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Abstract

During the last decade, research on thin, sub-micron thick, block copolymer films was
devoted toward understanding and controlling microstructural and topographical features at
temperatures 7 < Topp, where Topr is the order—disorder transition temperature below
which thermodynamic interactions favor the formation of ordered (phase separated)
microstructures. Symmetric diblock copolymers, the subject of this review, undergo an
isotropic to lamellar transition when 7" < Tr. Topographical features, ‘islands’ or ‘holes,’
of these films typically reflect the underlying phase separation; and the dimension of these
features, normal to the substrate, is equal to the interlamellar spacing, L. Two aspects of
block copolymer thin films that have not received much attention are discussed in this
paper: (1) pattern formation in symmetric block copolymers under conditions of T > Topr;
and (2) phase behavior of thin film symmetric diblock copolymer/homopolymer mixtures,
when T < Tgpp. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Apart from conventional applications such as membranes, lithography and
coatings, polymer thin films are of current interest for device technologies such as
light-emitting diodes, photodiodes and thin film transistors in which the polymer
serves the role of the active material component [1,2]. Films with thicknesses in the
sub-micron thickness range are of particular interest in the latter applications.
Properties of sub-micron thick films typically differ appreciably from bulk proper-
ties due largely to a combination of polymer segment /interfacial interactions and
entropy. There is a range of unresolved issues, with varying complexity, depending
on whether the material is a homopolymer, an A /B homopolymer blend or a block
copolymer thin film.

Changes in properties such as the glass transition temperature, the viscosity and
translational chain diffusion coefficients with decreasing film thickness are well
documented in these systems. Experiments on homopolymer thin films, for exam-
ple, indicate that the glass transition temperature may increase, or decrease, with
decreasing film thickness [3—9]. Moreover, increases in the viscosity and decreases
in translational chain diffusion coefficients of chains near substrates have been
shown to occur as well [10-17]. In some regard, the decrease in chain dynamics in
the vicinity of the polymer /substrate interface appear to be at odds with reported
decreases of the glass transition temperature with film thickness in some systems.
The nature of these changes in the translational chain dynamics and in the glass
transition with film thickness, and their relation to chain packing effects, excluded
volume and entanglement effects near surfaces, together with substrate /polymer
interactions, are of current interest to researchers.

In bulk A/B homopolymer mixtures, the phase behavior is determined by a
combination of the translational entropy of the chains and the enthalpic interac-
tions between the constituents of the blend. In thin films, entropic effects associ-
ated with chain packing and confinement, together with enthalpic polymer seg-
ment/segment and segment/interface interactions, affect the phase separation
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temperature and the symmetry of the phase diagram [18]. Changes in critical
temperature with film thickness, surface directed spinodal decomposition due to a
preferential attraction of one component to an interface, and a broadening of the
intrinsic interfacial profiles in partially miscible blends due to capillary waves, are
well documented in thin film blends [18-49].

Thin film diblock copolymers, to which this paper is devoted, have been the
subject of much research during the last decade [50-71]. At temperatures below an
order—disorder transition temperature, T,py, A—b—B diblock copolymers are
known to exhibit different microphase-separated morphologies, including: spheres;
hexagonally packed cylinders; lamellae; and bicontinuous ‘gyroid’ structures, de-
pending on the relative volume fractions of the components [72,73]. Symmetric
diblock copolymers, for example, undergo an isotropic-to-lamellar transition below
the order—disorder transition temperature, when x N > 10.495. In thin film geome-
tries, the interfacial interactions impose restrictions on the local A /B segmental
concentration profiles. The component with the lower surface energy typically
resides at the free surface. If the other component resides at the substrate then the
lamellae generally orient normal to the substrate. The topography of these ordered
films is determined by the commensurability between the local film thickness and
the interlamellar spacing. Specifically, the surface of the film is smooth if a
different component of the diblock resides at each interface and the local film
thickness is 7 = H, = (n + 1/2)L, where n is an integer. If the same component
of the diblock were to reside at both interfaces, the surface is smooth when
h = H, = nL. When the thickness of the symmetric diblock copolymer film devi-
ates from the appropriate criteria, » = H_, by an amount Ah > 0 (h = H, + Ah),
topographical features, islands, holes and ‘bicontinuous’ patterns, each of height L,
appear at the surface of the film. Examples of these topographies are shown in Fig.
la—c. The system minimizes its free energy by creating a discontinuous layer
instead of forming a complete layer of sub-optimal thickness less than L.

Most of the research on block copolymer thin films has been devoted to
examining ordering near surfaces and to controlling the orientation and mor-
phology of samples in the temperature regime T < Ty using external fields, and
by modifying the interfacial interactions [51-66]. This paper addresses two aspects
of thin film block copolymer systems that have not received much attention:

1. We first discuss the phase behavior and stability of thin diblock copolymer
films above the bulk order—disorder transition temperature.

2. The second topic concerns thin film mixtures of homopolymers and diblock
copolymers.

Considerable effort has gone into understanding how homopolymers affect the
domain dimensions and phase behavior of bulk diblock copolymer /homopolymer
systems while little is understood about these systems in thin film geometries. In
particular, we discuss the effects of confinement, polymer/substrate interactions
and enthalpic segment /segment interactions on the phase behavior of mixtures of
thin film of A-b—B symmetric diblock copolymers with A, B and C homopolymers.
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Fig. 1. AFM images of topographical features that appear in ordered (T < Typr), symmetric,
PS-b—PMMA diblock copolymer thin films on SiO, are shown here: (a) islands; (b) bicontinuous; and
(c) holes. The height of each topographical feature is equal to the interlamellar spacing, L. In this
figure n is an integer.
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2. Symmetric diblock copolymers above the order—disorder transition

We show that while copolymers above the ODT exhibit features akin to the
behavior of simple homopolymer liquids, they maintain some features that are
inherently associated with ordered block copolymer films. Specifically, when the
film thickness, #, is thinner than a characteristic thickness, %, , the film becomes
unstable with the spontaneous formation of holes that appear spontaneously at
random locations throughout the surface of the film, or by the formation of a
‘bicontinuous’, “spinodal-like” pattern. Thin homopolymer films exhibit similar
behavior [74-80]. The particular pattern is dictated by the initial film thickness, /.
When /& = h;, the film is stable and the surface remains smooth. However, for
films of h > h;, a layer of thickness h—h;, becomes unstable and dewets an
underlying layer of thickness %, , forming a pattern that consists of either holes or
a bicontinuous (‘spinodal-like’) structure. These patterns eventually evolve into
droplets on the layer. It appears that the thickness /4, is one-half of the interlamel-
lar spacing, L, of the copolymer in the ordered state.

