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Abstract

Experimental research on wetting in polymer films is a subject that is reaching maturity. We review progress from the past
few years in research into the influence of a boundary in polymer blends, concentrating largely on the wetting transition, and the
growth of wetting layers, where we pay particular attention to blends in which hydrodynamic flow plays a dominant role. A
summary of work over the same period concerning the dewetting of polymer films is also included, along with a discussion of
the role of pattern formation caused by dewetting and topographically and chemically patterned substrates. We conclude by
summarising some experiments that we believe may inspire future research. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The study of wetting phenomena at polymer surfaces and
interfaces is a rapidly maturing subject since the first
quantitative studies of surface segregation at the end of
1980s [1,2]. The wetting behaviour of thin polymer films is
of great importance not only because of the applications of
polymers for various industrial uses but also because of the
importance of polymers as model systems to test mean field
theories. Industrially, issues of wetting are clearly important
in coatings. Indeed, wherever a stable film is necessary an
understanding of wetting is required. The factors determin-
ing film stability, i.e. ensuring that the polymer wets the
surface, require that the opposite phenomenon (dewetting)
be also well understood. Wetting is also relevant for the
study of pattern formation and other aspects of soft
lithography. Finally, wetting phenomena are of interest in
the rapidly growing field of biophysics. Here, applications
range from the issue of biocompatibility, to the need for
‘smart’ surfaces that are capable of responding to the
properties of the surrounding medium such as pH, ion
concentration, or temperature.

Aside from its technological relevance, wetting
behaviour at polymer surfaces and interfaces has proven
to be important for the understanding of mean field
theories of wetting in general. This is due to the variable
length of polymer chains, the relatively small density
fluctuations, and the relatively slow motion of the long
chain molecules. Although the respective theories are
generally not limited to polymers, polymer physics often
offers the best test of the theory. A good example along
this line is the theory of spinodal decomposition [3],
which was developed to describe phase-separation
processes in binary metal alloys. Very convincing
observations of the early stages of phase separation
have been described for polymeric systems [4], due to
the possibility of observing the kinetics over longer time
scales. Another benefit of working with polymers is that
the size of the individual chains, typically a few
nanometres in length, can be tailored by altering the
molecular weight. In terms of wetting phenomena, this
was well exemplified by the observation of surface-
directed spinodal decomposition in polymer blends [5].
Here, phase separation does not proceed isotropically as
it would like to in the bulk but is directed by the surface,

and a layered structure is observed with a phase of the
lower surface energy wetting the surface, with the second
component forming a sub-layer below the surface. In the
absence of thermal noise, the layered structure would
proceed deep into the film. As it is, the layering is
eventually broken up by thermal noise. Altering the
molecular weight enables one to alter the miscibility of
the mixture by adjusting the entropy of mixing, but
without changing any thermodynamic parameters, and
this has enabled a study of wetting as a function of
miscibility [6].

The purpose of this review is to consider recent
developments in wetting phenomena at surfaces. There
have been several other reviews on this and related subjects
that may be of interest to the reader. For example, earlier
experiments on wetting in polymer films are reviewed in
detail by Krausch [7]. We shall also not give too much
consideration to segregation and wetting phenomena at
buried interfaces because this has been more than
adequately covered in a recent review by Budkowski [8].
An earlier review by Stamm may also be of interest here [9].
Stamm covers work on polymer interfaces but devotes most
of his review to the techniques available for their study. For
an overview of the relevant and important theory, the
interested reader is advised to consult the review by de
Gennes [10], which, though not recent, still contains much
to recommend it. A later discussion of various theories and
theoretical methods by Binder [11] is particularly useful
because it compares experiment and theory from a
theoretician’s perspective. A discussion of the role of
Monte Carlo simulations and self-consistent field theory in
the structure of thin polymer blend films has recently been
published [12]. On a related subject, Puri and Frisch
published a shorter review concerning modelling in phase
separating systems [13]. We exclude here most of the recent
results on block copolymer thin films, which have been
reviewed both by Krausch [7] and more recently by Fasolka
and Mayes [14]. The science underpinning much of the
research in this review is covered in the book by Jones and
Richards [15].

The rest of the paper is organised as follows. We first
discuss the progress that has been made in the work on
wetting of the surface from one component of a polymer
blend before we consider the complementary effects of
spreading and dewetting. We conclude our review with a
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near edge X-ray absorption fine structure

neutron reflectometry
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polybutadiene
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scanning electron microscopy

secondary ion mass spectrometry

scanning force microscopy

scanning near-field optical microscopy
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t time

T absolute temperature

tay average thickness of polymer film on topographically rough substrate
TEM transmission electron microscopy

ToF time of flight

Tpeak smallest thickness of polymer film on topographically rough substrate
W,aw energy due to van der Waals interactions

X distance, film thickness

XPS X-ray photoelectron spectroscopy

z depth

z" surface excess

X Flory—Huggins interaction parameter

Xs Flory—Huggins interaction parameter evaluated on the spinodal

Ay surface energy (tension) difference

Ay oo 9G/0 ¢, evaluated at ¢ = ¢, or poo

& quench depth

Y, Ya, ¥YB, YaB surface energy (polymer film surface, substrate surface, film—substrate interface)
r molecular surface excess

() surface energy

[0 volume fraction

s surface volume fraction

b and ¢y bulk and depletion layer volume fractions

ba> bp lower and upper coexistence volume fractions

A characteristic wavelength of dewetting or phase separation

My My M chemical potential, surface chemical potential, surface chemical potential difference
Oy, Oy contact angles for a film A dewetting a deformable substrate, B

p density

o surface free energy

I3 bulk correlation length

14 thickness of surface segregated/wetting layer

discussion of the present situation of wetting as a mean to
obtain pattern formation on structured substrates, before
briefly discussing the areas that we believe will contribute
significantly in the years to come.

2. Experimental techniques

Although we do not wish to provide a comprehensive
review of the experimental techniques available for the
study of wetting in polymer films, it is necessary to briefly
describe some of the more important techniques in order to
aid the following discussion. There are two classes of
techniques that are relevant: depth profiling techniques and
different forms of microscopy, which provide information
on the lateral distribution of material. Several techniques,
such as infrared experiments, that are not discussed here
may also be relevant in certain experimental situations, and
we refer the reader to the review by Stamm [9] for a fuller
list and description of the techniques of interest. Many of the
techniques described below are covered in more detail in the

earlier review by Krausch [7], as well as the more specific
reviews for the individual techniques cited below.

2.1. Depth profiling techniques

Depth profiling is used to determine the composition of
one or more components of a film as a function of depth (i.e.
in the direction perpendicular to the film’s surface). In
general these techniques are not particularly useful at
providing lateral information on the composition of films
but there is progress being made in this area. Ion scattering
techniques and reflection experiments are the primary tools
used for depth profiling.

Depth profiling is particularly important, when one
requires information on the wetting properties of multi-
component polymer mixtures. These mixtures are often
unstable, and the component with the lower surface energy
will segregate preferentially to the surface. However,
whether or not this segregation corresponds to a wetting
layer can only be determined by knowing the composition
profile as a function of depth. The same applies to the
wetting of a buried interface, e.g. a substrate, from a
polymer mixture. One way of tackling such problems is to
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etch away at the film, and taking measurements as the
below-surface region is revealed, layer by layer. This is the
principle behind dynamic secondary ion mass spectrometry
(dynamic SIMS) [16]. With this technique a beam of ions,
typically OF or Ar', etches the film, and the emitted
fragments are analysed with a mass spectrometer. For
known etching rates, it is possible to reveal a detailed profile
of the composition of most elements in the film as a function
of depth. SIMS can also be used in scanning and dynamic
modes to obtain three-dimensional images, with a lateral
resolution down to between 0.1 and 1 wm, either by
scanning the image at each etching step [17], or by using
an ion microscope [18].

Another method of direct depth profiling is MeV ion
beam scattering [19,20]. Here, a beam of ions, produced by a
van de Graaff or other accelerator is incident on the sample.
These ions are scattered at the surface, or within the sample,
and the particles emitted from nuclear reactions or
fragments from collisions are detected. Scattering within
the sample is due to collisions with the electron clouds,
which act to reduce the incident energy of the ion. Such
techniques can be used for depth profiling because the
energy of the detected particles depends primarily on
the energy of the incident particles, which, because of the
inelastic collisions, in turn depends on the depth in the
sample at which the scattering event took place.

Three MeV ion beam techniques are of particular
importance and are worth mentioning separately. The first
of these is Rutherford backscattering. An ion beam, usually
of *He™™, is backscattered by collisions with heavier
elements in the sample. In wetting experiments, the
technique is rarely used because of the need for a heavy
element not usually found in polymer systems, although a
form of contrast can be introduced by selectively staining
one component of a mixture [21].

The ion beam technique with historically the greatest
impact has probably been forward recoil spectrometry
(FReS) [19,22], also referred to as elastic recoil detection
analysis. Here, a “He™™ beam scatters deuterium and
hydrogen in the sample, which can both be detected in the
forward scattering direction. With care a depth profile can
be built up for both hydrogenated and deuterated com-
ponents in a blend. Data accumulation in this technique is
particularly rapid, but there have also been several
developments of this technique to improve the depth
resolution which is typically ~80 nm depending on the
angle of incidence of the beam to the sample, such as
the optimisation of energy (LE- or low energy FReS [23]),
the use of a time-of-flight (ToF) apparatus [24], or the use of
different ions [25,26] instead of “He™ . However, each of
these techniques has its drawbacks and, although not
impossible, resolutions of better than ~ 10 nm are difficult
to achieve.

The final ion beam technique worth mentioning is *He
nuclear reaction analysis (NRA) [27,28]. Here, *He™ " ions
undergo a nuclear reaction with deuterons in the sample to

give off a-particles and protons. Either of these can be
detected, and their energy corresponds to the depth in the
sample at which the reaction took place. As with FReS
therefore, deuterium is used for contrast but the experimen-
tal arrangement is quite simple and a resolution of better
than 20 nm can be routinely obtained.

The depth profiling techniques mentioned above obtain
information about the composition in real space. By
contrast, methods such as X-ray [29] and neutron reflecto-
metry (NR) [29-31] offer depth information in reciprocal or
momentum space. In these techniques, neutrons or X-rays
are reflected from the sample, and the reflected radiation is
detected as a function of the incident beam intensity. As
with light, the amount reflected is dependent on the
refractive index of the medium (we do not talk of a neutron
refractive index, but rather the scattering length density of a
material). The de Broglie wavelength of neutrons, cooled to
a temperature of a little over 20 K by a liquid hydrogen
moderator, is of the order of a few Angstroms, and similar to
that of X-rays. As a result, these techniques reveal
information on much shorter length scales compared to
those of the real-space depth profiling techniques discussed
above. A resolution of better than 1 nm is routinely
achieved. NR is perhaps better suited to polymer depth
profiling because of the ready availability of deuterium for
contrast. X-ray reflectometry requires the presence of heavy
elements for successful depth profiling. Since many
materials are transparent to neutrons and X-rays, these
techniques are particularly well suited for studies of buried
interfaces. A difficulty with reflection techniques is the
absence of real-space information because reflectivity is a
function of neutron momentum and does not provide a
unique one-to-one correspondence with a depth profile.
Often the user will need to use a complementary technique,
such as an ion scattering technique, in order to have enough
information to fit the reflectivity data.

2.2. Microscopy techniques

In case information on the lateral distribution of material
is required, alternative techniques are indispensable. In the
field of wetting, optical and scanning force microscopy
(SFM) have proven to be quite helpful. As long as the
characteristic lengths are of the order of microns, optical
microscopy is by far the easiest technique to obtain
information on the lateral distribution of material in thin
films. Reflection white light interference microscopy can
provide sufficient contrast between lateral areas of different
film thickness and/or optical beam paths. If smaller features
are to be revealed, SFM is the method of choice.
Topographical features are easily revealed and material
contrast can be established either by differences in the
mechanical properties of the materials [32,33] or by
selective removal of one of the two phases in a selective
solvent [34]. Care must, however, be taken when
topographical features are imaged by TappingMode™
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SFM in case the different phases have strongly different
mechanical properties [35]. Here, differences in tip
indentation into the surface may interfere with real
topographical features and the interpretation of the apparent
surface topography may be non-trivial.

As an alternative technique, scanning near-field optical
microscopy (SNOM or NSOM) combines the aspects of
both optical microscopy and SEM [36,37]. By use of a
nanoscopically sized optical aperture, which is usually a
tapered optical fibre, kept some nanometres above the
sample surface by a non-contact force measurement (‘shear
force’ distance control), the diffraction limit of conventional
optics can be circumvented. The technique has been applied
to the early stage of lateral phase separation in polymer
blends [38]. It is fair to say, however, that SNOM is still
subject to technical problems and has not played the role
anticipated in the early 1990s [39].

A recent and quite powerful alternative to SFM
measurements is the use of a scanning electron microscope
(SEM) equipped with a field emission electron source. Due
to the small source size, rather low acceleration voltages are
sufficient to achieve the desired lateral resolution. In
consequence, many thin polymer films—though non-con-
ductive in bulk—can be imaged without coverage by a
conducting material (metals, carbon, etc.). Different poly-
meric materials can often be distinguished without heavy
metal staining by virtue of work function differences.
Indeed, field emission SEM can also be operated in
transmission mode to circumvent problems associated
with normal transmission electron microscopy (TEM),
such as poor contrast [40]. Compared to SFM, fast large
area scans and fast zoom ups are possible and even a
chemical contrast can often be realised. However, height
differences cannot quantitatively be mapped.

Finally, we point to a recent extension of SFM to bulk
imaging [41]. Magerle has shown that high spatial
resolution volume images can be created by an iteration of
SFM and suitable removal of a thin surface layer, e.g. by
plasma etching. In case of multiphase materials, where the
different phases can be distinguished, e.g. by their
mechanical properties, the bulk structure of the material
can be reconstructed from a stack of SFM topography and
phase images by suitable image processing. This technique
is referred to as nanotomography. Konrad et al. have applied
this technique to unravel the thin film structure of a PS-
block-PB-block-PS triblock copolymer (SBS, where PS
refers to polystyrene and PB refers to polybutadiene) [42].
Spatial resolution of some few nanometres along all three
spatial axes was demonstrated.

Surface analysis by ion scattering is also possible,
although usually fails to provide the lateral resolution
offered by the scanning probe techniques. However, both
SIMS and X-ray photoelectron spectroscopy (XPS) can
provide lateral chemical information. XPS is probably the
more commonly used given its relatively simple principle.
In XPS experiments [43], X-rays are incident on the sample.

Photoelectrons are emitted from the first few nanometres of
the sample, and their energy is not only characteristic of the
elemental composition of the sample, but also of the
bonding, which can provide important molecular infor-
mation. The principle behind SIMS has already been
mentioned above. Probably, the best method of using
‘static’ SIMS to obtain quantitative surface information is
by using a ToF spectrometer [44], whereby large mass
fragments of several kDa can be detected and sensitivity in
the detection of the emitted ions is maximised.

There have also been improvements in the microscopy of
surfaces using X-rays. The main contribution has come from
workers using the near edge X-ray absorption fine structure
(NEXAFS) technique [45]. The NEXAFS technique
requires the use of an X-ray microscope on a synchrotron
source. Despite demanding requirements, the ability of
NEXAFS to provide chemical contrast with a spatial
resolution of much better than 0.1 wm has ensured its use
in a number of studies on polymer blends [46—48]. Both X-
ray and NR can reveal in plane information such as
roughness but both X-ray and neutrons also have the
capacity to seek out lateral length scales by either analysing
diffuse scattering with X-rays [49—51] or by considering
off-specular neutron reflection [52].

