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ABSTRACT: We investigate the microphases of diblock copolymers confined in a thin film with walls interacting
with the polymer chains. We focus on the possible structures of copolymers that form cylindrical phases in the
bulk. By employing self-consistent field theory, we obtain the concentration profile minimizing the free energy
of the system. We present a phase diagram showing the possible microphases for a diblock copolymer with fixed
volume fraction f ) 0.35 and fixed segregation parameter �N ) 16 in dependence of the film thickness and the
affinity of the walls for the minority monomer. This phase diagram contains only four types of phases, all of
which can be understood as a combination of the cylindrical bulk phase and an increased covering of the walls
by the preferred monomer type. Other phases, in particular perforated lamellae or several layers of conventional
lamellae, are found to be unstable in the investigated parameter regime, when the accuracy of the algorithm is
chosen high enough. We perform a careful analysis of the effects of numerical accuracy and compare our work
to previous studies that reported perforated lamellae to be a stable phase.

1. Introduction

The ability to control self-assembly in macromolecular
systems provides a convenient route to creating various ordered
structures at the nanoscale. Diblock copolymer melts cannot
exhibit macrophase separation of the two monomer species but
do self-assemble into a variety of periodic nanostructures when
they undergo a phase transition into the ordered phase. It has
been recognized that AB diblock copolymers in the bulk form
four thermodynamically stable microphases: lamellae, hexago-
nally arranged cylinders, body-centered cubic lattices of spheres,
and the gyroid morphology.1-7

When confined in thin films, diblock copolymers also show
mixed structures combining different elements of the bulk
phases, and several authors also report completely new struc-
tures. Thin films of symmetric diblock copolymers are the ones
studied most extensively experimentally8,9 as well as theoreti-
cally.10-12 Symmetric copolymers form lamellae in the bulk,
and when confined to a thin film with neutral walls, the lamellae
are found to orient perpendicularly to the walls. With a
preference of the walls for one monomer species, the mi-
crophases alternate between perpendicular and parallel lamellae
as the thickness of the film is varied.30

More recent studies focused on films of asymmetric diblock
copolymers that have a cylindrical bulk phase. In thin films,
the cylinders may not only change their orientation in the film
when the film thickness is varied but also be replaced by other
morphologies in order to maximize the energetically advanta-
geous contacts of one monomer type with the walls. For
instance, theoretical studies based on dynamical density func-
tional theory13,14 and Monte Carlo simulations15 predict the
following types of phases for a block copolymer with volume
fraction f ) 0.33 and f ) 0.25, respectively, and different
affinities of the walls: parallel cylinders, perpendicular cylinders,
parallel lamellae, and parallel perforated lamellae. These four
morphologies have also been observed experimentally16,17 in a
thin film system. Other studies employ self-consistent field
theory18 and find additional phases for a diblock copolymer with
volume fraction f ) 0.3, such as undulated cylinders and
lamellae. Other SCFT studies, which use the parameter values
f ) 0.25, �N ) 2519 and f ) 0.29, �N ) 18,20 focus on the
influence of strong electric fields and therefore consider only a

narrow range of wall affinities, for which they report only
cylindrical phases when the field has zero strength. The SCFT
simulations reported in21 for f ) 0.34 produced cylindrical
phases with or without lamellae at the walls and perforated
lamellae.

It is the purpose of this paper to investigate which of the
reported phases are truly stable. None of the previous studies
focus on the numerical accuracy of the applied algorithms and
the consequences for the stability of different morphologies.
Structures such as hexagonally perforated lamellae and undu-
lated cylinders cannot be explained in terms of the bulk phase
and an increased wetting of the walls by the preferred monomer
type. A careful analysis is therefore required in order to decide
whether they can indeed be stable structures.

We apply self-consistent field theory (SCFT) to thin films of
asymmetric block copolymers that form a cylindrical phase in
the bulk. Since many phases are translationally invariant along
a direction parallel to the walls, we first calculate the phase
diagram of an effectively two-dimensional system. We use
intermediate segregation levels and investigate the influences
of both the film thickness and the surface interactions on the
microstructure of the films. We find the following four types
of stable phases: horizontal and perpendicular lamellae, cylin-
ders, and mixed phases with lamellae at the walls and cylinders
in the center of the film. Horizontal lamellae occur only for
very thin films when the cylindrical phase does not fit into the
film at all and where the wall potential enforces an enrichment
of one phase at the walls. Very thin films with a weak wall
potential show perpendicular lamellae.

