This dependence of dissolution rate on free volume further confirms 

our findings that the Case II diffusion process is operating i.e. above Mp 

107000, the activation energy is independent of molecular weight but 

dependent upon polydispersity.
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6.2 Transport of Methanol in PMMA

The resolution and sensitivity of a resist/developer system is strongly 

influenced by solvent transport in the polymer. During the development of 

resist images, the retained regions of polymer will swell due to solvent 

penetration. The amount of swelling observed is dependent upon the 

developer system but will affect the quality of the developed image. Hence a 

study into the effect of temperature upon swelling of resists (with no 

dissolution) would provide a better understanding into the diffusion process 

involved in resist development.

We have studied the effect of temperature on the swelling of PMMA 

thin films in methanol. PMMA was coated onto a series of quartz crystals 

and "developed" in pure methanol over the temperature range 15 - 40°C  

and the swelling curves for this system can be seen in Figure 97.

It can immediately be seen that the amount of swelling of the polymer 

increases with increasing temperature i.e. the final swollen thickness 

increases with temperature when no dissolution is observed. The swelling 

rate of the polymer increases with temperature and Figure 98 shows the 

Arrhenius plot for the swelling of the PMMA film. The plot shows a break in 

linearity at 30°C, which may be indicative of a change in the kinetics for the 

transport of methanol into the polymer. At the lower developing 

temperatures, an activation energy of 110.7 kJ mol-1 was obtained 

compared with a value of 57.2 kJ mol-1 for temperatures above 30°C.
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The transport kinetics of the solvent into the polymer is controlled by 

both the diffusion of solvent molecules into the polymer and the local 

relaxation of the polymer segments. The type of diffusional transport 

observed will be determined by the relative times for diffusion and 

relaxation. At low temperatures, Case II relaxation controlled transport 

dominates the overall observed kinetics whilst as the temperature is 

increased, the diffusion of the penetrant into the relaxing boundary 

contributes increasingly to the observed swelling kinetics. As the 

temperature is raised, the completion of sorption lags significantly behind 

the penetration of the relaxation boundary of the polymer film.
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Thomas and Windle4® observed a change in diffusion kinetics with 

temperature in their study of the transport kinetics of liquid methanol in 1 - 3 

mm thick PMMA sheets over the temperature range 23 - 63°C. At ambient 

temperature, the absorption of methanol followed Case II kinetics with the 

methanol penetrating the polymer behind a sharp front which moves at a 

constant velocity. At higher temperatures, the absorption of methanol 

increasingly deviated from Case II kinetics with the concentration of 

methanol at the front and the front velocity decreasing with increasing 

penetration. The mass absorption kinetics in which the exponent of time is 

unity for Case II sorption, approaches 0.5 which is indicative of Fickian 

diffusion. Other w o r k e r s 1 94 ,195  have reported swelling data for sheet 

PMMA in a series of alcohols. The analysis of the swelling of PMMA in 

m ethanol, ethanol, isopropanol and n-propanol at 20 and 45°C  

corresponded to Case II d if f u s io n 1 94 However, the swelling data for PMMA 

in ethanol and n-propanol between 50 and 95°C showed Case II diffusion 

near 50°C , but a movement towards Fickian penetration at higher

temperatures1 95.

Papanu and co-workers196 have studied the swelling of 1pm PMMA  

(M n 180000, y 2 .8 ) thin films in pure alcohols using ellipsometry. The 

penetration rate was calculated by dividing the initial film thickness by the 

time required for the film to swell completely. By comparing the 

experimental curves with the theoretical curves generated for Fickian and 

Case II transport models, they predicted that the swelling of wide 

polydispersity PMMA in methanol at 19°C followed the Fickian model. 

Based on Thomas and Windle's studies, Case II behaviour would have been 

expected for this temperature.
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Papanu suggested that the difference could be due to a thin film 

effect, with the observed Fickian behaviour being due to the initial uptake of 

methanol. With sheet samples, observations are not usually made until the 

solvent has penetrated the first 1 0 0 0  nm of the film, so that only the sharp 

front characteristic of Case II diffusion is observed. With thin films, the initial 

Fickian uptake could be a major fraction of the overall swelling, and the 

sharp front would not be established. This thin film effect has been observed 

with n-alkane swelling of polystyrene****. in thin films, the diffusional 

resistance of the swollen polymer is negligible, and swelling tends to be 

controlled by solvent penetration at the front. Whilst in thick films, the 

diffusional resistance of the swollen region increases as the film swells, and 

Fickian diffusion of solvent between the polymer/solvent interface and the 

penetrating front may control the swelling kinetics and an apparent shift to 

Fickian transport can o c c u r 4 **. The small molecular size of the penetrant i.e. 

methanol may also have contributed to this observed Fickian behaviour, as 

the molecules would have been able to penetrate ahead of the Case II front 

which would produce a diffuse interface indicative of Fickian diffusion. 

Peterlin 1 * * 7  has suggested that in Case II diffusion, a Fickian precursor 

precedes the penetrating front. Papanu found that as the molecular size of 

the penetrant increased the diffusion mechanism progressed from Fickian to 

Case II, as the contribution of the diffusive interface diminished.

Case II penetration was observed for the swelling of PMMA in 

isopropanol at 50.1°C, and Case II diffusion with overtones of Fickian 

diffusion was observed for ethanol penetration at 40 .8°C . As the 

temperature was increased from 19.0 to 25.8°C for methanol penetration, a 

certain degree of Case II diffusion was observed in later stages of the 

experiment. Therefore a progression from Fickian to Case II swelling was 

observed with increasing molecular size (and temperature).
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In the current work, we have observed a change in diffusion 

mechanism from Case II to Fickian with increased temperature for the 

penetration of methanol in PMMA with both the swelling curves and 

Arrhenius plot indicating a change in mechanism at approximately 30°C. A 

plot of the final percentage of swelling thickness versus the initial swelling 

rate also shows a break in linearity at 30°C (Figure 99). In the lower 

temperature range, the final swelling thickness changes to a much larger 

extent than the swelling rate, whilst at temperatures above 30°C, the change 

in swelling thickness begins to parallel the increase in swelling rate. From 

this analysis, it appears that the solvent penetration is much quicker than the 

relaxation of the polymer segments in the low temperature region, indicating 

that polymer relaxation is the rate determining factor (Case II). As the 

temperature increases, the diffusion mechanism moves towards Fickian with 

the solvent penetration equalling the rate of polymer relaxation and 

becoming the rate determining factor.

At higher temperatures, the observed decrease of activation energy 

for the methanol penetration is indicative of a change of diffusion 

mechanism. It would be expected that the activation energy would increase 

as the Case II mechanism became predominant, as the relaxation processes 

become rate-determining. Our observations and calculated activation 

energies contradict the predictions made by Papanu and co-workers196.

Papanu and co-workers suggested that the difference between their 

experimental results and those of Thomas and Windle could be due to the 

difference in polymer film thicknesses. However, our experimental 

technique uses film thicknesses similar to those of Papanu's and yet our 

results are similar to those observed by Thomas and Windle. Papanu and 

co-workers used the average swelling rate which does not take into account
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6,3 Dissolution of PMMA in Alkvl Acetate Solvents

A series of quartz crystals were coated with the PMMA standards (Mn 

22200 - 330000) and developed in a homologous series of alkyl acetates 

over the range 15 - 40°C. For each polymer/solvent system studied, the 

dissolution rates were calculated for each developing temperature and can 

be found in Appendix 2. Throughout the polymer molecular weight range 

and alkyl acetate solvent series, the dissolution rate increased with 

increasing developing temperature. To study the effect of polydispersity on 

the dissolution of PMMA, the dissolution rates of the wide polydispersity 

PMMA sample (Mp 56000) in the solvent series has also been measured.

As an illustration of the effects observed with increasing temperature 

when the solvent size is increased, the dissolution/swelling curves for PMMA 

(M n 330000) in the alkyl acetate series are shown in Figures 1 0 0  to 105. In 

methyl acetate, the dissolution of the polymer is very rapid and results in 

complete removal of the polymer film. The dissolution curves could only be 

measured at the lower end of the temperature range as at the higher 

tem perature the polymer dissolution was too rapid for accurate  

determination.

Throughout the solvent series, initial swelling of the polymer is 

observed and, as expected, the amount of swelling increases with solvent 

size. Comparison of the curves for n-propyl and isopropyl acetate (Figures 

102 and 3 respectively) indicates much faster swelling for the molecule with 

the smaller cross-section (i.e. n-propyl) with a broad distribution of 

dissolution rates for the bulkier molecule. For the development time studied, 

no dissolution of the polymer was observed at the lower development 

temperatures in n-pentyl acetate.
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To illustrate the effect of temperature with changing the polymer 

molecular weight upon the dissolution of PMMA, Figures 103 and 106 to 109 

show the dissolution curves for the molecular weight series of PMMA in 

isopropyl acetate over the temperature range 15 - 40°C. It is clearly shown 

that the rate of dissolution increases and swelling decreases with increasing 

temperature throughout the molecular weight series. The dissolution curves 

for the wide polydispersity PMMA (Mn 56000) are also shown (Figure 110) 

and it can be clearly seen the percentage of swelling is lower than the 

corresponding narrow polydispersity sample. As we have observed in the 

Chapter 5, the lower molecular weight chains in the wide polydispersity 

sample are initially removed which increase the free volume of the polymer 

film hence minimising the percentage of swelling observed.
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Throughout the range of polymer molecular weight studied, the 

Arrhenius plots for the dissolution of PMMA in the alkyl acetate series 

(Figures 111 - 116) show the same linear relationships and a general 

independence of the slopes with solvent size and molecular weight. Table 8 

shows the range of activation energies calculated for the polymer molecular 

weights studied. The results for dissolution in pentyl acetate indicates the 

greatest variation in activation energy (121.5 - 148.7 ±1.5 kJ m o l'1 ) 

increasing with polymer molecular weight and these values have been 

quoted separately in Table 8. The range of activation energy values 

observed for the wide distribution PMMA does not differ greatly from that of 

the standards. The values of activation energy are indicative of a Case II 

diffusion process.
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Polymer Mn Ea (kJ mol’ 1)

Methyl - Propyl Pentyl

22200 103.1 - 117.3 121.5

34500 108.1 - 117.8 127.9

67000 110.4 - 117.2 131.7

107000 105.2 - 117.1 148.7

330000 111.3- 127.2 140.3

56000 96.4 - 130.3

Table 8: Activation Energies Calculated from Figures 111 - 116
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The observed increases in the value of activation energy for pentyl 

acetate could be partly due to experimental error and to the greater 

percentage of swelling observed at the higher solvent molar volumes.

In their studies of PM M A/alkyl acetate solvent systems, 

O u a n o 4 0 , 1 9 1 , 1 9 8  and Gipstein5 7  found a break in the solubility rate/solvent 

molar volume relationship between butyl and propyl acetate for the PMMA 

molecular weights (Mw) of 9 4 0 0 0  and 4 7 6 0 0 0 .  They attributed this break in 

linearity to a change in diffusion mechanism, however, the experimental 

method used ("Dip and Dry") does not enable the measurement of the 

swelling of the polymer film which we have shown to occur at the higher 

solvent molar volumes. In Chapter 7 ,  a more thorough comparison between 

our experimental and literature results and the thermodynamic data 

obtained in Chapter 4 ,  has been made.

6.4 Conclusion

The solvent temperature has been found to be of great importance to 

the dissolution process with generally faster dissolution observed at higher 

temperatures. A range of swelling and dissolution kinetics have been 

observed for a series of PMMA/solvent systems.

By the measurement of the dissolution of PMMA in MEK, it has been 

shown that the diffusion process is controlled by the relaxation of the 

polymer (Case II). The activation energy has been shown to be susceptible 

to polymer molecular weight until a limiting molecular weight of 107000 is 

reached. Throughout a range of polymer molecular weight and alkyl acetate 

solvent series, the dissolution rate of PMMA has been shown to increase 

with increasing developing temperature.
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By the monitoring of the swelling curves and Arrhenius plot for the 

swelling of PMMA in methanol, a change in diffusion kinetics with 

temperature has been observed. Below 30°C, the Case II diffusion process 

dominates the swelling kinetics whilst at higher temperatures, the Flckian 

process predominates.

It has been clearly shown that the developing temperature will greatly 

determine the possible resolution of a resist. In Chapter 9, these studies 

have been continued to other resist systems.



Chapter Seven



7.0 Effect of Solvent Composition on PMMA 
Dissolution

The role of the solvent composition during resist development must 

be considered as the developer can have a great effect on the swelling and 

dissolution kinetics of the polymer film, and subsequently the overall 

resolution of the resist. At present, developers tend to be chosen empirically 

on the basis of molecular size, polarity, surface tension or surface reactivity 

but our aim was to make a more quantitative assessment of the factors 

involved in order to assist developer selection.

During the development process, solvent penetration and resist 

dissolution are controlled by both kinetic and therm odynam ic  

polymer/solvent interactions. The kinetic polymer/solvent interaction tends 

to be influenced by the solvent molecular size, whereas the strength of the 

interactions between the structural groups of the polymer and solvent 

molecules primarily influence the thermodynamic co m p a tib ility ^ . 

Thermodynamic effects can be inferred from equilibrium behaviour, by the 

degree of swelling and polymer/solvent solubility (see Chapter 4). Kinetic 

effects can be determined by dissolution and penetration rate 

measurements.

To gain an understanding of the various roles of solvent quality in 

solvent composition during the development of resist systems, the 

dissolution rate of PMMA in solvent/non-solvent mixtures has been 

measured. These studies have been further extended to include the effect 

of solvent molar volume on the dissolution kinetics of the polymer.
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7.1 Effect of Alcohols on the Dissolution of PMMA in MEK

Most photoresist processing is not carried out in pure solvents but in a 

mixture of a good solvent with a moderating non-solvent, and PMMA is 

typically developed in ketone/alcohol m ix tu res^ . Ketones are good 

solvents whilst alcohols tend to be poor solvents for PMMA usually swelling 

the polymer. Therefore, the alcohol moderates the dissolution rate and 

inhibits dissolution of the unexposed regions, allowing better process 

control which enhances the contrast of the resist.

7.1.1 Dissolution of PMMA in MEK/IPA Mixtures

The effect of added alcohol to MEK on the dissolution characteristics 

of PMMA in MEK can clearly be seen in Figure 117. This shows results at 

25°C for the development of wide polydispersity PMMA in pure MEK, pure 

IPA and six mixtures of varied composition. The pure solvent (i.e. MEK) 

gives rapid and complete dissolution of PMMA within 50 s, whilst 

development in pure non-solvent (i.e. IPA) shows no dissolution and slight 

swelling of the polymer film. The solvent/non-solvent mixtures give 

dissolution rates intermediate between those of the single components. 

Figure 118 shows a plot of dissolution rate versus composition for the 

dissolution of the wide polydispersity sample and for a PMMA standard (M n 

107000, y 1 . 1 0 ). The decrease in dissolution rate is proportional to the 

amount of non-solvent added until only swelling of the film is observed. Our 

thermodynamic studies in Chapter 4 for the IPA/PMMA system have shown 

that the value of the Flory-Huggins interaction parameter increases with 

solvent fraction indicating the reduced polymer/solvent interaction.
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Papanu and c o - w o r k e r s 5 5 > 1 90 have studied the swelling and 

dissolution of thin PMMA films in MEK/IPA mixture using in situ ellipsometry. 

They found that for a 1.2 pm PMMA film (Mw 180000, y2 .8 ) developed in 

40:60 v/v MEK/IPA at 24.8°C, less than 2% of the polymer dissolved, whilst 

in 80:20 v/v MEK/IPA, the sample dissolved in about 4 minutes with 

negligible swelling. They suggested that a narrow transition range (NTR) 

between dissolution and penetration occurred from 45:55 to 50:50 v/v 

MEK/IPA. W e have observed the initial occurrence of swelling (i.e. 

increased weight) of the PMMA (Mn 56000, y 2.0) film between 30:70 and 

20:80 v/v MEK/IPA corresponding to the NTR observed by Papanu. The 

appearance of the swelling in our systems is observed at a higher 

concentration of non-solvent, which is probably due to the lower molecular 

weight of our sample.

W e have previously shown that the rate of polymer dissolution 

increases with decreasing molecular weight (see Chapter 5), and Lai and 

Shepherd 5 3  have also shown that the width and position of the NTR would 

be expected to be functions of both temperature and polymer molecular 

weight. The results of Papanu have been plotted in Figure 118, and the 

decrease in dissolution rate is also found to be proportional to the amount of 

isopropanol present. The gradients of the lines increase with decreasing 

molecular weight (i.e. dissolution rate decreases in similar proportions 

irrespective of molecular weight.)

Manjkow and co-workers5 5  showed by comparison of predicted with 

experimental dissolution data, that the diffusion of the solvent/non-solvent 

(i.e. MEK/IPA) into the polymer is characteristic of Case II diffusion (i.e. the 

diffusion is characterised by a front of constant penetrant composition that
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enters the polymer at a constant rate). For non-solvent penetration, 

concentration in the solvent swollen layer remains constant and the mass 

uptake is linear with time46. In strong solvents, the gel layer dissolves into 

the solvent and its thickness is not detectable which gives rise to a constant 

dissolution rate6 7 . Manjkow has suggested that no dissolution of PMMA 

occurs until the NTR is reached, where the dissolution rises rapidly to equal 

the penetration rate.

With our experimental technique, we have been able to demonstrate 

that both initial swelling and overall dissolution of the polymer film can be 

detected at intermediate MEK/IPA concentrations.

7.1.2 Effect of Alcohol Molar Volume on the Dissolution of PMMA

Many workers have assumed that the properties of mixed solvent 

systems would be the average of those of the single components, however, 

this is not always the case. Alcohols are non-solvents for PMMA and when 

added to a solvent they would be expected to decelerate the dissolution of 

the polymer. This has been shown in Section 7.1.1, where the addition of 

IPA (2-propanol) to the solvent, MEK, decelerates the rate of dissolution. 

However, it has been found that the addition of some of the lower alcohols to 

MEK actually accelerates the dissolution of PMMA.

Figure 119 shows the results for the dissolution of the wide 

polydispersity PMMA (Mn 56000, y2.0) in a series of MEK/alcohol mixtures 

at 25°C.
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The addition of the higher alcohols (2-propanol, 1-butanol and 2- 

butanol) to MEK showed the expected decrease in dissolution rate with little 

difference in dissolution rates as indicated by the similar slopes. However, 

the addition of ethanol showed an increase in dissolution rate, whilst 

methanol showed the greatest enhancement with 150%  increase in 

dissolution rate at a concentration of 2 0 %.

Cooper and co-workers6 6  also demonstrated this phenomenon for 

methanol and ethanol with PMMA (Mn 320000, y1 .6 ) at 27.5°C. They 

observed a doubling of the dissolution rate by the presence of 2 0 % 

methanol in the MEK, wheras ethanol showed a maximum increase in 

dissolution rate of only about 12%. We therefore found a greater 

enhancement in dissolution rate for our PMMA sample. This difference 

could be due to the molecular weights of the PMMA samples (Mn 56000 and 

320000, respectively) and their polydispersities.

The effect of added alcohol on the dissolution of narrow  

polydispersity PMMA samples at Mn 67000, 107000 and 330000 has been 

studied, and the dissolution rates and the maximum enhancement of these 

rates are shown in Figure 120 and Table 9 respectively.
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Throughout the molecular weight range studied, the maximum 

enhancement was observed at 20% methanol. As expected an overall 

increase in the dissolution of the polymer was observed with decreasing 

molecular weight. It can be seen from Figure 120, that for the narrow 

polydispersity samples there is no significant difference in the maximum 

enhancement of the dissolution rate. However, there is a notable difference 

in the dissolution characteristics between the wide and narrow  

polydispersity PMMA samples.

Polymer Mn Y Maximum 

% Enhancement

% Alcohol

Addition of Methanol

56000 2 . 0 147 2 0

67000 1.04 124 2 0

107000 1 . 1 0 127 20/25

330000 1 . 1 1 118 20/25

Addition of Ethanol

56000 2 . 0 30 2 0

107000 1 . 1 0 18 1 0

Table 9: Effect of Alcohol on the Dissolution of PMMA in

MEK at 25°C

The dissolution rate for PMMA (Mn 56000, y2 .0 ) in MEK is double 

that obtained for the higher molecular weight PMMA (Mn 67000, y 1.04) 

sample, and this is a greater difference in dissolution rate than would be 

expected when the molecular weight of the samples is considered. As 

indicated by Table 9, a much greater enhancement in dissolution rate upon



addition is observed for the wide polydispersity sample. This can again be 

seen when comparing the dissolution data of the wide polydispersity sample 

with that of Mn 107000 for the ethanol and 2 -propanol addition (see Figure 

121).

A maximum dissolution rate enhancement of 18% for the addition of 

ethanol was observed for the narrow polydispersity sample compared to a 

30%  enhancement for PMMA (M n 56000, y2 .0 ). No enhancement was 

observed for the addition of 2-propanol on the dissolution rate of PMMA (Mn 

107000, y 1.11).

Papanu and c o - w o r k e r s 5 6  have studied the effect of adding methanol 

to MIBK on the dissolution rate of PMMA at 24.8°C. They found for PMMA  

(M n 180000, y 2 .8 ) that the penetration rate of methanol into the polymer is 

appreciable. The dissolution and penetration rates reached a maximum at 

about 75%  MIBK (synergistic effect), with pure solvent actually yielding the 

slowest penetration rate.

Rodriguez and Greole67 have also observed the enhancement of 

penetration rates due to the presence of kinetically mobile species. Water 

and methanol having an analogous effect on polystyrene dissolving in MIBK 

but to a lesser extent than with PMMA.
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In Chapter 4, we have measured the Flory-Huggins interaction 

parameters for the methanol, ethanol and isopropanol/PMMA systems at 

30°C  (Section 4.4.2.1). For isopropanol, the value of X was found to 

increase linearly with the solvent fraction whilst the methanol system 

showed different thermodynamic behaviour with a steep increase in X (i.e. 

reduced polymer/solvent interactions) at very low solvent fraction values (<

0.02) followed by a decrease in X values (i.e. enhanced polymer/solvent 

interactions) with further increases in solvent volume fraction. The ethanol 

system showed thermodynamic behaviour intermediate of that of methanol 

and isopropanol. For all three solvents, the high value of X indicates that 

they are poor solvents.

This thermodynamic behaviour correlates well with the observed 

dissolution kinetics. The addition of isopropanol to MEK has been shown to 

decrease the dissolution of PMMA and as Figure 70 indicates, the 

interaction between IPA and PMMA decreases with increasing solvent 

fraction throughout the solvent concentration range measured. The addition 

of methanol has enhanced the dissolution rates and this enhancement has 

been ascribed to the ease of diffusivity of the small molecular size of 

methanol. Observation of Figure 70 shows that the thermodynamic 

parameter for methanol/PMMA is seen to decrease with solvent fraction (i.e. 

enhanced interaction) between solvent and polymer, and it is therefore 

apparent that both diffusional (i.e. solvent size) and thermodynamic 

interactions are influencing the dissolution kinetics observed. As we have 

shown in Figure 70 , a higher value of solvent fraction is reached before 

ethanol shows an increase in polymer/solvent interaction and hence 

although the size of ethanol is sufficiently small to easily enter the PMMA



structure, the thermodynamic interaction will not be as great a contributory 

factor as in the case of methanol.

Cooper and co-workers6 6  have tried to rationalise this dissolution 

behaviour by considering the contrasting dependence of thermodynamic 

interaction and diffusion on various molecular parameters. The overall 

solubility parameter of the components can be used to study the 

thermodynamic interactions of the components. The solubility parameters of 

a selection of solvents can be seen in Table 1 0 .