3. Polymer blends

3.1. A brief historical introduction

Early work on the surface of polymer blends was
concerned with the characterisation of the near-surface
composition by techniques such as XPS or attenuated total
reflection—Fourier transform infrared (ATR-FTIR) spec-
troscopy [53]. A particularly important example of early
work pertinent to the material covered in the present review
was light scattering and optical microscopy measurements
characterising the formation of domains in phase separating
thin films of PS and poly(vinyl methyl ether) (PVME) [54].
In another PS/PVME blend (although this one was
miscible), XPS was used to show that PVME preferentially
adsorbs to the surface [1]. By varying the angle at which the
photoelectrons were ejected, a depth profile was obtained.
This enabled the authors to obtain the characteristic length
for the surface-enriched layer, which was seen to be of the
order of the chain size.

A few years before these pioneering XPS measurements,
important theoretical work was being developed to describe
surface effects in a polymer blend film [55]. This work
extended the applicability of the mean field theory of wetting
[56] to include polymer mixtures. Importantly, it allowed the
experimentalist to easily predict the shape of the depth profile,
provided there was sufficient knowledge of relevant material
parameters (molecular weight, Flory—Huggins y-parameter
[57,58], and the surface energy difference between the two
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components). The first experiment describing a test of this
theory was published by Jones et al. in 1989 [2]. Taking
advantage of the small difference in surface energies
between the components of isotopic polymer mixtures, the
authors used FReS to quantify the surface segregation of
deuterated polystyrene (d-PS) from a mixture with normal
(non-deuterated) PS. The lower surface energy of the d-PS is
believed to lie in the small difference in polarisability in the
C-H and C-D bonds, respectively.

The next major step, also from Jones et al., was the
demonstration of self-assembly in thin films of an
immiscible polymer blend of an isotopic mixture of
poly(ethylene propylene) (PEP) [5]. In this case the mixture
would normally phase separate without an energy barrier via
spinodal decomposition leading to a spatially isotropic
domain structure. However, the preferential accumulation of
the lower surface energy component leads to one-dimen-
sional composition waves in the direction perpendicular to
the plane of the surface. In the experiments described, these
composition waves met and interfered in the centre of the
film.

Progress in this field was rapid, with various authors next
considering the effect of the chemical nature of the substrate
[59], the film thickness [60], and the growth rate of the
surface-wetting layer [61,62].

Although there have been more recent experiments
relating to the development of some of the above, we first
turn our attention to the historically important quest for the
observation of the wetting transition in a polymer blend
film.

3.2. Wetting transition

As we have mentioned, the framework for discussing
wetting phenomena in binary mixtures derives from the first
paper by Cahn in 1977 [56]. A few years later, it was
realised that polymer mixtures are ideal for the study of
wetting, first by Nakanishi and Pincus [63], and then by
Schmidt and Binder [55]. However, as should be apparent
from earlier comments in this review, these two papers were
somewhat ahead of their time because the experimental
techniques at the beginning of the 1980s were not suitable
for the indisputable observation of a wetting transition.
Indeed, it was not until the year 2000 that the first
observations in polymer mixtures were published.

A wetting transition occurs when the free energies of a
partially wetting film is the same as that of a completely
wetting film. The transition can be viewed by altering
relevant experimental parameters. For a first order phase
transition hysteresis is expected while this is not the case for
a second order transition. The mathematics of the wetting
transition is discussed in Appendix A.

In the purest sense, observation of a wetting transition
requires the demonstration of the transition from a partially
wetted surface to a macroscopically thick wetting layer. It
has been argued that, because of the long diffusion times of

polymers, a macroscopically thick wetting layer would be
very difficult to achieve [11], meaning that the wetting
transition could not be observed in polymer blend films. In
this case the experiments that are described in this section
merely locate the wetting transition rather than present an
observation of it. However, this is an issue of semantics and
so we do not consider it further.

3.2.1. Experimental tests

In a polymer blend, there are three experimental
parameters that can be varied to observe the wetting
transition: temperature, composition, and molecular weight.
In the two studies identifying the wetting transition, Rysz
et al. [64] varied temperature and composition, while
Geoghegan et al. [6] varied the molecular weight, M,,.

The polymer blend chosen by Rysz and co-workers was a
mixture of random polyolefin copolymers of poly(ethylene-
co-ethylethylene) with differing ratios of ethylene to
ethylethylene in the components of the blend. A mixture
of 75% deuterated ethylethylene characterised by degree of
polymerisation, N = 1625, with a copolymer containing
66% ethylethylene (non-deuterated, N = 2030) was used
for the studies. The depth profiling techniques of dynamic
SIMS and NRA were used for these studies; hence the need
for deuterium to give contrast. The approach of Rysz et al.
was to observe both equilibrium profiles and the dynamics
of wetting. The necessity for the dynamics is clear; a wetting
layer must grow indefinitely, whereas a layer corresponding
to partial wetting will stop growing when it achieves
equilibrium. However, the equilibrium profile is useful as it
provides a conformation that the Cahn model describes the
system. As the binodal is approached, the adsorbed amount
increases asymptotically. The adsorbed amount is often
denoted by the surface excess, z* (Fig. 1), which is defined
by

&= L () — )iz, )

where ¢(z) is the fraction of material by volume (volume
fraction) at a depth, z and ¢, is the bulk volume fraction
(z = o). If a depletion layer (¢ < ¢ ) exists between the
wetting layer and the bulk, then the surface excess is defined
with respect to the height of the depletion layer and not the
bulk material. Rysz et al. were able to observe the increase
in surface excess as a function of bulk volume fraction. The
phase diagram was measured previously [65] and is shown

e

Fig. 1. Schematic diagram illustrating the measured adsorbed
amount or surface excess (z°).

*

z

Volume fraction

Depth
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Fig. 2. Phase diagram for the polyolefin blend studied by Rysz et al.
[64]. The circles represent the samples for which measurements
were taken, and the diamonds correspond to the points on the
coexistence curve corresponding to the wetting transition, T, and
the critical point, 7. Reprinted with permission from Europhys Lett
2000;50:35. © 2000 EDP Sciences [64].

in Fig. 2 along with the samples measured. In Fig. 3 we
show their results for two temperatures, 365 and 337 K,
respectively, above and below the wetting transition
temperature, (7, = 340 £ 5 K). The data are plotted as a
function of distance from coexistence (i.e. ¢/¢b,). Samples
measured at 365 K exhibit larger equilibrium surface
excess, as they are nearer to coexistence in comparison
with the blends at the lower temperature. By measuring the
adsorbed amount, it is possible to determine the surface
energy difference between the two components, and thus
calculate the surface chemical potential, —d®/d¢,. The
details of this calculation are shown in Appendix A, and
further discussion of the surface energy of these polyolefin
blends has been presented elsewhere [65,66]. In Fig. 4 we
show —d®/d¢, plotted with the corresponding bulk term

2./(gAf'(¢)) (g and Af () are defined in Appendix A). The
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Fig. 3. Two adsorption isotherms as a function of ¢s/¢, for the
polyolefin mixture [64] at temperatures above and below T7,.
Reprinted with permission from Europhys Lett 2000;50:35. © 2000
EDP Sciences [64].
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Fig. 4. Phase portraits for the blends used by Rysz et al. [64]. The
intersection of 2./(gAf'(¢)) (broken lines) with —d@/d¢, (solid
lines and symbols) occurs on either side of the wetting transition.
The mathematics of such phase portraits is discussed in Appendix
A. Reprinted with permission from Europhys Lett 2000;50:35.
© 2000 EDP Sciences [64].

—dd/d¢p, term represents the benefit in having the
component of the lower surface energy at the surface,
whereas the 2,/(gAf'(¢)) term corresponds to the cost in
having a composition gradient and a surface composition
different to that in the bulk. If the curve for —d®/d¢, does
not intersect the bulk term, 2./(gAf'(¢)), then only total
wetting can occur. If these lines do intersect then the free
energy minimum is governed by whichever term dominates,
and this is discussed in Appendix A. The fit to —d®/d,
intersects 2+/(gAf'()) in the region of partial wetting at the
lower temperature (i.e. between the two values of surface

volume fraction ¢, where 2./(gAf'(¢$)) = 0), and in the
region of complete wetting at 365 K (i.e. the intersection
occurs at a value of ¢, greater than where 2./(gAf"(¢)) = 0),
demonstrating that these two temperatures straddle the
wetting transition.

Although the surface segregation measurements dis-
cussed above demonstrate the existence of a wetting
transition, there is little difference between partial and
complete wetting. To remove any doubt that they had
located the wetting transition, Rysz and co-workers
performed measurements on the dynamics of wetting [64].
A difficulty in measuring wetting dynamics is that, as the
surface layer grows, the bulk is depleted of material. This
means that, unless the film is very thick, a continuously
growing wetting layer is difficult to observe. However, this
problem can be circumvented following an idea of Steiner
and co-workers [67-69]. Two coexisting layers are placed
in contact with each other. On annealing, the wetting layer
should grow with a continuous supply of material from the
lower film, which is rich in the wetting component. This is
shown in Fig. 5. Indeed, if the two layers are not particularly
thick, the layers will eventually invert [69]. By annealing
these films for periods of more than 2 months, it becomes
possible to distinguish which layers had reached equilibrium,
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Fig. 5. Schematic diagram showing how a film of two coexisting
phases will wet the surface layer. At t = 0 the lower coexisting
phase is at the surface, with the upper coexisting phase underneath.
However, with the upper coexisting phase favouring the surface,
material will flow through the film from the substrate layer to the
surface. The net effect of this is to shift the lower coexisting phase
towards the substrate.

and which grew continuously; we show representative data
in Fig. 6. The bilayer film annealed for 73.2 days at 332 K is
unchanged from a profile obtained after annealing for 12.6
days and so has reached equilibrium but the one annealed
for 3.4 days at 352 K exhibits a wetting layer that is still
growing. Scaling the temperature of the wetting film to
332 K gives an annealing time of 18.8 days [70], so the
different wetting behaviour must lie in the films being
annealed on either side of a wetting transition.

Another route to the observation of the wetting transition
utilises the two-phase region of the phase diagram. The
surface layer should be stable for shallow quenches into the
two-phase region, but is expected to break-up into droplets
for deeper quenches. This was exploited by Geoghegan et al.
[6], who looked at partially miscible blends of d-PS and
poly(a-methylstyrene) (PaMS) in the unstable region of the
phase diagram. In an earlier study, it was observed that the

' - Partial wetting (332 K)
-4 Complete wetting (352 K)
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Fig. 6. Dynamic SIMS data for polyolefin films annealed for 73.2
days at 332K and 3.4 days at 352 K. See text for molecular
parameters. These films were initially bilayers at their coexisting
compositions at the required temperatures as described in Fig. 5.
The sample annealed at 332 K has reached equilibrium, whilst that
at 352 K consists of a growing wetting layer.

wetting layer in this blend grows logarithmically with time
[62], an observation previously associated with wetting at
coexistence [68]. Puri and Frisch later suggested that the d-
PS/PaMS blend represented a good example of a low noise
system [13], which in turn meant that the more common ¢ 173
growth of the surface layer should be achieved by deeper
quenches. By changing the molecular weight, deeper
quenches were accessible, and NRA measurements on the
growth law showed that there was indeed a transition to a
faster growth law. The '* growth is indicative of the
coarsening of droplets at the surface. SFM measurements on
these films showed that there was a change in the roughness
of the film. The logarithmic growth corresponded to
surfaces that remained flat (r.m.s. roughness remained
below 1 nm), whereas the deeper quenches corresponded
to much rougher films (r.m.s. roughness of typically
~4 nm).

The identification of a wetting transition by both sets of
workers completes what we believe to be the final major
task concerning the fundamental physics of wetting in
polymer blends. However, there are still many important
goals for the interested experimentalist to achieve. Hyster-
esis in the location of the transition between partial and
complete wetting was not observed in any of the
experiments discussed above even though hysteresis is
inherent in any first order transition. Another interesting
challenge is the observation of a second order wetting
transition [56,71], although there are theoretical arguments
suggesting that this might be very difficult to achieve
experimentally [71,72] (see also Appendix A).

3.3. Other polymer blend film depth profiling experiments

3.3.1. Kinetics of wetting layer growth

The growth of surface layers is largely, but not
exclusively, dependent on thermodynamic factors, with
the miscibility of the polymer blend being a crucial
example. First experiments were performed on mixtures of
polyisoprene (PI) and PEP [73]. Using light scattering two
length scales of phase separation were observed; a bulk
length scale growing linearly with time, 7, and a wetting
layer that grew with #>2 The bulk behaviour is to be
expected from hydrodynamic flow, but the explanation of
the ‘fast mode’ of surface growth is still something of a
mystery. Explanations for the fast mode include a coarsen-
ing-related effect [74], but most workers believe it to be of
hydrodynamic origin [75,76] although as yet no theory has
been fully tested. We shall turn to hydrodynamic wetting
layer growth later in this review. However, measurements
on a less immiscible isotopic mixture of PEP revealed a ¢ '
growth law [61]. Although it is not a trivial matter to
identify the growth law with the nature of the wetting layer,
the authors observed dynamic scaling, meaning that the
shape of the depth profiles becomes independent of time
when the profiles are scaled to the thickness of the wetting
layer. Since the wetting layer is growing as 7 /> and dynamic



270 M. Geoghegan, G. Krausch / Prog. Polym. Sci. 28 (2003) 261-302

(a)

3

£

*Nr 102-

0 L

n

@

Q

x

)

@

S

€

3

n

102 10 104
101 L 1 1
10° 102 108 10*
Annealing time (minutes)
(b) 102 pro . :

D
o

Surface excess, z* (nm)
n I
o )

102 103 104
Annealing time (minutes)

5

102}

Surface excess, z* (nm)
1

¢ 40l 1

102 108 104
10% 103 104
Annealing time (minutes)

10!

Fig. 7. Wetting layer growth for a d-PS-rich phase from a
mixture with PaMS for three different molecular weight pairs
[6]. (a) A very immiscible blend (M(d-PS)= 163 kDa,
M, (PaMS) = 108 kDa, and ¢, = 0.43) with & =2.4 exhibits
a 1% growth of the surface excess. (b) A blend with & = 0.44
(M (d-PS) = 80 kDa, M, (PaMS)=41.7kDa, and ¢, = 0.37)
has a wetting layer that grows logarithmically in time. (c) The
wetting layer for a shallow quench (M,,(d—PS)= 35kDa,
M (PaMS) = 41.7 kDa, and ¢, = 0.52), with € = 0.06, grows
initially with %47 before slowing to r®'>. This growth at later
times may well be logarithmic. Reprinted with permission from
Phys Rev E 2000;62:940. © 2000 American Physical Society
[6].

scaling is observed, bulk phase separation also exhibits a ¢ **
behaviour. Other measurements on polyolefin blends found
growth laws slower than the 7 /3, which were explained in
terms of long-range forces. Steiner and Klein [67] observed
the wetting layer to grow as ¢ ®2°, but a logarithmic growth
law could fit the data equally well. Because the logarithmic
growth is a signature of a short-range surface potential, the
authors estimated a decay length for an exponentially
decaying surface field to some 31 nm. This rather large
value led the authors to question the role of short-range
forces. In truth other short-range surface fields will give a
logarithmic growth [77,78], so the validity of this decay
length is not clear. However, to extinguish any doubt
concerning the importance of long-range forces for the
growth of the wetting layers in their system, Steiner and
Klein calculated a Hamaker constant from their power law
growth to be in the order of 1072'=107?°J in agreement
with the expectation for such non-polar mixtures.