We also study three-dimensional systems and focus on those
regions of parameter space where phases may occur that cannot
be reduced to two dimensions. Where the two-dimensional
systems form perpendicular lamellae, three-dimensional systems
form perpendicular cylinders. We find that the phases found
depend sensitively on the number of collocation points. Because
of their limited number, it is often difficult to decide which
structure represents the minimum of the free energy. In many
cases, the energies of two different morphologies differ only
by about 0.5%. We therefore investigated in more detail the
influence of numerical inaccuracies and of the implementation
of the confining walls on the free energy of different morphol-
ogies. We thus found that undulated structures are artifacts of
too few collocation points and that they merely represent almost
stationary points of the free energy. For some parameter values,* To whom correspondence should be addressed.
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perforated lamellae seem to be a stable morphology. However,
other structures are always very close in free energy, and when
we take more collocation points, perforated lamellae do not
occur anymore. An equivalent behavior is seen in two-
dimensional systems, where pure lamellar phases with more than
one lamella vanish when we increase the number of collocation
points.

The paper is organized as follows: in section 2, we briefly
describe the model we use and the underlying self-consistent
field theory. In section 3, we present the phases we find for
two- and three-dimensional systems and discuss the phase
diagrams for films with two identical walls or with one neutral
and one attractive wall. In section 4, we summarize and discuss
our results.

2. Model

We consider a system of n AB diblock copolymer chains in
a volume V. Each chain has the same length N and composition
f. We assume that A and B segments have equal statistical
segment length a. Each polymer chain is modeled as a
continuous Gaussian chain with radius of gyration RG ) a�N/
�6 and is parametrized by a variable s that increases continu-
ously from s ) 0 to s ) 1 along its length. The configuration
of the Rth polymer is described by the function rR(s). In these
terms, the dimensionless operator for the A and B segment
density is expressed as

It is a good approximation to assume the polymer mixture to
be incompressible, φ̂A + φ̂B ) 1. In order to obtain scalar
quantities for the concentration profile, we insert the identity 1
) ∫DΦδ(Φ - φ̂) into the partition function of the system. The
melt is confined between two walls at z ) 0 and z ) D|.

With the above specification of the system, we can now apply
the self-consistent field theory.3 In the spirit of mean-field theory
the free energy, F, of the film is

where WA and WB are the fields acting on A monomers and B
monomers, respectively. The logarithmic term represents the
free energy of a chain subjected to the mean fields, and Q is
the partition function of a single chain. The integral gives the
contribution of the AB segment interactions to the free energy,
where � is the Flory-Huggins parameter which measures the
incompatibility between A and B blocks. The integral also
includes an interaction energy due to the surface potential

Λ1 and Λ2 denoting the interactions between the blocks and
the walls. We use reflecting boundary conditions at the walls,
as is also done in ref 22. Such boundary conditions lead to the
correct statistical weights for polymer configurations confined
between two walls, if one neglects the fact that the polymer
concentration vanishes at the surface and that the incompress-
ibility constraint can therefore not be applied very close to it.
The single chain partition function Q can be calculated as

where the propagators q(r,s) and q†(r,s) can be obtained by
solving two modified diffusion equations

and

The initial conditions of the above equations are q(r, 0) ) 1
and q†(r, 1) ) 1. The local segment density can then be
calculated to be

The mean fields can be computed from the segment densities

by

These last two equations have to be solved self-consistently,
taking into account the incompressibility constraint. This is done
by starting from some initial values for the fields and the
segment densities and iterating the last five equations until self-
consistency is obtained. The main numerical effort hereby goes
into the solution of the differential equations for q and q†. We
implement the algorithm developed by Fredrickson and co-
workers23 in which a pseudospectral splitting scheme is used
preserving spectral accuracy in space and implementing high-
order accuracy in the contour variable s.23,24 The differential
equation (2) is solved by stepping forward in s from the initial
condition by means of the formula

In order to relax toward mean-field configurations of the
concentration profiles, we iterate the following scheme:

1. Initialize the fields wA and wB. This can be done by taking
random numbers or the fields of a structure already computed.