Solvent Molar Volume”* 6 6  

(cm6  mol-1)

Solubility Parameter6 4  

([MPa]1/2)

MEK 90.1 19.0

MIBK 125.8 17.0

Methanol 40.7 29.7

Ethanol 58.5 26.1

1-Propanol 77.5 24.9

2-Propanol 79.4 23.4

1-Butanol 91.8 28.7

2-Butanol 92.2 22.7

Water 18.0 47.8

Table 10: Molar Volumes and Solubility Parameters of a

Series of Solvents at 25°C

It can be seen that there is a large difference in the value of solubility 

parameter between MEK and the alcohols and water. The addition of each 

alcohol to MEK should raise the solubility parameter of the solvent and it
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would be expected that the addition of a small amount of methanol should 

be as effective as a larger amount of propanol due to the higher value of 

solubility parameter for methanol. However, the observed dissolution rates 

show that a small amount of propanol slows the dissolution rate of PMMA 

whereas the same amount of methanol dissolves the polymer at a faster 

rate. It becomes apparent that the enhancement of dissolution rate upon the 

addition of methanol can not be explained by the thermodynamic 

interactions alone, but must involve some diffusional property. 2-Propanol, 

1 -butanol and 2 -butanol show no enhancement of dissolution rate and 

hence above a value of molar volume of approximately 77 cm 0  mol- 1  the 

effects can be explained by thermodynamic interactions.

The diffusion coefficient is usually used to describe the diffusional 

characteristics of a molecule. The Wilke-Chang correlation2 ® 0  states that 

the dependence of the solvent diffusion coefficient should be inversely 

proportional to the cube root of its molar volume. The enhancement 

observed for the addition of methanol and water could therefore be ascribed 

to the small, mobile molecules diffusing rapidly into the polymer and 

opening up the structure (i.e. plasticisation) so as to allow the solvent (i.e. 

MEK) into the polymer at a faster rate, and hence enhancing the dissolution,

i.e. the effective diffusion coefficient of MEK is increased.

This plasticisation effect has been observed by Long and Thompson 

when the addition of water vapour to acetone or carbon tetrachloride 

vapours increased the swelling rate of poly(vinyl acetate)2 0 1 . If the 

enhancement of the dissolution rate is due to this plasticisation effect, it 

would be expected that the enhancement would diminish as the size and



subsequent mobility of the non-solvent increases. This has been observed 

in this work, and that of Cooper for the addition of ethanol where a smaller 

enhancement in dissolution rate was observed (compared to methanol) as 

the larger molecule diffuses at a slower rate into the polymer. As the size of 

alcohol molecule is further increased, a further reduction in the 

enhancement of the dissolution rate would be expected until the rate of 

diffusion of the solvent into the polymer structure will be greater than that of 

the alcohol, and a decrease in dissolution rate would be observed due to 

the alcohols' non-solvent effect.

Sfirakis and Rogers2 0 2  have also observed this phenomenon for the 

sorption of alcohol vapours by PMMA compression moulded films. They 

observed that the amount of penetrant sorbed by the polymer decreased 

linearly with increasing molecular size for methanol, ethanol and propanol 

followed by a large decrease in solubility for 2 -propanol and 1 -butanol. 

Ueberreiter39 has stated that some thermodynamically poor solvents may 

penetrate a polymer matrix at a much faster rate than thermodynamically 

good ones.

Cooper observed that the addition of 2-propanol gave an 

enhancement whilst 1-propanol did not. However, we have observed the 

opposite, with the addition of 1 -propanol giving an enhancement of 

dissolution rate. By considering the effective cross-section of 1-propanol 

and 2 -propanol, it would be expected that the addition of the former would 

give the greater enhancement as it has the smaller cross-section. The 1- 

propanol molecules could align such that the longer backbone does not 

hinder diffusion.
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It can therefore be concluded that the rate of diffusion of the non

solvent molecules into the polymer is the predominant factor for the lower 

alcohols, with the polymer/solvent interactions (i.e. thermodynamics) 

becoming increasingly important as the solvent molecular size is increased. 

Both Cooper's work and this work observed the transition between 

domination by kinetic effects and by thermodynamic effects between ethanol 

and the propanols. It has been shown that the polydispersity of the polymer 

will effect the enhancement of dissolution rates and that differences in 

polydispersity have a greater effect on the enhancement of dissolution rate 

than differences in molecular weight.

7.1.3 Effect of Water on Dissolution of PMMA in MEK

The effect of adding water to MEK up to the solubility limit of 10% v/v 

on the dissolution rate of PMMA (Mn 56000, y2 .0 ) at 16.0 and 25.3°C in 

MEK is shown in Figure 122.

Water is a non-solvent for PMMA, and it would therefore be expected 

that the addition of the non-solvent would lead to a drop in the dissolution 

rate of PMMA as the water content is increased. However, we have again 

observed an acceleration in dissolution rate upon the addition of the non

solvent (see Section 7.1.2). Our results show that up to a concentration of 

6 % and 4% v/v water/MEK at 25.3 and 16.0°C respectively, there is an 

increase in the dissolution rate of PMMA. A doubling of the dissolution rate 

was observed compared to that of MEK alone. A slow tail off of the increase 

in dissolution rate was then observed. The maximum enhancement of 

dissolution rate at 16.0°C was 105% of the polymer film whilst at 25.3°C it 

was 113%.
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Figure 122: Effect of Water on the Dissolution of PMMA in MEK

Cooper and co-workers6® have observed this enhancement of 

the dissolution rate of PMMA when adding water to MEK. PMMA samples 

(M n 36000, y 1.5 and Mn 320000, y 1 .6 ) were developed at 27.5°C and the 

dissolution rates for these samples can be seen in Figure 123. They also 

observed an increased enhancement effect with increasing temperature. It 

must be noted that we again observed higher dissolution rates and a greater 

enhancement of dissolution rate than Cooper. Initially this is surprising as it 

would be expected that our results would lie between those of the two 

samples. However, if the polydispersity of the samples is considered, it can 

be seen that the PMMA (M n 56000, y 2.0) sample has a higher 

polydispersity than the other samples. As shown in Chapter 5, polymers 

with the same molecular weight but varying polydispersities will dissolve at 

different rates in the same solvent. The polymer with the highest



Di
ss

ol
ut

io
n 

Ra
te

 
(|im

 
s-

1)

23 1

0 .08 -

Molecular Weight

36000 Ref. 660 .06 -

320000 Ref. 66

56000

0.04 H

0 .0 2 -

o C\J CD 00 O C\J

%  Vol W ater

Figure 123: Effect of Water on the Dissolution ol

(Mn 56000 - 320000) in MEK



polydispersity will generally have a higher initial dissolution rate. It is 

therefore not surprising that we see a variation between our results and that 

of the work of Cooper.

7.2 Dissolution of PMMA in Alkvl Acetate Solvents

The investigation of the effect of the size of the solvent molecule on 

the dissolution rate of wide polydispersity PMMA (Mn 56000, y2.0) has been 

continued by using acetate solvents ranging from C-i to C 5  at 25°C. As we 

have demonstrated in Section 7.1, it is expected that the solubility of the 

polymer will be greatly affected by the solvent molar volume, as the mobility 

of a solvent is strongly affected by the relative size of the free volume 

between the polymer chains and that of the solvent molecule. The results 

shown in Table 11 and Figure 124 indicate that the dissolution rate of PMMA 

decreases with increasing size of the acetate molecule, and for acetate 

solvents larger than ethyl, swelling Is observed prior to dissolution.

Solvent Solvent Molar Volume 

(cm3 mo|-1)203

Dissolution Rate 

(pm S'1* 103)

Methyl acetate 62.6 95.4

Ethyl acetate 80.2 38.3

Propyl acetate 97.6 5.2

Butyl acetate 115.2 2 . 2

Pentyl acetate 131.6 0 . 2

Table 11: Dissolution of PMMA (Mn 56000. y  2.0) in Alkyl

Acetate Solvents at 25°C
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The same trend of dissolution rate for these solvents was found by 

Ouano for the development of PMMA (Mw 476000) in the acetate 

solvents4 0 * 5 7 - 1 0 1  «1 ° 8 .

The dissolution of PMMA in the alkyl acetate solvents has been 

studied in a series of PMMA standards (M n 22200 - 330000) over a 

temperature range 15 - 40°C. The effect of molecular weight and 

temperature has been discussed in Chapters 5 and 6  respectively. A similar 

trend in dissolution curves has been observed with the standards compared 

with the wide polydispersity sample. Throughout the molecular weight 

range, the proportion of initial swelling of the PMMA film observed is found 

to increase with increasing solvent molar volume.

The log-log plots of dissolution rate versus solvent molar volume for 

the molecular weight and temperature range show the dependence of 

dissolution rate on solvent molar volume (Figures 125 to 130). Generally a 

linear dependence of polymer solubility on the solvent molar volume has 

been shown with good linear correlation, and the slopes are independent of 

developing temperature as shown in Table 12. A wider range of values of 

slope is observed at 40°C which could be due to a greater experimental 

error at the higher developing temperatures. Throughout the temperature 

range, the results for PMMA (Mn 56000) lie close to those obtained for M n 

34500. The slopes of the lines for Mn 56000 are similar to those observed 

for the PMMA standards, hence the polydispersity of the polymer is not 

greatly affecting this log-log relationship.
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Figure 125: Dissolution of PMMA in Alkvi Acetates at 15°C
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Figure 126: Dissolution of PMMA in Alkvl Acetates at 20°C
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Figure 130: Dissolution of PMMA in Alkvl Acetates at 40°C

Temperature (°C) Slope 

(w.r.t. M. Wt.)

Linear Correlation 

Coefficient

15 7.06 - 8.43 0.983 - 0.997

20 7.06 - 8.72 0.979 - 0.998

25 7.20 - 8.54 0.980 - 1.000

30 6.74 - 8.53 0.986 - 0.993

35 6.88 - 8.94 0.987- 1.000

40 6.37 - 8.96 0.960 - 0.998

Table 12: Effect of Temperature on the Slopes of Figs. 125 to 130



The effect of polymer molecular weight upon the log-log relationship 

can be observed in Table 13. Although, initial observation of the respective 

Figures indicates an independence of slope with molecular weight, the data 

in Table 13 shows that there is a slight increase in the value of slope as the 

polymer molecular weight is increased from 22200 to 34500 (throughout the 

temperature range). This may be due to the swelling of the polymer film 

obscuring the dissolution data.

Although we have generally found a linear relationship for the log-log 

plot, as indicated by Figures 125 to 130, closer examination of the plots 

indicates that there may be a break in linearity at a solvent molar volume 

equivalent to ethyl acetate. Figures 125 and 126 for the dissolution of 

PMMA in the acetate solvents at 15 and 20 °C have been plotted to show 

this possible break in linearity. It can be seen that the break in linearity is 

very small, and may be partly due to the greater experimental error involved 

in measuring dissolution rates at the lower solvent molar volumes (i.e. faster 

rates). It therefore becomes apparent that further investigation of these 

dissolution characteristics is required.

In their study of the dissolution of polystyrene in a homologous series 

of alkyl acetates at 25°C, Asmussen and Ueberreiter5 4  have shown a sharp 

drop in solubility rate of polystyrene between propyl and butyl acetate. This 

drop in solubility has also been found by Ouano and Gipstein5 7  for polymer 

molecular weights Mw 94000 and 476000. They found that the solubility 

rate/solvent molecular weight relationship for each molecular weight of 

PMMA in the alkyl acetate series gave two straight lines with different slopes 

(2.4 and 13.8). The break in linearity is much greater than that observed in 

Figures 125 and 126b. It has been suggested that the sharp change in the
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Polymer Mn Slope Linear Correlation 

Coefficient

Developing Temp. 15°C

2 2 2 0 0 7.06 0.994

34500 7.74 0.989

67000 8.43 0.993

107000 7.94 0.997

330000 8.35 0.991

56000 7.99 0.983

Developing Temp, 20°Q

2 2 2 0 0 7.06 0.998

34500 7.27 0.991

67000 8.05 0.995

107000 8.72 0.981

330000 8.72 0.985

56000 7.17 0.979

Developing Temp. 35°C

2 2 2 0 0 6 . 0 1 0.998

34500 7.75 0.991

67000 8.35 0.998

107000 8.94 0.989

330000 8.94 0.990

56000 6.74 0.960

Table 13: Effect of Polvmer Molecular Weight upon the Slopes of

Flos. 125 to 130
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slopes of the log-log plot could be due to a change in the diffusion 

mechanism. Ouano and Gipstein have used a "Dip and Dry" method in the 

determination of the dissolution rates, which is not able to give any 

information on the swelling of the polymer, and have therefore quoted the 

overall dissolution rate of the polymer which include any initial swelling 

hence reducing the dissolution rate observed. These results have been 

plotted in Figure 127 and the deviation between our results and the 

literature can be clearly observed.

Our experimental technique is able to monitor the initial swelling of 

the polymer and separate this from the dissolution rate. The change in 

linearity observed by Ouano coincides with our observation of swelling of 

the PMMA film. Figure 124 shows there is a noticeable break between no 

swelling and swelling of the PMMA film (Mn 56000) at 25°C  when 

increasing the solvent chain length from C 2  to C 3 . The results therefore 

clearly show that the change in slope observed by Ouano is due to the 

appearance of swelling of the polymer which, as shown previously, is 

dependent upon molecular weight and developing temperature.

Observation of the thermodynamic data for the sorption of the alkyl 

acetates on PMMA, shows that there is a great difference in the 

thermodynamic behaviour for methyl acetate compared with the other alkyl 

acetates. Methyl acetate has much higher values of interaction parameter 

throughout the concentration range studied indicating lower polymer/solvent 

interactions. The interaction parameter values for methyl acetate is so high, 

that no swelling of PMMA is observed and from our dissolution data it is 

apparent that the diffusional properties of the small methyl acetate molecule 

has a greater influence on the dissolution. With increases in the size of the



alkyl acetate molecule, the thermodynamic behaviour becomes a 

contributing factor and hence swelling of the polymer film is observed due to 

the greater polymer/solvent interactions compared with methyl acetate.

7.3 Conclusion

The direction of resist technology is towards narrower lines and 

greater line density which indicates the need for the careful choice of 

developers to enable the development of the polymer surface with 

geometrical integrity. In this Chapter, we have shown that interesting 

dissolution characteristics can be observed by the changing of solvent molar 

volume and that the size of the solvent molecule must be taken into account 

when predicting dissolution behaviour of a resist system. It has been 

demonstrated that the variation of the composition of solvent/non-solvent 

mixtures can greatly affect the observed dissolution/swelling kinetics of 

polymer films. Enhancement of the dissolution rate of PMMA has been 

demonstrated upon the addition of small alcohol molecules (non-solvents) 

to MEK. By the use of our piezoelectric sorption detector, we have been 

able to obtain thermodynamic data that has aided us in the understanding of 

the dissolution behaviour observed.

In Chapter 9, we will continue this study by considering the effect of 

solvent composition on both negative and positive resist systems.



Chapter Eight
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8.0 Dissolution Studies of other Resist Systems

In the previous Chapters, we have considered the effect of various 

developing parameters on the dissolution of PMMA. PMMA is a well known 

photoresist and has been well characterised in the literature. This has given 

us the opportunity to compare our results with other experimental techniques 

and to further develop some of the observations made by previous workers 

whilst showing the viability of our QCM technique for the study of dissolution 

and swelling kinetics. In this Chapter, we have extended our studies to both 

positive (polystyrene, poly(4-chlorostyrene) and poly(phenylmethylsilane)) 

and negative (poly(vinyl cinnamate)) resist systems, which have not been as 

well studied, considering the effect of molecular weight, temperature and 

solvent composition upon the development of the resists.

8.1 Effect of Molecular Weight on Polymer Dissolution

In Chapter 5, we have demonstrated that both the molecular weight 

and its distribution can have a great effect on the dissolution and swelling of 

PMMA films. In this Chapter, we have considered the change of solubility of 

the above positive resists with respect to molecular weight and compared the 

results with trends observed for PMMA.

8.1.1 Dissolution of Polystyrene in 60:40 v/v MEK/IPA

As contrast tends to increase with decreasing molecular weight for 

polystyrene-based resistsl 3, the QCM dissolution apparatus has been used 

to investigate the effect of molecular weight on the dissolution of polystyrene. 

Figures 131 and 132 show the dissolution characteristics of polystyrene in a 

60:40 v/v MEK/IPA solution over a series of temperatures. The solubility of a
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wide polydispersity polystyrene sample (Mw 430000, y 3 . 1 )  has been 

compared with the solubility of a low polydispersity polystyrene standard (Mw 

675000, y 1.05) to enable a correlation to be made between dissolution 

characteristics and molecular weight and its distribution. Initially the 

dissolution of polystyrene in pure MEK had been studied but the polymer film 

was found to dissolve almost instantaneously, and certainly too fast to be 

measured by our apparatus. The same situation was observed for the 80:20 

v/v MEK/IPA mixture. Difficulties were encountered in obtaining a crystal 

oscillation for the 70:30 v/v MEK/IPA mixture and this is thought to be due to 

viscosity effects. However, as the non-solvent concentration was increased 

above the 70:30 composition, the crystal oscillation was regained.

On comparison of the dissolution/swelling curves of the two 

polystyrene samples, a number of striking differences can be observed. No 

swelling is observed over the temperature range studied for the wide 

distribution sample, whilst at the lower temperatures, the polystyrene standard 

initially swells. For both samples, there was incomplete removal of the 

polymer film due to the presence of the non-solvent inhibiting the dissolution. 

Greater film removal is observed for the wide distribution sample with 

dissolution occurring over a much longer time-scale. The initial dissolution 

rates observed at the higher temperature range for the polystyrene standard 

are much higher than the corresponding rates for the wide distribution 

sample, whilst the overall dissolution rates for the wide distribution 

polystyrene are faster than those for the polystyrene standard.

The striking differences between the swelling/dissolution curves of the 

two samples can be accounted for by the differences in molecular weight and 

polydispersity (as was observed for the dissolution of PMMA in MEK). On 

consideration of the number average molecular weights of the polystyrene
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samples, the slower overall dissolution rates observed for the polystyrene 

standard would be expected due to the higher molecular weight (Mw 675000) 

of the sample. The wide distribution sample is made up of a range of 

molecular weights including a significant proportion above 67500 and, when 

the solvent mixture enters the polymer structure, the low molecular weight 

polymer chains dissolve away more quickly than the bulk of the polymer. The 

early removal of these polymer chains opens up the polymer structure 

enabling the solvent to enter and dissolve away the remaining higher 

molecular weight polymer at a faster rate. This opening up of the structure 

also increases the total amount of polymer removed. The initial removal of 

the low molecular weight material overshadows any swelling of the polymer 

that may occur.

The polystyrene standard has a narrow range of polymer molecular 

weights and there is no initial removal of low molecular weight polymer hence, 

more solvent must enter before any material is removed. At sufficiently low 

temperatures, the diffusion of the solvent before dissolution is so slow that the 

swelling of the polymer structure is observed. As more solvent enters, the 

polymer starts to dissolve and dissolution is observed. Further lowering of the 

temperature will increase the amount of swelling observed before the 

dissolution mechanism dominates.

Once dissolution occurs, the polymer chains will dissolve away from 

the substrate at approximately the same rate until no more polymer is 

removed. Therefore a fast initial dissolution rate is observed for the narrow 

polydispersity sample which tails off rapidly with little polymer removed, the 

wide polydispersity sample shows a faster overall dissolution rate with 

dissolution lasting longer and hence a larger percentage of polymer being 

removed.
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In conclusion, although the molecular weight of the polystyrene resist 

can greatly affect the obtained contrast of a resist (i.e. contrast enhanced at 

lower molecular weights) it must not be considered in isolation as such factors 

as the polydispersity of the sample will also affect the contrast obtained.

8.1.2 Dissolution of Poly(phenylmethylsilane) (Mn 7500 - 53700) 

in 75:25 v/v MEK/IPA

The effect of polymer molecular weight upon the dissolution of 

poly(phenylmethylsilane) has been studied in a developer composition of 

75:25 v/v MEK/IPA. The effect of solvent composition will be discussed in 

later sections. As detailed in Section 2.3.2.3, a range of molecular weights 

(Mn 7500 - 53700) of the poly(phenylmethylsilane) were prepared from a wide 

polydispersity polysilane sample by preparative GPC and fractionation 

precipitation. These molecular weight samples were developed in 75:25 v/v 

MEK/IPA over the temperature range 15 - 40°C and the dissolution curves for 

the respective molecular weights can be found in Figures 133 to 139. It was 

hoped that the presence of the non-solvent would enhance any swelling 

characteristics of the samples. A direct comparison of the dissolution 

characteristics between the molecular weight samples can not be made 

because of the differences in polydispersity. However, some qualitative 

information can be obtained, and Table 14 gives an indication of the trends in 

percentage of film removed and swelling of the polymer sample at 15, 25 and 

40°C.
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Figure 137: Dissolution of Polv(phenvlmethvlsilane) (Mn 29300) in

75:25 v/v MEK/IPA
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Figure 139: Dissolution of Polvfphenvlmethvlsilanel (Mn 53700) in

75:25 v/v MEK/IPA

At 15°C, with the exception of the low molecular weight samples (Mn 

7500 and 9600) (Figures 133 to 134 ), initial swelling is observed throughout 

the molecular weight series which is followed by very slow dissolution rates. 

Above Mn 36500, no dissolution of the polymer film was observed for the 

recorded development time. Comparison of the dissolution curves of the Mn 

53700 and 36500 samples (Figures 139 and 138) shows a lower percentage 

of swelling for the higher molecular weight sample, which is opposite to the 

trend observed at lower molecular weights. The polydispersities of the Mn 

53700 and 36500 polysilane samples are 5.8 and 1.8 respectively, and 

therefore as we have observed previously, it would be expected that the 

sample with the w ider molecular weight distribution would have shown a 

faster dissolution rate. The smaller polymer molecules found in the higher 

polydispersity sample will be more readily removed from the top layers of the
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Polymer Mn Maximum % Swelling Final % Film Remaining

Developing Temp. 15°C 

7500 none 48

9600 none 76

14500 1 0 108

18400 13 103

29300 14 108

36500 23 123

53700 19 119

Developing TemD. 25°C

7500 none 35

9600 none 74

14500 2 95

18400 none 84

29300 1 93

36500 8 103

53700 1 1 1 1 2

Developing Temp. 40°C

7500 none 2 1

9600 none 6 6

14500 none 81

18400 none 76

29300 none 82

36500 none 93

53700 none 96

Table 14: Dissolution of Polyfphenylmethvlsilanel in 75:25 v/v MEK/IPA



polymer film, hence increasing the free volume of the film and enabling the 

entry of the solvent with minimal swelling.

The swelling of the film can be suppressed by the use of a higher 

developing temperature and this was demonstrated at 40°C, where none of 

the polysilane samples swell and faster dissolution rates are recorded. The 

effect of polydispersity is again observed with very little difference between 

the percentage of film removed for the higher molecular weight samples. At 

25°C, the balance between swelling and dissolution is clearly illustrated with 

no measurable initial swelling below a molecular weight of 29300 (Figure 137) 

and no dissolution at M n 53700 (Figure 139). Surprisingly, considering the 

polydispersity, the dissolution curves observed for M n 14500 and 18400 

(Figures 135 and 136) are very similar. This is because swelling of the film is 

observed around this molecular weight region and is obscuring the actual 

dissolution curves. Again the effect of polydispersity can be seen for the 

swelling characteristics of Mn 34500 and 53700 with little difference between 

the two samples.

The general trend observed for all the developing temperatures studied 

is an increase in dissolution rate and percentage of film removed, and 

decrease in the proportion of swelling with an increase in molecular weight, if 

the polydispersity is kept constant. Throughout the temperature range, a 

great difference is observed between the dissolution/swelling curves for M n 

9600 and 7500. One possible explanation for this great deviation is the 

difference in polydispersity, but considering the comparatively small effect 

observed at the higher molecular weight region it is unlikely that this is the 

only factor operating.
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The log-log plot of dissolution rate versus polymer molecular weight 

shows a linear relationship with an increase in the slope of the lines with an 

increase in temperature (Figure 140). Table 15 shows the change in slopes 

observed. The break in linearity with respect to molecular weight observed 

for the dissolution of PMMA in MEK and alkyl acetate solvents, has not been 

observed with the polysilane samples. This may be due to the wider 

polydispersity of the polysilane samples compared with the PMMA series.