2.1. Hierarchical pattern formation

We now discuss pattern formation in a symmetric polystyrene and poly(methyl-
methacrylate) (PS-b—PMMA) diblock copolymer with a total degree of polymer-
ization N = 200 and x N = 7.5. The condition for the isotropic to lamellar transi-
tion in a symmetric diblock copolymer is xN > 10.5, indicating that for this
copolymer, T > Tonhr. We note that the glass transition temperature of the PS
component is 100°C and that of PMMA is 115°C. Therefore the 7, of each of these
polymers is greater than T .

Films that range in thickness from 2 to 100 nm were prepared on silicon
substrates using a photo resist spinner. Toluene was the solvent. The substrate had
a native oxide layer of thickness of 2 nm, as determined by spectroscopic ellipsome-
try. The surfaces of the as-spun copolymer films were smooth. These samples were
subsequently annealed at 170°C under vacuum conditions for varying periods of
time. Topographical analysis of our samples was performed using an Autoprobe CP
(ThermoMicroscopes) atomic force microscope (AFM) after periodically quenching
to room temperature. AFM scans were performed in contact, intermittent contact
and non-contact modes. In the contact mode experiments, we constrained the
stress between the microscope tip and the sample, such that measurements yielded
the same results obtained from non-contact and intermittent contact experiments.
Our experiments were typically conducted in the contact mode for convenience.
Images were processed to remove the curvature due to the bending motions of the
scanner during rastering, using the software provided by the manufacturer. The
feature sizes were based on averages of numerous line profile measurements of the
images.

The experiments reveal that the copolymer exhibits a hierarchy of patterns,
depending on the film thickness, as shown in Fig. 2. The results in the figure show
that initially smooth films of 4 < 35 nm will spontaneously rupture, creating a
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(b)

Fig. 2. (Continued).

‘bicontinuous’ structure. The image of the sample shown in section I of the figure
was initially # = 3 nm and it was annealed for 46 min at 170°C. In contrast,
discrete holes appeared in slightly thicker films in the range 4 nm < h < h; =7
nm (section IT). The sequence of patterns is repeated for films of # > k. In the
thickness range 7 nm </ < 19 nm, a ‘bicontinuous’ topography is observed
(section III), whereas discrete cylindrical holes appear randomly throughout the
surface of films in the thickness range 19 nm < A& < 35 nm. Section IV shows a
hole near the edge of the film (see also Fig. 4b). Films thicker than 35 nm are
stable with smooth surfaces.

The instabilities in these films can be understood in terms of the effect of long
and short-range intermolecular forces on thin films [74-100]. The condition for
partial or complete wetting of a small liquid droplet is dictated by the spreading
coefficient, S = v, (y,, + vy), Wwhere v,, is the interfacial energy between the solid
and the vapor phase, vy, is the liquid/vapor interfacial tension and v, is
liquid /solid interfacial tension. S < 0 and § > 0 correspond to partial and com-
plete wetting, respectively. For a large droplet, the equilibrium thickness, £, is

Fig. 2. Topographical features spontaneously appear in thin PS-b—PMMA diblock copolymer films,
T > Topr- (a) The images in this figure show that the pattern depends on the film thickness. For
h < 3.5 nm, a ‘bicontinuous’ structure evolves, whereas holes appear randomly throughout the surface
of the film for 3.5 <h <7 nm. When 7 nm < 4 < 19 nm, an ‘autophobic’ dewetting process occurs
whereby a layer of the sample of thickness 4y = & — 7 nm, becomes unstable and forms a bicontinuous
structure on an underlying layer of thickness 4, = 7 nm. When 19 nm < /& < 35 nm, holes appear
randomly throughout the surface of the film. (b) The final state of the film is characterized by droplets
of copolymer on the underlying substrate.
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influenced by gravitational forces and is k. = (2S/v,)x~', where «k is the
capillary length. Brochard and coworkers pointed out that thin films of thickness
h > hg, should remain stable [77].

Polymer films with thicknesses h < h.y, and typically 100 nm or thinner, are
subject to destabilizing long-range intermolecular forces and may spontaneously
rupture, creating patterns that reflect variations in the local film thickness. The
topographies are bicontinuous patterns [74,76-79], discrete cylindrical holes
[74,75,77,79], and highly asymmetric holes [80] that appear throughout the surface
of the film. The structural evolution of each of these patterns is distinct. The origin
of pattern formation is associated with the fact that small amplitude modulations at
the surface of a thin liquid film can become amplified by the long-range van der
Waals intermolecular forces. Brochard described the surface undulations in a thin
film on a substrate using linear stability analysis [77]:

h(x,t) = hy + dhexp(t/T) (D
In this equation 4, is the initial film thickness and
dh = dhyexpligx) (2)

is the amplitude of the fluctuations. The dominant wave vector describing the
fluctuations was predicted to be:

A \"*1
= — 3
m (41Ty) h3 3)

where A is the Hamaker constant and vy is the interfacial energy. The dominant
relaxation time associated with the growth of the fluctuations is:

B A? 1 @
T = ——=
4872 \mhg

This theory predicts that for dewetting to occur, the van der Waals forces should
be attractive (A > 0). The Laplace pressure, the ratio of the surface tension to the
local film thickness, acts to stabilize the film. The disjoining pressure, which
accounts for the tendency of the film to adjust its thickness to minimize the free
energy, together with the Laplace pressure, determine the critical wave length
beyond which the instability will grow. Fluctuations can grow to the height of the
initial film thickness whereby rupturing occurs. The relaxation time of the instabil-
ity is determined by the Laplace pressure, the disjoining pressure and by the
viscosity.