2. Solve the differential equations (2) and (3) for q(r,a) and
q†(r,a).

3. Calculate Q and the concentrations φA and φB using eqs
1, 4, and 5.

4. Update the fields wA and wB using (6).
5. Repeat steps 2-5 until a convergence criterion is satisfied.
The delta potential at the confining walls is implemented as

a step function over a small interval to avoid numerical
instabilities due to the sharp edge of the potential. We perform
the algorithm on a lattice with periodic boundary conditions in
the unconfined space directions and reflecting boundary condi-
tions at the walls. When we restrict our analysis to two-
dimensional systems, we have to minimize the free energy with
respect to the period in the unconfined direction. In three

φ̂A(r) ) N
F0

∑
R)1

n ∫0

f
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dimensions, this minimization is not necessary for structures
that are effectively two-dimensional and translationally invariant
in one direction because they can obtain their preferred
periodicity by choosing the appropriate orientation within a two-
dimensional unit cell with periodic boundary conditions. For
other structures the free energy has to be minimized with respect
to the period, but the range in which the period has to be varied
is smaller than for two-dimensional systems because there is a
set of rotations that satisfy the periodic boundary conditions.

3. Results and Discussion

With the above-described algorithm we are able to study two-
dimensional systems as well as three-dimensional ones. The
advantage of studying two-dimensional systems is that the
number of collocation points increases only quadratically instead
of cubically with the desired point density. One can therefore
perform the SCFT with higher accuracy. The confinement to
two dimensions prohibits perpendicularly oriented cylinders and
perforated lamellae. It is reasonable to perform the algorithm
in three dimensions only where perforated lamellae or perpen-
dicular structures could be energetically favorable. The number
of collocation points is essentially limited by computer memory.
Thus, we have to restrict our study to thin films. We focus on
films with the same surface potentials at both walls. Because
of the way we implement the reflecting boundary conditions,
we obtain always structures that are symmetric with respect to
the plane in the center of the film. When we are not sure that
the equilibrium morphology displays this symmetry, we study
instead of the simple film a film with twice its width and with
an additional (infinitesimally thin) wall in the middle of the film
which has on both sides the same affinity as the two confining
walls. One half of this film then corresponds to the film of
half-width without an enforced symmetry. By assigning to the
central wall an affinity different from that of the two external
walls, one would be able to implement a system with different
affinities at both walls. For the special case that one wall has
no preference for either monomer type, the central wall can be
omitted, and we have again the original situation with an
enforced symmetry with respect to the central plane.

3.1. Results for Two-Dimensional Systems. We first study
a two-dimensional system, assuming the structure to be trans-
lationally invariant in the third direction. This rules out structures
that are not translationally invariant, such as perforated lamellae-
or perpendicular cylinders. Two-dimensional systems could be
realized experimentally by confining the polymers to some
surface or interface.

The AB diblock copolymer film is specified by the parameters
f, D|, �N, Λ1N, and Λ2N. We fix two of the control parameters
by setting f ) 0.35 and �N ) 16, so that the block copolymers
form hexagonally ordered cylinders in the bulk phase. We
assume that the two walls are identical, so that Λ1 ) Λ2 ) Λ.
Λ > 0 means a preference of the walls for the A monomers,
which we choose to be the minority monomer. Our system
describes at the same time a film confined between an attractive
and a neutral wall, if we consider only the part between one
wall and the center. We vary the distance between the confining
walls 3RG < D| < 13RG and the affinity Λ.

We choose up to 2562 collocation points to obtain smooth
profiles of the microstructures and to get an expression for the
free energy with an accuracy of 0.1%. In order to describe the
polymer chain with sufficient accuracy, we choose the number
of segments in the chain in the same order of magnitude as the
number of collocation points. It turns out that the inaccuracy
due to the discretization of the chain is smaller than that of the
numerical quadrature when we take 300-500 segments for each
chain. The error in the partition functions q and q† is of order
O(∆s3); thus, the inaccuracy in the free energy also scales with

∆s3. We have to be very careful when identifying stable
morphologies because their free energies differ in many cases
only by about 1-5%. Taking too few collocation points often
leads to structures that turn out to be only a local minimum of
the free energy when more collocation points are used.