Later measurements on a blend of PS and poly(a-
methylstyrene) (PaMS) showed a logarithmic growth of the
surface layer as well [62]. A power law growth of t0'14,
which also could provide a good fit to the data, cannot be
readily explained in terms of long-range forces. However, in
the same study, a layer near, but not at, the substrate
exhibited a > growth. This implies that, like the earlier
measurements on the mixture of PI and PEP [73], not all
systems demonstrate the same behaviour in the bulk and at
the surface. A more detailed study of mixtures of PS and PaMS
revealed three growth laws as the molecular weight wa
changed, thereby changing the immiscibility [6]. The quench
depth, &, is a measure of immiscibility and is given by
&= X~ Xs i )

Xs

where x; is the value of the Flory—Huggins interaction
parameter, y on the spinodal. The results for the surface
excess as a function of annealing time for three of the
quench depths studied are shown in Fig. 7, taken from Ref.
[6]. For the shallowest quench inside the two-phase region
(e =0.06, corresponding to M,(d-PS)=35kDa and
M,,(PaMS) = 41.7kDa) a ¢'* growth law was observed
(Fig. 7(c)), which slowed down at later times. For slightly
deeper quenches (¢ = 0.44, corresponding to M, (d-PS) =
80 kDa and M, (PaMS) = 41.7 kDa) a region of logarith-
mic growth was observed (Fig. 7(b)). At the deepest
quenches (e =24; M(d-PS)=163kDa and M,
(PaMS) = 108 kDa), the % behaviour was recovered
(Fig. 7(a)). The crossover from logarithmic to ¢ 13 surface
growth corresponds to the crossover from complete to
partial wetting, and it is therefore between these quench
depths that the wetting transition discussed above lies
(Section 3.2).

In Fig. 8 we schematise the growth of wetting layers for
the different quench depths. At the bottom we show a
surface layer that is rich in the wetting component, but for
which the wetting layer is not stable, and droplets are
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Fig. 8. Schematic diagram of the growth of the wetting layer as a
function of quench depth. For the shallowest quench, wetting begins
with a ¢ '/? growth law as the surface-favoured component diffuses
to the surface to form surface droplets. Slightly deeper quenches
have a wetting layer growing with bulk phase separation occurring
simultaneously. Here, the surface layer growth is logarithmic. For
the deepest quench, the behaviour at the surface is similar to that in

the bulk, with phase-separated droplets coarsening. The growth of
173

the surface layer is then # .
formed on the surface. The wetting layer is not stable
because the y-parameter is so large that a growing wetting
layer cannot survive and breaks up. Here, there are also
droplets in the bulk, and both surface and bulk droplets are
growing with 7' behaviour because they are both
exhibiting Lifshitz—Slyozov-like coarsening (¢ /) [79].
For shallower quenches (middle diagram of Fig. 8), the
surface-wetting layer is stable and grows continuously. At
the same time, there are domains growing in the bulk. As
these domains grow, there is less material to be supplied to
the wetting layer and so the wetting layer cannot grow with a
diffusion-limited 7 '* growth, but instead grows logarithmi-
cally with time.
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Fig. 9. Dynamic scaling plots corresponding to the same blends as in
Fig. 7 [6]. The order parameter is given by ¢ — ¢, and the wetting
layer is scaled to a thickness of 1. Dynamic scaling is not exhibited
only where logarithmic growth is observed (b).

The most surprising growth law is the ¢ /> behaviour.
The ¢ '/ growth itself suggests a simple diffusive growth.
However, if the bulk were not being depleted in the
component which wets the surface, a ¢ '/? growth would be
possible. The authors assumed that droplets were forming
on the surface, and because no phase separation was (yet)
occurring in the bulk, the bulk was behaving like a semi-
infinite reservoir for the surface layer. This is illustrated
schematically in the top diagram of Fig. 8. At later times,
this was not the case and the surface layer became starved of
material, eventually slowing down the wetting layer growth
(middle diagram of Fig. 8).

To test these hypotheses, dynamic scaling was used.
Here, the wetting layer is assumed to have constant
thickness with time, and the depth profile is normalised so
that the wetting layer thickness does not change. If there is
no phase separation in the bulk, as we supposed for the ¢ '/
growth, then dynamic scaling should occur as there is only
one length scale present in the system, i.e. the thickness of
the wetting layer. For the logarithmic growth, dynamic
scaling should fail because the wetting layer is growing
logarithmically but Lifshitz—Slyozov-like coarsening (¢ ')
[79] is expected to be occurring in the bulk. Finally, the
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region of ¢ '* growth should exhibit dynamic scaling for the

same reasons as in the earlier experiments of Krausch et al.
[61], i.e. a surface layer and bulk phase separation are both
occurring with a ¢ ' behaviour. As can be seen from Fig. 9
this is indeed what was observed.

In closing this discussion we note that, although the
arguments noted above are relatively simple, theoretical
work is ongoing and may shed some further light on the
interpretation of this, and similar, work [80].

In this section, we have described the kinetics of the
growth of wetting layers, and we have given some indication
of how wetting layers may form by describing experiments
on very shallow quenches [6], but the question as to what
precedes the wetting layer is still an open one. It may well be
the case that before logarithmic growth there may well be a
small region of 7 '/? growth, but there are as yet no data on
how the wetting layer is formed in films which are expected
to exhibit # > or hydrodynamic ( o #) growth. We expect
that future research will consider this problem in more
detail, but a related problem as to how the surface layer
forms in systems prior to phase separation has been
achieved, and we turn to this next.

3.3.2. The approach to phase separation

In a miscible polymer blend, the time scale for the
surface layer formation is controlled by how long it takes for
the polymer with the lower surface energy to diffuse to the
surface. This diffusion-limited surface layer growth was
discussed by Jones and Kramer [81] in terms of a simple
model. The model consists of the depth profile of a polymer
blend controlled by three compositions: the surface volume
fraction, ¢, the volume fraction of the depletion layer
underneath the surface layer, ¢4, and the volume fraction in
the bulk material, ¢o. The assumption underpinning the
three-layer model is that the layers are continuously in
equilibrium with each other [82]. Then one can set the
surface excess, z* to be given by

7= (oo — a(t)VD1, 3)

where D is the interdiffusion diffusion coefficient. Since the
size of the surface layer in an undersaturated system (i.e.
b < ¢,) grows logarithmically with the distance from the
binodal (¢, — ¢4), we obtain (see Appendix A for details of
the calculation and the inherent assumptions)

* d)a B d)d )

== 111(7 , @

ba

where ( is a length representing the size of the surface
segregated layer. Eliminating ¢4, we obtain

2" = (o — Pall = exp(=2"1O)VD1. (5)

As phase separation is approached, the logarithmic term in
the surface excess becomes important. Geoghegan et al.
tested this kinetics on an isotopic PS blend using NR [83]. In
these experiments, the surface excess was measured as a
function of annealing time at a constant measurement
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Fig. 10. Measurements of surface excess as a function of annealing
time for the two blends of d-PS and h-PS [83]. In each case the d-PS
and h-PS have the same molecular weight: 1.03 X 10°Da for a
completely miscible blend (with ¢, = 0.14), and 1.95 X 10° Da for
a partially miscible blend (with ¢, = 0.05 and 0.10). The solid
lines are simulations obtained from the simple theory discussed in
the text. Reprinted with permission from Macromolecules
1997;30:4220. © 1997 American Chemical Society [83].

temperature of 457 K. In Fig. 10 we show this growth as a
function of /¢ for the two blends measured. The agreement
with the model is reasonable. The simulations (solid lines)
were produced by least square fits varying the values of ¢
and D. The mutual diffusion coefficient obtained from these
results was also compared with previous measurements
[84—86], and agreement was found to be acceptable (within
an order of magnitude). The surface energy difference
between the two components was obtained from ¢y
(Appendix A) to 0.12 mJ/m? for the miscible blend. For
the partially miscible blend, a somewhat larger value of
0.21 mJ/m* was found. This is a significant variation, given
that the surface energy of high polymers is only a weak
function of molecular weight [87]. Nevertheless, the values
obtained are in reasonable agreement with other similar
studies [2,26,88]. Despite minor discrepancies it is possible
to conclude that standard mean-field theory may be used to
explain the behaviour of polymer blends as the coexistence
curve is approached. We now contrast these results with a
related experiment, in which the standard theory, as outlined
above, cannot be used.

In a different approach to study surface segregation at the
onset to phase separation, Genzer and Composto studied
thin films of PS (with Ny, = 1650 chain segments) and a
random copolymer of styrene and bromostyrene (PS,BrS;_,,
with Ng = 1670 chain segments and x = 0.92) as the critical
point was approached [89]. The thickness of the surface
layer in such experiments was found to be smaller than the
values predicted by the standard mean field theory discussed
above, suggesting that bulk parameters such as y were
playing an increasingly important role in the size of the
surface layer. In these experiments, LE-FReS was used to
measure the surface excess as T, was approached from the
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Fig. 11. Equilibrium surface excess of d-PS (N = 1650) mixed with
PS.BrS,_, (x=10.92, N =1670) for various values of ¢ at
various temperatures approaching the critical point (7, = 462 K)
[89]. The symbols are the LE-FReS data and the solid lines are
guides to the eye. Reprinted with permission from Europhys Lett
1997;38:171. © 1997 EDP Sciences [89].

one phase region (7, = 462 K). In Fig. 11 the values of
surface excess determined for four different temperatures
are shown as a function of ¢ (the system was symmetric
with a critical volume fraction of 0.502). From these data,
one sees that the surface excess increases as the critical point
is approached. However, it is also possible to calculate the
surface free energy from the off-critical data, and it was
noted that the surface chemical potential, u, (Appendix A)
remained constant except for the symmetric blends, where it
decreased. The discrepancy was observed to be larger closer
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Fig. 12. Equilibrium surface excess as a function of 7' — T for d-
PS/PS,BrS;_, mixtures at ¢, = 0.5 [89]. Solid circles represent
the experimental low energy FReS data, whilst open circles show
theoretical predictions obtained by using mean field theory to
calculate the surface free energies. The solid lines are guides to the
eye. Reprinted with permission from Europhys Lett 1997;38:171.
© 1997 EDP Sciences [89].

to T,. In Fig. 12 we show z* for symmetric systems as the
critical point is approached. The values calculated from the
surface free energy are also shown; here they are
considerably larger than the measured values. To explain
this result, the bulk correlation length & was invoked as the
size of the surface layer, with the approximation that

Z* = §(¢§ - ¢oo) (6)

The bulk correlation represents the length over which
composition fluctuations remain significant and can be
shown for symmetric systems to be [90]

a

&= , @)
6\/(1)00(1 - d)DO)(Xi - X)

where y; corresponds to the value of y at the critical point.

Using a form for the surface tension derived from the Gibbs

adsorption equation [91]:

dy . dg, \™!
——— =2kgT. — 8
b, BTz p(xs X)(dd%o) )
as well as Egs. (6) and (7), it can readily be shown that
ps € xs = Axbeo(l — o), ©)

which, as T, is approached, tends to zero for symmetric
systems. This provides a plausible explanation of why the
increase in surface excess is less than expected.

Although the above explanation is plausible, there are
other possible contributions to the depressed values of z*
near the critical point. A rigorous understanding of the
temperature dependence of the surface free energy and the
surface energy difference between the components would be
particularly useful. Related experiments on the temperature
dependence of surface energy have been performed using
ion scattering from polyolefin blends [8,92,93]. It has been
suggested, for example, that finite size effects, not accounted
for in the above explanation, will play an important role
[11]. Another reason concerns the location of T, itself.
Fluctuations tend to decrease T, slightly, because slight
variations in composition in the two-phase region close to
the critical point will move the blend into the miscible
region of the phase diagram [94]. Therefore, it is possible
that fluctuations will contribute to the depressed value of z*.
In general, however, it is hard to see how such bulk effects
cannot play a role in the growth of a wetting layer close to
T., although whether or not this is a large effect is as yet
untested experimentally. One aspect that is likely to prove
interesting is the kinetics of segregation close to 7., where
the correlation length has been seen to affect the diffusion of
polymer chains [95]. When the correlation length is of the
same size as the segregating polymer, it is expected that the
approach to equilibrium will be significantly impeded,
providing an interesting test of whether or not such
segregation near 7. is diffusion-limited.

3.3.3. Hydrodynamic flow
A phase-separated medium can either consists of many
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domains dissolved in a majority component, or as a
bicontinuous structure. In the former case, coarsening is
driven by the Laplace pressure exerted by the domains on
the surrounding matrix, which forces the domains to grow in
size and can even force the volume fraction of the majority
component in the domain to be slightly greater than the
coexistence value. These domains may well meet, and the
formation of a new, larger domain is no longer governed by
coarsening, but is driven by the surface tension between the
phases and the viscosity of the components. This is
hydrodynamic flow. A simple scaling law for flow-driven
growth of these bulk domains has been described by Siggia
[96], who predicts a crossover from a '3 behaviour to a
linear growth law. Marko extended this analysis to the
growth of surface domains [75]. The ideas developed by
Marko were used to explain the behaviour of wetting layer
growth in off-critical isotopic blends of PEP [97], which
were linear in time, but exhibited a ' growth law for
critical quenches. Although such explanations were convin-
cingly backed up with computer (cell dynamical) simu-
lations of hydrodynamic flow, evidence for the necessary
interconnected structure (tubes) linking the bulk with the
wetting layer was missing. In the case of a bicontinuous
structure, the conditions for hydrodynamic flow are already
present in that the interconnected structure allows the fast
material transport that is its signature. The behaviour of a
wetting layer from a film of a mixture in which droplets of
one phase are dissolved in the other is not, however, the
same as that from mixtures that exhibit a bicontinuous
structure in the bulk [76].

Identifying systems that exhibit hydrodynamic flow
means finding systems by which the conditions for fast
material transport are available. This is generally achieved
in the late stages of phase separation, when a mixture can
break-up into a bicontinuous structure. Very early studies on
hydrodynamic flow in polymeric mixtures were undertaken
by Tanaka, who used optical microscopy to study a mixture
of PS and PVME [98]. We concentrate here on work on a
critical mixture of deuterated PMMA (d-PMMA) and a
random copolymer of acrylonitrile and styrene (SAN)
[99-102], which forms a bicontinuous morphology just
below the wetting layer. Nevertheless, off-critical mixtures
can also exhibit hydrodynamic flow, as has been shown for
an isotopic PEP mixture, in which the majority d-PEP phase
wetted the surface [103].

A method of identifying hydrodynamic flow is to use ion
beam analysis to observe the growth of the surface layer,
whilst accessing the bulk with SFM. This can be performed
by dissolving the surface layer in a selective solvent. Two
groups have performed such work; in one study a mixture of
PS and a random copolymer of styrene and bromostyrene
was studied [104]. The growth of the PS-rich surface layer
was followed using dynamic SIMS and NRA. Dissolving
the PS in cyclohexane enabled the random copolymer in the
bulk to be studied by SFM. These authors were also able to
vary the surface energy with the addition of a PS-block-PI

diblock copolymer, which preferentially segregates to the
surface [105].

The other series of experiments into the morphology of
thin film blends exhibiting hydrodynamic flow is due to
Wang and Composto using blends of PMMA and SAN
[99-101]. The surface behaviour was measured using
FReS, and the bulk was observed using SFM. In order to
access the bulk of the material, the PMMA was selectively
dissolved in acetic acid. Along with identifying hydrodyn-
amic growth, these authors were able to follow the evolution
of the film during each stage of growth.

The difficulties inherent in identifying hydrodynamic
growth of wetting layers in polymer blend films stem from
the different growth stages taking place during annealing. In
a first stage, the lower surface energy component (A) of the
phase-separated mixture will wet the surface, and in the case
of the work by Wang and Composto, the substrate, too [99].
After this stage hydrodynamic flow of material to the
surface is expected to occur. However, in a thin film, wetting
of surface and substrate will cause a trilayer structure to
occur. Such a structure will tend to break-up, with a third
stage consisting of material flow from both the surface and
the substrate. This flow will use the ‘tubes’, which fed the
wetting layer growth, but will occur via a coarsening
mechanism. Finally, the middle region (B-rich) will break-
up, dewet from the A-rich region. Correspondingly, the
interfacial roughness will increase.