Throughout the temperature range studied, there is an anomalous 

point at M n 29300. The dissolution rates measured deviate greatly from the 

linear relationship and although differences in polydispersity can be used as 

one possible explanation, further analysis is required to give a fully 

satisfactory explanation for this deviation.

As stated in Chapter 5, the diffusion coefficient of the solvent has been 

found to be independent of molecular weight over a large range of chain 

lengths17, but the results for the polysilane molecular weight series indicates 

a decrease in dissolution rate with increasing chain length. This is in 

agreement with the trend found for the dissolution of PMMA in MEK where the 

slowing of the rate of dissolution is due to an increasing entanglement of the 

macromolecules. The swelling thickness of the polymer has increased with 

the decrease in dissolution rate, therefore by keeping the diffusion coefficient 

constant the following equation proposed by Ueberreiter and Asmussen is still 

obeyed.

D = s8

where D is the mean diffusion coefficient, 8  is the swollen surface layer and s 

is the dissolution rate.
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Temperature (°C) Equation (y = mx+c)

15 -3.968X + 38.410

2 0 -3.770x + 37.052

25 -3.400X + 33.989

30 -3.049x + 31.094

35 -2.588X + 27.179

40 -1.91 Ox+ 20.949

Table 15: Change in Gradient with Temperature for Figure 140

In all our molecular weight studies, for both positive and negative 

resists, we have observed an overall trend of decreased rate of dissolution 

and a greater degree of swelling of the polymer film with increasing molecular 

weight. Wide polydispersity samples tend to dissolve at a faster rate, with 

reduced swelling, than the corresponding standards. The swelling of the 

resist film can therefore be moderated by the useful selection of the polymer 

molecular weight and its distribution.
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8.2 Effect of Temperature on Polvmer Dissolution

In Chapter 6  , we have made some preliminary studies on the effect of 

temperature on the dissolution kinetics of PMMA and generally found that the 

rate of dissolution increases with temperature whilst, any swelling of the film 

can be suppressed or diminished by increasing the developing temperature. 

These studies have been continued by considering the effect of temperature 

on the development of styrene-based resists, poly(phenylmethylsilane) and 

poly(vinyl cinnamate).

8.2.1 Dissolution of Stvrene-based Resists

8.2.1.1 Dissolution of Polystyrene in MEK/IPA Mixtures

The effect of changing temperature on the dissolution kinetics of 

polystyrene in three solvent/non-solvent concentrations of MEK/IPA has been 

studied. The dissolution curves for polystyrene (Mw 430000, y 3.1) in a 60:40 

v/v MEK/IPA mixture for the temperature range 20 - 40°C are shown in Figure 

141. In this temperature range, no initial swelling of the polystyrene film was 

observed and the dissolution rate and percentage film removed increased 

with increasing temperature. For the development time studied, there is 

approximately 25% dissolution at 40°C, whereas only 5% at 20°C. Figure 142 

shows the Arrhenius plot for the dissolution of polystyrene in 60:40 v/v 

MEK/IPA which gives an activation energy value of 88.1 kJ mol"1 with a linear 

correlation coefficient of 0.998. This value of activation energy is comparable 

to that observed in Section 6.1 for the dissolution of PMMA in MEK (Ea = 85.8 

-1 0 7 .4  kJ mol-1) is indicative of Case II diffusion mechanism.
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Figure 141: Effect of Temperature on the Dissolution of Polystyrene
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On increasing the concentration of non-solvent (i.e. IPA) in the solvent 

mixture to 50:50 v/v MEK/IPA, slower dissolution rates were observed and 

below 25°C, initial swelling of the polymer could be seen (Figure 143). As the 

dissolution curves and final film thickness were very similar throughout the 

temperature range, it was very difficult to obtain accurate dissolution rates, 

and hence no Arrhenius plot is shown for this concentration. However on 

exam ination of Figure 143, it can be seen that the final film thickness 

decreases and dissolution rate increases with increasing temperature. 

Development of polystyrene in 40:60 v/v MEK/IPA showed a larger degree of 

initial swelling and throughout the temperature range, the final swelling 

thickness increased with no dissolution of the polymer (Figure 144). An 

activation energy of 177.1 kJ m o l'1 for the swelling of the polymer was 

obtained from the Arrhenius plot with a linear correlation coefficient of 0.998, 

as shown in Figure 145.
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Figure 143: Effect of Temperature on the Dissolution of Polystyrene

(Mw 430000) in 50:50 v/v MEK/IPA



F
il

m
 

R
e

tr
a

in
in

g

261

160.0

150.0
39.8

140.0

130.0
35.8

31.0120.0

X 110.0

20.3
100. 0<

0.0 100.0 200.0 300.0
T i n e  ( s )

Figure 144: Effect of Temperature on the Swelling of Polystyrene 

(Mw 430000) in 40:60 v/v MEK/IPA

-4 -

o>

- 6 -

CM

CO
CO

CO CO
uo
COCO

1/T+103 (K-1)

Figure 145: Arrhenius Plot for the Swelling of Polystyrene 

(Mw 430000) in 40:60 v/v MEK/IPA



In terms of the dissolution mechanism for polystyrene, it seems that the 

polymer develops a thick swollen layer between the solvent and polymer and 

this has also been noted by Ueberreiter39 and Ouano59. At the 60:40 v/v 

MEK/IPA concentration, the slow formation of an initial gel layer is 

overshadowed by dissolution of the polymer and, even at the low 

temperatures only the dissolution of the polymer is observed. As the 

temperature is increased at this concentration, the dissolution rate increases, 

and the formation of the gel layer is further obscured.

When the concentration of IPA is raised to 60%, the dissolution rate of 

the polymer is reduced due to the lower concentration of solvent and the initial 

gel layer is thicker due to the increased fraction of non-solvent swelling the 

polymer. The swelling of the polymer predominates and hence an overall 

swelling (gel formation) rate is observed. As the temperature is increased, 

the swelling rate as opposed to the dissolution rate increases, and no 

dissolution is observed as there is insufficient solvent present in the system.

The difference in values of activation energy for the dissolution process 

reflects the need for greater swelling of the polymer film when a larger 

concentration of non-solvent is used (i.e. higher activation energy value 

indicating more energy required for movement of the polymer chains).

At the intermediate solvent/non-solvent concentration of 50:50 v/v 

MEK/IPA, the swelling and dissolution processes appear to be acting with the 

same effect, as both a small amount of initial swelling and dissolution of the 

polymer is observed. As the temperature is increased, the amount of swelling 

observed decreases and the overall dissolution increases. Therefore it can 

be concluded that the resist dissolution kinetics of polystyrene can be
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controlled by the careful selection of both temperature and developer 

composition.

8.2.1.2 Dissolution of Poly(4-chlorostyrene) in 40:60 v/v MEK/IPA

The results of the development of poly(4-chlorostyrene) (Mn 60000) in 

40:60 v/v MEK/IPA over the temperature range 20 - 40°C are shown in Figure 

146. Over the complete temperature range, only swelling of the polymer was 

observed with the total amount of swelling decreasing with increasing 

temperature whilst, the initial swelling rate increased with an increase in 

temperature.

On comparison of the swelling curves of polystyrene (Mw 430000, y 

3.1) with those of poly(4-chlorostyrene) in 40:60 v/v MEK/IPA (Figures 144 

and 146 respectively), a number of differences can be noted. With increasing 

temperature, the extent of swelling of polystyrene increase, whilst with poly(4- 

chlorostyrene) it decreases. Slower initial swelling rates and greater 

differences in the extent of swelling throughout the temperature range are 

observed for the development curves than those of poly(4-chlorostyrene). 

The thermodynamic studies in Chapter 4, indicated that for both polystyrene 

and poly(4-chlorostyrene) there is poor solvent/polymer interaction between 

IPA and the polymers. However, poly(4-chlorostyrene) has lower values of 

Interaction parameter for MEK, particularly at low solvent fractions, indicating 

that there will be some interactions between the solvent and polymer and may 

account for the faster initial swelling rate observed for poly(4-chlorostyrene). 

The extent of swelling is greater for polystyrene as the values of X for IPA are 

lower for this polymer than poly(4-chlorostyrene) and hence although IPA is 

not a solvent for polystyrene there will be greater solvent/polymer interaction.
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On consideration of the molecular weights of the two polymers, a 

slower swelling rate for the higher molecular weight polystyrene sample would 

be expected. The amount of swelling would also increase with temperature 

as the longer molecular weight polymer chains become more mobile. It is 

surprising that the percentage of swollen film for poly(4-chlorostyrene) 

decreases with increasing temperature. However, the concentration of the 

solvent/non-solvent may be such that the polymer may be partially soluble in 

the developer but that the swelling effect of the non-solvent overshadows any 

dissolution that may occur. With increasing temperature, the polymer will 

become more soluble and hence less swelling will be observed.
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Figure 146: Effect of Temperature on the Swelling of Polv(4-chlorostvrene)

in 40:60 v/v MEK/IPA
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8.2.2 Dissolution of Polv(phenvlmethvlsilane)

8.2.2.1 Dissolution of Poly(phenylmethylsilane) in 50:50 v/v 

MEK/IPA

The dissolution kinetics of the wide polydispersity polysilane sample 

(see Section 2.3.2.3) has been measured in a 50:50 v/v MEK/IPA mixture 

over a temperature range of 15 - 40°C (Figure 147). Throughout this 

temperature range, none of the films went to complete dissolution with the 

maximum reduction of mass observed at the highest developing temperature 

(=45% mass loss). At 15°C, initially a small amount of swelling is observed 

followed by slow dissolution of the polymer film. Above this developing 

temperature, no further swelling of the polymer is observed.
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Figure 147: Effect of Temperature on the Dissolution of

Polv(phenvlmethvlsilane) in 50:50 v/v MEK/IPA
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The Arrhenius plot for this polymer/solvent system gave an activation 

energy of 67.7 kJ mol- 1  (linear correlation coefficient of 0.985) for the 

dissolution process (Figure 148). This value of activation energy is indicative 

of a Case II diffusion process47 . The wide polydispersity of the polysilane 

samples has helped to reduce the amount of observed initial swelling of the 

polymer films. By the early removal of the low molecular weight molecules 

from the surface, the solvent is able to penetrate the network without swelling 

of the polymer structure.
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Figure 148: Arrhenius Plot for the Dissolution of 

Polv(phenvlmethvlsilane) (M n 9600)
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8.2.2.2 Dissolution of Poly(phenylmethylsilane) in 50:50 v/v 

MIBK/IPA

A se ries  of c rys ta ls  coa ted  w ith  w ide  p o ly d is p e rs ity  

poly(phenylmethylsilane) were developed in 50:50 v/v MIBK/IPA over the 

temperature range 15 - 40°C and the dissolution curves are shown in Figure 

149. The curves indicate incomplete dissolution of the films with initial 

swelling below 20°C. As the developing temperature is increased the degree 

of swelling decreases and hence the rate determining step is being controlled 

by a relaxation mechanism in which a sharp boundary exists between the 

glassy core and the solvent front.
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Figure 149: Effect of Temperature on the Dissolution of

Polv(phenvlmethvlsilane) in 50:50 v/v MIBK/IPA
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The Arrhenius plot gives an activation energy of 79.5 kJ mol" 1 (linear 

correlation coefficient of 0.994). The Arrhenius plots for the dissolution of 

poly(phenylmethylsilane) in both 50:50 v/v MEK/IPA and 50:50 v/v MIBK/IPA 

have been combined in Figure 148. The MEK/IPA system gives faster 

dissolution rates throughout the temperature range studied. However, similar 

activation energies are observed as indicated by the slopes of the Arrhenius 

plots hence the same diffusion process is operating. As there is the same 

proportion of non-solvent present in the two systems, it can be inferred that 

MIBK is a poorer solvent for polysilane which may be due to the bulkier nature 

of the MIBK molecule (i.e. MEK is a smaller molecule and hence can diffuse 

more rapidly into the polymer structure).

8.2.2.3 Dissolution of Poly(phenylmethylsilane) in 75:25 v/v 

MEK/IPA

The effect of changing temperature on the dissolution kinetics of the 

molecular weight series of poly(phenylmethylsilane) in 75:25 v/v MEK/IPA has 

been measured. A variety of dissolution/swelling behaviour was observed 

throughout this molecular weight/temperature range as detailed in Section 

8 . 1 .2 . Generally, an increase in temperature or decrease in molecular weight 

enhances the dissolution rate of the polymer and, conversely, a decrease in 

percentage of swelling of the film is observed. For the development time 

studied ( 1 0 0 0  s), the total amount of film removed increases with 

temperature, however none of the polysilane films went to complete 

dissolution.

Figure 133 shows the dissolution curves for the Mn 7500 sample. 

Throughout the temperature range studied, the polymer initially dissolves 

without swelling with the rate and total removal of film increasing with
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temperature. The Mn 9600 standard (Figure 134) dissolves at slower rates 

and there is less variation of rate with temperature. On consideration of the 

molecular weights of the two samples, it is surprising that there is such a large 

difference in the dissolution rates. As stated in Section 8.1.2, the deviation in 

dissolution behaviour may be partly accounted for by the differences in 

polydispersity of the samples. The temperature dependence of dissolution of 

poly(phenylmethylsilane) appears to be greater for higher polydispersity 

samples.

As the molecular weight of the polymer is increased from 14500 to 

18400, swelling of the polymer is observed (Figures 135 and 136) with the 

percentage of swelling decreasing with temperature. With further increases in 

molecular weight similar dissolution patterns are observed with the rate of 

dissolution decreasing and percentage of swelling increasing with decreasing 

temperature.

As Figures 138 and 139 indicates for the dissolution of M n 36500 and 

53700, there is a similarity in dissolution curves despite the differences in 

molecular weight and this again can be attributed to the differences in 

polydispersity of the two samples (1.8 and 5.8 respectively).

The Arrhenius plots for the molecular weight series are shown in 

Figure 150. The Figure clearly shows that polydispersity of the polymer can 

affect the dissolution characteristics of the polymer. A linear relationship is 

observed throughout the molecular weight range and the slopes of the lines 

are proportional to the activation energy. Table 16 shows the gradients and 

linear correlation coefficients for the molecular weight series obtained from 

the Arrhenius plots. For the complete molecular weight range studied, there 

is good correlation of data.
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Figure 150: Dissolution of Polv(Dhenvlmethvlsilane’) in 75:25 v/v MEK/IPA
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Polymer Mn Slope (y = mx + c) 

(linear correlation coefficient)

7500 -4.190x +17.766

(0.951)

9600 -3.870x + 15.584

(0.969)

14500 -11.054X + 38.089

(0.992)

18400 -11.201X + 38.323

(0.995)

29300 -12.363X + 41.716

(0.993)

36500 -14.267X + 45.747

(0.984)

53700 -18.014X + 57.235

(0.998)

Table 16: The Gradients and Linear Correlation Coefficients for the

Arrhenius Plots In Figure 150

Generally, the activation energy for the dissolution of polysilanes in 

75:25 v/v MEK/IPA increases with molecular weight. There is a large 

increase in activation energy (i.e. 32.2 - 91.9 kJ mol-1) when the polymer is 

observed to swell (i.e. between Mn 9600 and 14500). This is a reflection of 

the increased movement of the polymer chains needed to allow the diffusion 

of the solvent molecules for the longer polymer chains. Above Mn 9600, the 

value of activation energy ranges from 91.9 to 149.8 kJ mol-1 . A similar 

increase in activation energy has been found for the dissolution of PMMA in 

MEK (see Section 6.1).
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8.2.3 Dissolution of Polv(vinvl cinnamate)

Poly(vinyl cinnamate) (an example of a negative resist) has poor 

solubility in solvents such as MEK and MIBK which are conventionally used in 

the wet development of resists. Hence, alternative solvents which are used 

commercially have been used to study the effect of temperature on the 

dissolution of poly(vinyl cinnamate).

8.2.3.1 Dissolution of Poly(vinyl cinnamate) in a Series of 

Solvents

A series of poly(vinyl cinnamate) coated crystals were developed in 

toluene, acetone and xylene over a temperature range 15 - 35°C and the 

dissolution curves are shown in Figures 151,152 and 153 respectively.

In toluene, partial dissolution with no initial swelling was observed 

throughout the temperature range with only 50% of the polymer film removed 

even at the highest developing temperature (i.e. 35°C). In acetone, initial 

swelling of the polymer film was observed for developing temperatures below 

25°C, and the swelling increased with decreasing temperature (maximum 

10% mass increase). There is a marked difference in the dissolution/swelling 

kinetics for the development of poly(vinyl cinnamate) in xylene (Figure 153). 

At temperatures below 25°C, the initial swelling of the polymer film 

predominated the dissolution process and only the swelling of the film could 

be monitored. The amount of initial swelling and swelling rate increased with 

increasing temperature (until 30°C where the dissolution process dominates 

the initial swelling). The overall dissolution rate of the polymer also increased 

with temperature, so the swelling curve becomes broader with decreasing 

temperature. Over the complete temperature range, the poly(vinyl cinnamate) 

films exhibited incomplete dissolution.
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Figure 154 shows the Arrhenius plot for the dissolution of poly(vinyl 

cinnamate) in the three solvents. Table 17 gives the activation energies for 

the dissolution of the polymer/solvent systems and an indication of the 

goodness of fit of our results. The low values of activation energy for toluene 

and acetone indicate the narrow distribution of dissolution rates over the 

temperature range studied and the similarity of the values indicates that the 

same dissolution process is operating. The Arrhenius plot for the dissolution 

of poly(vinyl cinnamate) in xylene gives a much higher activation energy 

value.
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Figure 151: Effect of Temperature on the Dissolution of 

Polyfvinvl cinnamate) in Toluene
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Figure 152: Effect of Temperature on the Dissolution of 

Polyfvinvl cinnamate) in Acetone

On comparison of the Arrhenius plots and activation energies for the 

dissolution of poly(vinyl cinnamate) in toluene and acetone, it is evident that 

changing of the developing temperature will have little effect on the 

dissolution characteristics of polyfvinyl cinnamate). However, a greater 

temperature dependence is found for xylene and this is reflected by the 

steeper gradient of the Arrhenius plot and hence higher activation energy. 

Therefore to obtain good resolution of a poly(vinyl cinnamate) resist, the 

choice of an appropriate developing temperature, in order to minimise the 

amount of swelling of the film, is more important when using xylene as a 

developing solvent. These observations illustrate the importance of choosing 

both developing temperature and type of solvent system in tandem prior to 

the development of a resist system.
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Solvent Equation 

(y = mx + c)

Linear Correlation 

Coefficient

Ea

(kJ mol"1)

Toluene -2.20x + 10.87 0.993 18.3

Acetone -2.80x + 12.36 0.996 23.3

Xylene -16.33X + 57.67 0.995 135.8

Table 17: The Gradients and Linear Correlation Coefficients for Figure 

154

We have shown that changing the development temperature can be 

used to adjust the swelling/dissolution kinetics of polymers. Whilst swelling of 

the polymer at the low temperatures complicates the dissolution kinetics and 

can cause loss of adhesion of the resist to the substrate due to the stress 

force imposed, it can be useful in inhibiting the dissolution of unexposed parts 

of the resists.
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8.3 Effect of Solvent Composition on Polymer Dissolution

As we have observed in Chapter 7, both the solvent and non-solvent 

concentration can have a great effect on the resolution of the resist. The 

dissolution kinetics of polystyrene and poly(phenylmethylsilane) in 

solvent/non-solvent mixtures have been measured and the effect of swelling 

of the polymer during development has been considered with respect to resist 

resolution.

8.3.1 Dissolution of Polystyrene in MEK/IPA Mixtures

Since cross-linking in negative resists produces a drastic change in 

solubility, a wide range of solvents could be used for development. However 

a common problem with cross-linked polymers is their swelling during 

development, and this can overcome the adhesion of the resist to produce 

complete delamination. In thermodynamically good solvents, styrene-based 

resists can be prone to swelling of images upon development2 04 , whilst in 

developers which are poor thermodynamic solvents the resist does not 

appreciably swell20^ It is therefore important that a good choice of solvent is 

made to suppress this swelling and a knowledge of the factors affecting the 

swelling kinetics will aid in this choice.

The effect of changing the solvent/non-solvent composition on the 

development of unexposed polystyrene (Mw 430000, y3 .1 ) for the developer 

system MEK/IPA was studied at 20 and 40°C, and the results are shown in 

Figures 155 and 156 respectively. MEK is a thermodynamically good solvent 

for polystyrene whilst IPA is a non-solvent. Our thermodynamic studies 

(Section 4.2.6) have shown that MEK has much lower values of X than IPA for 

the sorption on polystyrene. As the concentration of IPA is increased the
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value of X increases indicating that IPA is becoming thermodynamically 

comparable with polystyrene.

At 40°C, some dissolution of the polymer is observed for the 

concentrations 60:40 and 50:50 v/v MEK/IPA with the rate of dissolution 

slowing down as the concentration of non-solvent is increased, but with only 

partial dissolution observed. As the concentration of IPA was increased 

further to 60%, a degree of swelling in the polystyrene films was observed 

with no dissolution taking place. At the lower temperature, swelling of the 

polystyrene was also observed at 60% IPA, and the polymer initially swelled 

at 50% IPA before partial dissolution. At the higher concentration of MEK (i.e. 

60:40) only partial dissolution with no swelling occurred. As observed in 

Section 8.2.1.1, the rate of swelling and dissolution and the polymer film 

thickness decreased with decreasing temperature.

In their study of the dissolution dynamics of polystyrene in MEK at 

room temperature using critical angle illumination microscopy, Ouano and 

Carothers5 9  found that polystyrene develops a thick swollen layer between 

the liquid and glassy layers. U eberreiter" and Alfrey4 7  have also observed 

this boundary although Alfrey has also observed cracking of the sample.

With the QCM method, it is difficult to completely observe this 

boundary layer as it becomes obscured by the overall dissolution of the 

polymer. However, we can observe the initial formation of the boundary and 

the extent of the boundary between the glassy region and the solvent is found 

to increase at lower concentrations, i.e. the size of gel layer increased. It 

seems that at a higher concentration of solvent (i.e. 60:40), dissolution of the 

polymer commences before the formation of a gel layer. As the temperature 

is increased, a higher concentration of non-solvent is required to observe the
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Figure 155: Dissolution of Polystyrene ( M n 430000) in MEK/IPA at 20°C
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Figure 156: Dissolution of Polystyrene fMn 4300001 in MEK/IPA at 40°C



formation of the gel layer, because the dissolution rate increases and hence a 

larger proportion of polymer is dissolved before the gel layer is formed. At the 

40:60 v/v MEK/IPA concentration, it seems that the gel layer is formed within 

a few seconds and the concentration of non-solvent is such that the rate of 

swelling of the polymer dominates its dissolution rate and an overall swelling 

is observed. At 50:50 v/v MEK/IPA concentration, the polymer dissolution 

proceeds at the same rate as polymer transition to the gel state, and hence 

neither effect is observed to a great extent.

Figure 157 shows the change of normalised film thickness with respect 

to the log of swelling rate for the swelling of polystyrene in 40:60 v/v MEK/IPA. 

The results show a break in linearity at the swelling rate equivalent to the 

swelling of polystyrene at 30°C. The corresponding plot for the dissolution of 

polystyrene in 60:40 v/v MEK/IPA also shows a break in linearity at 30°C  

(Figure 158). Steeper slopes are observed for the lower developing 

temperatures, indicating that there is less variation of film thickness with 

swelling or dissolution rate at low temperatures. At a developing temperature 

of 30°C, there appears to be a change in the diffusion mechanism from Case 

II to Fickian i.e. the system becomes less controlled by the relaxation of the 

polymer as the temperature is increased.