The short-range forces, together with the long-range forces, determine the
morphology of the disrupted film [79]. Recently, Sharma and Khanna performed a
series of simulations that accounted for effects due to short-range polar forces and
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long-range forces [75,79]. They suggested the following expression for the excess
free energy:

G =
12mh?

+ SPe~ha/! (5)

where the first term describes the long-range forces and the second, the short-range
forces. In this equation S” is the polar component of the spreading coefficient and
| is a short-range cutoff length. Their results suggest that the morphology is
determined by a combination of short and long-range forces.

2.2. Evolution of the ‘bicontinuous’ structure

The time-dependent structural evolution of the ‘bicontinuous’ (‘spinodal-like’)
pattern of films in the thickness range 7 nm < 4 < 19 nm is now discussed. An
‘autophobic’ dewetting process occurs, whereby a layer of material of thickness
hy = h — hy dewets an underlying layer of thickness 4, = 7 nm, anchored to the
substrate. That the thickness of the underlying layer is 7 nm is evident from the
line profile of the edge of the film in sections III and IV of Fig. 2. It appears that
the thickness 4, = 7 nm corresponds to one-half of the interlamellar spacing of
the diblock copolymer if the copolymer were in an ordered state (this is addressed
in more detail in Section 3.2). The final state of the film is characterized by
droplets on the layer of height 4; = 7 nm.

Fast Fourier transforms of AFM images of this pattern were taken during
different stages of evolution. The dominant wave vector of the fluctuations, g,, was
extracted from each image. The decrease in the g, with time can roughly be
approximated as ¢~ !/® during the interval 20—72 min, as shown in Fig. 3a. Linear
stability analysis, Eq. (3), indicates that the wave vector should remain constant,
whereas our data show that it decreases with time. This may be a result of the fact
that the linear regime, where the wave vector is constant, occurs at times earlier
than were examined with the AFM. Nevertheless, one should expect g, to decrease
with time as the fluctuations grow. Simulations by Milchev and Binder indicate that
the wave vector should decrease as ¢~°%, which is comparable to our data [81]. We
should caution, however, that preliminary results in our laboratory indicate that the
growth of the fluctuation might be sensitive to the short-range interactions with the
substrate. If this indeed turns out to be the case, then the time-dependence of g,
in this regime is not universal. This could be the reason that g exhibited weaker
time-dependence in the polystyrene/Si system as reported by Xie et al. [78]. A
final resolution to these issues will await further experiments and theory.

It is worthwhile to examine how the thickness fluctuations, &4, increase during
the same interval, t < 72 min. The thickness fluctuations were extracted from
averages of numerous line profile measurements of the samples. It is clear from
Fig. 3b that the increase in 8k /h, with time is consistent with an exponential
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Fig. 3. (a) The time dependence of the dominant wave length fluctuations is plotted here. (b) The
dependence of the thickness fluctuations, 84 /Ay, is shown here.

dependence, as suggested by Eq. (2). This relaxation time, which depends on A4, k4
and v, was determined to be 20 s from a fit to the data. The underlying substrate is
exposed when 8k /h, > 1, and this occurs after approximately 72 min. Below we
discuss the structural evolution of the pattern shown in Image 4 of Fig. 2.

2.3. Dynamics of holes

We now direct our attention to the morphology that evolved as a result of the
nucleation and growth of holes for films of 4 > 19 nm (section IV). Dewetting
proceeded with the formation of discrete holes without their characteristic periph-
eral rims (Fig. 4a). During this early stage, the hole radius, R, increased exponen-
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Fig. 4. (a) The early stage development of a hole, before the development of the characteristic rim is
shown here. (b) Fully developed holes with its characteristic rims are shown here. (c) A typical line scan

of a hole is shown here. R is the radius of the hole.
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Fig. 5. The three stages of hole development are reflected in the dependence of the growth of the
radius, R, as a function of time. At early times, the growth is consistent with an exponential
dependence. During intermediate times, the growth is consistent with a linear time dependence,
whereas R ~ t?/ at later times. The holes later impinge to form an interconnected structure, which
decays to form droplets.

tially with time. This stage was followed by a narrow intermediate regime where
the rim develops (Fig. 4b) and R ~ ¢. Fig. 4c shows a line scan of an actual hole
from which R is determined. When the rim was fully developed, R ~ t*/3. At the
final stage of the process, droplets of the copolymer, a few microns in diameter and
heights on the order of tens of nanometers, existed on a dense copolymer ‘brush’
of uniform thickness 7 nm anchored to the substrate. Fig. 5 summarizes the
dependence of the hole radius, R, as a function of time during the three stages.
These data were determined from two isolated holes. The margin of error in
measurement is approximately the size of a point on the graph.

Brochard and coworkers predicted three stages of hole growth during dewetting
of a thin homopolymer film [87]. If the deformation in the film is assumed to be
elastic and the viscous dissipation at the film/substrate interface is negligible,
then, when the underlying substrate is exposed, the radius of the hole should
increase as:

R(t) = Rye'/" (6)

Our data indicate that the exponential dependence occurs much earlier during the
process. Using Eq. (6), the relaxation time, 7, determined from the data in Fig. 5 is
200 min. It is difficult to make a comparison between T and the translational tracer
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diffusion of this diblock chain, since 7 is a function of the film thickness, /, S and
the viscosity, m.