In Fig. 13 we show low energy FReS data describing the
growth of a wetting layer of deuterated PMMA from a blend
with the SAN copolymer. In Fig. 14 the thickness, ¢, of the
wetting layer is presented as a function of time. In the
case of the data for the samples annealed at 458 K, it is
clear that the surface layer thickness grows linearly in
time over an order of magnitude in time. SFM was also
used to image the samples, along with the selective
dissolution of the PMMA in acetic acid. As can be seen
n Fig. 15, the SAN surface is much rougher than the surface

0
8 8 (a) Unannealed (b) 10 minutes

B (c) 20 minutes

50 0 50 100 150 O 50 100 150
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Fig. 13.  Volume fraction profiles for d-PMMA
(M,, =90 kDa)/SAN (M,, = 124 kDa, 33% acrylonitrile by
weight) blend films annealed at 463 K with ¢, = 0.47 as measured
by LE-FReS [100]. The rapidly increasing surface excess is
indicative of hydrodynamic flow. Reprinted from Phys Rev E
2000;61:1659 with permission from RJ Composto [100].
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Fig. 14. Thickness of d-PMMA wetting layer (from a blend with
SAN) plotted against time. The straight lines show linear fits
indicating hydrodynamic flow [101]. In the sample annealed at
463 K, the growth of the wetting layer slows down after 1 h due to
depletion of d-PMMA from the wetting layer. The d-PMMA has
M,, =90 kDa and ¢,, = 0.5 and the SAN has M,, = 124 kDa (with
an acrylonitrile content of 33% by weight). Reprinted from J Chem
Phys 2000;113:10386 with permission from RJ Composto [101].

of the PMMA wetting layer and exhibits a bicontinuous
morphology.

Although hydrodynamic growth is revealed in the first
hour or so of annealing, the film continues to develop long
after that. In Fig. 16 the low energy FReS data show a rather
dramatic phase evolution. The film first breaks up via an
apparently homogenous phase to form a bilayer structure.
Of course, such FReS depth profiles do not reveal the full
three-dimensional morphology, and SFM was used to
measure the lateral length scale and roughness dominating
the films at each stage in the evolution of the structure [99,
101]. The SFM images, shown in Fig. 17, reveal both the
surface morphology and the morphology of the near surface,
which was exposed by acetic acid etching of the PMMA.

Height (um)
0.6

Length (um)

Fig. 15. SFM surface image of a d-PMMA/SAN blend film with the
d-PMMA removed after being first annealed for an hour at 458 K
[100]. The acetic acid treatment reveals the bicontinuous mor-
phology of the SAN underneath the PMMA wetting layer.
Reprinted from Phys Rev E 2000;61:1659 with permission from
RJ Composto [100].
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Fig. 16. Volume fraction-depth profile of d-PMMA as measured by
FReS for a ~500 nm thick film of a blend with SAN annealed at
458 K [101]. The profile develops from a homogenous film to a
bilayer, with d-PMMA wetting the surface. The path to equilibrium
is interesting, with a trilayer morphology giving way to the final
bilayer structure, via the apparently homogenous structure shown in
(d). Reprinted from J Chem Phys 2000;113:10386 with permission
from RJ Composto [101].

These images can be compared with the FReS data in Fig.
16. In Fig. 17(b), after 20 min annealing, a bicontinuous
structure is visible in the below-surface scan, which is
clearly not observable from the surface scan (Fig. 17(a)).
The surface scans show a clear increase of the lateral length
scale of the wetting layer, from sub-micron sizes (after
20 min) to ~20 wm (after 262 h). The same increase in
length scale is happening to the near-surface morphology,
except that smaller PMMA-rich holes are present and
remain throughout annealing, although their size does
change. As a result of these images, the authors were able
to correlate the structures and roughnesses obtained by
SFM, with phase separation at different locations in the film.
The lateral length scale can be revealed from Fourier
transforms of these SFM images and is seen (Fig. 18) to
crossover from a linear growth to a Lifshitz—Slyozov-like
¢! coarsening behaviour. The Lifshitz—Slyozov behaviour
does not start after the hydrodynamic regime, but rather
starts during it, but is not observed because the much faster
hydrodynamic flow is dominant. Nevertheless, one can see
that the crossover to coarsening behaviour in the Fourier
transforms occurs after only 15 min, whereas the wetting
layer growth displays hydrodynamic behaviour beyond this
to well over an hour (Fig. 14). This means that the trilayer
structure breaks up because of the coarsening occurring
parallel to the surface. However, as well as this coarsening,
another mechanism of break-up is occurring. A film rich in
SAN sandwiched between the PMMA-rich layers is
thermodynamically unstable and will dewet by spinodal
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Fig. 18. Lateral characteristic wave number (¢ = 2m/A) of the phase
separation of films of d-PMMA and SAN annealed at 458 K [101].
The gradients reveal hydrodynamic flow (for < 15 min, the slope
is —1.02) and Lifshitz—Slyozov coarsening (for 7> 15 min,
the slope is —0.35). The beginning of the coarsening mechanism
is not observed here because it is obscured by much more
rapid hydrodynamic flow. Reprinted from J Chem Phys
2000;113:10386 with permission from RJ Composto [101].

dewetting due to long-range forces [106]. This mechanism
of rupture, convolved with the coarsening is responsible for
the particular sample morphology observed here [101] and
explains why the final structure is a series of droplets.
Further detailed discussion of these rupture mechanisms is
discussed in a later publication [102].

We show in Fig. 19 a schematic diagram displaying the
early, intermediate, and late stages of phase evolution of the
films. However, to briefly summarise here, the film
morphology develops in a three-stage process, which begins
with hydrodynamic wetting of the surface and substrate by
d-PMMA. The component wetting the surfaces (d-PMMA)
flows back into the bulk of the film, whilst the phases in the
middle layer coarsen. Capillary fluctuations in this middle
layer cause its rupture and eventually break-up into a final
dewetted droplet morphology.

Although the above work using solvents to selectively
remove one component from the mixture represents a
major contribution to the study of hydrodynamic flow in
polymer blend films, much has also been deduced about
hydrodynamic flow from ion beam depth profiling and SFM
[103] or optical phase interference microscopy [107].

Fig. 17. SEM images of d-PMMA/SAN blend films showing the
surface (left column) and sub-surface morphology after dissolving
the d-PMMA with acetic acid (right column) of films with ¢, =
0.47 annealed at 458 K [101]. The images are (length scale and
annealing time): (a and b) 10 pm X 10 wm, 20 min; (¢ and d)
50 pm X 50 pm, 240 min; (e and f) 50 wm X 50 pwm, 2880 min; (g
and h) 50 pm X 50 pm, 4320 min; (i and j) 80 pm X 80 wm,
8160 min; (k and 1) 80 wm X 80 wm, 15 720 min. Reprinted from J
Chem Phys 2000;113:10386 with permission from RJ Composto
[101].
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Fig. 19. Model for the d-PMMA (dark)/SAN (light) blend film
evolution as a function of time [101]. At the earliest time, there is a
layered structure with bulk phase separation and short-wavelength
surface roughening. In an intermediate stage, a SAN-rich phase is
formed, surrounded by PMMA-rich surface and substrate wetting
layers. The SAN-rich layer is perforated with d-PMMA, visible
from the top view. Here, the lateral wavelength is observed to
increase from the short-wavelength roughening in the early stage. In
the late stage, these droplets grow, causing the film to break-up,
although they remain covered by a PMMA-rich layer. Reprinted
from J Chem Phys 2000;113:10386 with permission from RJ
Composto [101].

3.3.4. Surface segregation

The large size of polymer molecules means that surface
layers can alter material properties quite significantly. In
many small molecule systems, surface layers can be
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Fig. 20. Volume fraction-depth profile for a blend of d-PS
(oo = 0.484, M, =49 kDa) with PaMS (M,, = 50 kDa) after
annealing for a day at 453 K as obtained from NR experiments
(solid line) [109]. The broken line is the volume fraction-depth
profile as predicted by mean field theory. Reprinted with permission
from Phys Rev E 1996;53:825. © 1996 American Physical Society
[109].

ignored, but this is not the case for polymer systems even
far away from the phase boundary. Deep inside the one
phase region of a phase diagram, the polymer of the lower
surface energy in a blend will segregate to the surface, and
this segregated layer will persist over approximately one
polymer radius of gyration, R, into the bulk.

First experiments showed that surface segregation occurs
in polymer blends, and that the composition of the
segregated layer depends on the bulk composition [1].
Subsequent experiments [2] demonstrated how mean field
theory [55] could be used to analyse the amount of surface
segregated polymer. Later the limits of mean field theory
were discussed based upon the exact shape of the surface
segregated layer [108]. In thin films of isotopic PS blends,
NR experiments demonstrated that the near surface region
was significantly more enriched than theoretically expected,
and that the segregated layer tended to decay faster than
predicted by the simple mean field theory (given by Eq.
(A19) in Appendix A). These results were backed up by
further NR experiments on miscible thin films of blends of
d-PS and PaMS [109] (see Fig. 20 for the comparison of
data and theory). Various possibilities have been suggested
to explain the disagreement between theory and experiment.
The possibility of flattening close to the surface being due to
long-range forces [88] has been dismissed by Jones, who
included the effect of long-range forces into his calculations
[110]. The mean field method was later improved by
Genzer et al. [111], who noted that for any given surface free
energy, the Schmidt and Binder approach [55] could predict
either z* or ¢, but not both at the same time. They,
therefore, extended the mean field model to be self-
consistent and found much better agreement with data for
isotopic PS blend thin films. The most complete study of the
physics behind surface segregation has been by Norton et al.
[91], who used NR to study segregation from isotopic PEP
blends. As in the previous studies, the authors observed a
flattening of the surface enriched component near the
surface. They also noted that the approach of Genzer et al.
[111] could not be used to explain the deviation from mean
field theory observed in their profiles. To explain their
results, they developed a new method involving the Gibbs
adsorption equation [112] given by

dy=—> Idu, (10)

where I is the molecular surface excess and w; is the
chemical potential of the ith component. In such measure-
ments, the surface excess of the segregated component is
equal to the loss of the other component at the surface
(z3 + z, = 0, where the subscripts indicate the deuterated
and non-deuterated components, respectively). Substituting
for the surface excesses, one may then write

IyNy " Ny
Pd Pn

=0, (11)

where pg; are the densities of the monomers of the two



278 M. Geoghegan, G. Krausch / Prog. Polym. Sci. 28 (2003) 261-302

components. The mathematics is described elsewhere [91,
113], but in summary, the chemical potential is obtained
from Flory—Huggins mean field theory, enabling one to
calculate du. Provided d¢p/d¢o is known through exper-
imental measurement, it is a simple matter to obtain Eq. (8)
if we use the substitution

dy _ dy (dé ™
g ddm (d%) : 12)

Because d¢,/d¢o is a measured parameter, this method of
extracting the surface energy difference is model indepen-
dent, and only requires knowledge of the bulk thermodyn-
amics. Despite this progress a full understanding of the
behaviour of the surface energy and surface composition
profile of polymer blends is still lacking, not only because
there are some differences in the theories discussed above,
but because of the discrepancies between the results for
polymer blends and for recent models of the interfacial
tension in simple polymeric liquids [114].

Segregation from a binary polymer blend (B/C) to an
interface of a homopolymer A is another subject that has
been addressed theoretically [115] and experimentally [113,
116]. This issue is important because the segregation of one
component to the interface may have practical importance in
compatibilising two films by lowering the interfacial
tension. The authors used LE-FReS depth profiling on an
interface between PS and a miscible blend of two random
copolymers of PS and partially brominated PS (PS,BrS,_,
and d-PS,BrS;_,, with different molecular weights and
degrees of bromination x and y, respectively). Segregation
was indeed observed and reached a maximum for a
particular concentration of d-PS,BrS;_,, which corre-
sponded to the best compatibilisation. Their results were
found to agree well to self-consistent mean field theory
calculations. In contrast to other means of interface
compatibilisation involving block copolymers [117,118],
this method circumvents the necessity for expensive block
copolymer synthesis and may therefore be of technological
relevance. It should, however, be noted that there are other
methods of using polymers to compatibilise interfaces by,
for example, the addition of random [119,120] copolymers
to one of the components at either side of the interface, or by
the use of grafted chains to form an interface, either with
another polymer [121] or with an inorganic substrate [122,
123].

Another practical use of surface segregation is found in
applications where particular surface properties need to be
established and eventually regenerated throughout the
lifetime of the material. As an example, consider the
problem of fouling the hulls of ships, where bio-resistant
surfaces are of major economic importance. A particularly
interesting study in this respect is the work by Hester et al.
[124]. Here, an amphiphilic comb polymer with PEO side
chains and a PMMA backbone is blended with poly(viny-
lidene fluoride) (PVDF). XPS measurements showed that
the comb polymer segregates to the surface on annealing.

Furthermore, these samples were exposed to a solution
containing the plasma protein bovine serum albumin and
found that the comb polymer imparted significant protein
resistance when compared to the unannealed film or pure
PVDF. Since significant amounts of the comb polymer
segregate to the surface on annealing (the authors quote 45%
surface coverage for only 3% bulk volume fraction), very
little of the comb polymer is necessary in the bulk of the
film, ensuring that the bulk properties of the material are
largely unaffected by the additive. An additional bonus of
this method is that, although the surface layer degrades on
exposure to acidity, further annealing regenerates the
surface, because there is still enough material left in the
bulk to replenish the surface layer. This latter property is
clearly not available with separate coating technologies. An
understanding of the physics of these systems is only present
at the qualitative stage, however, because of the complicated
nature of the molecules involved. At present very little work
involving surface segregation involving branched polymers
[125] (such as combs) and networks [126] has been
undertaken.

3.3.5. Variation of the segregated component

The importance of the substrate surface energy for the
particular domain structure formed during thin film phase
separation was already realised in the early experiments on
this subject [59]. However, these studies were rather
qualitative as they compared substrates of highly different
surface energy. Quantitative studies were first performed by
Genzer and Kramer, who used mixed self-assembled
monolayers (SAMs) made from thiols with two different
end groups [127,128]. In this case the surface energy of the
SAM can be continuously varied via the SAM composition.
Another means to the same end could be achieved by using
random copolymers of varying composition as a substrate
layer or coating [129].

Genzer and Kramer used SAM-coated substrates to
cause a wetting reversal transition in an isotopic blend. They
were able to alter a layering of d-PEP/PEP/d-PEP/SAM into
d-PEP/PEP/SAM [127] by variation of the substrate surface
energy. The kinetics of the transition is particularly
interesting, because it demonstrates the effect of long-
range forces in wetting in polymeric liquid mixtures. In Fig.
21 the structure of an isotopic PEP film for six different
substrate energies is presented. As the substrate energy is
raised, the thickness of the d-PEP wetting layer at the
substrate, Igsam decreases. With only short-range forces
present, this would not be possible, as is shown in their
calculations in Fig. 22, where a remarkably abrupt transition
in Ilgsam is predicted. This is not surprising because
calculations have shown a dramatic increase in the effect
of long-range forces as the phase boundary is approached
[110].