We have therefore seen from our results that the rate of dissolution 

and swelling of polystyrene films can be moderated by the careful selection of 

solvent/non-solvent mixtures and that the change in dissolution/swelling rates 

with temperature may deviate if a change in diffusion mechanism occurs.
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Figure 158: Dissolution of Polystyrene in 60:40 v/v MEK/IPA



8.3.2 Dissolution of Poly(phenylmethylsilane) in MIBK/IPA 

Mixtures

The effect of the addition of IPA to MIBK on the developing 

characteristics of poly(phenylmethylsilane) has been studied. A series of 

polysilane (M n 9600, y 6 .2 ) coated quartz crystals were developed in 

MIBK/IPA mixtures of varied compositions at 24.7°C. IPA is a non-solvent for 

poly(phenylmethylsilane) and should help to moderate the dissolution kinetics.

fn pure MIBK, approximately 30% of the polysilane dissolved before 

dissolution ceased. In a 10% v/v IPA/MIBK mixture, a slower initial 

dissolution rate was observed and only 2 0 % of the film was removed before 

the cessation of dissolution. As the concentration of non-solvent (i.e. IPA) 

was increased further, the dissolution rate and the percentage of film removed 

decreased. At a concentration of 50% v/v IPA/MIBK, initial swelling was 

observed, and the percentage of initial swelling increased with the 

concentration of non-solvent. Beyond 80% v/v IPA/MIBK, the polysilane film 

became swollen and did not dissolve in the developing mixture.

The effect of changing the percentage of non-solvent on the rate of 

dissolution of poly(phenylmethylsilane) is shown in Figure 159 and the 

dissolution rate is shown to be a logarithmic function of the concentration of 

MEK (Figure 160). As expected the alcohol moderates the dissolution rate of 

the polysilane, but it also enhances the swelling of the film indicating that care 

must be taken in choosing the appropriate solvent/non-solvent concentrations 

for development of polymer systems. The log-log plot of dissolution rate 

versus % MIBK can be represented as two straight lines with a break in 

linearity at 50% MIBK.
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Figure 159: Effect of Composition on the Dissolution of

Polv(phenvlmethvlsilane) in MIBK/IPA at 24.7°C
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Figure 160: Dissolution of Polyfphenvlmethvlsilane) at 24.7°C

Effect of MIBK/IPA Concentration

This can be more clearly demonstrated when considering the log of 

dissolution rate versus % MIBK (Figure 161) where a more obvious change in 

slope can be observed. It appears that there is a greater distinction between 

dissolution rates with % MIBK when swelling of the films becomes a 

predominant factor (i.e. at 50% MIBK). Closer observation of Figure 161, 

indicates an enhancement of the dissolution rate at low concentrations of non

solvent. This is similar to the effect that we have observed in Section 7.1.2 for 

the dissolution of PMMA in MEK/alcohol mixtures. Further analysis of this 

polymer/developer system is required to gain a further insight into the 

dissolution kinetics.
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Effect of MIBK/IPA Concentration

We have shown that by the variation of certain solvent/non-solvent 

compositions, the dissolution/swelling kinetics of polymers can be altered to 

such an extent that changes in the diffusion mechanisms can be observed.



8.4 Conclusion

In this Chapter, we have attempted to demonstrate the effect of 

polymer molecular weight, temperature and solvent composition upon the 

dissolution characteristics of both positive and negative resists. It has been 

shown for polystyrene and poly(phenylmethylsilane)/solvent systems that the 

dissolution rate increases with decreasing molecular weight and increasing 

polydispersity and that these variables must be considered in unison when 

predicting dissolution behaviour. The log-log plot of molecular weight and 

dissolution rate for the development of polysilane in MEK/IPA has not shown 

the break in linearity observed for the PMMA system, while the activation 

energy is found to increase with molecular weight.

It has been shown that adjustment of the developing temperature of 

polystyrene in MEK/IPA can moderate the observed polymer swelling and a 

change in diffusion mechanism with temperature has been indicated for 

various ratios of solvent/non-solvent. The Arrhenius plots of poly(vinyl 

cinnamate) in acetone, xylene and toluene have demonstrated the importance 

of choosing the developing temperature in tandem with the solvent.
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9.0 Ultraviolet Exposure of Resist Systems

Although the major aim of the work was to measure the parameters 

important in resist dissolution, as described in the previous chapters, it was 

also desirable to illustrate the potential of the apparatus under real 

conditions. Therefore as the final phase of the studies, quartz crystals were 

coated with a series of polymers and exposed to UV irradiation and their 

swelling/dissolution rates measured.

9.1 UV Exposure of PMMA

Resists based on PMMA have been widely used for deep UV  

lithography owing to the polymer's spectral absorption below 240 nm which, 

as detailed in Section 1.1.2.2, leads to chain scission. The reduction in 

molecular weight enhances the solubility of the polymer in a particular 

developing solvent system, to produce faster dissolution rates.

9.1.1 MIBK/IPA Developer Mixtures

Initial studies of the effect of UV exposure on PMMA were performed 

using both the UVA and Hanovia lamp (see Chapter 2). A series of exposed 

PMMA coated crystals were developed in a 75:25 v/v MIBK/IPA solvent/non

solvent system at 25.0°C, and the observed dissolution curves for exposure 

with the UVA lamp can be seen in Figure 162. The rate of dissolution 

increases and the initial swelling observed gradually diminishes with 

increased exposure time. The amount of swelling of the polymer film is 

enhanced by the presence of the IPA with the non-solvent moderating the 

rate of dissolution. Figure 163 shows there is a linear relationship between 

log dissolution rate and time.
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Figure 162: Effect of UV Exposure on the Dissolution of PMMA

in 75:25 v/v MIBK/IPA at 25.0°C - UVA Lamp
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Figure 163: Effect of UV Exposure on the Dissolution of PMMA 

in 75:25 v/v MIBK/IPA at 25.0°C - UVA Lamp

Another series of PMMA coated crystals were exposed with the 

Hanovia lamp and developed in the same solvent system at both 25.0 and 

18.0°C. No initial swelling of the polymer was found for both developing 

temperatures and complete dissolution was observed. The effect of UV 

exposure on the rate of dissolution of PMMA in this solvent system at both 

temperatures was shown to be a logarithmic function of exposure time (see 

Figure 164).

There is no difference between the slope of the lines for the 

respective temperatures, even though the higher temperature shows the 

expected enhanced dissolution rate.
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Figure 164: Effect of UV Exposure on the Dissolution of PMMA

in 75:25 v/v MIBK/IPA - Hanovia Lamp

Slopes (linear correlation coefficient)

25.0°C: y = 0.09x - 3.25 (0.987)

18.0°C: y = 0.09x - 4.20 (0.999)

Ouano 4 0  also observed no change in the slope for the electron-beam 

exposure of PMMA developed in MIBK at three different temperatures. 

Because of the lower intensity of the UVA lamp, the enhancement of the 

dissolution rate with respect to exposure time was found to be lower by 

comparison of the slopes of Figures 163 and 164.

G r e e n e i c h 1 8 9  performed initial studies on the solubility 

characteristics of PMMA as an electron beam resist for developer
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combinations of MIBK and IPA. The solubility rate was determined in terms 

of the fragmented molecular weight upon electron-beam exposure and the 

energy absorbed by the polymer in degrading to the lower molecular weight. 

An enhancement of dissolution rate was observed with energy absorbed 

(i.e. exposure), however, complete dissolution curves were not produced as 

the "Dip and Dry" method (with thicknesses measured by ellipsometry) was 

the measurement method and hence, only overall dissolution rates are 

quoted with no information on any swelling phenomena.



9.1.2 MEK/IPA Developer Mixtures

PMMA coated crystals exposed to the UVA lamp were developed in a 

50:50 v/v MEK/IPA developer system at 20.5°C. The enhancement in 

dissolution rate with respect to exposure time followed a logarithmic form, as 

shown in Figure 165.
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Figure 165: Effect of UV Exposure on the Dissolution of PMMA 

in 50:50 v/v MEK/IPA at 20.5°C - UVA Lamp
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9.1.3 n-Butvl Acetate Developer

An approximate linear relationship was found between the exposure 

time of PMMA coated crystals and the logarithm of the dissolution rate when 

developed in butyl acetate (at 20.4 and 25.0°C respectively) using both the 

Hanovia and UVA lamps (Figures 166 and 167). By consideration of the 

slopes, the enhancement of dissolution rate was found to be greater when 

the crystals were exposed by the Hanovia lamp even when the samples had 

been developed at a lower temperature. This confirmed that the output of 

the Hanovia lamp was of higher intensity. The dissolution curves of the two 

systems show a difference in the initial swelling observed for the PMMA 

(Figures 168 and 169).
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Figure 166: Effect of UV Exposure on the Dissolution of PMMA

in n-Butvl Acetate at 20.4°C - Hanovia Lamp
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No swelling is observed for UV exposure with the Hanovia lamp even 

after an exposure of only 3 minutes, whilst initial swelling is observed for 

exposures up to 40 minutes for the PMMA samples exposed with the UVA 

lamp. This is a surprising result since, at the higher developing temperature, 

both higher dissolution rates and less swelling would be expected. It is 

therefore apparent that when considering developing conditions for a resist 

system, the intensity and spectral characteristics of the lamp must be 

considered in conjunction with temperature and solvent systems. The 

Hanovia lamp has a maximum 500 W output compared with 200 W for the 

UVA lamp. It would therefore be expected that greater changes in 

dissolution characteristics would be observed upon exposure with the 

Hanovia lamp. The distance from the lamps and samples must also be 

considered, and any effect of temperature fluctuations caused by prolonged 

exposure.
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Figure 167: Effect of UV Exposure on the Dissolution of PMMA

in n-Butvl Acetate at 25.0°C - UVA Lamp
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n-Butvl Acetate at 25.0°C - UVA Lamp



2 9 8

9.1.4 Change of Film Mass Purina UV Exposure

The change in frequency for polymer coated quartz crystals was 

measured before and after UV exposure and prior to development. By 

assuming uniform coverage of the quartz crystal, a linear relationship was 

found between the loss of film thickness and exposure time (Figure 170). 

O uano 4 0  observed a similar quantitative relationship between the mass 

thickness of PMMA and the intensity of X-ray exposure.
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Figure 170: Effect of UV Exposure on the Thickness of PMMA 

Films Prior to Development - Hanovia Lamp

By consideration of the linear relationship between exposure time 

and mass change, it would be expected that Figures 166 and 167 would 

have shown a linear relationship between exposure time and dissolution



rate and not the logarithmic form. Therefore it is evident that another factor is 

operating in the enhancement of the dissolution rate. In his electron beam 

study of PMMA, Ouano hypothesised that the large enhancement of 

dissolution rate suggested that other physical and chemical changes 

accompanied the molecular weight diminution upon irradiation, which 

greatly contribute to the solubility rate of the irradiated PMMA. Volatile 

matter (e.g. C O ,  C O 2 H 2 , C H 4  and C H 3 O H )  is formed upon chain scission of 

PMMA which, when released, could open up the polymer structure, hence 

increasing the free volume (i.e. microporosity) of the polymer. The 

enhanced microporosity of the structure of the polymer would exhibit a 

higher effective diffusivity for the solvent and hence, an increased solubility 

rate.

Ouano showed that there were large differences between the slopes 

of solubility/molecular weight plots of irradiated and unirradiated PMMA, 

reinforcing the idea that other physical and chemical changes accompanied 

the molecular weight diminution on irradiation. S t i l l w a g o n 2 0 6  found a 

similar effect with poly(butene-l-sulphone) which is known to decompose 

with the evolution of sulphur dioxide. Likewise Besmann and G r e e r 2 0 7  

observed the formation of voids in irradiated polyethylene, and found that 

the number of voids increased with radiation dosage. Van P e l t 2 ° 8  found 

that upon UV irradiation of PMMA, the molecular weight of the polymer 

decreased by a factor of 1 0 , whilst the solubility rate increased by a factor of 

100.

From our study of the change in film thickness due to UV irradiation 

and our dissolution studies, it appears that the degradation products of 

PMMA must open up the polymer structure (i.e. increase free volume) to 

allow more rapid diffusion of the solvent into the polymer film.
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9.2 UV Exposure of PolWvinvl cinnamate)

Poly(vinyl cinnamate) (a negative resist) comprises a cinnamate 

group attached to polyvinyl alcohol and upon exposure the net 

photochemical reaction is energy transfer to the cinnamate group followed 

by dimerization (see Section 1.1.2.1). The increase in polymer molecular 

weight due to cross-linking decreases the solubility of the polymer.

9.2.1 Acetone Developer

A series of poly(vinyl cinnamate) coated crystals were irradiated with 

the UVA lamp and developed in acetone at 35.0 and 45.0°C. Figure 171 

shows the dissolution curve for the development of the exposed films at 

45.0°C. Both the rate of dissolution of the polymer and the final amount of 

film removed decreased with increased exposure time. A similar effect was 

observed at 35.0°C with less film removed and slower dissolution rates for 

the corresponding exposure time. Negligible swelling of the film was 

observed and, for exposure times greater than 45 minutes, there was no 

dissolution of the polymer. For all exposure times, the overall dissolution 

rate was very slow. The dissolution rate of the polymer decreases due to the 

cross-linking of the film (i.e. increased molecular weight). The rate of 

change of dissolution slows down with increasing exposure time. As the 

cross-linking of the film proceeds, the reactive cinnamyl groups become 

depleted, more quanta are captured in the top layers by non-reactive sites, 

and the quantum yield of the reaction decreases208.

The effect of UV exposure on the dissolution rate of poly (vinyl 

cinnamate) in acetone at 35.0 and 45.0°C  is shown to be a logarithmic 

function of exposure time (Figure 172). The slopes of the lines are negative,
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indicative of a negative resist where as in the study of the UV exposure of 

PMMA the slopes had been shown to be positive, indicative of a positive 

resist. As previously observed in Section 9.1.1, there is no difference in the 

slope for the dissolution of poly(vinyl cinnamate) at 35.0 and 45.0°C.
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Figure 172: Dissolution of Polvfvinvl cinnam ate) in Acetone

Effect of UV Exposure - UVA Lamp

Slope ( l i n e a r  c o r r e l a t i o n  c o e f f i c i e n t )

35.0°C: y = -0.05x - 4.03 ( 0 . 9 9 7 )

45.0°C y = -0.05x - 3.25 ( 0 . 9 9 6 )

There is a tendency for cross-linked polymeric systems to exhibit 

swelling in liquids that are solvents for the uncross-linked polymer, and this
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can be a great obstacle for the application of negative working polymers 

where fine line structures in the sub-micrometer range have to be replicated. 

During the development of the UV exposed poly(vinyl cinnamate), very little 

swelling was observed, even after the 45 minute exposure, indicating the 

usefulness of poly(vinyl cinnamate) as a negative resist.

9,3 Conclusion

By the use of our QCM dissolution apparatus, we have been able to 

make some preliminary investigations into the effect of UV exposure on the 

dissolution kinetics of polymer films. We have shown for both positive and 

negative resist systems that there is a logarithmic relationship between the 

dissolution rate and the exposure time with the developing temperature 

having little effect on this relationship. For the positive resist, PMMA, positive 

slopes have been observed whilst the converse has been found for the 

negative resist, polyfvinyl cinnamate). A linear relationship has been found 

between the film mass and exposure time prior to development showing loss 

of the degradation products which facilitate easier penetration of the solvent 

and hence faster dissolution rates.

Hence, the QCM technique has proved to be an easy and rapid 

method for the determination of these kinetics, and could therefore prove to 

have great applicability in the screening of potential UV resist systems.
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We have shown the reproducibility of our experimental methods and 

agreement with literature results. The developed techniques have been used 

to measure both thermodynamic and dissolution/swelling behaviour for a 

number of previously unstudied polymer/solvent systems. The piezoelectric 

sorption technique has been shown to be a quick and reliable method of 

determining thermodynamic parameters compared with more conventional 

methods and new data for the PMMA/solvent systems have been presented. 

Throughout the solubility studies, it has been demonstrated that both initial 

swelling and overall dissolution kinetics of the polymer films can be monitored 

using our technique. We have used the data from the thermodynamic studies 

to aid in the interpretation of the effects encountered during the development 

of the resist systems.

A series of factors fundamental to the resolution of a resist system 

have been considered. We have demonstrated that both the polymer 

molecular weight and its distribution can have a great effect upon the 

dissolution kinetics of resist systems and the changes in solubility correlated 

with molecular weight to gain an understanding of the parameters that effect 

the resolution of a resist.

The development of a series of PMMA standards in a range of solvents 

has demonstrated clearly that the rate of dissolution decreases with 

increasing molecular weight. This is an indication of the greater chain 

entanglement at higher polymer molecular weight which requires a longer 

development time before the polymer chain can be released into the solvent. 

The onset of swelling is found to considerably slow the dissolution rate, and 

the kinetics change greatly with temperature. This increase in the thickness
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of the swollen layer can be related to the depth of solvent penetration required 

before chain disentanglement can occur.

For the PMMA/MEK system, there is some disagreement in the 

literature for the log-log relationship of molecular weight with dissolution rate 

and our studies have been able to ciarify the situation. Over the complete 

molecular weight range studied, the system can be represented as two 

straight lines with the change in slope occurring at approximately Mp 100000 

for all the developing temperatures studied. This is in agreement with the UV 

exposure studies of Ouano4^ and Krasicky and Cooper71 who suggested 

that the change in slope was due to the release of radiation products 

increasing the free volume of the polymer. However, no irradiation has taken 

place in our studies indicating that their hypothesis was invalid.

D ev e lo p m en t of the m o lecu lar weight  ser ies of 

poly(phenylmethylsilane) in MEK/IPA mixtures has shown a range of 

dissolution/swelling kinetics with trends similar to those observed for the 

PMMA/MEK system and with the swelling of the polymer film becoming 

predominant as the polymer molecular weight is increased. The log-log plot 

of dissolution rate versus polymer molecular weight for the development of 

poly(phenylmethylsilane) in MEK/IPA has shown a linear relationship and the 

break in linearity demonstrated for PMMA in MEK has not been observed. 

The large differences in polydispersity for the molecular weight series has 

slightly blurred some of the observed trends, as we have demonstrated for 

other polymer/solvent systems that differences in polydispersity can have a 

large contributory effect upon the dissolution characteristics. For example, in 

the development of polystyrene in MEK/IPA mixtures the wider molecular 

weight distribution sample has a much faster overall dissolution rate with 

minimal swelling and much greater film removal than the corresponding
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standard. This enhanced rate for wide polydispersity samples has also been 

observed for poly(phenylmethylsilane) in the MEK/IPA developer.

As the wide distribution samples are made up of a range of molecular 

weight, in the early stages of dissolution the solvent can remove the low 

molecular weight polymer chains more quickly that the bulk of the polymer. 

This opening up of the polymer structure facilitates faster movement of the 

solvent into the polymer (hence reducing the amount of swelling) and easier 

removal of the higher molecular weight polymer chains.

Preliminary studies of the UV irradiation of resist systems have shown 

the utility of the piezoelectric technique. The UV irradiation of a positive resist 

(e.g. PMMA) and a negative resist (e.g. poly(vinyl cinnamate)) has shown the 

expected difference in trends of dissolution data. For PMMA, exposure to UV 

irradiation leads to chain scission and the solubility of the polymer in a 

number of developer systems was shown to be enhanced to produce faster 

developing times with reduced initial swelling of the polymer film. Exposure of 

poly(vinyl cinnamate) leads predominantly to crosslinking and the converse 

effect upon solubility was observed. The dissolution rates for both polymers 

is found to be a logarithmic function of exposure time with the slopes positive 

for PMMA and negative for poly(vinyl cinnamate), whilst the developing 

temperature has little effect on the relationship despite the enhanced 

dissolution rates at higher temperatures. This confirms a similar relationship 

for the electron beam exposure of PMMA reported by Ouano^O.

The intensity and spectral characteristics of the UV lamp upon the 

dissolution kinetics of PMMA has been considered and as expected was 

found to have a major effect upon the dissolution characteristics of the resist. 

The change of the film mass of PMMA during UV irradiation indicates the
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release of radiation products, and the logarithmic rather than linear 

relationship between dissolution rate and exposure time is evidence that the 

molecular weight diminution upon irradiation is accompanied by the release of 

these degradation products to enhance the microporosity of the polymer.

The effect of solvent molar volume upon the dissolution kinetics of 

polymers has been considered for several systems to gain an understanding 

of the influence of solvent size upon the kinetic polymer/solvent interactions. 

In mixed solvent/non-solvent systems such as MEK/IPA, dissolution/swelling 

rates intermediate between those of the single components have been 

demonstrated for a number of polymer systems. However, interesting effects 

have been observed upon development with the lower alcohol homologues. 

Substantial enhancements of the dissolution rates upon addition of methanol 

or ethanol to MEK with PMMA have been observed and this enhancement 

had been found greater for wide polydispersity samples. An analogous effect 

has been observed for water/MEK mixtures. The addition of the higher less 

mobile alcohols to MEK shows the expected reduction in dissolution rate due 

to the presence of the non-solvent.

Our thermodynamic studies have aided in our interpretation of the 

observed phenomena. Firstly, the values of the interaction parameter for the 

pure alcohols/PMMA systems have indicated the non-solvent character of the 

alcohols. In the IPA/PMMA system, the values of the interaction parameter 

indicate decreasing polymer/solvent interaction with increasing solvent 

fraction confirming the decreased solubility observed as the percentage of 

non-solvent is increased. Both the methanol and ethanol/PMMA systems 

have shown different thermodynamic behaviour. The interaction between the 

polymer and solvent is seen to increase with increasing solvent fraction. The 

combination of the enhanced thermodynamic interactions and ease of
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diffusion of the smaller alcohol molecules influence the observed dissolution 

kinetics.

The enhancement in dissolution rate can be ascribed to a plasticisation 

effect as the smaller mobile molecules can diffuse more rapidly into the 

polymer to open up its structure to allow the solvent to enter at a faster rate 

and hence give an effectively faster dissolution rate. With the wide 

polydispersity sample, the release of the shorter polymer chains will also 

facilitate faster diffusion of the solvent into the polymer. There is a transition 

between domination of the dissolution rate by kinetic effects for the small non

solvent molecules and by thermodynamic effects of the higher molecules.

Throughout our solvent studies, we have shown the importance of a 

good choice of developer, as this can have a drastic effect upon the final 

resolution of the resist. We have demonstrated that with a combination of 

kinetic and thermodynamic parameters, the factors affecting the dissolution 

and swelling kinetics can be established and aid in the choice of an 

appropriate developer.

From the thermodynamic data for the sorption of MEK and IPA on 

polystyrene, it can be predicted that MEK is a thermodynamically good 

solvent for the polymer whilst IPA is a poor solvent. In mixtures of MEK/IPA, 

the proportion of polymer transition to gel state and polymer dissolution has 

been shown to be dependent upon the ratio of solvent/non-solvent. At a 

number of MEK/IPA concentrations, it has been demonstrated that with 

increasing temperature there is a change in diffusion mechanism from Case II 

to Fickian as the system becomes less controlled by the polymer relaxation. 

For the development of poly(phenylmethylsilane) in MIBK/IPA mixtures, a



greater distinction between dissolution rates with percentage of MIBK has 

also been observed when swelling of the films becomes a predominant factor.

From our temperature studies, the calculation of activation energies 

has enabled the determination of the predominant diffusion mechanism. For 

example, the activation energy for the dissolution of polystyrene in 60:40 v/v 

MEK/IPA was found to be 88.1 kJ mol"1, indicative of a Case II diffusion 

process whilst a substantial increase in the value of the activation energy is 

found as the level of non-solvent is increased to 60% IPA (177.1 kJ mol'1). 

The change in the value of activation energy indicates the need for greater 

swelling of the polymer before dissolution can occur. Comparison of the 

dissolution kinetics of polystyrene with poly(4-chlorostyrene) in 40:60 v/v 

MEK/IPA shows differences in the dependence of the swelling kinetics with 

temperature. For polystyrene, the percentage of swelling increases with 

developing temperature whilst for poly(4-chlorostyrene), the swelling 

decreases. This may be due to a combination of factors, such as differences 

in the polymer molecular weight and the polymer/solvent thermodynamic 

interactions. Our thermodynamic studies have shown greater solvent 

interactions for MEK with poly(4-chlorostyrene) than polystyrene. At this 

developer composition, the increase in temperature may be such as to 

increase the partial solubility of poly(4-chlorostyrene) and hence reduce the 

percentage of swelling, whilst the interaction between MEK and polystyrene 

may not be sufficiently high for dissolution to occur.