At longer times the film behaves like a viscoelastic liquid, where the chains can
undergo translational motions. The rim is created when the radius, R, of the hole
reaches a critical value R = (bh)'/?, where b is the hydrodynamic extrapolation
length, the length over which velocity profile extrapolates to zero. At the melt /sub-
strate interface, b characterizes slip. It is inversely proportional to the coefficient
of friction, k, between the melt and the substrate, b = & /k.

During the second stage, R > R and viscous dissipation at the melt/substrate
interface provides the dominant contribution. The velocity is constant for this
intermediate regime, during which the rim becomes fully developed and

R = (S/m)(b/m)"*t (7)

Here the viscous forces balance the capillary driving forces. In an earlier publica-
tion we showed that the rim does indeed develop in the regime that denotes the
transition of the linear dependence of R on ¢ from its exponential dependence
[96].

Finally, the late stage growth of the hole, with its completely developed rim,
exhibits a power law dependence:

R =1t%*3 (8)

This prediction is based on the assumption that the viscous dissipation is domi-
nated by the dissipation in the liquid substrate. The decrease in the growth rate
results from the fact that while the driving force for spreading and dewetting
remains constant, the resisting friction force increases with the size of the rim.
Hamley and coworkers observed a t*/* dependence in the late stage autophobic
dewetting of a diblock copolymer film [90].

We just showed that for 7 > T,py, thin diblock copolymer films exhibit a
hierarchy of morphologies that depend on the thickness of the film. While these
morphologies have been observed in homopolymer films, there are distinct differ-
ences. For example, the hierarchical formation, islands, ‘bicontinuous’ and holes, is
unique to copolymers. Moreover, the formation of the anchored layer of thickness
h; =7 nm, is not observed in homopolymers. In fact, we believe that A, is
one-half the interlamellar period of this copolymer if it were ordered, as discussed
later. There are two outstanding questions that are yet to be addressed. The first is
the analysis of the complete structural evolution of the bicontinuous pattern
toward the formation of droplets. The dynamics could be compared to the coarsen-
ing of islands examined by Bassereau et al,, in PS-b—PMMA diblocks in the
ordered state, T < Topt [52]. Secondly, it would be worthwhile to compare these
dynamics to the dynamics of spinodal decomposition of binary mixtures. In spino-
dal decomposition, the order parameter describes composition fluctuations, whereas
in dewetting, the order parameter describes thickness fluctuations. The formation
of the layer of thickness, 4, , is of particular interest since it strongly suggests the
existence of a substrate-induced ordering of the copolymer above the bulk ODT of
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the material. In this regard, further experiments and theory should provide insight
into the surface-induced ordering in these systems.

In the section that follows, we briefly discuss the behavior of thin diblock
copolymer films under conditions of T < Ty, where thermodynamics favor
ordered, microphase-separated, structures.

3. Block copolymers mixtures below the ODT

Mixtures of dissimilar polymers are often produced in order to achieve proper-
ties that are superior to the individual constituents. However, in situations in which
the constituents are incompatible, the mechanical properties of these composition-
ally heterogeneous mixtures are poorer than those of their constituents. The
interfacial tension between the domains is large, so it is difficult to create materials
in which one phase can be finely dispersed in the other. Moreover, the interfacial
adhesion in these systems is weak. The addition of block copolymers to the mixture
tends to alleviate the problem. During the past two decades, research on block
copolymer /homopolymers has concentrated in two general directions. In the first,
questions evolve around the interfacial activity of the copolymers in the mixture. In
the second, the block copolymer forms the major phase and the effect of the
addition of homopolymers to the structure and to the properties of the copolymer
is examined. The remainder of this paper is devoted to the latter.

The manner in which homopolymers affect the structure of block copolymers is
reasonably well understood [101-115]. When homopolymer chains, A and B of
degree of polymerization, N, are added to an A—b—B diblock copolymer of degree
of polymerization N, where N > N, the homopolymers segregate to the ap-
propriate copolymer domains in order to minimize the number of unfavorable
segment /segment contacts to decrease the overall free energy. Consequently, the
domains swell in order to accommodate the homopolymer chains. The degree of
swelling is determined by ¢, the volume fraction of the homopolymer chains, N
and N, as discussed in detail later. In addition to domain swelling, the addition of
homopolymer chains can induce a change of the microstructure of the copolymer,
order—order or order—disorder transitions. When the homopolymer chains are
much longer than the copolymer chains, they segregate to form a separate phase.
While much is known about bulk systems, we understand little about the influence
of film thickness constraints and of polymer /substrate and polymer /free surface
interactions on miscibility in thin films of diblock copolymer/homopolymer sys-
tems.

The remainder of this paper is devoted to misciblity in thin film mixtures of
homopolymers with symmetric diblock copolymers. We show that order—order
transitions can be frustrated in thin film mixtures. Moreover, the dependence of
the microphase-separated, or ordered, domain thickness, L, on the homopolymer
volume fraction is a function of the proximity of the layer from the substrate.
Furthermore, we show how the substrate can influence copolymer/homopolymer
miscibility in thin films. We begin with a brief discussion of the phase behavior and
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formation of the topography of pure diblock copolymers in the ordered state, below
the ODT, in order to provide a context for the subsequent discussions.

3.1. Symmetric diblock coplymers below the ODT

When the temperature is decreased below Ty, the A—b—B diblock copolymer
decreases its free energy by reducing the number of unfavorable A /B, enthalpic,
contacts. This is accompanied by a reduction in translational entropy of the chains.
The A-rich and B-rich domains grow in order to increase the surface to volume
ratio. In an effort to maintain a constant segmental density throughout this
process, the copolymer chains must stretch beyond their equilibrium conforma-
tions. In the strong segregation regime (xN > 10.5) one can show that for
symmetric diblock copolymers, the equilibrium interlamellar spacing, L, can be
obtained from a balance between the elastic stretching energy and the interfacial
energy contributions [73]:

L, a x/°N?/3 9)

Atomic force microscopy provides a simple way to measure L in thin diblock
copolymer films on substrates. Consider the situation of a thin PS-b—-PMMA
diblock copolymer film on an SiO, substrate. One of the diblock components has a
strong preferential affinity for the substrate and the other for the free surface.