Because of the affinity of the walls for one of the components
of the block copolymer, this component has an increased
concentration near the walls. Therefore, there exist more
complicated structures than those appearing in the bulk. We
can classify these morphologies into four different types (see
Figure 1):

• Two types of pure lamellar phases: they form when the
film is too thin for cylinders to fit in. When the surface
interaction energy between the polymers and walls is weak,
the lamellae are perpendicular to the walls; for stronger surface
interaction, horizontal lamellae are formed.

• Pure cylindrical phases: they emerge when the wall’s affinity
for the A monomers is not too high and when the film thickness
does not deviate too much from a value preferred by the
cylinders.

• Mixed structures with lamellae at the walls and cylinders
in the center of the film: when the wall affinity causes a
sufficiently large enrichment of the A segments at the walls,
lamellae are formed at the walls while cylinders are formed in
the center. The transition between the pure cylindrical and the
mixed phase occurs at a smaller value of the affinity when
the film thickness deviates more from the values preferred by
the cylinders.

In Figure 3, we present two phase diagrams showing the
different morphologies as a function of the film thickness and
the affinity of the walls. The top phase diagram is for a system
with an enforced symmetry with respect to the central plane. It
is most properly interpreted as the phase diagram of a system
of half the width and with one attractive and one neutral wall.
The bottom phase diagram is for a system with two identical
walls and no imposed symmetry with respect to the central
plane. It was obtained by using a film with twice the width and
with an additional wall in the middle of the film, which has the
same affinity as the two confining walls.

Figure 1. Thermodynamically stable morphologies for a two-
dimensional system of an asymmetric diblock copolymer (f ) 0.35) in
a thin film (dark regions represent a high density of B monomers):
pure cylindrical phase, mixed cylindrical phase, and pure lamellar phase
(oriented parallel and perpendicularly to the surface). The two walls
are at the right and left end of each picture, and the pattern is
periodically repeated in the vertical direction, which is the direction
parallel to the walls.
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The vertical axis of the diagrams denotes the affinity while
the horizontal axis denotes the thickness of the film in units of
the radius of gyration RG. For film thickness D| < 3RG, we
always find perpendicularly oriented lamellae, with the A layer
becoming thicker close to the walls. We cannot see perpen-
dicularly oriented cylinders because we chose a two-dimensional
system. We restrict our analysis to films with D| < 13RG because
of the computational cost for thicker films, which require more
collocation points to obtain reliable results. Knowing that the
walls only affect the morphology at a small distance from them,
we expect to find the cylindrical bulk morphology in the center
of thicker films and wetting lamellae or deformed cylinders at
the walls depending on the strength of the interaction. Because
of the imposed symmetry, structures with an even number of
rows of cylinders are not arranged hexagonally in the top phase
diagram, but instead the central two rows form rectangles (see
Figure 2).

The two phase diagrams differ only where there is an even
number of cylindrical rows in the system, since their arrange-
ment and therefore their energy are different, and in a small
region where pure and mixed cylindrical phases are very similar
in their free energies.

Near the boundaries between different morphologies the free
energies of the adjacent structures only differ by about 0.5-1%
or even less. Therefore, both morphologies appear to be stable.
We found that the free energy of one structure can change by
about 0.5% when comparing the results obtained with 128 and
256 points in the two spatial directions. This is why one has to
be very careful when identifying the stable morphologies. In
order to be sure to obtain the stable morphology within the errors
made due to the number of collocation points, we computed
the free energies of the possible structures by first creating the
two competing morphologies by choosing two appropriate sets
of parameter values and by slowly varying the parameters of
the system after the simulations have converged to one of the
structures.

Furthermore, the parameter regions where our implementation
of the SCFT leads to two different morphologies depending on
the initialization become smaller when the number of collocation
points increases. Some obtained structures even vanish com-
pletely when more collocation points are used. In particular,
phases with more than the smallest possible number of
horizontal lamellae do not occur any more when the number of
collocation points is 256, while they occur very often with 32
collocation points and often have the lowest free energy, even
when the correct morphology is a pure cylindrical one.

In order to quantify the influence of the number of collocation
points on the accuracy of the free energy, we carefully computed
the free energy of a cylindrical phase in dependence of the
structure’s period D⊥ . These results are shown in Figure 4. We
see that both the optimal period and the total free energy depend
on the number of collocation points.

3.2. Results for Three-Dimensional Systems. In order to
identify parameter regions where perforated lamellae and

perpendicularly oriented cylinders might occur, we next per-
formed the calculations in three dimensions.