Although changing the nature of the substrate is the most
effective means of tailoring wetting properties, it is by no
means the only way. Other experiments on surface
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Fig. 21. FReS volume fraction profiles for d-PEP in a blend with h-
PEP as the substrate surface energy is increased from (a) 20.5 to (f)
25.6 mJ/m? after annealing at 314 K for 2 weeks [128]. The broken
lines represent the volume fraction profile before convolution with
the instrumental resolution function. The shaded region underneath
the film represents the location of the SAM. Reprinted with
permission from Europhys Lett 1998;44:180. © 1998 EDP Sciences
[128].

segregated layers of isotopic PS blends demonstrated a
similar reversal. By varying the molecular weights of the
polymers, neutron reflection experiments showed that the
surface could be enriched in either d-PS or h-PS [130]. Later
experiments on PS and PB blend films showed that the effect
of M, on wetting layer reversal was not restricted to isotopic
polymer blends [21]. More recent work on a polyolefin
blend has shown that either component of the blend can
segregate to the surface if —d®/d¢, changes sign for ¢ < 0
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Fig. 22. The thickness of the d-PEP-rich wetting layer at the
interface between the isotopic PEP blend and the SAM normalised
by the total film thickness as a function of the substrate surface
energy, vy [128]. The solid line represents the best fit utilising long-
range van der Waals forces, and the broken line includes only short-
range forces. This result clearly demonstrates that the behaviour
observed in Fig. 21 is due to long-range forces. Reprinted with
permission from Europhys Lett 1998;44:180. © 1998 EDP Sciences
[128].

(enrichment-depletion duality) [8,131]. Although a wetting
layer may be removed by changing the nature of the
substrate, it is also possible to create a wetting layer only
transiently as the route to a different phase-separated or
dewetted morphology. Such transient wetting has been
reported in different experiments [38,99,107].

3.4. Morphology of surface induced phase separation

One of the major themes concerning wetting in phase
separating systems is the interplay of the surface phase with
the bulk film. The experimental goal in such studies is to
understand the final three-dimensional morphology of these
mixtures. This has already been discussed above with
respect to hydrodynamic flow (Section 3.3.3) but an equally
interesting topic concerns very thin films, in which the
substrate is also playing a role. Such films could also have
useful applications in technology; in one study an
immiscible polymer blend had one component removed
using a selective solvent [132]. The resultant nanoporous
film was observed not to reflect light, a property that might
find application in solar cells, for example.

One of the first studies on phase-separated polymer blend
films was undertaken by Bruder and Brenn [59], who looked
at mixtures of PS and PS,BrS,_, on silicon and chromium
substrates. In another early work, as-cast mixtures of PS and
PB were studied using NRA, NR, and TEM to reveal that a
lamellar morphology could be obtained as the PS [133] (and
in some cases PB [21]) wetted the surfaces. It should be
pointed out that there are experiments dating from before the
above that consider the morphology of phase-separated
polymer blend films [54,134].

Blends of PS and PMMA are probably the most studied
immiscible system [132,135—140]. In one study [135], thin
films of blends of PS (M, = 94.9 kDa) and PMMA (M,, =
100 kDa) were spin cast from a common solvent and the
resultant morphology studied using SFM, where necessary
with the selective dissolution by acetic acid or cyclohexane
to remove the PMMA or PS, respectively, without
disturbing the other component. Since it is very difficult to
find a ternary system (polymer/polymer/solvent), whereby
the solvent is equally good for both of the polymers, it was
interesting to study the effect of different solvents on the
film morphology. The authors also considered the effect of
film thickness. Finally, three different surface treatments
were used for the silicon substrates: the native oxide layer
provided a high energy substrate, low energy substrates
were produced by depositing an alkane SAM on the silicon,
and a surface energy in between these two extremes was
created by depositing a gold layer on the silicon via an
intermediate chrome layer. The three solvents that were
used were tetrahydrofuran (which is nearly a neutral solvent
for the two polymers), toluene (which is a better solvent for
PS) and methyl ethyl ketone (which prefers PMMA). To
summarise the results where the surface energy and solvent
were varied, rounded surface structures were obtained when
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Fig. 23. Blends of PS (M, = 94.9 kDa) and PMMA (M,, = 100 kDa)
spin cast from toluene onto a gold surface [135]. The films are of
thickness (a) 140, (b) 105, (c) 95 and (d) 80 nm. Clearly, the typical
size of the phase-separated structure increases with film thickness.
The scale bar is 10 wm and in all cases the PS concentration was
50% by weight. Data used from Ref. [135].

the common solvent used for casting is better for the
polymer with the greater surface energy. In the opposite
case, the casting delivers surface structure with sharp, well-
defined edges. Either the PMMA or the PS preferentially
wetted the substrate, depending on the substrate treatment.
In terms of controlling the morphology of the film, it was
also observed that for thicker films, the lateral phase
separation was considerably larger than is the case for
thinner films. To illustrate this, SFM images of the
morphology of such PS/PMMA blend films are shown in
Fig. 23, whose thickness was varied by altering the spin-
coating speed. In these films, phase separation starts during
solvent evaporation and continues until the film reaches
equilibrium or solvent evaporation has rendered the film
glassy. However, during solvent evaporation the film thins
and geometrical constraints also become important. For this
reason the phase-separated structures become small for
thinner films. As a final remark on this paper, it was noted
that during solvent casting it was also possible that a
dewetting mechanism also existed. The simultaneous
existence of phase separation and dewetting in immiscible
films is extremely difficult to quantify and it is only recently
that workers have started to attempt to understand such
phenomena [141-143].

Although it is accepted that quantitative analysis of spin-
cast films is extremely difficult, there are other ways to
manage this problem. One particularly promising route was

Height 7—;
(nm)

Fig. 24. SFM images (the scale bar is 5 um) of films of blends of
PBI'()_Q]S()_()g (Mw =393 kDa) and d-PBI()_()7S()_93 (Mw =253 kDa)
with (a) ¢ = 0.93, (b) 0.78, (c) 0.69, and (d) 0.39. In these films the
blend is highly immiscible and phase separation is well defined. We
also show SFM images (the scale bar is 1 wm) for PBryo;S0.09
blended with d-PBry 750 33 (M,, = 364 kDa) with (e) ¢ = 0.91, (f)
0.72, (g) 0.62, and (h) 0.32 [144]. The deuteration in these blends is
incidental to the physics behind the film morphology. Reproduced
by permission of the Royal Society of Chemistry from Faraday
Discuss 1999;112:285 [144].

shown in blends of PS,BrS,_, and PS,BrS,_, [144]. By
tuning x and y, one can vary the miscibility of the blends as
effectively by varying M,, and far more easily than by
adjusting the temperature. When x and y are similar, these
blends are quite miscible, but when x = 1 and y = 0, the
mixture is highly immiscible. As an example we show in
Fig. 24 SFM images of such films, which clearly reveal that
there is much greater phase separation and much sharper
interfaces between the domains when the difference
between x and y is large.

The influence of the confining walls on the final
morphology after annealing has also been studied using
NRA [145]. A blend of random copolymers of ethylene and
ethylethylene was used for these studies. One component
was deuterated and this contained a greater fraction of
ethylene. The films were either cast directly onto a gold
covered silicon wafer, or floated onto a previously heavily
cross-linked (by ion beam irradiation) polyolefin film. In the
former case (on gold), the deuterated component preferen-
tially wetted the vacuum interface and the non-deuterated
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component preferred the substrate, whilst in the other case
the deuterated component segregated to both surfaces. On
annealing the films in the case where the boundaries
favoured different components, a layered structure was
observed, whereas in the case with the irradiated film-
covered substrate (which favoured the same component as
the vacuum surface), NRA revealed a profile that was
constant with depth. The conclusion from this is that phase
separation was occurring orthogonal to the plane of the film,
demonstrating earlier theoretical predictions [146].

In addition to the above, there has also been work on
blends of PS and PVME and the isotopic PEP system [147].
In these experiments, the same component preferentially
wetted both interfaces. Provided the films were thin enough,
droplets of one phase were formed, which protruded from
the film but it is believed that these PVME (or h-PEP)
droplets remain encapsulated within a film of d-PS (or d-
PEP) in contrast to previous experiments where symmetric
surface conditions did not apply [46,101,135,136,139,141].

Despite the difficulties involved due to the large number
of experimental parameters, there are other phenomena in
phase separating thin polymer films that would be worthy of
further study. As an example, there have been experiments
on blends in which one component is semi-crystalline. Here,
the competition between phase separation and crystal-
lisation is by no means obvious. Early measurements have
been made on films of blends of SAN and poly(e-
caprolactone) (PCL) [148], although these experiments
were precursors to later experiments to understand the SAN/
PCL bulk system [149]. An example where both com-
ponents are semi-crystalline concerns thick (~0.1 mm)
films of mixtures of polyethylene and polypropylene
compatibilised with a random copolymer of the two [150].
Such a system, when annealed, has been shown to create
lamellar structures, developing deep into the film. However,
there are important applications of polymer blends that
incorporate semi-crystalline polymers so a fundamental
understanding of their morphology is crucial. As an
example, many of the polymers involved in the fabrication
of organic semi-conductor devices are semi-crystalline, and
we discuss some experiments in this particular field next.

3.5. Semi-conducting polymers

An area that has only just begun to be exploited is the
study of blends of semi-conducting polymers for the
improvement of electronic device performance. The use of
polymer instead of silicon-based semi-conductors stems
from the desire to create organic devices that are flexible and
can be created on a large scale at low cost via novel
synthetic routes [151] and simple production techniques
such as solution processing or spin casting [152,153]. One of
the obstacles to research in this area is that the two research
communities (organic device physics and polymer films)
have not interacted sufficiently, but these barriers are now
being overcome [154]. To describe the importance of this

area, we consider the basic components of an organic semi-
conducting device such as a polymer light emitting diode
(LED) or a photovoltaic device such as a photodiode or a
solar cell, which we shall present in a simple form in order to
communicate the principles of operation and explain why
the behaviour of polymers at surfaces and interfaces is of
importance.

Semi-conducting polymers are often termed conjugated
and usually consist of alternating double and single bonds
along their backbone (they consist of sp, and 7 covalent
bonds). This makes these polymers relatively rigid mol-
ecules that are often quite difficult to dissolve. In conjugated
polymers, the m electrons are delocalised over several
monomers along the chain, enabling electron and hole
transport.

The structure of an organic semi-conducting device is
shown schematically in Fig. 25. It requires two electrodes, a
substrate, and the semi-conducting polymer film. Because
the devices operate either by emitting or by absorbing
photons, one electrode must be transparent and for this
reason (and its high work function), an indium tin oxide
(ITO) anode is commonly used. The other electrode can be
any suitable conducting material, provided that its work
function enables efficient carrier injection into the adjacent
semi-conducting material; it must also be stable and, unlike
ITO, reflect light.

In the operation of a photovoltaic device, photon
absorption will create excitons (electron—hole pairs).
These will migrate through the material until they reach
an interface between the two components where dis-
sociation may occur, forming electrons and holes. In an
efficient device, the electrons and holes will migrate towards
the anode or cathode where charge can be collected. A small
reverse bias is applied across the electrodes in order to
enable efficient collection of charge. The goal is to collect
these charges at the electrodes without recombination
having occurred before the electrodes can be reached.

Single polymer layers, or polymer multi-layers, can be
used in these devices but they have the disadvantage that
excitons have a typical diffusion range in organic materials
of a few nm; for example, an exciton has a range of 7 nm in

Terminals

T ITIO electrode Electrode

o

Light out (light
emitting diode)

Light in (photovoltaic
device)

Fig. 25. Schematic diagram illustrating the components of an
organic semi-conductor device.
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Electrode
(@) Electrode (b)

Fig. 26. Schematic diagrams showing possible morphologies which
could be effectively used in the creation of (a) photovoltaic devices
and (b) LEDs.

poly(p-phenylene vinylene), meaning that an interface
should be no more than 7 nm from where the exciton is
formed if it is to be successfully dissociated and the resultant
charges separated [155]. Polymer blends typically give
better performance than single layer structures [154] and are
certainly less expensive and easier to fabricate than bilayer
structures, and are very often more efficient too, especially
in the case of photovoltaic devices. However, polymer
blends can give rise to undesirable isolated phases rich in
one component within the device. One therefore would like
to create a large interface area between the two phases, each
of which continuously connects towards the respective
electrode. The large interfacial area is important because it
will help to ensure that excitons are never too far from an
interface, where dissociation can occur. A schematic
diagram of the shape of such an interface is shown in Fig.
26(a); similar structures may be achievable via a dewetting
mechanism or by a Mullins—Sekerka wetting instability
[156], although neither of these phenomena are likely to
achieve the narrow structures that would provide optimal
device performance. Of course, by having a flat interface
between two thin layers, one can achieve the requirement
that the excitons are no more than one diffusion length from
an interface, but another advantage of a structure such as
that in Fig. 26(a) is that, compared to a flat interface, a larger
proportion of the volume is within a diffusion length from an
interface. This means that an exciton is less likely to reach
and dissociate at an interface when the interface is flat.
Another advantage of the structure shown in Fig. 26(a) is
that the polymer layer can be thicker than for thin flat
homopolymer layers. This is important because the thicker
the layer, the greater the photon collection efficiency in a
photovoltaic device.

For the operation of an LED, a forward bias is applied
across the polymer blend film by the two electrodes. An
electron from the donor polymer is injected into the
conduction level (by analogy with traditional semi-con-
ductors) at the metal electrode. At the ITO electrode, a hole
is injected and these charges will migrate throughout the
material until they recombine. Recombination may occur
where there are two different chains in close contact, and
often (but not always) this will be at an interface between
two phases. On recombination, electrons and holes will form
an exciton, which will eventually decay via photon
emission. An efficient geometry could have a hole carrier

matrix with a surface segregated or wetting layer of the
electron carrier at the cathode. The surface segregated layer
must be large enough to prevent recombination too close to
the cathode, because this would quench photoemission.
However, a diffuse interface could allow diffusion of the
electrons into the hole-carrying matrix, where an exciton
may eventually be formed. Diffuse (graded) interfaces have
been shown [157] to be appropriate in the fabrication of
LEDs because sharp interfaces can inhibit carrier motion.
This means that, although the principle of operation of
photovoltaic devices and LEDs is similar, the practicalities
of designing the optimal structure are somewhat different;
we present a possible idealised structure in Fig. 26(b). It
must be emphasised, however, that this is a rather new area
of research and these issues are not yet fully resolved; it is
quite possible that the similar structure to that for a
photovoltaic device would work just as well in an LED.

Given the above, it should be clear that phase separation
into non-continuous domains in the bulk of the film is
undesirable. This would inhibit charge transport to the
electrodes and thereby lower the device efficiency. Blends
are needed where the electrodes are wetted almost perfectly
by the required component, but the interface between the
two phases has the required properties; be it a graded
interface, and/or one with a large interfacial area. The
difficulty here is that these kinds of structures are normally
hallmarks of very immiscible mixtures. In the future work
concerned with optimising organic semi-conductor devices,
it will therefore be necessary to not only understand the
wetting and bulk properties of the materials, but also the
interplay between the two. Such experiments are feasible if
an appropriate technique such as nanotomography [41] is
used.

One particularly useful blend for the fabrication of LEDs
is that of poly(styrene sulphonic acid) (PSS) and poly(3,4-
ethylene dioxythiophene) (PEDOT), which is marketed by
Bayer AG (Leverkusen, Germany) as Baytron P™. The
PSS/PEDOT mixture is used (with the PSS acting as a
dopant to facilitate hole transport) in LEDs, when placed
between an ITO substrate and an electroluminescent
polymer layer. Knowledge of the wetting behaviour of
such films is consequently particularly important. In a first
experiment, particularly rough films were shown by XPS or
ultraviolet photoelectron spectroscopy to have almost
complete segregation of the PSS to the N, or vacuum
(depending on treatment) surface [158]. More recent
experiments on this blend have used NR measurements of
surface segregation to obtain the surface composition profile
[159]. These experiments are particularly illuminating
because they make it possible for quantitative analysis of
semi-conducting polymer films using the Schmidt and
Binder [55] analysis. This will be particularly interesting
because such rigid molecules are not usually considered in
such a way; the rigidity alters the conformational entropy of
these polymers, resulting in a very large step length for a
random walk chain conformation.
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Fig. 27. SFM images of a thin film blend of PFB and F8BT with
equal mass ratio [160,161]. The film in (a) was spun cast from
xylene, whilst that in (b) was spun cast from chloroform. The height
range is 350 nm in (a) and 30 nm in (b) and the scale bar for both
figures is 10 wm. Reproduced with permission of Dr A.C. Arias
[161].