Specifically, we examined the properties of a symmetric PS-b—PMMA diblock
copolymer of degree of polymerization N = 640 (Npg = 317, Npyua = 325) and of
xN > 10.5 (T < Topp). Films were prepared on silicon substrates from
toluene /copolymer solutions using a photoresist spinner. The substrate had a
native SiO, layer that was 2 nm thick, as measured using ellipsometry. The films
were subsequently scored and annealed under vacuum conditions at 170°C for
varying periods of time, from 8 to 190 h. The films were then analyzed using atomic
force microscopy, as described earlier.

A film with a thickness that varied in height throughout the sample. The
topographical features at different regions of this film are determined by the local
film thickness, #4,..,. The film was scratched to expose the substrate after anneal-
ing. A point was then arbitrarily identified at the edge of the film as the origin.
AFM scans were performed at the edge of the film in the direction of increasing
film thickness. h,,, was determined along with the AFM scans. A series of
terraces of quantized heights H, = (n + 1/2)L developed during the annealing
process to accommodate the increase in A, when k. increased in height
beyond L from its value at the origin. The information presented in Fig. 6
summarizes the results for a PS-b—PMMA film. In this film, 4, increased from
hioea = Hy, + 8h, where H, =4 + 1/2)L, to h, = Hy + dh, [H, = (6 +
1/2)L], a lateral distance of 1500 wm away. At the origin, the height of the first
terrace is H,, and the topography of this region consists of islands of height L (see
Fig. 1a). This region is identified with the letter ‘I’, in Fig. 6. As h,,., increased,
the density of islands increased until they formed an interconnected structure (Fig.
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Fig. 6. This figure shows how the topography of a thin film that increases in thickness from
approximately /,,.,, = 4.6 L, at the origin, to 7.2 L at 1500 pm away. The sample surface rearranges,
locally, into terraces of height 4 = H,,. The topography on each terrace consists of islands (identified by
‘T’) or interconnected (bicontinuous or holes) structures (identified by ‘C’) to accommodate the excess
layer of material of thickness less than L. The regions identified as ‘stable’ are flat regions on which
there are no topographical features since &, = H, = (n + 1/2)L. The filled circles in this figure
indicate the local height of the terraces and the plus signs (+) represent the local height of the
structures above the substrate.

1b). This region of the figure is identified with the letter ‘C.” When h,,,, increases
further, holes are formed, Fig. lc, and as more material becomes available
(increasing local thickness), the next terrace of height, h,.., = Hs, forms. Islands
appear on this new terrace of height H;, as more material becomes available. The
process is repeated on this terrace, until a new terrace of height, H,, forms. In
general, we determined that islands are formed when 84 < L /3, a bicontinuous
structure is formed when L /3 < 8h < L /2, and holes are formed when L /2 <
dh < L. The system minimizes its free energy by forming a discontinuous layer of
thickness L, rather than forming a complete layer of sub-optimal thickness less
than L. Clearly, the topographies form to accommodate the excess material not
used to create a complete layer.

An additional topographical feature exists in these systems. Steps appear at the
edge of films that are scored prior to annealing. An example of these steps is
shown in Fig. 7. The first step, in contact with the substrate, is of height L /2 and
all others are of height L. The steps are indicative of a microphase-separated,
quantized structure and have been reported in other ordered copolymer systems.
However, the existence of the steps and the surface topographical features are
characteristic of lamellar systems.

The topographies discussed above are a result of the interactions of the mi-
crophase-separated diblock copolymer with the substrate. If the sample is suffi-
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Fig. 7. Steps develop at the edge of a PS-b—PMMA film on SiO, after it was annealed at 170°C for a
few hours. The thickness of the step in contact with the substrate is 15 nm, whereas the other is 30 nm.
The interlamellar spacing for this copolymer is L, = 30 nm.

ciently thick, then the features do not appear. We examined PS—-b-PMMA
(N = 640) samples in which the thickness gradually increased by a few hundred
nanometers. We found that for this diblock copolymer films, the surface features
do not exist above a thickness of 0.55 wm. This distance essentially is a measure of
the effects of the surface interactions on the long-range orientation of the domains
in the sample. Having completed a brief discussion of the ordering of thin film
diblock copolymers, we are now in a position to discuss the behavior of thin film
block copolymer /copolymer and block copolymer/homopolymer mixtures. All
experiments described below concern copolymer /homopolymer thin film mixtures
that are less that 2-3 L thick.

3.2. Copolymer / copolymer mixtures

We now consider a mixture of two symmetric diblock copolymers of different
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Fig. 8. The change in the interlamellar spacing of the N = 640 diblock copolymer with the addition of
short—chain PS-b—PMMA diblock copolymers, with PS and with PMMA homopolymer chains is plotted
here. ¢ is the volume fraction.

molecular weight, N = 640 and 200. Fig. 7 shows a scan of the edge of a
PS-b—PMMA film on an SiO, substrate. The height of the steps provides a
measure of the interlamellar spacing. The average step height in this pure diblock
(N = 640) is L, = 30 nm, and the height of the layer in contact with the substrate,
L, = 15 nm. The interlamellar spacing decreases with increasing weight fraction of
the N = 200 molecular weight diblock copolymer, as shown in Fig. 8. Fundamen-
tally, the lamellae shrink with increasing weight fraction of the lower molecular
weight species because the short diblock segregates toward the PS /PMMA interfa-
cial region in order to minimize unfavorable A /B contacts. In an effort to maintain
a constant segmental density, the segments of the longer chain copolymer retract,
thereby resulting in a decrease of the interlamellar spacing, as illustrated in Fig. 9.
The line drawn through the data in Fig. 8 was computed by recognizing the relation
between the weight fraction of the low molecular weight copolymer and the weight
average molecular weight. This enables calculation of the dependence of L on ¢,
assuming that L is proportional to N*? [Eq. (9)]. Using a dependence of
L ~ N'/2, that which is expected for a weakly segregated system [72,73], yields
poor agreement.