Since most of the phase diagram for this system agrees with
that of a two-dimensional system, we checked only those regions
in parameter space where we expect new structures. We took
into account that the possible new morphologies have hexagonal
order and selected the periods in the two horizontal directions
such that they form the unit cell of a hexagonally packed bravais
lattice. (In fact, even when looking at two-dimensional struc-
tures, using a three-dimensional system can present an advantage
because the minimization of the free energy of a structure with
respect to its period parallel to the walls needs to be done only
for some discrete values, because the structures can rotate in
the cell such that they have their preferred period).

The number of collocation points was at first limited to 64
in each direction by computer memory. We obtained perforated
lamellae in parameter regions where in two dimensions the free
energy of a lamellar structure is close to that of the equilibrium

Figure 2. Phases with two rows of cylinders in the center and lamellae
at the walls. The pattern is repeated periodically in the vertical direction,
which is parallel to the walls. Left: system with an enforced symmetry
with respect to the central plane. The two rows of cylinders form a
rectangular pattern. Right: half of a system with twice the width and
an additional wall in the middle of the film, which is also the symmetry
plane. Now the cylinders can arrange hexagonally. The parameters are
ΛN ) 0.4 and D| ) 9RG.

Figure 3. Phase diagram for a diblock copolymer with f ) 0.35 and
�N ) 16 in a thin film with two identical walls with (top) and without
(bottom) an imposed symmetry with respect to the central plane. The
top phase diagram is most properly interpreted as phase diagram of a
system of half the indicated width, with one neutral wall and one
attractive wall. The parallel oriented lamellar phase is denoted by L.
The pure cylindrical phase is labeled by C|n, where n represents the
number of cylindrical rows lying in the center of the film. The mixed
phase with lamellae at the surfaces and cylinders in the center of the
film is marked by LC|n, where n represent different numbers of cylinders
in the center of the film. For even values of n, the two central cylindrical
rows form a rectangular pattern in the top phase diagram, while they
form a hexagonal pattern in the bottom phase diagram. The perpen-
dicularly oriented phase is denoted by ⊥ . In a two-dimensional system,
it is a lamellar phase, and in a three-dimensional system it is a
cylindrical phase. The phase diagrams for two- and three-dimensional
systems differ only at this place, otherwise they agree with each other
(see next section).
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morphology, and the perforated lamellar phase was the one with
the lowest free energy for some parameter values. However,
when we compared the free energies of cylindrical and mixed
cylindrical phases with that of the perforated lamellar phase,
we found that the free energy of these two morphologies differs
only by about 0.5%. Because of the numerical integration and
the numerical solution of the differential equations for q and q†

(2) and (3), the inaccuracy in the concentration profiles (and
thus in the free energy) is of the same order of magnitude. Even
when we only modify the width and height of the step function
describing the wall potential (by keeping the area constant), the
energies differ by this order of magnitude (see Figure 6).
Changing the method of the numerical quadrature also changes
the free energies so that another structure may become more
favorable. We thus see that different numerical approximations
seriously influence the stability of different morphologies.
Therefore, it is impossible to decide whether perforated lamellar
phases are energetically favorable for the chosen number of
collocation points (643). Below, we will describe an extended
study with far more collocation points, which revealed that
perforated lamellae are in fact never the morphology with the
lowest free energy, at least for the parameter combinations
explored in our simulations.

We also obtained at first undulated lamellae and cylinders
with our algorithm, like those reported in ref 18. But these
undulated structures are only artifacts of the numerical treatment
of the SCFT. They become flat when we impose a more rigorous
convergence criterion. While the undulated lamellae and

cylinders straighten out, the free energy changes by less than
1%.

For very thin films ∆| < 3RG, we always found perpendicu-
larly oriented cylinders independently of the affinities. When
the walls attract the minority monomer, these cylinders are
widened at the walls in order to maximize the favorable contacts
(see Figure 5). For thicker films, we found perpendicularly
oriented cylinders only for neutral or nearly neutral walls. For
walls with a larger affinity for the minority monomer, we did
not find perpendicularly oriented cylinders any more because
the orientation of the cylinders along the confining walls is
energetically favorable. The phase diagram for a three-
dimensional system agrees therefore with that of a two-
dimensional system; the only difference is that it has perpen-
dicularly oriented cylinders instead of perpendicularly oriented
lamellae for very thin films. The phase diagram Figure 3 does
not show perpendicularly oriented cylinders for thicker films
because the intervall of wall affinities where these are observed
is too small.