In the 75:25 v/v MEK/IPA developer system, a variety of 

d is s o lu tio n /s w e llin g  b eh av io u r has been  o b se rved  for  

poly(phenylmethylsilane). The value of activation energy increases with 

polymer molecular weight with a distinct break in the trend encountered when 

swelling of the polymer film becomes predominant (i.e. 32.2 - 91.9 kJ mol'1).



By the use of the QCM technique with the capability of monitoring both 

swelling/dissolution kinetics, the change of the value of activation energy can 

be related to the percentage of swelling. The dependence of dissolution upon 

temperature is found greater for the high polydispersity samples.

The development of poly(vinyl cinnamate) in a series of solvents have 

shown contrasting values of activation energy. In xylene, there is a large 

dependence of the dissolution rate with temperature (135.8 kJ mol"1) with the 

activation energy indicative of Case II diffusion. Whilst in acetone or toluene, 

much lower values of activation energy are obtained (18.3 and 23.3 kJ mol' 1  

respectively) indicating a Fickian diffusion process. This illustrates the 

importance of choosing developing temperature when changing solvent 

systems to ensure no deterioration of the resist's resolution.

Throughout our studies, we have observed that the swelling kinetics of 

polymer systems are dependent not only upon the type of solvent system but 

also upon the developing temperature. The kinetics of diffusion of the solvent 

into both the exposed and unexposed regions of the polymer will influence the 

ultimate resolution of the resist. The study of the swelling kinetics of PMMA 

films in methanol has enabled the study of the "solvent” diffusion process 

without the dissolution of the polymer obscuring the experimental data.

With increasing temperature, a change in diffusion kinetics during 

swelling from relaxation controlled Case II (110.7 kJ mol-1) to Fickian (57.2 kJ 

mol'1) is demonstrated. At ambient temperatures, the relaxation of the 

polymer structure greatly influences the swelling kinetics whilst at higher 

temperatures, the diffusion of the penetrant lags behind the relaxation 

boundary of the polymer film and contributes to the swelling kinetics. By the 

measurement of the swelling kinetics during the course of the "development"



we have resolved the disagreement amongst workers concerning the diffusion 

kinetics of methanol in PMMA.

The activation energy values for the development of the PMMA  

standards in MEK range from 85.5 - 107.4 kJ mol- 1  and indicate Case II to be 

the controlling diffusion process with the appearance of an induction period 

confirming this deduction. In Case II, the diffusion is controlled by the 

relaxation of the polymer i.e. mobility of the polymer segments. The activation 

energy is found to increase with molecular weight until a limiting weight of 

107000 is reached (85.5 - 101.1 kJ mol-1). This correlates with the break in 

linearity observed at approximately 1 0 0 0 0 0  for the log-log plot of dissolution 

rate versus polymer molecular weight. This phenomenon may be due to 

changes in the extent of chain entanglement with the diffusion of the solvent 

dependent on the polymer free volume and not the chain length.

The dependence of dissolution rate upon solvent size has also been 

investigated for the PMMA/alkyl acetate solvent series. The log-log plot of 

dissolution rate versus molecular weight for the dissolution of the PMMA  

standards in the alkyl acetates solvent series is found to be dependent on the 

type of alkyl acetates with the slope increasing as the solvent size is 

increased. The difference in the slopes is greater at temperatures close to 

ambient. The break in linearity of these plots observed for the dissolution of 

PMMA in MEK is not as obvious but occurs at approximately M n 100000 

throughout the solvent series, and hence could not be due to the onset of 

swelling (as this varies with solvent size). At ambient temperatures, the 

dissolution kinetics of isopropyl acetate are close to those of n-propyl acetate 

whilst at higher temperatures, the kinetics are closer to that of n-butyl acetate. 

This indicates the reduction of the dependence of steric effects and polymer 

molecular weight at higher temperatures. Broadening of the dissolution
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curves are observed for IPA on comparison with propyl acetate as the larger 

cross section of the isopropyl group causing greater disruption for the polymer 

structure.

The dissolution rate of PMMA decreases whilst the percentage of initial 

swelling increases with increasing size of the acetate molecule. The mobility 

of the solvent is affected by the relative size of the free volume of the polymer 

and the solvent molecule. Similar trends in the dissolution behaviour have 

been observed for both the PMMA standards and the wide polydispersity 

sample.

The slopes of the log-log plots of dissolution rate versus solvent molar 

volume are independent of both temperature and polymer molecular weight 

and its distribution. Our results contradict the break in linearity at propyl 

acetate found by other w o r k e r s ^ ^ .  By monitoring the swelling of the 

PMMA films we have demonstrated that this change in slope observed by 

Ouano and Gipstein^ 7  occurs at the onset of swelling in the PMMA/alkyl 

acetate solvent system. The previous workers have used the "Dip and Dry” 

method in the determination of the dissolution rates and that technique is 

unable to monitor swelling in situ and has insufficient sensitivity.

The thermodynamic data for the sorption of alkyl acetates on PMMA  

illustrates the difference in polymer/solvent interactions between methyl 

acetate and the higher acetate homologues. Methyl acetate has very low 

polymer/solvent interaction (high X) and hence the diffusion of the molecule is 

a major contributory factor to the observed dissolution kinetics. The higher 

homologues have greater interaction with the polymer and hence swelling of 

the polymer film is encountered.



A general independence of the slopes of the Arrhenius plots with 

solvent size and polymer molecular weight and the activation energy indicates 

Case II diffusion. The greatest variation in activation energy is found for 

pentyl acetate (121.5 - 148.7 kJ mol'1) with the value increasing with polymer 

molecular weight.

For investigating solubility in resist systems, the QCM method offers 

speed, convenience, economy and wide applicability. It has been proven to 

be a quick and useful method for gathering the necessary data for 

determining the viability of potential resist systems in terms of optimising 

conditions for developing. Various types of polymers can be studied and a 

wide range of solvents, temperatures, irradiation conditions and 

dissolution/swelling rates can be examined under conditions close to those 

used for commercial resist development. For example, the selection of the 

most appropriate molecular weight and distribution to be used, the 

determination of the necessary irradiation doses to give sufficiently different 

dissolution rates, the best temperature and solvent composition to speed 

dissolution whilst inhibiting swelling and to remove all the appropriate parts of 

the resist can be attained. With a portfolio of the results obtained from the 

polymer solubility and dissolution studies, the appropriate developing 

conditions can be determined to enable optimum resolution of the resist.
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Appendix 1.0

A1.1 Thermodynamic Data

A1.1.1
Absorption of Benzene bv PDMS (M™ 26000) at 303 K - Run 1

Frequency 

Change (Hz)

Pressure
(Torr)

O l InvYi * 1

16 6.368 0.0097 1.7215 0.7455
27 10.52 0.0162 1.7060 0.7463
42 15.05 0.0238 1.6790 0.7376
58 2 0 . 8 8 0.0342 1.6450 0.7282
71 25.17 0.0416 1.6369 0.7386
90 30.73 0.0521 1.6099 0.7368
126 40.36 0.0715 1.5659 0.7392
168 49.92 0.0931 1.5135 0.7375
215 59.14 0.1161 1.4613 0.7389
287 70.16 0.1492 1.3805 0.7316
368 79.00 0.1835 1.2911 0.7119
499 89.64 0.2336 1.1753 0.6961
639 97.22 0.2807 1.0720 0.6818

AF0  = 1818 Hz

A1.1.2

Absorption of Benzene bv PDMS (IVU 26000) at 303 K - Run 2

Frequency 

Change (Hz)
Pressure

(Torr)

C>1 In^Yi * 1

29 11.35 0.0174 1.7121 0.7556
55 20.40 0.0325 1.6731 0.7538
87 30.27 0.0505 1.6271 0.7514

1 2 1 39.39 0.0688 1.5793 0.7475
163 49.52 0.0905 1.5330 0.7538
213 59.47 0.1151 1.4751 0.7538
273 68.97 0.1429 1.4062 0.7475
367 80.08 0.1831 1.3068 0.7341

AF0 = 1818 Hz
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A1.1.3
Absorption of Hexane bv PDMS (M^ 26000) at 303 K

Frequency 

Change (Hz)
Pressure

(Torr)

0 > 1 InvTi

19 10.92 0.0153 1.3662 0.3934

38 20.81 0.0301 1.3320 0.3849

59 30.75 0.0459 1.2980 0.3778

80 40.40 0.0613 1.2816 0.3891

105 50.61 0.0789 1.2529 0.3911

130 60.24 0.0959 1.2311 0.4000

159 69.73 0.1148 1.1962 0.3969
192 80.00 0.1354 1.1675 0.4052

230 89.56 0.1580 1.1252 0.3994
272 99.11 0.1816 1.0862 0.3999
334 110.4 0.2141 1.0281 0.3923
393 119.1 0.2428 0.9775 0.3842
471 128.5 0.2776 0.9185 0.3757

AF0  = 1818 Hz

A1.1.4

Absorption of Chloroform bv PDMS (MU 26000) at 303 K

Frequency 

Change (Hz)
Pressure

(Torr)

O i InvYi %i

51 24.67 0 . 0 2 1 2 1.5882 0.6362
85 39.39 0.0349 1.5584 0.6370
139 60.37 0.0558 1.5141 0.6393
193 79.03 0.0759 1.4755 0.6455
264 99.73 0.1009 1.4210 0.6457
341 118.1 0.1267 1.3619 0.6406
457 140.5 0.1627 1.2835 0.6365
621 160.9 0.2089 1.1678 0.6020

AF0 = 1542 Hz
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A1.1.5
Absorption of Benzene bv Polystyrene (Mn 430000) at 298K

Frequency 

Change (Hz)
Pressure

(Torr)

0 > 1 InvYi * 1

32 9.858 0.0216 1.5801 0.6286

69 19.72 0.0455 1.5290 0.6306

1 1 2 29.47 0.0718 1.4735 0.6330

168 39.53 0.1040 1.3961 0.6230

236 48.84 0.1402 1.3082 0.6066

456 68.26 0.2396 1.1055 0.5968

640 76.91 0.3066 0.9774 0.5908
1257 88.74 0.4648 0.7034 0.5875

A F 0 = 1736 Hz

A1.1.6
Absorption of Benzene bv Polystyrene (M n  430000) at 303K

Frequency 

Change (Hz)
Pressure

(Torr)
<* >1 InvYi * i

29 9.783 0.0197 1.4376 0.4760
61 19.35 0.0406 1.3968 0.4753

1 0 0 29.56 0.0649 1.3511 0.4758
142 39.21 0.0898 1.3090 0.4813

196 49.28 0.1198 1.2480 0.4748
247 56.94 0.1464 1.1913 0.4635

338 68.39 0.1901 1.1124 0.4613
434 77.60 0.2316 1.0406 0.4610
597 88.93 0.2931 0.9405 0.4674

A F 0 = 1736 Hz



3 2 9

A1.1.7
Absorption of Benzene bv Polystyrene (Mn 430000) at 308K

Frequency 

Change (Hz)

Pressure
(Torr)

<* >1 In ^ i

25 1 0 . 2 1 0.0175 1.3698 0.4011

50 19.60 0.0343 1.3467 0.4086

79 29.81 0.0531 1.3290 0.4262
118 42.09 0.0774 1.2994 0.4426
146 49.39 0.0940 1.2651 0.4374

182 58.24 0.1145 1.2330 0.4432

234 68.69 0.1426 1.1976 0.4382

295 78.94 0.1733 1.1242 0.4353
369 89.01 0.2077 1.0636 0.4323

A F 0 = 1736 Hz 

A1.1.8
Absorption of Chloroform bv Polystyrene (M n  430000) at 298K

Frequency 

Change (Hz)
Pressure

(Torr)

<X>1 In^Yi

2 2 1 38.46 0.0661 1.1130 0.2053
344 57.30 0.0992 1.1040 0.2503
503 77.07 0.1386 1.0639 0.2729

6 8 8 95.38 0.1804 1 . 0 1 2 2 0.2869
939 115.0 0.2311 0.9506 0.3073
1398 140.6 0.3091 0.8588 0.3518

AF0  = 2223 Hz 

A1.1.9
Absorption of Chloroform bv Polystyrene ( M n 430000) at 303K

Frequency 

Change (Hz)
Pressure

(Torr)

Oi InvYi Xi

390 78.45 0 . 1 1 1 0 1.0779 0.2390
679 114.9 0.1786 0.9861 0.2442
1005 144.1 0.2435 0.9044 0.2584
1381 169.0 0.3067 0.8345 0.2938
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AF0 = 2223 Hz
A1.1.10
Absorption of Chloroform bv Polystyrene (Mn 430000) at 3Q8.K

Frequency 

Change (Hz)

Pressure
(Torr)

0>1 InvYi *1

308 77.49 0.0903 1.0953 0.2242

525 116.1 0.1447 1.0254 0.2325

811 154.1 0.2071 0.9471 0.2453

1067 181.5 0.2594 0.8841 0.2616

AF0 = 2223 Hz

A1.1.11
Absorption of Cvclohexane bv Polystyrene (Mn 430000) at 3Q3K

Frequency
Change(Hz)

Pressure
(Torr)

0>1 In^Yi

15 9.850 0.0102 2.0908 1.1237

33 19.79 0.0221 2.0112 1.0805

54 30.02 0.0356 1.9484 1.0581

80 39.89 0.0519 1.8557 1.0096

111 50.22 0.0706 1.7774 0.9816

148 59.90 0.0919 1.6883 0.9462

195 69.81 0.1177 1.5934 0.9134

249 79.40 0.1455 1.5088 0.8962

336 89.46 0.1869 1.3771 0.8530

478 99.52 0.2464 1.2062 0.7969

681 108.9 0.3178 1.0409 0.7707

AF0 = 1990 Hz
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A1.1.12
Absorption of Hexane bv Polystyrene (Mn 430000) at 303K

Frequency 

Change (Hz)

Pressure
(Torr)

0>1 InvYi Xi

10 11.21 0.0080 2.0350 1.0600

17 20.09 0.0136 2.0925 1.1367

27 30.16 0.0214 2.0431 1.1115

37 39.89 0.0291 2.0145 1.1070

50 50.26 0.0389 1.9535 1.0743

74 69.92 0.0565 1.9080 1.0835

107 92.28 0.0797 1.8393 1.0850

150 115.6 0.1082 1.7558 1.0866

185 130.5 0.1302 1.6907 1.0851

258 150.0 0.1727 1.5454 1.0493

A F 0 = 1990 Hz

A1.1.13
Absorption of M E K  bv Polystyrene ( M n 430000) at 303K

Frequency 

Change (Hz)
Pressure

(Torr)
InvYi Xi

30 9.940 0.0120 1.9922 1.0288

72 19.92 0.0284 1.8276 0.9067

121 29.85 0.0468 1.7311 0.8561

183 40.25 0.0691 1.6391 0.8171

256 50.48 0.0940 1.5560 0.7920

309 59.80 0.1113 1.5557 0.8446

420 69.91 0.1455 1.4432 0.8063

541 79.93 0.1799 1.3641 0.8088

737 90.63 0.2301 1.2427 0.7975

979 98.40 0.2841 1.1131 0.7752

A F 0 = 3250 Hz
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A1.1.14
Absorption of IPA by Polystyrene (Mn 430000) at 303K

Frequency
Change(Hz)

Pressure
(Torr)

0>1 InvYi Xi

39 6.528 0.0193 1.7314 0.7806

51 11.11 0.0251 2.0001 1.0787

62 15.67 0.0303 2.1534 1.2590

71 20.61 0.0346 2.2955 1.4271

81 25.89 0.0393 2.3958 1.5548

93 30.49 0.0448 2.4262 1.6124

103 35.46 0.0494 2.4791 1.6916

119 40.03 0.0567 2.4629 1.7075

134 44.76 0.0634 2.4622 1.7389

158 50.40 0.0739 2.4265 1.7492

AF0 = 2670 Hz

A1.1.15
Absorption of Benzene bv Polv(4-chlorostvrene^ (M n 6Q0Q0)-al3Q3K

Frequency 

Change (Hz)
Pressure

(Torr)

<*>1 InvYi %i

50 9.346 0.0303 0.9627 -0.0075

90 19.50 0.0533 1.1335 0.2084

136 30.38 0.0784 1.1899 0.3159

180 39.12 0.1012 1.1868 0.3565

238 48.80 0.1296 1.1599 0.3821

307 58.90 0.1611 1.1293 0.4127

391 69.81 0.1965 1.0997 0.4589

501 79.20 0.2386 1.0310 0.4651

664 89.66 0.2935 0.9473 0.4822

880 98.78 0.3550 0.8529 0.4999

AF0 = 2209 Hz
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A1.1.16
Absorption of Cvclohexane by Poly(4-chlorostyrene) ( M n 6 0 0 0 0 )  at 3 0 3 K

Frequency 

Change (Hz)
Pressure

(Torr)

0>1 InvYi

16 9.399 0.0112 1.9485 0.9815

31 19.48 0.0214 2.0253 1.0931

49 29.46 0.0334 1.9926 1.0982

70 39.64 0.0471 1.9459 1.0936

94 49.79 0.0623 1.8941 1.0876

123 59.75 0.0799 1.8257 1.0697

156 68.70 0.0992 1.7480 1.0442

201 79.42 0.1243 1.6667 1.0315

260 89.75 0.1551 1.5664 1.0109
354 100.1 0.2000 1.4201 0.9690
478 107.9 0.2524 1.2621 0.9205

AF0 = 2209 Hz
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A1.1.17
Absorption of Hexane bv Polv(4-chlorostvrene) (Mn 60000) at 303K

Frequency 

Change (Hz)

Pressure
(Torr)

Oi InvYi %l

30 10.25 0.0245 0.8251 -0.1580

42 20.55 0.0339 1.1929 0.2430

49 32.35 0.0393 1.4969 0.5810

58 42.68 0.0462 1.6615 0.7230

64 50.86 0.0508 1.6923 0.8247

72 60.81 0.0567 1.7585 0.9163

80 71.04 0.0627 1.8138 0.9976

8 6 80.47 0.0670 1.8699 1.0764

95 93.42 0.0735 1.9252 1.1635

1 0 2 101.3 0.0785 1.9395 1.1990

115 1 1 1 . 1 0.0877 1.9207 1.2114

128 121.7 0.0966 1.9137 1.2380

143 130.8 0.1067 1.8853 1.2432

162 140.5 0.1192 1.8451 1.2431

192 151.3 0.1382 1.7700 1.2230

232 160.5 0.1624 1.6672 1.1823

328 172.4 0.2151 1.4562 1.0896

AF0  = 2209 Hz

A1.1.18
Absorption of M E K  by Poly(4-chlorostvrene) (M n  6 0 0 0 0 )  at 3 0 3 K

Frequency 

Change (Hz)
Pressure

(Torr)

Oi InvTi %i

8 6 2 0 . 8 8 0.0555 1.2028 0.2896

130 30.21 0.0816 1.1861 0.3174

176 39.59 0.1074 1.1811 0.3621

238 49.80 0.1399 1.1449 0.3851

318 59.99 0.1786 1.0863 0.3926

407 69.56 0.2177 1.0354 0.4136

524 79.48 0.2638 0.9758 0.4420

675 88.83 0.3158 0.9062 0.4740

899 98.64 0.3807 0.8231 0.5311
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AF0 = 2209 Hz

A1.1.19
Absorption of IPA by Poly(4-chlorostvrene) ( M n 6 0 0 0 0 )  at 3 0 3 K

Frequency 

Change (Hz)
Pressure

(Torr)

<D1 InvYi 3Ci

15 9.968 0.0104 2.7747 1.8227

24 16.07 0.0165 2.7874 1.8649

32 21.16 0.0219 2.7796 1.8830

39 25.62 0.0265 2.7771 1.9034

48 30.57 0.0325 2.7514 1.9057

58 35.21 0.0390 2.7095 1.8932

69 39.86 0.0460 2.6665 1.8818

82 45.73 0.0542 2.6390 1.8929

96 50.53 0.0629 2.5896 1.8818

A F 0 = 2209 Hz

A1.1.20
Absorption of Benzene bv PMMA (Mn 56000) at 3Q 3K

Frequency 

Change (Hz)
Pressure

(Torr)

O l In^Yi Xi

25 5.123 0 . 0 1 1 2 1.3548 0.3744

52 10.30 0.0231 1.3322 0.3723

107 20.42 0.0464 1.3185 0.4012

167 31.19 0.0706 1.3217 0.4540

224 39.85 0.0924 1.2961 0.4717

294 50.01 0.1179 1.2789 0.5099

393 60.05 0.1516 1.2097 0.5019

505 69.69 0.1867 1.1493 0.5080

678 79.95 0.2356 1.0532 0.4942

911 88.79 0.2928 0.9509 0.4874

1276 99.18 0.3671 0.8236 0.4760

AF0 = 2964 Hz
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A1.1.21
Absorption of Benzene bv PMMA ( M n 56000) at 313K

Frequency 

Change (Hz)
Pressure

(Torr)

Oi InvYi * 1

50 19.59 0.0224 1.5824 0.6329

108 39.06 0.0472 1.5266 0.6321

182 59.51 0.0771 1.4560 0.6259

279 79.68 0.1135 1.3594 0.6018

407 100.3 0.1574 1.2607 0.5890

573 119.1 0.2083 1.1516 0.5741

871 139.4 0.2857 0.9915 0.5431

A F 0 = 2964 Hz

A1.1.22
Absorption of Hexane bv PMMA (M n 56000) at 303K

Frequency
Change(Hz)

Pressure
(Torr)

Oi In^Yi

18 20.43 0.0108 2.3301 1.3703

31 32.47 0.0185 2.2563 1.3232

40 41.73 0.0237 2.2567 1.3433

51 50.86 0.0300 2.2171 1.3256

61 60.14 0.0357 2.2106 1.3403

76 71.22 0.0441 2.1674 1.3258

89 80.44 0.0513 2.1378 1.3210

103 90.84 0.0589 2 . 1 2 0 2 1.3311

119 1 0 0 . 6 0.0674 2.0858 1.3258

135 1 1 1 . 0 0.0758 2.0661 1.3366

154 1 2 0 . 6 0.0855 2.0269 1.3301

180 129.9 0.0985 1.9585 1.3007

213 141.1 0.1145 1.8896 1.2806

261 152.0 0.1368 1.7851 1.2372

A F 0 = 2964 Hz
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A1.1.23
Absorption of Hexane bv P M M A  ( M n 56000) at 313K

Frequency 

Change (Hz)
Pressure

(Torr)

0 > 1 In'OTi Xi

1 2 20.26 0.0073 2.3149 1.3418

26 42.46 0.0157 2.2882 1.3460

41 64.45 0.0246 2.2573 1.3472

52 80.03 0.0310 2.2414 1.3549

70 1 0 2 . 0 0.0412 2.1955 1.3454

95 130.3 0.0552 2.1472 1.3468

117 151.6 0.0671 2 . 1 0 1 2 1.3423

140 172.8 0.0792 2.0639 1.3483

171 190.8 0.0951 1.9789 1.3115

204 210.5 0.1114 1.9172 1.3026

268 233.1 0.1414 1.7787 1.2481

AF0  =2964 Hz

A1.1.24
Absorption of MEK bv PMMA (Mn 56QQQ) at 3Q3K

Frequency 

Change (Hz)
Pressure

(Torr)

O i In'OTi * 1

32 5.641 0.0156 1.1621 0.1834

59 11.91 0.0285 1.3098 0.3584

77 16.10 0.0368 1.3533 0.4206

97 20.90 0.0460 1.3925 0.4817

140 30.72 0.0650 1.4300 0.5663

184 40.09 0.0838 1.4423 0.6266

237 50.11 0.1053 1.4351 0.6752

298 59.93 0.1289 1.4109 0.7115

381 69.67 0.1591 1.3501 0.7203

489 79.31 0.1954 1.2734 0.7243

659 89.58 0.2466 1.1616 0.7193

AF0 = 2964 Hz
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A 1 . 1 . 2 5

Absorption of M E K  bv P M M A  ( M g  56000) at 3 1 3 K

Frequency 

Change (Hz)