The fact that L scales as N*/? instead of N'/? is of particular significance. Only
in strongly segregated systems, x N > 10.5, is L proportional to N?/3. One would
assume that since the value of x N for the materials examined in this system is
such that the materials are generally not considered strongly segregated, then the
N2 would be reasonable. However, the preferential interaction between the
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Fig. 9. The schematic illustrates how the domain size of an ordered diblock copolymer shrinks with the
addition of chains that segregate toward the center of the domains.

PMMA component and the SiO, substrate results in a higher degree of phase
segregation of PMMA from the PS phase than in the bulk. In short, the interfacial
region between the PS-rich and PMMA-rich phases is much narrower than a
similar interface in the bulk. One might, alternatively, consider that the effective
Xsubstrate V> N€Ar the substrate, is much larger than the bulk x,,, N

These results enable prediction of the interlamellar spacing for the N = 200
diblock copolymer, if it were ordered. For this copolymer, L = 14 nm, which is
twice the brush height observed on SiO,, as discussed in Section 3.1. It should be
noted that despite the fact that the effective x g e N may be large, the inter-
lamellar spacing is not affected appreciably since L has a weak dependence on Y,
L ~x/°N%3.

Finally, we should mention that we compared our data of interlamellar spacings
with neutron reflectivity measurements of symmetric PS-b—PMMA diblock copoly-
mer mixtures by Mayes et al. [71]. Our data are in excellent agreement (Fig. 10)
with the neutron reflectivity data, indicating that the AFM technique provides a
reliable analysis of the dimensions of phase separated domains by probing the
topography of the sample.

3.3. Block copolymer / homopolymer mixtures

3.3.1. Background

We begin with a more detailed discussion of bulk mixtures of an A—b—B block
copolymer with homopolymers A or B of different molecular weights [101-115].
This will allow us to later make a quantitative comparison of theory and experi-
ment. The free energy is reduced when the homopolymers segregate to the
appropriate domains of the ordered microstructure, reducing the number of
unfavorable segmental A /B contacts. If the molecular weight of the homopolymer
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Fig. 10. These data show a comparison between the interlamellar spacings obtained from neutron
reflectivity with those obtained using the AFM technique. The agreement is excellent. An extrapolation
of the line to a molecular weight of 20, 500 (N = 200), indicates that the interlamellar spacing for a
copolymer of this molecular weight, if it were ordered, would be approximately 14 nm.

is significantly less than that of the appropriate diblock component, the homo-
polymer chains interpenetrate the diblock ‘brushes’ and become distributed
throughout the diblock domains. For these short homopolymer chains, the increase
in translational entropy associated with mixing outweighs the slight decrease in
conformational entropy resulting from the stretching of the copolymer chains to
accommodate the homopolymer. If the homopolymer chains are uniformly dis-
tributed throughout the A-domain, the intermingling of the chains will cause the
A-component of the diblock to stretch axially (perpendicular to the substrate) and
also to swell laterally (parallel to the substrate). This lateral swelling increases the
area per copolymer junction, which necessitates a shrinking of the B-domain in
order to maintain uniform density throughout the film. The increase in the swelling
of the A-domain offsets the shrinking of the B-domain and the net result is an
increase in the interlamellar spacing. This is essentially the so-called ‘wet brush’
case discussed by Leibler [116]. A schematic is shown in Fig. 11a.

If the homopolymer is of comparable molecular weight to the diblock compo-
nent, the homopolymer segregates to the middle of the corresponding diblock
microdomain, resulting in a larger increase in the interlamellar spacing than the
previous case. The diblock chains would have to stretch appreciably to allow the
homopolymer chains to interpenetrate, resulting in a substantial decrease in the
conformational entropy of the diblock chains. Increases in translational entropy of
the homopolymer chains would not offset the increase in the elastic energy.
Consequently, the copolymer ‘brush’ layers would not be interpenetrated by the
homopolymer (the ‘dry brush’ condition) [116], see Fig. 11b. The other obvious
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Fig. 11. Schematics of the PS—=b—PMMA copolymer with (a) homopolymer chains distributed through-
out one domain and (b) with homopolymer localized in the center of one domain.

situation arises when the homopolymer chains are long in comparison to the
copolymer. Here it is well known that the homopolymer would form a separate
phase.

Hamdoun et al. proposed a theoretical prediction for the behavior of nanosized
inorganic particles incorporated into an ordered diblock copolymer [117]. The
theory is, however, general, and not specific to the type of foreign component. The
only requirement is that the copolymer and foreign component are non-interacting.
If the added material is localized in the middle of the ordered microdomains, then
the interlamellar spacing should increase with the volume fraction of homo-
polymer, ¢, provided that the solubility limit is not exceeded:

Llocalized = Lo/(l - "P) (10)

In this equation L, is the interlamellar spacing of the pure diblock. On the other
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hand, if homopolymer A is more uniformly distributed within the A-domain of the
diblock, then Hamdoun et al. predict:

Llg(f.)]?

L gisributed = W an
where
[+ QA -7’
(fo) = ————
g(f.e =)

In this equation, f is the volume fraction of the A-component in the diblock
copolymer, which is 1/2 for a symmetric diblock copolymer. Below we show how
these predictions compare with theory.