Other experiments have been performed on a mixture of
a green—yellow emitter (poly(9,9-dioctylfluorene-alt-ben-
zothiadiazole), F8BT) mixed with PFB, an alternating
copolymer of dioctylfluorene and triarylamine. Such a
blend is particularly useful for photovoltaic structures.
These experiments concerned controlling the amount of
mixing of the two components (in a 1:1 by weight mixture
cast from xylene) by heating the spin coater. At higher
temperatures (close to 368 K), phase separation in the film

occurred on a finer length scale, and led to better device
performance. Similarly, further work on this theme using the
same blend system considered the effect of casting solvent,
as well as the method of casting (drop casting under a
solvent atmosphere and spin coating on a heated and non-
heated substrate) [160]. Again, it was concluded that phase
separation on shorter length scales produced better device
performance. As an example, we show in Fig. 27 the
morphologies obtained by casting from chloroform and
xylene solutions [161]. The blend cast from xylene has
large-scale phase separation clearly visible, and is observed
to produce less efficient device performance. The import-
ance of controlling solvent evaporation was stressed in a
later paper [162].

One can therefore attribute improved photovoltaic
devices and LEDs to better control and limitation of phase
separation in the bulk of the film. Further work on LED
morphology concerned LEDs fabricated with blends of
poly(9,9-dioctylfluorene) (PFO) and F8BT [163]. Here, it
was shown that small phase-separated structures can be
obtained by exposing the films to acetone, which is a poor
solvent for both components. The authors proposed a
possible explanation for the observed behaviour by
suggesting that enhanced polymer diffusion could help to
drive the demixing before the final morphology by either
swelling of the film surface by the acetone, or by a
preferential interaction between the acetone and one of the
components of the blend.

The present challenge for scientists working with
organic polymer semi-conductors is therefore to use their
expertise, with the thermodynamics of thin polymer blend
films, to solve the problems of creating the best device
morphologies. The difficulties that arise are that the ‘model’
blends discussed in the earlier part of this review are not
semi-conducting polymers, which are rigid and often
display crystallinity. Physicists can no longer rely on tuning
parameters such as composition of a random copolymer,
because such changes will seriously affect the properties of
the material. Nevertheless, the self-assembly of polymer
blends to form organic devices shows great promise. As we
indicated above, ‘traditional’ polymer physics is not all that
is required to create the optimum device because the
optimum morphology is still not understood. This means
that the goal is not necessarily to create a particular
morphology, such as one of those indicated in Fig. 26, but to
first find out what the best morphology actually is. However,
despite these challenges, the momentum in this new field is
such that one can expect major progress to be made sooner
rather than later.

4. Spreading and dewetting

The above discussion concerned polymer blends. In this
section, we discuss the wetting behaviour of homopolymer
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thin films on surfaces. In order to fully understand
homopolymer wetting, one also needs to know the
circumstances under which a film breaks up (dewetting).
There is an enormous amount of work on the subject, which
is well beyond the scope of this article. The interested reader
will find further information in the reviews by de Gennes
[10], Krausch [164] and Findenegg and Herminghaus [165]
as well as the more recent article by Seemann et al. [166]. In
this section we limit ourselves to a few examples illustrating
some important ideas, as well as future directions that will
be significant.

4.1. Spreading

The wetting transition, which was discussed above for
polymer blends, is also important in thin films of
homopolymers. As an example we consider the experiments
by Maas et al., who studied the wetting behaviour of a PS
film on a grafted PS layer (brush) [167]. The brush was
created by the strong spontaneous adsorption of the polar
poly(2-vinyl pyridine) (PVP) block of a PS-block-PVP
diblock copolymer to an oxidised silicon substrate. The
authors observed both stable and unstable homopolymer
films depending on the grafting density of the brush layer.
For low grafting densities the films were unstable, while for
higher grafting densities stable films were found. For very
large grafting densities, the PS homopolymer film suffers
conformational restrictions and autophobic dewetting
occurs [168]. The instability at low grafting densities was
caused by a large repulsion of the PS homopolymer with the
PVP block of the copolymer. However, for grafting
densities within the range studied in this work both droplets
and stable thin PS layers were observed in the same film
corresponding to a wetting transition. However, droplets
were also observed to be in local equilibrium with somewhat
thicker layers, which was unexpected, demonstrating the
complexities involved in the study of wetting.

We have mentioned before in this review the importance
of wetting to industrial applications. A good example of
work in this direction concerns the enhancement of wetting
in small molecule liquids by the addition of polymers [169].
The issue considered here is the use of pesticides on plants,
which are well known for their ability to cause water to
bounce off their leaves. Past methods of dealing with this
problem involve the use of organic solvents, which wet the
surface more readily. However, the use of such toxic
materials is best avoided for environmental reasons. By
adding a water-soluble polymer, poly(ethylene oxide)
(PEO), it was possible to change the behaviour of a droplet
on hitting a surface. The polymer additive changes the liquid
flow from simple Newtonian to a non-Newtonian behaviour.
On hitting a hydrophobic surface, a droplet of a Newtonian
fluid begins to coat that surface as its weight counters any
repulsion due to the incompatible surface energies.
However, as the energy due to gravity is dissipated, the
surface tension causes the droplet to retract again, a process

which may occur so rapidly as to reject some water through
a rebound, causing loss. The addition of polymer may slow
down this retraction by lowering the surface tension and/or
by changing the viscosity of the fluid. The surface tension of
the liquid was not significantly altered by the presence of a
small amount of polymer additive. However, rheological
experiments showed that the elongational viscosity of the
solution was greatly increased by the polymeric additive,
slowing the retraction and thereby increasing the effective-
ness of the surface coating.

The spreading of polymer films from solution into
ordered structures is a powerful and simple method to create
polymer nanostructures. As an example silicon and
aluminium nanotubes were placed in a polymer solution
so that the polymer could coat the nanotube templates [170].
After coating, the nanotube templates could be removed by
etching in aqueous KOH solution. Polytetrafluoroethylene,
PS, and PMMA nanotubes were all created in this way.

The opposite situation, whereby a droplet can be made
completely incompatible with a surface should also be
possible. This has already been achieved with a fluorinated
powder additive to a water mixture causing complete
hydrophobicity with a glass substrate [171]. In contrast to
the above situation, in this case the additive segregates to the
surface of the fluid and changes in surface tension dominate
over rheological effects. Another study by the same group
has shown how lithographed surfaces can be used to create
nearly spherical droplets ‘pearl drops’ [172]. This is due to
the observation that, depending on the interaction between
the fluid and the substrate, a microscopically ‘spiked’
surface can dramatically worsen (or improve) wettability.

4.2. Dewetting

As we have pointed out above, if one is to understand
how a polymer wets a surface, it is necessary to understand
what causes a polymer films to dewet surfaces. However, the
amount of published work essentially means that dewetting
deserves a review in its own right, and we restrict ourselves
here to a summary of some of the most important aspects of
dewetting.

4.2.1. Spinodal dewetting

One of the first quantitative studies of the dewetting of
polymer films is also probably the simplest experiment.
Reiter [173] used optical microscopy to observe the break-
up of PS films on silicon substrates as a function of film
thickness. In these experiments, Reiter pointed out that the
break-up of the films could be reasonably well explained as
a spinodal process (spinodal dewetting) [106,174], whereby
long-range van der Waals forces cause an amplification of
film thickness fluctuations eventually resulting in film
break-up. Intuitively, it may be difficult to see how long-
range van der Waals forces can cause film break-up since
they are always attractive, and would seem to encourage
film stability. However, if the attractive interaction between
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a film and surrounding medium is weaker than the substrate
and the surrounding medium, then the film will break-up.
The details of the simple calculation of the attractive energy
between two planar surfaces are reviewed elsewhere [175]
and the result is (per unit area at a separation x)

Ay
12mx%’

Weaw = — (13)
where Ay is the Hamaker constant describing the interaction
between the two surfaces. Different authors use a different
sign convention for the corresponding forces and the reader
is therefore advised caution. The dispersive forces driving
the dewetting are counterbalanced by the inherent energy
cost having a large interface. As a result of the competition
between these two terms, a dominant wavelength A emerges,
which grows faster than any other unstable wavelength
[174]. Films are, however, stable to thickness fluctuations
below a critical wavelength, given by A/2. Should the
polymer film be confined to an area smaller than the
dominant wavelength, then the spinodal dewetting is
suppressed [176]. Spinodal dewetting is not, however, a
phenomenon unique to polymer films and has been convin-
cingly identified earlier in thin metal films [177].

The identification of spinodal dewetting as a mechanism
for the break-up of polymer films has been further pinned
down by SFM measurements of PS films on silicon [178]. In
these experiments, the authors determined the fastest
growing length A as a function of film thickness. In this
case the experiments showed uniformly distributed surface
undulations in contrast to the random distribution of holes
observed by Reiter [173]. There have been several other
studies of the dewetting of PS from silicon substrates [166,
179-190], although not all of these are attributable to
spinodal dewetting. NR measurements on the interface in
bilayers of PMMA on PS [52] showed convincingly that the
fastest growing length scale had the expected inverse square
behaviour on PMMA film thickness. Moreover, their results
were not inconsistent with the expected inverse sixth power
behaviour of the rise time of the instability on the PMMA
film thickness. These results were obtained by analysing the
off-specular reflection; specular reflectivity was used to
describe the surface and interfacial roughness as a function
of time. Later work concerned in situ NR measurements to
investigate the time dependence of the spinodal dewetting
[191].

An important aspect of spinodal dewetting, which may
be exploited in future work, is the ability to create patterned
structures with a given dominant length scale. This has
already been extensively theoretically discussed [192—196].
Spinodal dewetting has already been used to create
structured patterns [197], where the simple act of rubbing
a substrate imposed a preferred orientation on the dewetting
process and PMMA was observed to dewet from PS to form
a corrugated structure (Fig. 28). This provides a clear
analogy with surface-directed spinodal decomposition [5]
because the nucleation point only triggers the dewetting or

Fig. 28. Fifteen nanometre-thick of film of PMMA dewetting from a
300 nm film of PS (respective molecular weights of 112 and
259 kDa) after annealing at 423 K for 1h. By imposing an
orientation on the glass substrate (by gently rubbing it in one
direction with a lens cleaning cloth) prior to spin coating and
floating the PMMA film onto water, it is possible to create oriented
dewetting [197]. The scale bar is 20 wm. Figure supplied by Dr
A.M. Higgins.

phase separation, but does not impose a length scale; the
system itself chooses its own preferred length scale from the
thermodynamics.

Another means by which self-assembly due to spinodal
dewetting can be used to create intricate patterns is due to
chemical inhomogeneities in the substrate [192,193,198,
199]. In very thin films, where spinodal dewetting is a rapid
process, such structure formation may well be quite
common and difficult to control. As an example, we show
in Fig. 29 the dewetting structure of a thin bilayer of PMMA
on PS as measured by SFM. The origin of this instability
may well be due to heterogeneity in the substrate.
Theoretical work has shown how such patterns may form
[192,193,199], and also that their formation can be much
more rapid than the usual spinodal dewetting process. In this
case, one might consider an imperfection, possibly only a
few micrometres in size, on the silicon substrate causing a
chemical heterogeneity. Only a small patch is necessary to
induce a gradient in chemical potential along the substrate.
This gradient will induce rupture in the film, in this case, the
PS layer. The rim of the hole formed in the initial stages of
rupture results in thickness fluctuations in the film, which
can result in a spinodal mechanism taking over, with long-
range pattern formation resulting. However, this discussion
can only be the basis of a true explanation because the PS is
sandwiched between PMMA and silicon, neither of which
will be passive in the dewetting process. Further related
theoretical work on this subject concerns chemical patterns
on the substrate, rather than simple heterogeneities [200,
201]. We discuss experiments related to pattern formation
on structured substrates in Section 5.
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Fig. 29. Dewetting of a PMMA (M,, = 23.8 kDa, ~30 nm thick)
film from PS (M,, = 166 kDa, originally ~ 15 nm thick) on silicon.
The SFM images (a, b, d and e) were taken after the PMMA had
been selectively removed with acetic acid. The dewetting structure
was obtained after annealing for (a) 15 min and (b, ¢, d and e) 24 h
at 443 K. In (a), the highest points are some 50 nm above the lowest
regions of the film; the other height scales are (b and e) 100, (c) 40
and (d) 80 nm. The lateral scales are 10 wm X 10 wm (a and b) and
20 pm X 20 pm (e). In (d) we show a scan of part of the film in (e).
The image in (c) is a scan over the same region as in (d) but before
acetic acid washing (so the PMMA is still present on the surface).

The stability of polymer films on highly incompatible
substrates has also been considered with thin films of
polystyrene near its glass transition on PDMS-coated silicon
substrates [202]. Although the PS film is close to its glass
transition, the speed of film rupture is much more rapid than
one would expect given the viscosity of the polymer in the
bulk state. As well as the rapid kinetics, the shape of the hole
also differs from previous experiments. Possible expla-
nations of these results have been provided, with sugges-
tions of mechanisms due to a plastic deformation [203] or
shear thinning [204].

Experiments concerning spinodal dewetting of polymer
films need not be limited to the simple air (or inert gas or
vacuum)/polymer film (or bilayer)/substrate geometry.
There is also the possibility of immersing the entire system
in a fluid (for example, water) to change the very nature of

the polymer—substrate interactions. Such experiments have
been performed successfully with thin films of PDMS on a
silicon substrate compatibilised with a PDMS brush
[205-208]. These experiments showed that the strength of
the interaction was much larger than expected from
calculations [207], and was even large enough to destroy
the chemically grafted brush layers [206]. Further evidence
of the remarkable strength of these interactions was
observed when a PS film was placed on the PDMS in
water as a surrounding medium [209]. In this case, the PS
film was deformed due to the rupture of the PDMS brush
below it. Another way to control the interaction of a polymer
film with its substrate is to add a copolymer one component
of which prefers the substrate, and the other the film. First
experiments along these lines have recently been published
[210]. These experiments are nice examples for a situation
where the knowledge of surface segregation, discussed in
the beginning of this article, is utilised to improve film
stability against dewetting.

An interesting alternative to immersing a polymer film
on a substrate into some liquid is to perform experiments on
freestanding films. Experiments have been performed on
hole growth and rupture in freestanding PDMS [211,212]
and PS films [213], all of which show how viscoelastic
behaviour plays an important role in the rupture of the films.
Freestanding PS films were also studied after coating with
thin layers of silicon oxide [214,215]. The films were
annealed such that the PS remained in the molten state,
whilst the SiO, coating remained solid, causing a mechan-
ical confinement of the films. Dispersion forces (i.e. van der
Waals forces) cause the film to crumple, although the
resistance provided by the SiO, layers limits this effect. An
optical microscopy image of a PS film coated with two SiO,
layers is shown in Fig. 30. The minimisation of the total free
energy confers the annealed film with its characteristic
wavelength of ~6 wm. By equating the pressures induced in
the film due to dispersion and bending forces, the authors
were able to derive a simple scaling law, which was
supported by their data and showed that the wavelength of
the instability behaved as

L3/4

, 14
“X¥aL (14)

where L is the thickness of the two SiO, capping layers and x
is the thickness of the PS film. The constant of proportion-
ality depends on the Young’s modulus and Poisson’s ratio of
the capping layer as well as the Hamaker constant for the
system. Although these films were freestanding, the issue of
dewetting in a deformable medium (such as the SiO, or the
other layers used in the above study) is an important issue
that has been discussed both theoretically [216—218] and
experimentally [209,218].