Pressure
(Torr)

0 > 1 InvYi Xi

38 9.844 0.0187 1.1019 0.1253

65 20.23 0.0317 1.2975 0.3510

89 29.95 0.0428 1.3862 0.4683

139 49.25 0.0653 1.4594 0.6006

194 69.72 0.0889 1.4969 0.7056

261 90.06 0.1160 1.4842 0.7681

357 109.7 0.1522 1.4075 0.7787

509 130.3 0.2038 1.2858 0.7722

A F 0 = 2964 Hz

A 1 .1 .2 6

Absorption of IPA bv PMMA (M n 5 6 0 0 0 )  at 3 0 3 K

Frequency 

Change (Hz)

Pressure
(Torr)

0 > 1 InvYx * 1

2 1 5.151 0.0106 2.0983 1.1326

43 10.51 0.0214 2.1049 1.1760

63 15.50 0.0310 2.1206 1.2265

83 20.16 0.0405 2.1168 1.2569
103 25.04 0.0497 2.1266 1.3027
124 30.07 0.0593 2.1334 1.3476
146 34.98 0.0691 2.1310 1.3847
172 40.50 0.0804 2.1249 1.4252

A F 0 = 2964 Hz
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A1.1.27
Absorption of I P A  by P M M A  ( M n 560001 at 313K

Frequency 

Change (Hz)

Pressure
(Torr)

0 > 1 InvYi Xi

29 10.30 0.0146 1.9047 0.9469

54 20.49 0.0269 1.9820 1.0656

76 30.28 0.0375 2.0405 1.1636

98 40.33 0.0478 2.0824 1.2466

124 51.13 0.0598 2.0956 1.3069

151 61.46 0.0718 2.0943 1.3536

183 71.41 0.0858 2.0660 1.3779

A F 0 = 2964 Hz

A1.1.28
Absorption of Methanol by PMMA (M n 56000) at 303K

Frequency 
Change (Hz)

Pressure
(Torr)

0 > 1 InvYi Xi

17 10.698 0.0085 2.0660 1.0930

29 20.72 0.0144 2.1979 1.2481

41 31.98 0.0203 2.2905 1.3656

52 41.78 0.0256 2.3245 1.4219

62 50.67 0.0303 2.3455 1.4633

76 61.14 0.0369 2.3355 1.4798

91 71.16 0.0439 2.3134 1.4849

106 80.70 0.0508 2.2928 1.4913

143 100.3 0.0673 2.2264 1.4872

198 1 2 2 . 6 0.0909 2.1250 1.4711

AF0 = 2964 Hz
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A1.1.29
Absorption of Ethanol bv P M M A  ( M n 56000) at 303K

Frequency 

Change (Hz)

Pressure
(Torr)

O, In'OTi

43 10.42 0.0213 1.8321 0.8909

71 20.74 0.0347 2.0309 1.1434

92 29.76 0.0444 2.1418 1.2991

1 2 2 39.85 0.0581 2.1644 1.3780

149 49.05 0.0701 2.1837 1.4497

177 55.06 0.0821 2.1392 1.4497

AF0  = 2964 Hz

A1.1.30
Absorption of Metbvl Acetate by PMMA (Mn 56000) at 3Q2K

Frequency 

Change (Hz)
Pressure

(Torr)

Oi InvYi Xi

57 2 0 . 0 0 0.0239 1.1582 0.1911

99 41.47 0.0407 1.3510 0.4257

139 63.07 0.0563 1.4454 0.5632

169 80.76 0.0676 1.5077 0.6617

2 1 0 104.0 0.0826 1.5573 0.7603

252 124.6 0.0975 1.5706 0.8204

318 150.3 0 . 1 2 0 0 1.5485 0.8633

412 175.0 0.1502 1.4744 0.8648

555 199.7 0.1923 1.3571 0.8421

928 234.2 0.2847 1.1209 0.7927

AF0 = 2964 Hz
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A1.1.31
Absorption of Ethvl Acetate by P M M A  ( M n 56000) at 303K

Frequency 

Change (Hz)
Pressure

(Torr)

Oi InvYi Xj

59 9.848 0.0256 1.1857 0.2225

1 1 0 20.03 0.0466 1.2935 0.3742

150 29.48 0.0625 1.3855 0.5098

2 0 2 40.84 0.0824 1.4340 0.6133

244 50.13 0.0979 1.4660 0.6928

299 60.06 0.1173 1.4641 0.7463

366 69.48 0.1400 1.4325 0.7739

466 79.47 0.1716 1.3617 0.7772

618 89.44 0.2155 1.2509 0.7580

850 98.88 0.2743 1.1092 0.7281

1158 106.3 0.3399 0.9658 0.7015

AF0  = 2964 Hz

A1.1.32
Absorption of Proovl Acetate bv PMMA (Mn 56000) at 3Q3K

Frequency 

Change (Hz)
Pressure

(Torr)

O i InvYi Xi

74 4.587 0.0322 1.1826 0.2294

138 9.617 0.0585 1.3264 0.4342

194 14.69 0.0803 1.4320 0.6057

253 19.69 0 . 1 0 2 2 1.4827 0.7258

327 24.40 0.1283 1.4693 0.7865

427 29.12 0.1612 1.4171 0.8219

597 34.14 0.2118 1.3023 0.8276

878 39.21 0.2833 1.1493 0.8420

AF0 = 2964 Hz



3 4 2

A1.1.33
Absorption of Butvl Acetate bv P M M A  (M n 56000) at 303K

Frequency 

Change (Hz)
Pressure

(Torr)

0 > 1 InvYi * 1

32 0.980 0.0143 1.7212 0.7570

62 1.912 0.0273 1.7412 0.8123
92 2.848 0.0400 1.7579 0.8657

1 2 2 3.839 0.0523 1.7869 0.9346
152 4.869 0.0644 1.8173 1.0072
178 5.801 0.0746 1.8452 1.0740
203 6.798 0.0842 1.8825 1.1526
232 7.839 0.0951 1.9032 1.2189
268 8.879 0.1082 1.8978 1.2650
329 10.51 0.1297 1.8851 1.3396

AF0  = 2964 Hz



Solvents T (K) P° (Torr) -B (dm3 mol'1) p (g cm'3) V (cm3 mol" 1 ) 3 M. Wt. (g)b

Benzene 298 94.52° 1.478d 0.8738e 89.40 78.11

Benzene 303 118.76° 1.492d 0.8684° 89.95 78.11
Benzene 308 147.35° 1.357d 0.8632e 90.50 78.11
Benzene 313 181.65° 1.420d 0.8576f 91.08 78.11

Chloroform 298 193.42° 1.227d 1.4701f 81.21 119.38
Chloroform 303 238.25° 1.160d 1.4701f 81.20 119.38
Chloroform 308 291.14° 1.178d 1.4603* 81.75 119.38

Cyclohexane 303 121.159 1.702d 0.7392h 109.41 84.16
Hexane 303 185.869 1.845d 0.6502* 132.54 86.18
Hexane 313 279.429 1.620) 0.6408k 134.50 86.18

MEK 303 113.949 1.699* 0.7946* 90.75 72.11
MEK 313 177.659 2.035' 0.7830* 92.09 72.11
IPA 303 60.38° 29.38' 0.7769m 77.36 60.10
IPA 313 105.95° 23.64' 0.7681k 78.25 60.10

Methanol 303 161.78* 18.94f 0.7820* 40.97 32.04

Ethanol 303 79.21f 26.86f 0.7808* 59.00 46.07

Methyl Acetate 303 268.92n 15.50* 0.9204* 80.49 74.08
Ethyl Acetate 303 119.17n 20.40f 0.8878* 99.24 8 8 . 1 1

Propyl Acetate 303 43.89° 30.00f 0.8769* 116.50 102.13
Butyl Acetate 303 12.31 P 49.99f 0.8718* 133.20 116.16

Table A1.2.1: Properties of Pure Solvents for Thermodynamic Studies
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Polymer T (K) p (g cm-3) Mn V 2  (cm3 mol"1)

PDMS 303 0.9643^ 26000 26960

Polystyrene 298 1.0482r 119628 114130

Polystyrene 303 1.0470r 119628 114230

Polystyrene 308 1.0458r 119628 114390
Poly(4-

chlorostyrene) 303 1 .2 0 0 0 s 60000 50000
PMMA 303 1.1700r 56000 47863
PMMA 313 1.1670r 56000 47986

Table A1.2.2: Properties of Polymers

Key to Tables A1.2.1 and A1.2.2

a. The molar volumes were calculated from the molecular weight and 

density values
b. Ref. 210

c. The S.V.P. was calculated from Antoine vapour pressure coefficients
obtained from Ref. 21 1

d. The second virial coefficients were calculated from data extrapolated 
from Ref. 212

e. Ref. 213
f. Ref. 199
g. Ref. 214

h. Ref. 215
i. Ref. 216
j. Ref. 217
k. Ref. 218

I. Ref. 219
m. Ref. 220
n. Ref. 221
o. Ref. 222

p. Ref. 223

q. Ref. 159
r. Ref. 224
s. Ref. 176
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Appendix 2.0

2.1 Dissolution Data

A 2 .1 .1

Dissolution of P M M A  ( M n 6100. y 1.11) in 100% M E K

T ( ° C ) Film Thickness Dissn. Rate In (Dissn. Rate)
(nm) (jam s '1 ) * 1 0 3

16.25 0.187 73.936 -2.605

20.25 0.303 126.005 -2.071

A2.1.2
Disssolution of PMMA (M n 10300. y 1.06) in 100% MEK

T ( ° C ) Film Thickness 
ftim)

Dissn. Rate 
ftim s"1 ) * 1 0 3

In (Dissn. Rate)

16.30 0.284 48.103 -3.034
20.40 0.335 75.529 -2.583
25.40 0.371 139.217 -1.972
29.90 0.333 231.401 -1.463
35.10 0.380 345.477 -1.063

A 2 .1 .3

Dissolution of P M M A  ( M n 2 2 2 0 0 . y 1 .0 7 )  in 1 0 0 %  M E K

T (°C ) Film Thickness 
(jim)

Dissn. Rate 
(urn s '1 ) * 1 0 3

In (Dissn. Rate)

16.55 0.400 18.660 -3.981
20.30 0.323 30.959 -3.475
25.30 0.347 55.520 -2.891
30.15 0.466 120.563 -2.116
35.15 0.401 195.491 -1.632
40.00 0.402 317.580 -1.147
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A 2 . 1 . 4

Dissolution of P M M A  ( M n 34500. y  1.041 in 100% M E K

T ( ° C ) Film Thickness 
(urn)

Dissn. Rate 
(|im s~1 ) * 1 0 3

In (Dissn. Rate)

16.50 0.412 11.840 -4.436

20.50 0.344 19.673 -3.928
25.70 0.386 33.991 -3.384

30.15 0.444 68.771 -2.677

35.30 0.382 119.141 -2.127

40.15 0.473 240.520 -1.425

A 2 .1 .5

Dissolution of P M M A  ( M n 67000. y 1.04) in 100% M E K

T ( ° C ) Film Thickness 
ftim)

Dissn. Rate 
(ixm s"1 ) * 1 0 3

In (Dissn. Rate)

16.90 0.342 7.630 -4.876
20.40 0.312 12.533 -4.380
25.35 0.349 26.537 -3.629
30.30 0.404 45.050 -3.100
35.10 0.413 84.768 -2.468
45.20 0.455 282.673 -1.263

A 2 .1 .6

Dissolution of P M M A  ( M n 1 0 7 0 0 0 . y  1 .101 in 1 0 0 %  M E K

T (°C ) Film Thickness 

(M-m)
Dissn. Rate 

(M-m s- 1 ) * 1 0 3

In (Dissn. Rate)

16.25 0.462 5.082 -5.282

20.55 0.426 9.678 -4.638

25.30 0.484 19.698 -3.927
29.90 0.451 35.000 -3.352
35.20 0.457 67.064 -2.702
40.05 0.461 124.350 -2.085
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A 2 . 1 . 7

Dissolution of P M M A  ( M n 330000. y  1 .11) in 1 00% M E K

T(°C) Film Thickness 
frim)

Dissn. Rate 
(jim s_1)*103

In (Dissn. Rate)

16.30 0.796 3.550 -5.641

20.45 0.748 6.919 -4.973
25.35 0.657 14.697 -4.220
30.40 0.790 31.884 -3.446
34.95 0.816 57.389 -2.858
40.35 0.776 117.276 -2.143

A2.1.8
Dissolution of P M M A  ( M n 820000. v 1.04) in 100% M E K

T (°C ) Film Thickness 
Oim)

Dissn. Rate 
(M.m s"1)*103

In (Dissn. Rate)

16.45 0.720 3.045 -5.794
20.40 0.694 5.822 -5.146
25.30 0.849 13.142 -4.332
29.95 0.803 27.679 -3.587
35.65 0 . 8 6 8 57.617 -2.854

39.85 0.301 90.700 -2.400

A 2 .1 .9

Dissolution of P M M A  ( M n 1 4 0 0 0 0 0 . y 1.071 in 1 0 0 %  M E K

T (°C ) Film Thickness 
fr*m)

Dissn. Rate 
(M.m s"1)*103

In (Dissn. Rate)

16.50 0.422 3.392 -5.686
20.45 0.792 6.684 -5.008
24.95 0.905 11.448 -4.470
30.70 0.242 33.042 -3.410
34.90 0.702 49.982 -2.996
40.25 0.317 89.172 -2.417
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A2.1.10
Dissolution of PMMA ( M n 22200 y  1.07) in Methyl Acetate

T (°C ) Film Thickness Dissn. Rate In (Dissn. Rate)

(M-ni) (|im s- 1 ) * 1 0 3

14.90 0.295 44.642 -3.109

20.15 0.273 99.150 -2.311

A 2 .1 .1 1

Dissolution of PMMA (M n 3 4 5 0 0 . y 1 .0 4 )  in Methyl Acetate

T (°C ) Film Thickness Dissn. Rate In (Dissn. Rate)
(jim) (jim s"1 ) * 1 0 3

15.00 0.279 25.896 -3.654

19.80 0.310 49.851 -2.999

A2.1.12
Dissolution of PMMA ( M n 67000. y 1.04) in Methyl Acetate

T (°C ) Film Thickness 
(urn)

Dissn. Rate 
(fim s_1 ) * 1 0 3

In (Dissn. Rate)

14.90 0.543 21.394 -3.845
20.15 0.561 42.669 -3.154
25.00 0.424 87.649 -2.434

A2.1.13
Dissolution of PMMA ( M n 1 0 7 0 0 0 . y 1 .1 0 )  in Methyl Acetate

T (°C ) Film Thickness 
frim)

Dissn. Rate 

( îm s '1 ) * 1 0 3

In (Dissn. Rate)

14.90 0.531 16.609 -4.098
20.15 0.478 33.746 -3.389
25.00 0.408 70.380 -2.654
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A2.1.14
Dissolution of PMMA ( M n 330000. y  1.11) in Methvi Acetate

T (°C ) Film Thickness

( m )

Dissn. Rate 
(|im s- 1 ) * 1 0 3

In (Dissn. Rate)

14.90 0.427 10.623 -4.545

20.15 0.608 22.660 -3.787

25.00 0.571 42.071 -3.168

A2.1.15
Dissolution of P M M A  ( M n 22200. y 1.07) in Ethyl Acetate

T (°C ) Film Thickness 
frim)

Dissn. Rate 
(p.m s"1 ) * 1 0 3

In (Dissn. Rate)

15.05 0 . 2 2 1 12.908 -4.350
2 0 . 1 0 0.307 23.731 -3.741

24.85 0 . 2 0 2 38.006 -3.270

A2.1.16
Dissolution of PMMA ( M n 34500. y 1.04) in Ethvl Acetate

T (°C ) Film Thickness 
ftim)

Dissn. Rate 
(H.m s"1 ) * 1 0 3

In (Dissn. Rate)

15.05 0.246 6.494 -5.037

2 0 . 1 0 0.252 13.968 -4.271

24.85 0.170 36.709 -3.305
29.95 0.231 54.680 -2.906

A2.1.17
Dissolution oi PMMA (M n 67000. y 1.04) in Ethvl Acetate

T (°C ) Film Thickness 

(jim)
Dissn. Rate 

(|j.m s"1 ) * 1 0 3

In (Dissn. Rate)

15.05 0.482 4.473 -5.410
2 0 . 1 0 0.468 10.048 -4.600
24.85 0.368 21.310 -3.849
29.95 0.517 44.410 -3.114
34.80 0.608 84.512 -2.471
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A2.1.18
Dissolution of PMMA (Mn 107000. y  1.10) in Ethvl Acetate

T (°C) Film Thickness 
(pm)

Dissn. Rate 
(|im s_1 ) * 1 0 3

In (Dissn. Rate)

15.90 0 . 2 2 1 5.794 -5.151

20.55 0.252 9.562 -4.650

25.85 0.329 18.259 -4.003
30.50 0.238 29.626 -3.519
34.85 0.209 44.504 -3.112

39.65 0.275 72.501 -2.624

A2.1.19
Dissolution of PMMA (Mn 330000. y 1.11) in Ethyl Acetate

T (°C ) Film Thickness 
(urn)

Dissn. Rate 
(pirn s_1 ) * 1 0 3

In (Dissn. Rate)

17.50 0.820 3.239 -5.733
21.40 0.995 6.089 -5.101
25.20 0.673 10.667 -4.541
30.10 0.614 21.717 -3.830
35.10 0.814 42.523 -3.158
39.80 0.612 71.420 -2.639

A2.1.20
Dissolution of PMMA (Mp 22200. y 1.07) in n-Propvl Acetate

T(°C) Film Thickness 
(pm)

Dissn. Rate 
(pm s"1 ) * 1 0 3

In (Dissn. Rate)

15.05 0.238 2.977 -5.817
19.90 0.223 5.798 -5.150
24.90 0.194 11.993 -4.423
29.90 0.216 19.818 -3.921
34.90 0.253 48.411 -3.028
39.95 0.259 86.094 -2.452
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A2.1.21
Dissolution of PMMA (Mn 34500. y 1.04) in n-Propyl Acetate

T(°C) Film Thickness
(M-m)

Dissn. Rate 
(p.m s"1 ) * 1 0 3

In (Dissn. Rate)

15.05 0.349 1.193 -6.731

19.90 0.347 2.560 -5.967

24.90 0.158 6.569 -5.021

29.90 0.219 14.107 -4.261

34.80 0.257 30.081 -3.504

39.95 0 . 2 1 0 62.836 -2.767

A2.1.22
Dissolution of PMMA ( M n 67000. y 1,04) in n-Propvl Acetate

T (°C) Film Thickness 
frim)

Dissn. Rate 
(|im s"1 ) * 1 0 3

In (Dissn. Rate)

15.05 0.257 0.840 -7.082

19.90 0.164 1.801 -6.319

24.90 0.299 4.168 -5.480
29.90 0.322 9.470 -4.660
34.90 0.247 19.194 -3.953
39.95 0.341 43.194 -3.142

A2.1.23
Dissolution of PMMA ( M n 107000. y 1 .10) in n-Propyl Acetate

T (°C ) Film Thickness 
ftim)

Dissn. Rate 
(}im s '1 ) * 1 0 3

In (Dissn. Rate)

15.00 0.491 0.618 -7.388
20.05 0.378 1.387 -6.580
24.90 0.301 3.571 -5.635
29.80 0.464 6.820 -4.988
35.00 0.501 30.012 -4.300
39.80 0.505 44.712 -3.506
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A2.1.24
Dissolution of PMMA (Mn 330000. y  1.11) in n-Propvl Acetate

T (°C) Film Thickness

(^m)
Dissn. Rate 

(|im s_1 ) * 1 0 3

In (Dissn. Rate)

15.00 0.613 0.386 -7.859
20.05 0.631 1.097 -6.814

24.90 0.857 1.893 -6.269
29.80 0.637 4.363 -5.435

34.70 0.746 10.167 -4.589

39.80 0.685 20.419 -3.891

A2.1.25
Dissolution of P M M A  (M n 22200. y 1.07) in Isopropvl Acetate

T (°C ) Film Thickness 
ftim)

Dissn. Rate 
(|im s~1 ) * 1 0 3

In (Dissn. Rate)

14.90 0.276 1.214 -6.713
2 0 . 1 0 0.235 2.740 -5.900
25.00 0.309 6.720 -5.003
30.10 0.279 12.761 -4.361
35.00 0.303 20.964 -3.865
40.00 0.297 31.805 -3.448

A2.1.26
Dissolution of PMMA ( M n 34500. y 1.041 in Isopropyl Acetate

T (°C ) Film Thickness 
ftim)

Dissn. Rate 
(jim s_1 ) * 1 0 3

In (Dissn. Rate)

15.10 0.321 0.481 -7.639
19.95 0.280 1.279 -6.661
24.90 0.255 2.822 -5.870
29.80 0.308 5.445 -5.213
34.60 0.228 11.646 -4.453
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A 2 . 1 . 2 7

Dissolution of P M M A  ( M n 6 7 0 0 0 .  y 1.041 in Isopropvl Acetate

T (°C ) Film Thickness 
ftim)

Dissn. Rate 
(|im s_1 ) * 1 0 3

In (Dissn. Rate)

14.90 0.345 0.341 -7.985

2 0 . 1 0 0.499 0.968 -6.940
25.00 0.438 2.031 -6.199

30.10 0.423 3.519 -5.650

35.00 0.389 8.733 -4.741

40.00 0.495 18.859 -3.971

A2.1.28
Dissolution of PMMA (M n 107000. y 1.10) in Isopropyl Acetate

T (°C ) Film Thickness
(Hm)

Dissn. Rate 
(urn s_1 ) * 1 0 3

In (Dissn. Rate)

14.90 0.516 0.273 -8.206
2 0 . 1 0 0.439 0.676 -7.301
25.00 0.387 1.776 -6.333
30.10 0.361 3.418 -5.679
35.00 0.410 6.970 -4.966
40.00 0.380 12.391 -4.391

A2.1.29
Dissolution of PMMA (M n 330000. y 1.10) in Isopropyl Acetate

T (°C ) Film Thickness 
ftim)

Dissn. Rate 
(M-m s '1 ) * 1 0 3

In (Dissn. Rate)

14.90 0.513 0.123 -9.002
2 0 . 1 0 0.481 0.351 -7.954
25.00 0.478 0.941 -6.968
30.10 0.574 2.031 -6.199
35.00 0.515 4.063 -5.506
40.10 0.577 8.730 -4.741
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A2.1.30
Dissolution of PMMA (Mn 22200. y 1.071 in n-Butvl Acetate

T (°C ) Film Thickness
(M-m)

Dissn. Rate 
(jim s"1 ) * 1 0 3

In (Dissn. Rate)

15.10 0.241 0.771 -7.168

20.05 0.369 1.494 -6.506

25.00 0.327 3.116 -5.771

30.00 0.274 8.609 -4.755

34.85 0.291 15.967 -4.137

39.90 0.350 33.362 -3.400

A2.1.31
Dissolution of PMMA (Mn 34500. y 1.041 in n-Butvt Acetate

T(°C) Film Thickness 

frim)
Dissn. Rate 

(M.m s_1 ) * 1 0 3

In (Dissn. Rate)

15.10 0.269 0.422 -7.770
20.05 0.272 1.078 -6.900
25.00 0.291 1.932 -6.249
30.00 0.280 4.701 -5.360
34.85 0.244 9.825 -4.623
40.00 0.232 20.041 -3.910

A2.1.32
Dissolution of PMMA (Mn 67000. y 1.041 in n-Butyl Acetate

T(°C) Film Thickness 
(jxm)

Dissn. Rate 
(M-m s"1 ) * 1 0 3

In (Dissn. Rate)