3.3.2. Copolymer (A—b—B) / homopolymer A or B mixtures

The effect of surface constraints on the phase behavior of thin film
PS /PS-b—PMMA and PMMA /PS-b—PMMA mixtures in relation to the behavior
of the relevant bulk systems is now discussed. Recall that in this system, the PS
component has a lower surface energy and segregates to the free surface whereas
the PMMA component resides at the SiO, substrate. PS and PMMA homo-
polymers, as well as a 5-norbornene-2-methyl-d;-carboxylate (NBMC) homopo-
lymer of degree of polymerization of Nygyc = 174 with M, /M, < 1.025, were
mixed with the PS-b—PMMA diblock copolymer of degree of polymerization
N = 640. The NBMC was synthesized by living ring-opening metathesis polymer-
ization (ROMP) of 5-norbornene-2-methyl-d ;-carboxylate [69]. Different molecular
weight PS and PMMA homopolymers were used in order to examine the role of
the entropic contribution to the phase behavior. The substrates included: silicon,
with a native oxide layer approximately 2 nm thick; titanium nitride; and an iron
tellerium oxide glass, synthesized in our laboratory.

We first consider the PS(N = 250) /PS-b—-PMMA mixture. Fig. 8 shows that the
interlamellar spacing increases with the volume fraction of PS (N = 250). Eq. (10),
which assumes that the homopolymer is segregated toward the middle of the PS
domain, describes the data well. This agreement is expected since the homo-
polymer chain length is comparable to the PS chain length in the copolymer (Fig.
11a). Entropy restricts the interpenetration of the copolymer brush layers by the
large homopolymer chains.

L increases more slowly with increasing ¢ for the PS (N = 20) /PS-b—PMMA
than the PS(N = 250) /PS—-b—PMMA samples. This is to be expected if the low
molecular weight chains are more evenly distributed throughout the PS domains
(Fig. 11a). The line drawn through the open squares in Fig. 8 was computed using
Eq. (11), which assumes such to be the case. It is noteworthy that the topographies
of the samples remained identical for PS volume fractions of up to 65%, indicating
that the lamellar structure was maintained. A bulk mixture of the same system
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would be expected to have undergone an order—order (lamellar to cylindrical)
transition as the overall composition deviated substantially from the 50:50
[103—106]. This is not the case in these thin films of & < 2L, where the structure
remains lamellar.

At higher volume fractions, beyond 65%, however, the topographical features
disappear. In fact, the excess PS homopolymer chains segregate toward the free
surface and the PS—-b—PMMA segregated preferentially to the polymer /substrate
interface, as expected [118,119]. These results indicate that the polymer /substrate
interactions are sufficiently strong in order to maintain the lamellar morphology.
Evidently, order—order transitions can be frustrated in thin films in relation to the
bulk, depending on the nature of the polymer segmental interactions with the
substrate. When the solubility limit is reached, the homopolymer chains segregate
to the free surface. The effects of the substrate will diminish rapidly with increas-
ing film thickness.

We now comment on the structural stability of the system. Thin PS films are
inherently unstable on the SiO, substrate and will dewet spontaneously to create
droplets. However, the thin film is stable when blended with PS-b—PMMA diblock
copolymer, as the minor component of the film. The stability occurs because the
diblock copolymers preferentially segregate to the substrate, creating a layer than
acts as an ‘anchor’ [119].

Additional constraints on the lamellar layer in contact with the substrate,
relative to other layers in the sample, also affect the domain dimensions. In the
case of the PS(N = 250) sample, the height of the first step decreased slightly from
L, = L,/2 with increasing PS(N = 250) contents whereas it increased to 17.5 nm
at sufficiently large PS(N = 20) homopolymer contents. This is consistent with the
fact that the PS(N = 250) homopolymer chains do not penetrate the brush in the
first layer. The slight decrease in L, with increasing PS(N = 250) is evidently the
result of the constraint on the system to maintain a constant segmental density.
However, in the case of the PS(N = 20), the short chain homopolymer is able to
penetrate the ‘brush’, thereby swelling it. Fig. 12 illustrates the situation for short
chain homopolymers.

3.3.3. Effect of substrate / polymer interaction on miscibility

We now examine the influence of substrate /polymer interaction on miscibility.
The height of the first layer, L;, when the PS-b—PMMA (N = 640) diblock
copolymer was in contact with titanium nitride or with iron—tellerium glass was 30
nm. All other layers are of height 30 nm. This indicates that the PS component
resides at the free surface and at the substrate. The thickness of the other layers
increased with increasing PS(25K) homopolymer content in a manner consistent
with the results described above when SiO, was the substrate, as expected.
However, at low concentrations, L, exhibited a larger rate of increase with ¢ for
films on TiN or on tellerium substrates, than on SiO, substrates. This increase in
L, was not due to interpenetration of homopolymer into the PS brush in the first
layer, since interpenetration would be prohibited based on entropic considerations.
The increase is reconciled by the fact that the PS homopolymer have the translatio-
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Fig. 12. This schematic shows the interpenetration of the copolymer layers in the vicinity of the
substrate by short homopolymer chains.

nal freedom to segregate to the polymer /substrate interface, thereby showing an
artificial increase in L,.

While the behavior of the PMMA(4K) /PS—b-PMMA mixture was similar to
that of the PS(2K) /PS-b—-PMMA mixture in that Eq. (11) provided an excellent
description of the dependence of L on ¢ in both cases, there is one important
distinction. For low mwt. PMMA /copolymer thin film mixtures, the first layer (in
contact with SiO,) rapidly increased to 18 nm whereas it remains constant in the
low mwt. PS homopolymer /copolymer mixtures. The increase in L, is the result of
the translational freedom of the PMMA homopolymer chains to segregate to the
SiO, substrate. We note that a similar observation was made for in the
SiO, /PS-b—PMMA /NBMC mixture, as discussed in the section that follows.