4.2.2. Nucleation and growth
In the above, experiments concerned with how long-
range forces can cause a film to rupture and break-up were



M. Geoghegan, G. Krausch / Prog. Polym. Sci. 28 (2003) 261-302 287

Fig. 30. Optical micrograph of a freestanding PS film capped by
evaporated SiO, layers [215] after annealing at 483 K for 3 h. The
scale bar is 20 wm. Image provided by Professor K. Dalnoki-Veress.

briefly discussed. Many polymer films are metastable and
break-up by the thermal nucleation of holes, or by
nucleation at impurities or dust particles in the film or on
the substrate. The key to whether or not a film is stable on a
given substrate is given by Young’s equation [219] for the
spreading coefficient,

S=1v — (¥aB + Ya)s (15)

where 7ya, ¥, and ysp are the surface energies of the
polymer film, substrate, and film—substrate interface,
respectively (Fig. 31). If the spreading coefficient is
negative, then the film is unstable. Scaling laws have been
presented to describe the behaviour of the dewetting speed
as a function of film thickness [174], and these were
developed and tested using films of PDMS on silicon
substrates [220].

A particularly interesting subject is that of the dewetting
from the interface between two liquids [164]. Although
spinodal dewetting at liquid—liquid interfaces has also been
experimentally [221] and theoretically [106] discussed, we
restrict ourselves here to experiments on nucleated dewet-
ting. In this case, the upper film will deform the lower film
as it dewets, and one note that both the horizontal and
vertical component of the capillary force must vanish at the

(a)

Fig. 31. Schematic diagram illustrating the criteria for dewetting on
a (a) flat solid substrate and (b) deformable liquid substrate. If there
is a finite contact angle, @ the spreading coefficient (Eq. (15)) is
negative and the film will dewet the substrate at equilibrium. In the
case of a liquid substrate there are two contact angles, which can be
used to describe the requirement that the vertical component of the
capillary force must vanish at the contact line (Eq. (16)).

contact line. This is described by the von Neumann
construction (Fig. 31(b)) and can be written in the limit of
small contact angles as

YaOa = Yap Og., (16)

where @, and Og are the contact angles defining the
deformation into the upper and lower film, respectively. In
order to study such deformation in films of PS on PMMA,
the PS top layer was removed by selective dissolution in
cyclohexane [34]. In these experiments, the dewetting speed
was measured as a function of substrate viscosity, and it was
found that the speed exhibited a minimum. The authors
performed SFM measurements before and after selective
dissolution of the PS, the latter giving insight into the shape
of the initially buried PS/PMMA interface. They identified a
crossover between a liquid substrate and a solid substrate. In
the liquid substrate regime, the rim of the dewetting PS layer
deforms the PMMA film (Fig. 31(b)), leading to holes
growing as 2 [106,222]. For larger PMMA molecular
weight, the PMMA behaves like a solid substrate (Fig.
31(a)), i.e. the holes in the PS film grow rapidly in
comparison to movement in the much higher viscosity
PMMA substrate. In this case, a constant dewetting speed is
observed in agreement with the theoretical expectation
[174]. Further work on this system provided a quantitative
investigation of the dewetting speed as a function of
polymer molecular weight [223] and film thickness [224]. In
Fig. 32, we show SFM scans of a PS film dewetting a
PMMA lower layer, before (Fig. 32(a)) and after (Fig.
32(b)) cyclohexane etching. A line scan of the same hole
before and after etching shows how one can obtain the
complete three-dimensional morphology of the hole,
revealing the PS-PMMA -N, contact line (Fig. 32(c)). In
these studies, the dewetting speed is well explained by
simple scaling theory [106]. However, experiments on
bilayers of polycarbonate (PC) on a SAN copolymer are not
in agreement with the theory. The discrepancies include a
rate of hole growth in some films, which increased with
annealing time [225,226]. It is quite possible that the
interaction (miscibility) of the two layers plays an important
role because it appears that PS and PMMA are more
immiscible than PS and SAN.

4.2.3. Autophobicity

We return to our discussion of the wetting properties of
homopolymer films on polymer brushes. As mentioned
briefly above, there are situations when the polymer would
want to dewet the brush itself for purely entropic reasons.
Because the brush and film are of the same chemical species,
one expects a certain miscibility between the two. However,
depending on the molecular weights and the grafting
density, it is possible that conformational restrictions will
force the polymer to dewet a dense brush. These
conformational restrictions can be relaxed by using shorter
homopolymer chains, or lowering the grafting density. It has
also been theoretically demonstrated that a bimodal brush
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Fig. 32. (a) SFM image of a hole in a 270 nm film of PS (M,, = 32
kDa) dewetting from a 500 nm film of PMMA (M, = 31 kDa) after
annealing at 435 K for 990 min in nitrogen atmosphere. (b) The same
hole as in (a) but after washing in cyclohexane to remove the upper PS
layer. (c) Section through this hole; the black line in the SFM scans
shows the location of the section. The large size of the hole means that
the complete rim has not been imaged. These images form part of a
study of dewetting at the polymer—polymer interface [224]. SFM
images were provided courtesy of Dr C. Wang.

can suppress autophobic dewetting by broadening the
brush/polymer interface [227].

Early experiments showed that PS films would entropi-
cally dewet a PS brush created by adsorption of a PS-block-
PVP diblock copolymer [168] or PS chemically grafted to
the silicon substrate [228,229]. Another study of such
autophobic behaviour replaced the brush by a cross-linked
film. In these studies [230,231], a polyolefin film was
transferred onto a cross-linked film of the same material.
Cross-linking was achieved by a-particle irradiation. For
high enough cross-link densities, the authors observed
complete wetting, which was attributed to roughening of the
network surface. At moderate cross-linking densities
autophobic dewetting was observed, whilst complete
wetting was recovered at low cross-linking densities.
Although the conclusions of these studies probably stand
up, it should be pointed out that, compared to for example,
proton-irradiated networks [232], such «-irradiated net-
works are very difficult to characterise [233] due to the
effect of chain scission and radical formation. The high
doses used (fluences of up to 103 jons cm™?), and the large
energy loss of a-particles imply that the highly cross-linked
systems are not chemically identical to the films placed on
top of them.

The study of autophobic behaviour has now matured

considerably and recent work includes quantitative studies;
for example, the kinetics of dewetting of PDMS films from
chemically identical brushes measured in situ [234,235]. In
another study, it was shown how PS, end-terminated with a
sulphonate group, can create a densely packed brush layer,
from which the remainder of the end-terminated PS film
autophobically dewets [236].

4.2.4. Other forms of dewetting

It has also been shown that polymer films can dewet
wettable substrates [237]. In this case, PEP films were
observed to dewet silicon substrates, when the film thickness
became less than the polymer radius of gyration. This points to
the importance of understanding the nature of the confor-
mational entropy of a polymer chain in a thin polymer film, and
whether or not it is the same as that in the bulk. Simple theory
suggests that there is no entropy cost in having a chain at the
surface [238], whilst more detailed work considers the small
entropy cost due to chain ends [239]. Monte Carlo simulations
also support the suggestion that there are deviations from the
bulk conformation in thin films [240]. Recently, experiments
have addressed this problem [241-245]. We shall return to this
issue in the context of dewetting from corrugated substrates
below [185]. It has also been theoretically demonstrated that
fluctuations in density, perhaps due to composition fluctu-
ations in a polymer blend, or a film close to a critical point, can
initiate dewetting on a wettable substrate [246]. As yet, there
has been no experimental demonstration of this mechanism.

Other mechanisms for dewetting are possible and we
briefly mention some here. A Marangoni flow mechanism of
dewetting has been proposed to explain dewetting in an
immiscible oligomer blend [247]. After phase separation had
commenced, this mixture dewetted inwards from the outside
of the sample. Another unusual example concerned thick
polybutadiene films placed on a liquid crystalline polymer
[248] in which the dewetting behaviour depended on the phase
of the liquid crystalline polymer below. The authors measured
both the advancing (spreading) and receding (dewetting)
contact angles [175] and observed that the receding contact
angle dropped somewhat on passing from the smectic to the
isotropic phase. The advancing contact angle, however, was
found to be independent of temperature. Finally, it has recently
been shown using bilayers of PS on PMMA on silicon
substrates that electric fields can induce a spinodal instability
that causes rupturing of the PS layer [249]. In these
experiments, 60 V applied across two electrodes ~2 pm
apart is enough to destabilise ~300 nm thick films of PS on
similarly thick PMMA layers.

5. Pattern formation by structured substrates

So far we have largely dealt with the wetting properties
of free surfaces and laterally homogeneous substrates. In
recent years, however, the study of patterned substrates and,
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in particular, the interplay between the length scales
provided by the substrate pattern and the inherent length
scale of the (de)wetting process has become an area of
intensive research. Such substrate patterns may be topo-
graphical and/or chemical in nature. The idea of what may
best be called ‘structured wetting’ dates back to the early
1990s, when Whitesides and co-workers demonstrated that
microscopic liquid structures are created spontaneously in a
liquid film on a substrate exhibiting lateral variations of
surface energy [250,251]. In recent years, beautiful
quantitative studies along these lines were reported by the
Herminghaus group in Ulm [252]. These authors used a
mask to enable the patterned deposition of a hydrophilic
MgF, layer onto a hydrophobic silicone rubber. They
showed that water follows the path of the hydrophilic
component on the substrate and studied the stability of the
resulting liquid structures as a function of the amount of
water condensing onto the substrate. Along with the
experimental work, theoretical calculations were performed
which nicely agreed with the experimental observations
[253].

The first reported use of patterned substrates for the
creation of polymeric microstructures was by Krausch in
1995 [7]. The authors studied phase separation in a polymer
blend in the presence of a laterally patterned substrate.
Micron size metal lines were prepared lithographically on a
silicon substrate. Thin films of a blend of PS and partially
brominated PS were cast onto these substrates. The polymer
domains formed on phase separation were found to align
with the underlying line pattern, while laterally isotropic
domain structures were observed on homogenous parts of
the substrate. Later, Boltau et al. [137] continued work
along these lines and carried the substrate driven domain
alignment to some perfection. They studied various
immiscible polymer blends (e.g. PS/PS,BrS;_, and PS/
PVP) in the presence of lateral patterns of surface energy.
By selective dissolution of one of the phases after phase
separation was completed, they were able to transcribe a
surface energy pattern into a topographic pattern in a
polymer film. For perfect replication of the underlying
structure, the inherent domain size formed during phase
separation had to match the lateral size of the substrate
pattern. Since the former is a function of the film thickness
[135], for any given structure size on the substrate an
optimum film thickness was identified. If the films were too
thick, the domains were too large and did not follow the
underlying grating. In thinner films, on the other hand,
the domains are too small and recognise the small parts of
the substrate pattern as homogenous substrates. Again, no
pattern transfer was possible.

Another polymer blend, which has been shown to have
its phase separation controlled by a surface energy pattern is
a mixture of PB and PS [254]. In this work, thin (~70 nm)
films of the blend were observed to follow a template
created by microcontact printing of SAMs on silicon
substrates. At about the same time Nisato et al. [255,256]

reported on a similar study, which in addition to the work
quoted above addressed the time development of the thin
film domain structures in the presence of a laterally
patterned substrate. Later work on two blends, PVP/
PS,BrS,—, and PS/PVP, blends used dynamic SIMS and
SFM to quantify the topography and morphology on a SAM
microcontact printed onto gold [257]. Here, the effective-
ness of pattern transfer as a function of the size of
phase-separated domains was studied, with the best results
being obtained when the pattern length scale is the same as
that of the phase-separated morphology.

In the above-mentioned studies, the structural size of the
patterned substrates was significantly larger than the
molecular length scales of the (polymeric) liquid film.
Given the rather large size of individual polymer molecules,
it is tempting to study the wetting behaviour of thin polymer
films on substrates exhibiting a lateral structure of
comparable size. Various approaches have been reported
aiming towards this direction. Obviously, the preparation of
the patterned substrate becomes somewhat more involved
when lateral scales of order 10 nm rather than microns are
striven for. Electron beam lithography would in principle be
able to create such structures, however, at high cost and on
small areas only. Alternatively, self-organisation processes
can be employed for substrate generation.

A quite elegant way to create a patterned substrate by
self-organisation uses the well-established effects of surface
reconstruction on silicon surfaces [258 —260]. Here, surfaces
of silicon single crystals are prepared with a surface
orientation slightly off a low index crystal axis. Under
suitable conditions (ultra-high vacuum annealing at around
1120 K), the surface develops facets of low index crystal
planes. As an example, a silicon surface cut slightly off the
(113) direction towards the (001) direction will develop a
shallow sawtooth surface structure consisting of adjacent
(113) and (114) facets. The angle between adjacent facets is
5.8°. When cooled to room temperature and exposed to air, a
thin layer of native oxide forms on top of the facets, leaving
the surface topography unchanged. An example of such a
corrugated silicon substrate is shown in Fig. 33 [185].
Depending on the annealing time and temperature, the mean
spacing between the corrugations along with their mean
depth can be varied between some ten and some hundred
nanometres. Such substrates were first used by Fasolka et al.
to study their influence on the microdomain structure in
diblock copolymer thin films [261]. Later, Rockford et al.
showed that in addition to the topographical pattern, a
chemical heterogeneity could be created on the corrugated
silicon substrates by glancing angle metal evaporation [138,
262]. On these substrates, the authors studied the wetting
behaviour of homopolymers, homopolymer blends, and
diblock copolymers.

When a thin enough homopolymer film is coated on top
of a corrugated substrate, the film is found to rupture into
what may be called polymer ‘nanochannels’ (Fig. 34). This
effect was first shown by Rehse et al. [185]. The results were
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Fig. 33. SFM Tapping Mode™ topography image of a corrugated
silicon surface of the type used for previous wetting experiments
[138,185,261,262]. The scale bar is 4 wm, and the peak-to-valley
distance (height) is ~5 nm. In the inset, a three-dimensional image
of a2 um X 2 wm area is shown. Note that the height scale and the
lateral scales are different, strongly exaggerating the aspect ratio of
the surface structure. (These results are taken from the paper by
Rehse et al. [185].) Reprinted with permission from Eur Phys J E
2001;4:69. © 2001 EDP Sciences [185].

surprising in that a PS film would only wet the corrugated
substrate if the film thickness in the thinnest regions (fpeax,
the thickness above the peaks of the corrugations) was more
than about half of the chain radius of gyration. In Fig. 35 we
show the stability phase diagram for thin PS films of
differing M, on these corrugated substrates as a function of
Ipeak- Above the line of stability, fpea = 0.55R, the films
remain stable after annealing, whereas for thicknesses
smaller than 0.55R,, dewetting is observed. Test experi-
ments on flat substrates, indicated by solid symbols in Fig.
35, exhibit the same behaviour, with thinner films dewetting
the substrate and thicker ones remaining stable, although
here there are not enough data to confirm a M,, dependence.
Unstable films ruptured along the crests of the corrugation to
form ordered nanochannels filling the valleys. The expla-
nation of the stability phase diagram of these thin polymer
films as a function of chain size is not wholly clear.
Confinement effects appear to play a role, as was the case in
the earlier experiments on topographically and chemically
homogeneous substrates briefly mentioned above [237], but
the effect of film preparation also needs to be considered. If a
chemical heterogeneity is added to the topographical pattern
by evaporation of Au on every other facet, the results look
similar [138]. However, closer inspection of the ruptured
films reveals that the nanochannels no longer fill the grooves
symmetrically but preferentially cover the Au coated facets

. height z [nm]
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Fig. 34. (a and b) SFM TappingMode™ topography images (the
scale bar is 2 um) of a thin PS film (M,, = 100 kDa and average
thickness, f,, =5nm) on a corrugated silicon substrate after
annealing at 423 K for 3 h [185]. The film has broken into linear
channels following the grooves of the substrate. The area shown in
(b) is a 1.5 wm X 1.5 pm scan. (c) Average line scan along the
horizontal taken from the image (b). The solid line is
the experimental result. The dashed line depicts the position of
the substrate surface. Reprinted with permission from Eur Phys J E
2001;4:69. © 2001 EDP Sciences [185].