15.00 0.264 0.191 -8.560
19.80 0.215 0.416 -7.783
24.80 0.235 0.937 -6.972

29.80 0.213 2.290 -6.079
34.90 0.259 4.475 -5.409
39.80 0.351 8.406 -4.779



A2.1.33
Dissolution of PMMA (Mn 107000. y 1 .10  ̂ in n-Butyl Acetate

T (°C ) Film Thickness
(liim)

Dissn. Rate 
(p,m s"1 ) * 1 0 3

In (Dissn. Rate)

16.15 0.316 0.167 -8.693
20.25 0.333 0.384 -7.864

24.85 0.343 0.799 -7.132

29.70 0.285 1.613 -6.429
34.85 0.287 3.544 -5.642
39.50 0.314 6.876 -4.980

A2.1.34
Dissolution of PMMA ( M n 330000. y 1 . 1 1 ) in n-Butvl Acetate

T (°C ) Film Thickness
( [ L ID )

Dissn. Rate 
(urn s"1 ) * 1 0 3

In (Dissn. Rate)

17.65 0.798 0.096 -9.254
21.35 0.793 0.206 -8.487
25.15 0.828 0.422 -7.770
30.05 0.794 1.246 -6.687
35.00 0.756 2.729 -5.904
39.90 0.689 5.656 -5.175

A2.1.35
Dissolution of PMMA ( M n 22200. y 1.071 in n-Pentyl Acetate

T (°C ) Film Thickness 
(\xm)

Dissn. Rate 
(urn s_1 ) * 1 0 3

In (Dissn. Rate)

15.00 0.386 0.247 -8.306
2 0 . 1 0 0.429 0.553 -7.499
25.00 0.446 1.208 -6.718
30.05 0.383 3.247 -5.730
34.90 0.473 6.134 -5.094
39.80 0.519 12.715 -4.365



A2.1.36
Dissolution of PMMA ( M n 3 4 5 0 0 .  y 1 .0 4 ^  in n-Pentvl Acetate

T (°C ) Film Thickness 

(Pm)

Dissn. Rate 
(jim s‘ i ) * 1 0 3

In (Dissn. Rate)

15.00 0.441 0.070 -9.559
2 0 . 1 0 0.384 0.203 -8.500
25.00 0.382 0.488 -7.623

30.05 0.340 1.057 -6.852

34.90 0.456 2.649 -5.933
39.80 0.583 4.599 -5.382

A2.1.37
Dissolution of PMMA (Mn 67000. y 1.04) in n-Pentyl Acetate

T (°C ) Film Thickness 
(pm)

Dissn. Rate 
(jim s"1 ) * 1 0 3

In (Dissn. Rate)

15.00 0.454 0.040 -10.117
19.90 0.365 0.113 -9.087
24.90 0.358 0.290 -8.143
30.10 0.317 0.716 -7.241
35.00 0.308 1.509 -6.496
39.80 0.283 3.002 -5.808

A2.1.38
Dissolution of PMMA (Mn 107000. y 1.10) in n-Pentyl Acetate

T(°C) Film Thickness 
(pm)

Dissn. Rate 
(|im s“1 ) * 1 0 3

In (Dissn. Rate)

15.00 0.480 0.017 - 1 1 . 0 0 0

19.90 0.360 0.046 -9.970
24.90 0.411 0.152 -8.791
30.10 0.401 0.336 -7.996
35.00 0.419 0.879 -7.036
39.90 0.450 2.268 -6.089



A2.1.39
Dissolution of PMMA (Mp 330000. y  1.11) in n-Pentyl Acetate

T (°C ) Film Thickness 
ftim )

Dissn. Rate 
(H,m s"1)*103

In (Dissn. Rate)

15.00 0.482 0.032 -10.333
19.90 0.651 0.089 -9.317
24.90 0.491 0.230 -8.376
30.10 0.698 0.575 -7.461
35.00 0.599 1.183 -6.740
39.90 0.680 3.101 -5.776

A2.1.40
Dissolution of PMMA ( M n 56000. y2.0) in Methyl Acetate

T (°C ) Film Thickness 

(l^m)

Dissn. Rate 
(p.m s"1 ) * 1 0 3

In (Dissn. Rate)

14.70 1.189 26.918 -3.615
19.85 0.973 53.096 -2.936
24.90 0.989 95.398 -2.350
30.55 1.742 211.443 -1.554
35.10 1.607 330.817 -1.106

A2.1.41
Dissolution of PMMA ( M n 56000, y2.0) in Ethyl Acetate

T(°C) Film Thickness 
frim)

Dissn. Rate 
(p.m s"1 ) * 1 0 3

In (Dissn. Rate)

14.75 1.333 8.736 -4.740
20.75 0.964 19.704 -3.927
25.45 1.263 38.306 -3.262
30.35 1.343 59.092 -2.829
35.60 1.309 110.309 -2.204
40.65 1.291 239.390 -1.430
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A2.1.42
Dissolution of P M M A  ( M n 56000. y2.0) in Isopropyl Acetate

T (°C) Film Thickness 

(M-m)

Dissn. Rate 
( îm s_1)*103

In (Dissn. Rate)

14.40 0.957 0.842 -7.080

20.15 1.208 2.058 -6.186
26.25 1.132 5.220 -5.255
31.20 1.320 9.372 -4.670
36.50 1.193 18.193 -4.007
40.50 1.186 31.274 -3.465

A2.1.43
Dissolution of PMMA (Mn 56000. y2.0) in Butyl Acetate

T (°C ) Film Thickness 
ftim)

Dissn. Rate 
(p.m s"1)*103

In (Dissn. Rate)

14.40 1.041 0.248 -8.299
19.95 0.682 0.845 -7.075
24.75 1.013 2.147 -6.143
30.75 0.894 5.337 -5.233
35.25 1.097 9.894 -4.616
40.15 1.204 18.613 -3.984

A2.1.44
Swelling of PMMA (M n 56000. y2.01 in Methanol

T (°C ) Film Thickness 
Oim)

Swell. Rate 
(^m s_1)*103

In (Swell. Rate)

15.00 0.222 0.439 -7.730
20.10 0.212 0.665 -7.315
24.90 0.167 0.941 -6.968
30.10 0.220 1.458 -6.530
34.90 0.179 2.522 -5.983
39.70 0.212 5.603 -5.184



A2.1.45
Dissolution of PMMA (Mn 56000. y2.0 ) in MEK/Methanol at 25.0°C

% Methanol Film Thickness 
(pm)

Slope (s_1) Dissn. Rate 
(pm s"1)*103

0 0.531 7.627 40.499

5 0.741 10.118 74.974

10 0.514 17.353 89.194

20 0.842 11.886 100.080
30 0.716 12.945 92.686
40 0.548 14.866 81.465
50 0.530 10.022 53.116
70 0.776 0.057 0.445

A2.1.46
Dissolution of P M M A  ( M n 67000. v 1.04) in MEK/Methanol at 25.0°C

% Methanol Film Thickness 
(pm)

Slope (s_1) Dissn. Rate 
(pm s"1)*103

0 0.686 3.211 22.027
5 0.705 3.333 37.597
10 0.712 6.293 44.806
15 0.707 6.797 48.054
20 0.543 9.090 49.358
25 0.407 11.590 47.171
30 0.553 8.565 47.364
35 0.765 5.485 41.960



A2.1.47
Dissolution of PMMA (Mn 107000. y  1.10  ̂ in MEK/Methanol at 25.0°C

% Methanol Film Thickness 
(pm)

Slope (s '1) Dissn. Rate 
(pm s"1)*103

0 0.660 2.950 19.470
5 0.296 10.383 30.733
10 0.346 10.738 37.153
15 0.458 8.370 38.334
20 0.408 10.837 44.214
25 0.516 8.582 44.283
30 0.387 9.313 36.041
35 0.495 7.112 35.204
40 0.509 5.950 30.285

A2.1.48
Dissolution of PMMA (Mn 330000. y 1.11) in MEK/Methanol at 25.0°C

% Methanol Film Thickness 
(pm)

Slope (s"1) Dissn. Rate 
(pm s '1)*103

0 0.742 1.947 14.446
5 1.061 2.095 22.227
10 0.853 3.336 28.456
15 0.715 4.312 30.830
20 1.250 2.507 31.337
25 1.088 2.897 31.519
30 1.471 2.096 30.832
35 1.622 1.801 29.212
40 1.016 2.755 27.990
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A2.1.49
Dissolution of PMMA (Mp 56000. y2.0) in MEK/Ethanol at 25.0°C

% Ethanol Film Thickness

( M

Slope (s '1) Dissn. Rate 
(pm s '1)*103

0 0.531 7.627 40.499
5 1.191 3.864 46.020
10 0.779 6.607 51.468
20 0.937 5.610 52.565

30 1.421 3.110 44.193

40 1.083 2.444 26.468
50 1.100 1.674 18.414
60 0.971 0.497 4.825

A2.1.50
Dissolution of PMMA (Mn 107000. y 1.10) in MEK/Ethanol at 25.0°C

% Ethanol Film Thickness 
(pm)

Slope (s_1) Dissn. Rate 
(pm s '1)*103

0 0.660 2.950 19.470
5 0.329 7.656 25.188
10 0.609 3.768 22.947
15 0.577 3.734 21.545
20 0.571 3.563 20.344

25 0.488 3.838 18.729
30 0.611 2.711 16.564

35 0.619 2.168 13.419
40 0.657 1.786 11.734
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A2.1.51
Dissolution of P M M A  ( M n 56000. y 2.0) in M E K / 1 -Propanol at 25.0°C

% 1 -Propanol Film Thickness 
(pm)

Slope (s '1) Dissn. Rate 
(pm s"1)*103

0 0.531 7.627 40.499
5 0.809 5.390 43.605
10 1.106 3.555 39.318
20 0.515 5.328 27.439
30 1.496 1.630 24.384

40 1.213 1.521 18.449
50 1.497 1.001 14.984

A2.1.52
Dissolution of P M M A  (M n 56000. y 2.0) in MEK/2-Propanol at 25.0°C

% 2-Propanol Film Thickness 
(pm)

Slope (s '1) Dissn. Rate 
(pm s"1)*103

0 0.531 7.627 40.499
5 1.523 2.326 35.424
10 1.185 2.738 32.445
20 1.201 2.142 25.725
30 1.270 1.688 21.437
40 1.404 1.188 16.679
50 1.213 0.766 9.291
60 1.132 0.298 3.373
70 1.413 0.048 0.678



363

A2.1.53
Dissolution of PMMA (Mp 107000. y  1.10) in MEK/2-Propanol at 25.0°C

% 2-Propanol Film Thickness 
(pm)

Slope (s '1) Dissn. Rate 
(pm s"1 ) * 1 0 3

0 0.660 2.950 19.470
5 0.274 6.269 17.177

1 0 0.278 5.171 14.375

15 0.217 5.902 12.807

2 0 0.254 4.159 10.563
25 0.306 3.190 9.761
30 0.234 3.232 7.562
35 0.308 2.030 6.252
40 0.362 1.410 5.104

A2.1.54
Dissolution of P M M A  ( M n 56000. v 2.0) in M E K /1 -Butanol at 25.0°C

% 1 -Butanol Film Thickness 
(pm)

Slope (s '1) Dissn. Rate 
(pm s_1 ) * 1 0 3

0 0.531 7.627 40.499
5 0.519 7.094 36.817

1 0 0.547 6.095 33.339
2 0 0.521 4.824 25.133
30 0.519 3.812 19.784
40 0.490 3.096 15.170
50 0.613 1.612 9.881
60 0.656 0.312 2.046
70 0.906 0.004 0.036
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A2.1.55
Dissolution of PMMA (Mn 56000. y  2.0) in MEK/2-Butanol at 25.0°C

% 2-Butanol Film Thickness Slope (s’ 1) Dissn. Rate 
(pm s"1 ) * 1 0 3

0 0.531 7.627 40.499

5 2.034 1.876 38.157

1 0 1.973 1.746 34.445
2 0 2.468 1.161 28.653
30 2.529 0.870 2 2 . 0 0 2

40 2.055 0.759 15.597
50 1.804 0.532 9.597
60 1.322 0.427 5.644

A2.1.56
Dissolution of PMMA (M n 56000. y2.0)  in MEK/Water at 25.3°C

% Water Film Thickness 
(pm)

Slope (s_1) Dissn. Rate 
(pm s '1)*103

0 1.800 2.318 41.724
1 1 . 1 2 0 5.220 58.464
2 1.280 5.297 67.801
3 1 . 2 2 0 6.349 77.457
4 1.640 5.100 83.640
6 1.520 5.837 88.722
7 1.630 5.350 87.205
8 1.170 7.400 86.580
9 1.990 4.354 86.644

1 0 1.570 5.390 84.623
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A 2 . 1 . 5 7

Dissolution of P M M A  ( M n 56000. y 2.01 in MEK/Water at 16.0°C

% Water Film Thickness 
(pm)

Slope (s '1) Dissn. Rate 
(pm s"1 ) * 1 0 3

0 1.911 0.609 11.637

2 2.094 0.974 20.395

4 2.516 0.946 23.801

6 1.970 1.072 21.118

8 1.789 1.185 21.199

A2.1.58
Dissolution of Polystyrene (Mw 430000. y3.1) in 60:40 MEK/IPA

T (°C ) Film Thickness 
(pm)

Dissn. Rate 
(pm s"1 ) * 1 0 3

In (Dissn. Rate)

2 0 . 0 0 0.277 0.628 -7.372
24.90 0.209 1.126 -6.789
30.10 0.378 2.252 -6.096
34.90 0.335 3.309 -5.711
40.50 0.343 6.777 -4.994

A2.1.59
Dissolution of Polystyrene (Mw 430000. y3.1) in 40:60 MEK/IPA

T(°C) Film Thickness 
(pm)

Dissn. Rate 
(pm s_1 ) * 1 0 3

In (Dissn. Rate)

20.3 0.312 1.244 -6.689
26.4 0.399 5.063 -5.286
31.0 0.351 12.084 -4.416
35.8 0.351 45.226 -3.096
39.8 0.344 114.018 -2.171



A2.1.60
Dissolution of Polvfphenvlmethvlsilanel ( M n 7 5 0 0 .  y  1 .4 )  in 7 5 : 2 5  MEK/IPA

T  ( ° C ) AF (kHz) (AF*Slope) 

(kHz s"1)

In (AF*Slope)

1 5 . 0 0 2 . 9 5 3 2 3 . 1 2 2 3 . 1 4 1

2 0 . 1 0 2 . 6 4 4 3 1 . 5 1 1 3 . 4 5 0

2 4 . 9 0 3 . 3 4 0 4 6 . 6 2 0 3 . 8 4 2

3 0 . 1 0 2 . 8 3 3 5 7 . 3 6 3 4 . 0 4 9

3 5 . 1 0 2 . 7 1 7 5 5 . 7 0 9 4 . 0 2 0

A 2 .1 .6 1

Dissolution of Polv(phenvlmethvlsilane) (M n 9 6 0 0 .  y 1 .2 )  in 7 5 :2 5  MEK/IPA

T (°C ) AF (kHz) (AF*Slope) 

(kHz s’ 1)

In (AF*Slope)

15.00 4.123 8.056 2.086
2 0 . 2 0 4.128 11.822 2.470
25.20 3.910 12.958 2.561
29.90 3.259 16.324 2.792
34.80 3.060 23.648 3.163
39.50 3.423 21.859 3.085

A2.1.62
Dissolution of Poly(phenylmethylsilane) (M n 14500. y1.41 in 75:25 MEK/IPA

T (°C ) AF (kHz) (AF*Slope) 

(kHz s’ 1)

In (AF*Slope)

14.90 6.270 0.690 -0.371

2 0 . 2 0 5.697 1.607 0.474
25.00 6.376 2.283 0.825
29.90 6.514 5.979 1.788
34.90 6.362 9.791 2.281
40.20 6.835 14.094 2.646



367

A2.1.63
Dissolution of Polvfphenvlmethvlsilanel (Mn 18400.71.4) in 75:25 MEK/IPA

T (°C ) AF (kHz) (AF*Slope) 

(kHz s '1)

In (AF*Slope)

15.00 1.907 0.606 -0.500

2 0 . 2 0 1.980 1.005 -0.005

25.20 1.519 2 . 2 1 2 0.794

29.90 1.249 3.617 1.286

34.80 2.493 8.234 2.108

39.50 1.765 10.874 2.386

A2.1.64
Dissolution of Polv(phenvlmethvlsilane) (M n 29300. y 1.9) in 75:25 MEK/IPA

T (°C ) AF (kHz) (AF*Slope) 

(kHz s '1)

In (AF*Slope)

15.00 2 . 2 1 1 0.285 -1.254

2 0 . 0 0 1.687 0.616 -0.484
24.80 2.243 1.501 0.406
29.80 2.127 1.887 0.635
35.00 2.244 5.439 1.694
39.90 1.918 8.758 2.170

A 2 .1 .6 5

Dissolution of Poly(phenylmethylsilane) (M n 3 6 5 0 0 .  y 1.91 in 7 5 :2 5  M E K /IP A

T(°C) AF (kHz) (AF*Slope) 

(kHz s‘ 1)

In (AF*Slope)

15.00 2.632 0.029 -3.542
2 0 . 1 0 2.986 0.054 -2.923
24.90 2.638 0.098 -2.327
30.10 2.805 0.196 -1.628
35.10 2.182 0.482 -0.729
40.10 2.871 1.792 0.583
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A2.1.66
Dissolution of Polvfphenvlmethvlsilanel (Mn 53700. y5.8^ in 75:25 MEK/IPA

T(°C) AF (kHz) (AF*Slope) 

(kHz s"1)
In (AF*Slope)

15.00 0.003 0.006 -5.153
19.85 0.005 0 . 0 1 2 -4.389
24.90 0.014 0.034 -3.388
30.10 0.053 0.116 -2.157
35.00 0.095 0.275 -1.290
40.00 0.341 0.784 -0.243

A2.1.67
Dissolution of Polv(phenvlmethylsilane) (Mn 9600. y 6.2) in 50:50 MEK/IPA

T (°C ) AF (kHz) (AF*Slope) 

(kHz s'1)

In (AF*Slope)

15.0 9.216 4.433 1.489
2 0 . 0 3.393 9.053 2.203
25.0 8.274 13.619 2.611
30.0 5.809 19.146 2.952
35.0 9.175 24.341 3.192
40.0 7.724 53.760 3.985

A2.1.68
Dissolution of Poly(phenvlmethvlsilane) (Mn 9600. y6.2) in 50:50 MIBK/IPA

T(°C) AF (kHz) (AF*Slope) 

(kHz s’ 1)

In (AF*Slope)

15.0 2.142 1.829 0.604
2 0 . 0 2.786 2.736 1.006
25.0 3.033 3.934 1.370
30.0 2.944 8.414 2.130
35.0 2.598 13.413 2.596
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A2.1.69
Dissolution of Polv(phenylmethvlsilane) in MIBK/IPA at 24.7°C

% IPA AF (kHz) AF*Slope 

(kHz s '1)

In (AF*Slope)

0 7.684 31.120 3.438

1 0 7.219 52.843 3.967

2 0 7.077 32.038 3.467

30 7.259 22.909 3.132
40 6.362 10.822 2.382

50 7.836 4.694 1.546

60 7.215 0.874 -0.134

70 7.384 0.130 -2.041

80 7.561 0.009 -4.702

A2.1.70
Dissolution of Polv(vinvl cinnamate) in Toluene

T(°C) AF (kHz) (AF*Slope) 

(kHz s-1)

In (AF*Slope)

15.00 6.725 24.789 3.210
19.90 7.010 27.984 3.332
25.10 4.540 32.629 3.485
29.60 3.568 37.064 3.613
34.60 4.637 39.178 3.668

A2.1.71
Dissolution of Polvfvinvl cinnamate) in Acetone

T(°C) AF (kHz) (AF*Slope) 

(kHz s’ 1)

In (AF*Slope)

15.00 4.513 14.870 2.699
19.80 5.515 17.301 2.851
24.90 4.512 19.880 2.990
30.00 4.531 22.791 3.126
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A 2 . 1 . 7 2

Dissolution of Polvfvinvl cinnamate) in Xvlene

T(°C) AF (kHz) (AF*Slope) 

(kHz s '1)

In (AF*Slope)

15.00 6.458 2.370 0.863

2 0 . 0 0 6.323 6.696 1.902

24.90 6.207 21.321 3.059

29.60 7.249 41.769 3.732

34.30 4.745 79.678 4.377

A 2 .1 .7 3

Dissolution of P M M A  ( M n 56000. y 2.0) in 75:25 M IB K /IP A  at 25.0°C- U V  Effect 

U V A  lamp__________________________________________________________

Exposure 

Time (min)

Film Thickness 
(pm)

Dissn. Rate 
(pm s"1)*103

In (Dissn. Rate)

0 0.204 14.850 -6.512

1 0 0.257 17.700 -6.336
2 0 0 . 2 0 0 21.280 -6.152
28 0.193 25.900 -5.956
40 0 . 2 1 0 35.930 -5.629
60 0.215 58.730 -5.137

A 2 .1 .7 4

Dissolution of P M M A  ( M n 5 6 0 0 0 . y 2 .0 )  in 7 5 :2 5  M IB K /IP A  at 1 8 .0 ° C  - U V  Effect 

Hanovia Lamp__________________________________ __________________

Exposure 

Time (min)
Film Thickness 

(pm)
Dissn. Rate 

(pm s_1)*103
In (Dissn. Rate)

5 0.965 23.642 -3.745
1 0 0.913 38.437 -3.259
15 0.653 56.922 -2.867
2 0 0.802 86.928 -2.443
25 1 . 1 0 2 154.048 -1.870
30 0.782 225.528 -1.489
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A2.1.75
Dissolution of P M M A  ( M n 56000. y 2.01 in 75:25 M IB K /IP A  at 25.0°C - UV Effect 

Hanovia Lamp_____________________________________________________

Exposure 

Time (min)

Film Thickness 
(pm)

Dissn. Rate 
(pm s"1 ) * 1 0 3

In (Dissn. Rate)

5 1.231 66.584 -2.709

1 0 0.687 99.745 -2.305

15 0.919 149.521 -1.900
2 0 1.028 185.040 -1.687
25 0.800 378.799 -0.971

30 0.844 697.228 -0.361

A2.1.76
Dissolution of PMMA (Mn 56000. y 2.0) in 50:50 MEK/IPA at 2Q.5°C - [JV Effect 

UVA Lamp_________________________________________________________

Exposure 

Time (min)
Film Thickness 

(pm)
Dissn. Rate 

(pm s’ 1 ) * 1 0 3

In (Dissn. Rate)

0 0.963 3.206 -5.742
5 0.739 6.370 -5.056

1 0 0.975 11.319 -4.481
15 0.909 18.816 -3.973
26 0.779 53.205 -2.934
30 0.756 75.645 -2.582
42 0.746 246.329 -1.401
53 0.787 661.473 -0.413
60 0.951 576.496 -0.551

A2.1.77
Dissolution of PMMA ( M n 56000. y 2.0) in n-Butyl Acetate at 20.4°C - UV Effect 

Hanovia Lamp______________________________________________________

Exposure 

Time (min)
Film Thickness 

(pm)
Dissn. Rate 

(pm s_1 ) * 1 0 3

In (Dissn. Rate)

3 0.841 35.750 -3.331
1 0 0.845 62.352 -2.775
15 0.617 100.663 -2.296
26 1.025 204.897 -1.585
30 0.856 236.341 -1.442
42 0.933 454.063 -0.790
60 0.797 797.000 -0.227
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A2.1.78
Dissolution of PMMA (Mp 56000. y 2.01 in n-Butyl Acetate at 25.0°C - UV Effect 

UVA Lamp_________________________________________________________

Exposure 

Time (min)
Film Thickness 

(M<m)
Dissn. Rate 

(pm s '1 ) * 1 0 3

In (Dissn. Rate)

0 0.205 1.439 -6.544

1 0 0.175 1.837 -6.299
2 0 0.209 2.393 -6.035

30 0 . 2 0 1 2.803 -5.877

40 0.166 3.578 -5.633
60 0.173 5.295 -5.241

A2.1.79
Dissolution of Polv(vinvl cinnamatel in 100% Acetone at 35.0°C - UV Effect 
UVA Lamp __________________________________ __________________

Exposure 

Time (min)

AF (kHz) AF*Slope 

(kHz s"1)

In (AF*Slope)

0 3.839 55.666 4.019
5 3.225 43.276 3.768

1 0 3.186 34.001 3.526
15 4.080 26.006 3.258
30 2.568 14.014 2.640
45 2.369 5.380 1.683

A2.1.80
Dissolution of Polvfvinvl cinnamatel in 100% Acetone at 45.0°C - UV Effect 
UVA Lamp_________________________________________________________

Exposure 

Time (min)

AF (kHz) AF*Slope 

(kHz s’ 1)

In (AF*Slope)

0 4.405 29.306 3.378
5 2.294 19.341 2.962

1 0 4.863 14.934 2.704
15 4.963 12.060 2.490
30 2.974 6.159 1.818
45 2.646 3.106 1.133
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Appendix 3.0

A3.0 BASIC Programs

A3.1 "Volume Fraction Activity Coefficients and Florv- 
Huaains Interaction Parameters" BASIC Programs 

A3.1.1 Calculation of Themodynamic Parameters - 
"FHUGGINS" BASIC Program

10 CLS
20 KEY OFF
30 P R IN T  T A B (8 )" *  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * "

40 P R IN T  T A B (8 )"*

50 PRINT TAB(8 )"* CALCULATION OF VOLUME FRACTION ACTIVITY *
* COEFFICENTS AND FLORY-HUGGINS 

60 PRINT TAB(8 )"* INTERACTION PARAMETERS

70 PRINT TAB(8 )"*
80 PRINT TAB(8 )"* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * "

90
100 LOCATE 8,1 P R IN T  'This program calculates activity coefficients and

Flory-Huggins interaction parameters in terms of volume fraction of"
1 1 0 PRINT: "solute in solution. If more than 20 data points are used, arrays"
120 PRINT: "must be redimensioned. The constants required for the"
130 PRINT:"running of this program are stored in a data file using the
140 PRINT "program 'CONSTANT'.