3.3.4. Block copolymer (A—b—B) / homopolymer C mixtures

The addition of NBMC homopolymer increased the interlamellar spacing in the
PS-b-PMMA mixture, though not nearly to the degree of the PS homopolymer,
Fig. 13. These data show that at small ¢, the increase is well described by the solid
line computed using Eq. (11), indicating that the homopolymer chains are prefer-
entially located in one domain and do not interpenetrate the brush layers. When
¢ > 0.05, L becomes independent of ¢. The broken line in Fig. 13 reflects a
constant value for L and serves to emphasize the fact that L is constant for
¢ > 0.05. We observe from the figure that L, increases significantly in this system
for ¢ > 0.05.

The reason for this large increase in L, is now described. NBMC is incompatible
with PS, and with PMMA, in binary NBMC/PS and NBMC/PMMA mixtures. It
has a stronger affinity for the silicon substrate than either PS or PMMA. Ion beam
analysis measurements of binary mixtures of PS/NBMC and PMMA /NBMC show
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Fig. 13. The dependence of the interlamellar spacing, L, with the addition of NBMC homopolymer
volume fraction, ¢, is shown here. The thickness, L, of the layer in contact with the substrate, increases
at a faster rate with ¢ than do other layers L.

that the NBMC segregates to the silicon substrate, and PS or PMMA would
segregate to the free surface [69]. Therefore it would appear that for very small
homopolymer concentrations, the NBMC chains are predominantly localized at the
center of the PMMA ordered domains. However, once the solubility limit has been
exceeded, ¢ > 0.05, NBMC chains rapidly form a separate phase at the
substrate /copolymer interface. Independent secondary ion mass spectrometry
measurements confirm the preferential segregation of the NBMC component to
the substrate [69]. Essentially the diblock copolymer forms an ordered structure on
a thin layer of NBMC. Considering that the thickness of the layer in contact with
the NBMC layer is comparable to L,/2 and not L, and that the layer at the free
surface has to be PS, then it is reasonable to conclude that PMMA is in contact
with the NBMC layer. These data suggest that the PMMA component is slightly
more compatible with the NBMC than PS under these conditions.

We now consider the influence of the substrate by investigating the behavior of
the mixture on the iron tellurium glass and on TiN. The PS component resides at
the copolymer /TiN and at copolymer /tellurium interfaces because L, = L. Inde-
pendent ion beam analysis measurements reveal that PS has a preferential affinity
for the free surface over NBMC [69]. Therefore, the NBMC homopolymer must
reside within the thin film diblock structure. AFM measurements indicate that the
block copolymer domains shrink rather than swell! The shrinking is reconciled by
the fact that the chains are forced to distribute themselves preferentially through-
out the PS/PMMA interfacial regions of the sample. This is in contrast to the
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situation involving the SiO, substrate for which PMMA had a preferential attrac-
tion. Clearly, the substrate interactions influence miscibility in these systems.

4. Conclusions
Two topics in the area of block copolymer thin films were discussed:

1. Pattern formation in a thin diblock copolymer film in a temperature range
above the order—disorder transition temperature

2. Phase behavior of ordered thin film symmetric diblock copolymer /homopoly-
mer mixtures.

A symmetric diblock copolymer in the temperature range 7 > T, exhibits
interfacial properties that are akin to those of simple homopolymer thin films, yet
retains properties that are inherently associated with block copolymers.
PS-b—-PMMA diblock copolymers of xN < 10.5 underwent a surface-induced
ordering on SiO, substrate. Polar interactions of the PMMA component with SiO,
results in the formation of a brush of height /4, , one-half the interlamellar spacing,
L, /2, of the diblock in its ordered state. Films with 2 < 7 nm (L, /2), underwent a
structural instabilities, whereby they dewet the SiO, substrate via a conventional
nucleation and growth process or by the formation of a bicontinuous structure,
depending on actual value of 4. Films with 7 nm < A < 35 nm exhibit an ‘auto-
phobic’ dewetting process whereby a layer of thickness iy = h — h; dewets an
underlying layer of thickness 7 nm. The pattern comprises a ‘bicontinuous’ struc-
ture when 7 nm < & < 19 nm, or holes if 19 nm < & < 35 nm. In short, a hierarchy
of transient structures are created at the surface of the film when the film
thickness is T > T,pr. These structures are believed to be the result of long-range
intermolecular forces.

Topographical features are spontaneously created in ordered copolymer films
(xN > 10.5 or T < Topyp). However, the topographical features remain at a
constant height, L, reflective of the inherent length scale (interlamellar spacing)
associated with phase separation in the system. The thermodynamic interactions
have a stabilizing effect on the structure of the film when x N > 10.5, hence the
structure does not evolve to form droplets, as is the case for the block at
T > Topr- It should be cautioned however that if the A/B, segment/segment,
interactions in the diblock are more favorable than A /substrate or B/substrate
interactions, then ultra thin films of copolymers in the range x N > 10.5 could
dewet. This follows from the fact that near the surface, the energy is minimized
when more A/B segment/segment contacts are created in order to reduce the
number of polymer segment /substrate interactions. Thicker films would, of course,
be stable because any destabilizing effects of long-range interactions should
diminish.

Since the dimensions of the topographical features provide a measure of the
inherent length scales describing the phase separated structure, they enable
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determination of the change in domain dimensions with homopolymer concentra-
tion in symmetric copolymer /homopolymer systems. This proved to be an effective
means to examine the influence of polymer /substrate interactions on miscibility in
thin film blends. To this end, we examined thin film mixtures of a PS-b—PMMA
diblock copolymer with PS and PMMA homopolymers of different molecular
weights and with NBMC homopolymer. The NBMC homopolymer is incompatible
with PS and with PMMA homopolymers in binary, PS/NBMC and PMMA /NBMC,
mixtures. In these NBMC /copolymer mixtures, miscibility is influenced by the
relative polymer segment/segment and segment/substrate interactions.
Order—order transitions appear be frustrated in these thin film mixtures due to the
influence of the polymer segment/substrate interactions. Finally, we showed that
the dependence of the microphase-separated domain size on the homopolymer
volume fraction depends on the proximity of the layer from the substrate.
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