(Fig. 36) [185]. This effect can be understood given the wetting
properties of PS on both SiO, and Au, respectively [263].
Rockford et al. reported on quite interesting results
regarding homopolymer blend thin films prepared on a
corrugated and chemically patterned silicon substrate [138].
The chemical pattern is due to an evaporated gold layer on
one side of each facet. The authors investigated the effect of
the nanoscopic substrate pattern on the domain morphology
of blends of PS and PMMA. On micron scales, an isotropic
domain pattern appeared quite similar to a homogenous
substrate with no preferential attraction to either of the two
polymers. Here, the patterning resulted in a ‘neutralisation’
of the substrate, while homogenous surfaces of both SiO,
and Au are known to attract PMMA and PS, respectively
[135]. After selective removal of the PMMA phase,
however, the authors found that in the immediate vicinity
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Fig. 35. Stability phase diagram for thin PS films on corrugated
silicon substrates. Squares indicate stable PS films, while triangles
refer to films where the formation of nano-channels was observed
[185]. The dashed line indicates #,.,x = 0.55R,. The solid symbols
indicate data taken from substrates with no corrugation. Reprinted
with permission from Eur Phys J E 2001;4:69. © 2001 EDP
Sciences [185].

of the substrate, laterally directed separation of PMMA and
PS had taken place with PS selectively adsorbing onto the
Au lines. Therefore, the presence of the nanoscopic grating
indeed reduced the length scale of phase separation down to
the molecular level.

Fukunaga et al. obtained similar results by using a quite
different route of substrate patterning [264]. The authors
adsorbed linear triblock copolymers of PS, PVP, and
PtBMA onto the SiO, surface of a silicon wafer. Since
PVP strongly physisorbs on the polar substrate, the resulting
film can be thoroughly washed to remove all loosely bound
material. The resulting polymer brush consists of PS and
PtBMA end blocks bound to the substrate by the PVP
middle block. The PS and PtBMA blocks microphase separate
and create a surface pattern of characteristic lateral spacing.
The authors studied the wetting behaviour of thin films of a
homopolymer blend of PS and PtBMA on such surfaces and
observed that the domain size was significantly reduced in thin
enough films (Fig. 37). A simple estimate of the interfacial
energies involved predicts that the effect of the nanoscopically
patterned substrate should influence the domain size up to a
film thickness of about a quarter of the characteristic lateral
spacing in agreement with the experimental observation.
The authors also demonstrated that for thin enough films the
effect of domain size reduction by the substrate is
significantly more effective than the addition of PS-block-
PtBMA copolymers acting as polymeric surfactants.

6. Outlook and conclusions

In this review much of what we have discussed concerns
the fundamental physical processes that are important in the
wetting behaviour of thin polymer films. Although there are
still gaps in our knowledge, many of which have been
alluded to elsewhere in this review, the subject is relatively
well understood. In the section of dewetting, we discussed

height z [nm]

Fig. 36. (a) SFM TappingMode™ topography image of a thin PS
film (M, = 100 kDa, f,, =5nm) on a chemically patterned,
corrugated silicon substrate after annealing at 423 K for 3 h [185].
Every other facet has been coated with a thin Au layer. The film has
broken into linear channels following the grooves of the substrate.
(b) Average line scan along the horizontal taken from the area inside
the box indicated in image (a). The solid line is the experimental
result. The dashed line depicts the position of the substrate surface.
Reprinted with permission from Eur Phys J E 2001;4:69. © 2001
EDP Sciences [185].

how various instability mechanisms could be used to
generate pattern formation. The ways that patterned
substrates could play a role in controlling the morphology
of polymer films were discussed in the following section.
We believe that such work will be more prevalent in the
years to come as the fundamental understanding acquired
during the previous 10 years, along with new fabrication
procedures, is put to use. To conclude we summarise a few
experiments that we believe will play an important role in
future work involving the wetting of polymer films.

There are two directions to the research that we believe
will dominate wetting phenomena in polymers in the years
to come. We have described many relatively fundamental
experiments, and it is now time to see how these can be
applied, as an example, we have already discussed semi-
conducting polymer blend films. Secondly, work will
consider how wetting behaviour is altered in unusual
geometries. As an example of the latter scenario, work is
already starting to appear with confined polymers. For
example, experiments have been performed where PS or
SBS were confined to strips in a lithographed PDMS mask
[265]. The polymer broke up, forming holes with a length
scale of dewetting that was dependent on the size of the
strips. Further experiments by these authors considered the
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Fig. 37. (a) SFM TappingMode™ topography image of the surface
of a 5nm thick film of a PS-block-PVP-block-PtBMA triblock
copolymer grafted onto a silicon wafer [264]. The respective
molecular weights of the blocks are 51, 68, and 50 kDa. The height
scale ranges between 0 and 5 nm. The r.m.s. roughness of the layer
amounts to some 3 nm. (b) Topography image of a 20 nm thick film

final morphology of blends of PS and PB annealed under
PDMS masks [266]. Related experiments along the same lines
were performed to create PMMA patterns after embossing in a
silicon mask [267]. In a different experiment, blends of PMMA
and SAN films were confined laterally on silicon substrates
[268]. In this work the shapes of phase-separated domains
depend upon the aspect ratio of the confinement (width and
film thickness). For wider films, phase-separated domains
are visible, whereas for films that are confined into thin
strips, the domains are shaped more like capsules.

A recurring theme of research discussed in this review is
that of self-assembly and pattern formation. A particularly
interesting example of this is the use of electric fields to
align polymers. Electric fields have a long-range behaviour,
and can easily be tuned, which makes their use particularly
desirable. Additionally, because thin films are being
considered, only small potential differences can be used to
generate large electric fields. We have already mentioned
the use of electric fields in inducing dewetting, and it has
also been shown that by placing a homopolymer film in an
electric field, one can create uniform structures [269,270].
By using a patterned electrode one can select particular
patterns [269]. These authors have performed similar
experiments at polymer/oligomer and polymer/polymer
interfaces [271,272]. Other related experiments were
performed with copolymers; electric fields were used to
align PS-block-PMMA to create PMMA cylinders in a
matrix of PS [273]. A nice extension of this theme
involves the use of ultra-violet irradiation to degrade the
PMMA, whilst simultaneously cross-linking (i.e. fixing)
the PS [274]. Rinsing in solvent (e.g. acetic acid) will
remove the degraded PMMA leaving cylindrical nanopores,
which, as an example, have been filled with cobalt to create
magnetic nanostructures [275].

Another means of pattern formation that has been reported
involves the annealing of polymer films above the glass
transition typically ~ 100 nm below a mask, which is usually a
silicon wafer coated with a surfactant monolayer to provide a
low-energy surface [276,277]. In these initial experiments,
thin films (between 100 nm and 2 wm) of PMMA were used.
On cooling, the PMMA was observed to have risen against
gravity, forming regularly spaced (a few micrometres) pillars
in contact with the mask. The origin of this process is
not yet understood although it may have electrostatic
origins and could be related to some of the work
involving pattern formation in stamps [267]; its use for

of a PS (M,, = 104 kDa)/PtBMA (M,, = 80 kDa) blend spun cast
onto a plain silicon wafer (50% PS by weight). The height scale
ranges between 0 and 50 nm. In the inset (top left corner) a larger
area scan of the same sample is shown. (c) Topography image of a
20 nm thick film of a PS/PtBMA blend spun cast onto a silicon
wafer coated with a graft layer of PS-block-PVP-block-PtBMA).
The height scale ranges between O and 30 nm. Reprinted with
permission from Langmuir 2000;16:3474. © 2000 American
Chemical Society [264].
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lithography should however be clear. It is difficult to see
if a particular method of pattern formation will dominate in
the coming years, because new methods are appearing with
great regularity. As an example of a couple of other
methods, the reader might like to consider the use of
polyelectrolyte multi-layers [278] or the microbuckling of
polymer films in water [279].
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Appendix A. Mean-field theory of wetting
A.l. Theory of the wetting transition

The mathematics of the wetting transition is not difficult
to follow as it involves a coupling of the theory of Cahn [56]
with the Flory—Huggins lattice theory [57,58]. The theory
of Cahn itself is simply a development of the van der Waals
theory of capillarity [280]. Briefly, one writes the free
energy of the binary mixture as a sum of the mixing entropy,
enthalpy, and the surface energy. The (Gibbs) free energy of
mixing per lattice site, G, for a polymer blend is given in the
usual Flory—Huggins form as

Gou(¢) _ i 1-¢ _
](37T = NA In (b + NB ln(l d))
+ xo(1 — @), (AD)

where N, and Ny are the chain lengths. The difference in
free energy caused by having a surface involves three terms:
a surface energy term reflecting the benefit in having the
component with the lower surface energy at the surface; a
term dependent on the gradient in the free energy, which
reflects the cost in having a composition gradient in the
medium; and finally an energy cost in having a different
surface composition to that in the bulk (¢o). These may be
written as
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and the cost in having the surface at a composition different

from the bulk is given by

G
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The prefactor to the ‘gradient squared term’, g, represents
the energy cost of having a composition gradient. Normally,
g is assumed to be a constant, but in polymer systems it is
calculated using the random phase approximation [90], and
is given by
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For very immiscible blends, the factor 1/36 is sometimes
replaced by 1/24 [281]. The integral term in the surface free
energy (Eq. (A2)) can be minimised by solving the Euler
equation (this is a special case, in which the integrand does
not contain z explicitly, see for example [282])

A () = g(%)z. (AS)

Integrating the above (Eq. (AS5)), we obtain the concen-
tration profile

b g
= - do, A6
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which can be numerically solved using Eqgs. (A1), (A3) and
(A4).

By removing (d¢p/dz)* from Eq. (A2), using Eq. (AS), we
arrive at the equilibrium surface free energy (with reduced
dimensions of length)

a | Af(¢)
3V ol — )

which, because it corresponds to thermodynamic equili-
brium, yields the surface chemical potential, us:

b,
o= () + L) (AT)
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The importance of this surface chemical potential is
revealed when both curves are plotted. This is the basis of
the Cahn plot, or phase portrait, and is exemplified in Fig.
38. Eq. (A8) is solved when the curves cross. It can be seen
that for particularly low values of —d®/dd¢;, there are three
solutions to this equation. This means that partial and
complete wetting can coexist. When there is only one
solution, complete wetting is the only possible outcome. If
the areas A and B are equal, there is a wetting transition.

Note that in Fig. 4 for the experiments of Rysz et al. [64],
partial wetting occurs without an area B defined because
they have a surface chemical potential with the solution
—d®/d¢ps = 0 for ¢ < 1. A consequence of this ‘enrich-
ment-depletion duality’ [131] is that the polyolefin blend in

K
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Fig. 38. Idealised phase portrait. If the area in A is less than that in B,
total wetting represents the free energy minimum. If the area under
A is greater than that under B, partial wetting is the more
energetically favourable. When the two areas are equal, a wetting
transition occurs.

this study could well be a good candidate for the observation
of a second order wetting transition.

A.2. The approach to wetting

The approach to wetting was considered by Cahn [56],
who discussed the possibility of prewetting in under-
saturated systems. In such a case, a first order prewetting
transition is possible whereby a mesoscopic (but finite)
wetting layer could exist at the surface in equilibrium with a
much smaller surface segregated layer.

The energy cost in having a surface segregated (or
wetting) layer at a composition different from the bulk value
is given by Eq. (A3), but one can also write this as a Taylor
expansion around the upper coexistence volume fraction

d)ﬁi
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The first term corresponds to the distance of the tangent of
the free energy curve at ¢ to the free energy at ¢g [56].
This distance is reached via an approximation
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where ¢, and ¢y are, respectively, the lower and upper
coexistence volume fractions. Eq. (A10) can be justified
because (0G/3¢)y, = (Poo — ¢a)(azG/a¢2)¢a and we also
replace ¢., — ¢ with ¢, — . For this to be possible we
need to assume a symmetric or nearly symmetric blend.
Cahn was primarily interested in binary metal alloys, for

= ((ba - d’oo)(d’ﬁ - d)a)(

which, at coexistence (0G/d ), = (9G/d qﬁ)d,ﬁ = 0. For this
reason the first order differential is missing from the Taylor
expansion (Eq. (A9)).

We can now substitute Eq. (A9) into Eq. (A6) and obtain
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In small molecule systems g can be treated as constant and
the standard integral [ du/~a*> + u* = In(u + Va* + u*) can
be used to obtain
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If we assume that Af};, < Af'(¢), which is valid in
symmetric systems near saturation, we can allow ¢, — ¢ to
dominate the last term in the root of Eq. (A12) (inspection of
Eq. (A9) should confirm this).

Neglecting Af’;,, we can substitute Eq. (A9) into Eg.
(A8) to obtain

2P — Pp) = (A13)
which we can substitute into Eq. (A12) to yield
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As ¢ — ¢, the size of the prewetting layer, [ diverges
logarithmically. As has been pointed out earlier, g is a
function of ¢ and so Eq. (All) can only be solved
numerically. However, as a first approximation it is
perfectly acceptable, and was used by Geoghegan et al.
[6] to fit their adsorption isotherm for a d-PS/PaMS blend,
although this will not be the ideal way to extract a value for
Ms. Earlier simulations demonstrated the validity of this
approximation for d-PS/h-PS blends [83]. For a more
quantitative analysis, the approach used for segregation in
polyolefin blends is recommended [66].
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A.3. Surface segregation

The form for the surface energy in polymer mixtures has
been presented by different authors in different forms to
account for differing results. The simplest, and most
commonly used, is that due to Schmidt and Binder [55],
which contains two terms

2
Dy = —p s — %’ (A15)
which are the leading terms in a Taylor expansion of the
bare surface energy. It is necessary that u; 4 s/2 > 0 and ¢
be small, which can result in corrections for nearly complete
wetting of the surface by one of the phases when surface
entropy terms become important [88,283]. (Another
approach [91], which is based on the Gibbs adsorption
equation, is discussed briefly in Sections 3.3.2 and 3.3.4.)
The two terms in the Schmidt and Binder form have
physical meaning: w; is a surface chemical potential
difference (not to be confused with w,) and s/2 is a surface
interaction parameter accounting for both the change in
dimensionality and the different interactions from the bulk.
We write the surface energy difference between the two
components as

kBT N
ay=2 (w+ 3) (A16)

with b being the size of a lattice unit. The surface interaction
parameter s can be related to the bulk interaction parameter
by [284-286]:

s = —by. (A17)

Differentiating Eq. (A15) with respect to ¢, and substitut-
ing this, Egs. (A3), (A4), (A16) and (A17) into Eq. (A8), we
obtain

A
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where A, = (9G/9 )4 and any composition dependence
of ¢ has been neglected. The composition profile is obtained
from Eq. (A6) and is recast in the Flory—Huggins form here
to give the volume fraction-depth profile

a\/kBT J’(b“‘ dd)

6 Jo. JG(¢) — G(deo) — H(1 — H)Ape,
where Ao, = (0G/d¢h),,, . Similarly, the surface excess is
given by
. aJkgT Jd’w (¢ — d)dd

6

© T b \JG(P) — Glo) — D1 — D)AfLe
(A20)

(A19)

7=
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