150 PRINT "The calculated values are stored in a data file and can be
160 PRINT "accessed by using the program 'FHPRINT'"

170
180 DIM K(40),S(40),PHI(40),U(40),P(40),PG(40),F(40),LGF(40),

LNG(40),G(40),Q(40),KHI(40),Z(40),CHI(40),LCG(40),DEV(40)

190
200 'Input of data and constants

210
220 LOCATE 18,1 :INPUT "NAME OF RUN ";E$
230 INPUT "NAME OF INPUT FILE (i.e. stored constants)= ";IP$
240 OPEN IP$ FOR INPUT AS #1
250 INPUT #1 ,F$,C$,N,T,PR,D1 ,B,V 1 ,D2,V2
260 CLOSE #1



270

280
290
300

310

320

330
340
350
360

370
380

390
400
410
420
430
440
450
460

470

480
490
500
510
520
530

540

550

560
570

580
590
600

3 7 4

PRINT:INPUT "Frequency of uncoated crystal at atmospheric 

pressure (Hz) ";H
INPUT "Frequency of coated crystal at atmospheric pressure (Hz) ";E 

INPUT "Frequency of coated crystal at vacuum (Hz) ";J
i

'Calculation of activity coefficients
i

CLS
L=H-E 'Frequency change due to polymer
P0=(PR*133.322) 'Conversion to pascals
LOCATE 4,1 :COLOR 0,7:PRINT "Enter values of frequency (Hz) and
pressure (Torr): ":COLOR 7,0
LOCATE 6,1

FOR 1=1 TO N
INPUT K(I),P(I) 'Reading values of frequency and pressure

S(I)=J-K(I) 'Frequency change due to solvent
PHI(I)=((S(I)/D1 )/((S(l)/D1 )+(L/(D2))) 'Volume fraction of solvent
F(I)=(P(I)*133.322)/(P0*(PHI(I))
LGF(l)=LOG(F(l))
C1 =(V1 -B)/(8.314*T)
C2=((B*B)/((8.314*T)A2))
LNG(I)=LGF(I)+(C1 *(P0-(P(I)*133.322)))+((C2*((P0A2)- 

((P(l)*133.322)A2))/2))
'LNG(I) is the logarithm of the activity coefficient of absorbate based on 

volume fraction 

NEXT I

PRINT "Name of run ";E$
i

'Calculation of Flory-Huggins interaction parameters
f

R=V2A/1 'Size ratio of components
FOR 1=1 TO N

PHI(I)=(L/D2)/((L/D2)+(S(I)/D1)) 'Volume fraction of polymer 

U(l)=1 -PHI(I)
Q(|)=(1-1/R)*PHI(I)

KHI(I)=(LNG(I)-Q(I))/(PHI(I)A2)
'Flory-Huggins interaction parameter based on volume fraction 
NEXT I



610
620
630
640
650

660
670

680
690

700
710

720

730
740
750

760
770

375

'Storing of constants and calculated data
i

OPEN E$ FOR OUTPUT AS #1 'Opening data file 

WRITE #1 ,F$,C$,N,T,PR,D1 ,B,V1 ,D2,V2,VV,VSIH IE,J,L 

FOR 1=1 TO N
WRITE #1 ,K(l),P(l),S(l),PHI(l)fU(l),LNG(l),KHI(l)

NEXT I 
CLOSE #1 

CLS
PRINT "FREQUENCY PRESSURE VOLUME FRACTION 

ACTIVITY INTERACTION"
PRINT "CHANGE (Hz) (Torr) POLYMER SOLVENT
COEFFICIENT PARAMETER"
PRINTPRINT  

FOR 1=1 TO N
PRINT USING ''####### ##.### #.#### #.#### #.####
#.####" ;S(l),P(l)iPHI(l).U(l)fLNG(l)fKHI(l)
NEXT I 
END
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A3.1.2 Storage of Constants for "FHUGGINS" - 
"CONSTANTS”

10 CLS
20 PRINT TAB(17y *  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

30 PRINTTAB(17) "*
40 PRINT TAB(17) "* CONSTANTS FOR 'FHUGGINS' PROGRAM *"

50 PRINTTAB(17) "*
60 PRINT TAB(17) - * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * "

70
80 'This program allows the user to store or access the constants
90 'needed for the program 'FHUGGINS' in a data file.

100
110 KEY OFF
120 LOCATE 13,7:COLOR 0.7.PRINT "Are you setting up a new file or

accessing a setup file (S/A)? ";:COLOR 7,0 

130 A$=INKEY$
140 IF A$="S" OR A$="s" THEN GOTO 200
150 IF A$="A" OR A$="a" THEN GOTO 430

160 G O T 0 130
170
180 'Setup of new data file
190
200 CLS
210 LOCATE 4,4:COLOR 0,7:PRINT:INPUT "Name of input file:

";IP$COLOR 7,0 

220 PRINT:INPUT "Name of polymer deposited on crystal: ";F$
230 PRINT:INPUT "Name of vapour used: ";C$
240 PRINT:INPUT "Number of data points (max. of 20): ";N
250 PRINT:INPUT "Absolute temperature (K): ";T
260 PRINT:INPUT "S.V.P. of Vapour (Torr): ";PR

270 PRINT:INPUT "Density of vapour (g cmA-3): ";D1

280 PRINT:INPUT "Second virial coefficient of vapour (mA3 molA-1): ";B
290 PRINT:INPUT "Molar volume of vapour (mA3 molA-1): ";V1
300 PRINT:INPUT "Density of polymer (g cmA-3): ";D2

310 PRINT P R IN T  "Molar volume of polymer (mA3 molA-1): ";V2
320 CLS
330



340
350

360

370
380

390
400
410
420

430

440
450
460
470

480
490
500
510
520

530
540
550
560
570
580
590
600
610
620
630
640
650

660

670

680

3 7 7

OPEN IP$ FOR OUTPUT AS #1 

WRITE #1 ,F$,C$,N,T,PR,D1 ,B,V1 ,D2,V2 

CLOSE #1
i

LOCATE 1 0,10:COLOR 0,7:PRINT "Do you wish to view the stored data

(Y/N)?";:COLOR 7,0
A$=INKEY$
IF A$="Y” OR A$=”y" THEN GOTO 490 

IF A$="N” OR A$="n" THEN GOTO 660 

GOTO 390 

CLS
LOCATE 10,10:COLOR 0,7:INPUT "Name of input file: ";IP$:COLOR 7,0
OPEN IP$ FOR INPUT AS #1
INPUT #1 ,F$,C$,N,T,PR,D1 ,B,V1 ,D2,V2
CLOSE #1
I

'Display of stored data
t

CLS
LOCATE 5,1 :COLOR 0,7:PRINT "The following constants have been 

stored in data file: "IP$:COLOR 7,0
LOCATE 8,1 P R IN T  "Name of polymer deposited on crystal: "F$
PRINT "Name of vapour used: "C$
PRINT "Absolute temperature (K): "T
PRINT "S.VP. OF Vapour (Torr): "PR

PRINT "Density of vapour (g cmA-3): "D1
PRINT "Second virial coefficient of vapour (mA3 molA-1): "B
PRINT "Molar volume of vapour (mA3 molA-1): "V1

PRINT "Density of polymer (g cmA-3): "D2
PRINT "Molar volume of polymer (mA3 molA-1): "V2
PRINTPRINT
i

'Printout of constants
f

PRINT:COLOR 0,7:PRINT "Do you require a printout of the constants
(Y/N)?”;:COLOR 7,0
A$=INKEY$

IF A$=”Y” OR A$=”y" THEN GOTO 740



690
700
710

720
730
740
750

760
770

780
790
800

810
820
830
840
850
860
870
880
890

900

910
920

3 7 8

IF A$="N" OR A$="n" THEN GOTO 880 

GOTO 670
i

'Printout of stored constants
i

CLS
COLOR 0,7:LPRINT "The following constants have been stored in data
file: "IP$;: COLOR 7,0
LPRINT:LPRINT

LOCATE 8,1 :LPRINT "Name of polymer deposited on crystal: "F$ 

LPRINT "Name of vapour used: "C$
LPRINT "Number of data points: "N
LPRINT "Absolute temperature (K): "T
LPRINT "S.V.P. OF Vapour (Torr): "PR
LPRINT "Density of vapour (g cmA-3): "D1
LPRINT "Second virial coefficient of vapour (mA3 molA-1): "B
LPRINT "Molar volume of vapour (mA3 molA-1): "V1
LPRINT "Density of polymer (g cmA-3): "D2
LPRINT "Molar volume of polymer (mA3 molA-1): "V2
GOTO 890
CLS
LOCATE 15,15:COLOR 0,7:PRINT "The constants have been stored in 

data file: "IP$;:COLOR 7,0
LOCATE 18,10:PRINT "The stored constants can be used in the 

calculation of activity coefficients and Flory-Huggins"

PRINT "interaction parameters by accessing the 'FHUGGINS' program" 
END
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A3.2 "Rate of Dissolution of Thin Films” BASIC Program

10 CLS
20 KEY OFF
30 PRINTTAB(8 ) - * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * <

40 PRINT TAB(8 ) "*
50 PRINT TAB(8 ) "* RATE OF DISSOLUTION OF THIN POLYMER *

FILMS PROGRAM

60 PRINT TAB(8 ) "*
70 PRiNT TAB(8 ) - * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * •

80
90 LOCATE 8,1 P R IN T  "This program will collect the change of frequency

of a quartz crystal with respect to time."
100 PRINT "The data can then be displayed on the screen, printed out or"
110 PRINT "stored in a data file for further use."

120
130 'Entering of constants
140
150 LOCATE 13,1 :COLOR 0 .7P R IN T "Please enter the following

constants:-”:COLOR 7,0 

160 PRINT:INPUT "Name of run ";N$
170 PRINT:INPUT "Name of polymer deposited on crystal ";P$
180 PRINT:INPUT "Molecular weight of polymer ";MW
190 PRINT:INPUT "Solvent system to be used (Solvent 1/Solvent 2) ";S$

200 PRINT.INPUT "Percentage weight of Solvent 1/Solvent 2 ";W%

210 PRINTMNPUT "Stirrer set point ";F
220 PRINT:INPUT "Temperature of system (°C) ";T

230

240 T o  open the data file
250
260 OPEN "DATA" FOR OUTPUT AS #1

270 WRITE #1, P$, MW, S$, W%, F, T
280 CLOSE # 1

290

300 'To display the constants on screen
310

320 X$ = STRING$(14,45)

330 CLSPRINT X$" RATE OF DISSOLUTION OF THIN POLYMER FILM"X$



340
350
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390
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490
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520
530
540
550
560
570
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620

630
640
650
660

670
680
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LOCATE 5,1 P R IN T "Name of run: "N$
PR IN TPR IN T "Name of polymer deposited on crystal: ”P$ 

PR IN TPR IN T "Molecular weight of polymer: "MW 

PR IN TPR IN T "Solvent system to be used (Solvent 1/Solvent 2): "S$ 

PR IN TPR IN T "Percentage weight of Solvent 1/Solvent 2: "W% 

PRINTPRINT "Stirrer set point: "F 
PRINTPRINT "Temperature of system (°C): T
i

To  commence program
t

LOCATE 22,1 :COLOR 0,7:PRINT"Press ANY key to continue";:COLOR 

7,0
IF INKEY$ ="" GOTO 450 

SCREEN 0,0,0:WIDTH 80 

CLS
LOCATE 5,1 :COLOR 0,7:PRINT "Before commencing the run, please 

ensure that:-":COLOR 7,0
LOCATE 8,1 P R IN T "1 . The Frequency Counter is switched on"
PRINT "2. The power supplies and Q.C.M. are functioning"
PRINT "3. The stirrer is set to correct r.p.m."
f

'Initialisation of IEEE card
t

DIM X(3000),Y(3000),T(3000)
DEF SEG=&HC400

CMD$="syscon mad=3,cic=1 ,nob=1 ,ba0=&h300 
IE488=0

A%=0: FLG%=0: BR D%=0

CALL IE488(CMD$,A%,FLG%,BRD%)
IF FLG%<>0 THEN PRINT "INSTALLATION ERROR" GOTO 2600 

CMD$="REMOTE 12"

BRD%=0
CALL IE488(CMD$, A%, FLG%, BRD%)
IF FLG%<>0 THEN PRINT "ERROR ";HEX$(FLG%) GOTO 2600 

LOCATE 18,15:COLOR 0,7:PR IN rPress ANY key to start collecting 

data";: COLOR 7,0 

IF INKEY$= ”” GOTO 670 

CLS
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700
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1040
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LOCATE 2,17:COLOR 0,7:PRINT "To stop collecting data press 

<F10>":COLOR 7,0 

LOCATE 5,1
PRINT "NUMBER OF POINTS TIME (s) FREQUENCY (Hz)" 

LOCATE 7,1 

CMD$="CLEAR 12"

BRD%=0
CALL IE488 (CMD$,VAR%,FLG%,BRD%)
IF FLG%<>0 THEN PRINT "ERROR" ;HEX$(FLG%) GOTO 2600

To  switch back to reading frequency A
VAR$="FA"
CMD$="OUTPUT 12[$E]"
CALL IE488(CMD$,VAR$,FLG%,BRD%)
VAR$="AFE" ’Enable filter on channel A
CMD$="OUTPUT 12[$E]"
CALL IE488(CMD$, VAR$, FLG%, BRD%)
T0=TIMER 'Starting timer
WHILE T8<2970
NN=NN+1
T9=TIMER:T(NN)=T9-T0 

IF NN=1 THEN 900
IF INT(T(NN))=INT(T(NN-1)) THEN 870 

DVM$=SPACE$(25)
CMD$="ENTER 12[$,0,20]"
CALL IE488(CMD$, DVM$, FLG%, BRD%)

V$=RIGHT$(DVM$,18)
D9=VAL(V$)

T8=TIMER-T0

IF FLAG%<>0 THEN GOTO 2600 

X(NN)=T 8 : Y(NN)=D9 

PRINT NN,"",X(NN),"",Y(NN)
KEY(10) ON: ON KEY(10) GOSUB 1040
IF A$="FIN" THEN 1050
GOTO 850
WEND

GOTO 1050
A$="FIN”:RETURN

CLS:LOCATE 5,1 P R IN T  "Program has been terminated"
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'Choose type of file required
i

CLS
LOCATE 5,1 :COLOR 0,7:PRINT"The data can be processed as 

follows:-";:COLOR 7,0
LOCATE 8,1 PRINT" <1> - Generate a data file"
PRINTPRINT" <2> - Display data on screen"

PRINTPRINT" <3> - Exit to BASIC"
PR IN TPR IN T' <4> - Printout constants used"
LOCATE 20,1 :COLOR 0,7PRINT"Enter selection number (1-4):

""COLOR 7,0
A$=INKEY$: IF A$='"' GOTO 1160 

PRINT A$
IF VAL(A$ ) = 1  THEN GOTO 1240 

IF VAL(A$)=2 THEN GOTO 1600
IF VAL(A$)=3 THEN CLS:LOCATE 13,18:COLOR 0 .7P R IN T "The 

program has been treminated":COLOR 7,0:END 

IF VAL(A$)=4 THEN GOTO 2170
PRINT "[";A$;"] is not a valid entry. Please re-enter selection": GOTO  

1150
i

'Generation of data file
t

CLS
COLOR 0,7:LOCATE 12,15:INPUT'Please type data file name

[DRIVE]:NAME.EXT';FILX$:COLOR 7,0
OPEN FILX$ FOR OUTPUT AS #1
WRITE #1, P$, MW, S$, W, F, T, NN

K=30
IF NN<30 THEN K=NN 

FOR 1=1 TO K 
WRITE # 1 ,1, X(l), Y(l)

NEXT

IF K<30 THEN 1530 

K=120
IF NN<120 THEN K=NN 

FOR I = 35 TO K STEP 5
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WRITE # 1 ,1, X(l), Y(l)

NEXT
IF K<120 THEN 1530 

K=600
IF NN<600 THEN K=NN 

FOR I = 130 TO K STEP 10 
WRITE # 1 ,1, X(l), Y(l)

NEXT
IF K<600 THEN 1530 

K=2000
IF NN<3000 THEN K=NN 

FOR 1=630 TO K STEP 30 
WRITE # 1 ,1, X(l), Y(l)

NEXT 
CLOSE #1 

CLS
LOCATE 8,1 PR IN T "The data has been stored in data file " FILX$ 

LOCATE 17,1 :COLOR 0.7PR IN T "Press ANY key to return to the main 

menu";:COLOR 7,0 

IF INKEY$ = "" GOTO 1570 

GOTO 1090
f

'Display of data on screen 
«

CLS
LOCATE 10,17:COLOR 0 ,7P R IN T "-Do you wish to view the constants

used (Y/N)?-";:COLOR 7,0
A$=INKEY$
IF A$="Y" OR A$="y" THEN GOTO 1670 ELSE IF A$<>"" THEN GOTO  

1780
GOTO 1640 

CLS
LOCATE 4,1 :COLOR 0,7:PRINT "The following constants were used:-": 

COLOR 7,0
LOCATE 7,1 P R IN T "Name of run: "N$

PR IN TPR IN T "Name of polymer deposited on crystal: "P$ 

PR IN TPR IN T "Molecular weight of polymer: "MW 

PR IN TPR IN T "Solvent system used: "S$
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PR IN TPR IN T "Percentage weight of Solvent 1/Solvent 2: "W%

PRINTPRINT "Stirrer set point: "F
PRINTPRINT "Temperature of system (°C): "T

LOCATE 23,1 :COLOR 0,7:PRINT"Press ANY key to view collected

data";:COLOR 7,0
IF INKEY$ = "" GOTO 1770

CLS
LOCATE 3,1 :COLOR 0,7:PRINT "Name of run:-" N$:COLOR 7,0 

PR IN TPR IN T "The following data has been collected:-"
LOCATE 8,1 PR INT "NUMBER OF POINTS TIME (s)

FREQUENCY (Hz)"

FOR I = 0 TO NN 

PRINT I , "", X ( l ) , Y ( l )
A$ = INKEY$
IF A$=CHR$(27) THEN I = NN+3 

IF A$<>"" THEN GOTO 2320 

NEXT I
IF I = NN+3 GOTO 1070 

PRINTPRINT
i

Printout of data
i

PRINT:COLOR 0,7:PRINT "Do you require a printout of the data (Y/N)?"; 
:COLOR 7,0 

A$ = INKEY$

IF A$ = "Y” OR A$ = "y" THEN GOTO 1970 ELSE IF A$<>"" THEN GOTO  

2260

GOTO 1940 

CLS
LOCATE 10,15:COLOR 0,7:PRINT "Press any key to start printout of 
collected data";:COLOR 7,0 

IF INKEY$ ="" GOTO 1990 

CLS
LPRI NT- * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * »

LPRINT "* Rate of Dissolution of Thin Polymer Films *"
LPRINT " * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * "

LPRINT:LPRINT
LPRINT "Name of run:-" N$
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LPRINT "Data of collected:-"
LPRINT:LPRINT
LPRINT "NUMBER OF POINTS TIME (s) FREQUENCY (Hz)" 

FOR I = 0 TO NN 

LPRINT I , "", X ( l ) , Y ( l )
A$ = INKEY$
IF A$ = CHR$(27) THEN I = NN+3 

IF A$<>"" THEN GOTO 2320 

NEXT I

IF I = NN+3 GOTO 1070 

PRINTPRINT
t

'Printout of variables 

CLS
LOCATE 6,10:COLOR 0,7:PRINT "-Do you require a printout of the 

constants used (Y/N)?-";:COLOR 7,0 

A$ = INKEY$
IF A$ = "Y" OR A$ = "y" THEN 2350 

IF A$ = "N" OR A$ = "n" THEN 2270 

GOTO 2220
f

CLS
LOCATE 10,18:COLOR 0,7:PRINT "Press ANY key to return to storage 

menu";: COLOR 7,0 

IF INKEY$ = "" GOTO 2290 

CLS
GOTO 1070
FOR K = 1 TO 50 :NEXT K 'delay
IF INKEY$=1 TO 50 :NEXT K 

GOTO 1870
LOCATE 17,15:COLOR 0,7:PRINT "Press ANY key to start printout of 
constants";:COLOR 7,0 

IF INKEY$="" GOTO 2360 

CLS
LOCATE 5,1 P R IN T "Name of run: "N$

PRINT P R IN T  "Name of polymer deposited on crystal: "P$ 

PRINTPRINT "Molecular weight of polymer: "MW
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PR IN TPR IN T "Solvent system to be used (Solvent 1/Solvent 2): "S$ 

PR IN TPR IN T "Percentage weight of Solvent 1/Solvent 2: "W% 

PRINTPRINT "Stirrer set point: "F 
PRINTPRINT "Temperature of system(°C): "T 

LPRINT
LPRINT:LPRINT "Name of run: "N$
LPRINT:LPRINT "Name of polymer deposited on crystal: "P$
LPRINT:LPRINT "Molecular weight of polymer: "MW

LPRINT:LPRINT "Solvent system to be used (Solvent 1/Solvent 2): "S$
LPRINT:LPRINT "Percentage weight of Solvent 1/Solvent 2: "W%

LPRINT:LPRINT "Stirrer set point: "F
LPRINT:LPRINT "Temperature of system (°C): "T

LPRINT
LOCATE 24,1 :COLOR 0 .7P R IN T "Press ANY key to return to storage 

menu";:COLOR 7,0 
IF INKEY$="" GOTO 2550 

CLS
GOTO 1070 

CMD$="CLEAR 12"
CALL IE488(CMD$,VAR$,FLG%,BRD%)
CLS
LOCATE 10,15:PRINT"An error has occurred - arrays need to be 

redimensioned"
LOCATE 15,15:COLOR 0,7:PRINT"Please press ANY key to return to 

menu";:COLOR 7,0

LOCATE 15,15:COLOR 0,7:PRINT"Press ANY key to return to 

menu";:COLOR 7,0 

GOTO 1090 

END