We conclude this section by an investigation of the perforated
lamellae. In order to avoid the above-mentioned problems of
numerical inaccuracies, we performed several calculations on
a computer with more memory, so that we could compute the
morphologies with 1283 collocation points. We focused on those
regions in parameter space where we found perforated lamellae
with 643 collocation points, since their free energies were very
close to those of other morphologies. We found that perforated
lamellae do not appear any more when the iteration is performed
sufficiently long, even when we start with the perforated
lamellae obtained with fewer collocation points. We conclude
that the perforated lamellae are only a metastable or weakly
unstable structure, which cannot be relaxed into the thermody-
namically stable morphology when we take too few collocation
points.

Perforated lamellae were found for both positive and negative
wall affinities in a number of earlier publications.14,15,18 In order
to compare our work with these studies, we did additional
simulations with the volume fraction f ) 0.3, which is the value
chosen in ref 18. Again, more accurate calculations with 128
collocation points and with a finer discretization of the chain
disposed of the perforated lamellar phase, for negative and
positive wall affinities.

Figure 4. Free energy of the cylindrical phase as a function of the
enforced period, for different numbers of collocation points in the two
directions. The number of segments of the polymer chain is equal to
the number of collocation points. The fixed parameters are D| ) 5.7RG

and ΛN ) 0.2.

Figure 5. Perpendicularly oriented cylinders in a film of thickness D|
) 2.5RG and ΛN ) 0.05.

Figure 6. Influence of the implementation of the monomer-wall
interaction and of the number of collocation points on the free energy
of a pure cylindrical structure. The monomer-wall interaction is
implemented as a step function close to the confining walls, with the
range and strength of the interaction adjusted such that the area under
the step remained constant. The graph shows the free energy as a
function of the number of iteration steps Nt. After about 2000 steps
the convergence criterion is satisfied. The range of the segment-wall
interaction ∆ is given in units of a�N.
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One can understand how perforated lamellae arise by
considering the dynamics that occurs in the thin film, starting
from a disordered melt. During the dynamics of the SCFT
algorithm, the walls’ attraction for one of the monomer
components first leads to an enrichment of one monomer
component at the walls. This results in a depletion of this
monomer type in the center, leading to an initial lamellar
structure. In order to form nonlamellar morphologies, which
have a different symmetry, the polymers have to order in a
completely different way. This reordering may require an initial
increase in the free energy, in particular when the parameter
values are such that the film thickness is close to a multiple of
the lamellae’s preferred period. Therefore, it is possible that
the algorithm remains captured in the lamellar structure, where
it can lower the free energy only by perforating the lamellae.
This is more likely to happen with fewer collocation points,
where the system has fewer degrees of freedom for making
rearrangements. Indeed, for negative and positive wall affinities,
the perforated lamellae are found in parameter regions where
the film thickness is close to a multiple of the lamellae’s
preferred period.

A similar behavior is observed in two-dimensional systems,
where pure lamellar phases are only metastable structures: Here,
pure lamellar phases are formed in parameter regions where
the film thickness is near a multiple of the lamellae’s preferred
period. Once the system has formed these lamellae, the
algorithm remains captured in this morphology when the number
of collocation points is not large enough. It can only get away
from the lamellae and form cylinders in the center when we
have taken enough collocation points.

We expect that perforated lamellae can only be stable (if at
all) in parameter regions very close to the gyroid phase and
only if the walls attract the majority monomer. For positive wall
affinities, the accumulation of A monomers at the walls leads
to even lower volume fractions in the center, where the polymer
chains should therefore form cylinders or spheres. Even if the
stretching energy is increased slightly compared to the associated
bulk phases, because these cylinders or spheres do not have
their preferred period, these structures have a significantly
smaller surface energy than the perforated lamellae. The
cylinders can furthermore decrease their free energy by changing
their diameter and thus the period and by changing their shape.
Indeed, we typically observed cylinders that are smaller than
in the bulk phase and are flattened.

For negative wall affinities, the walls are coated with B
monomers, and the volume fraction of A monomers in the center
is slightly increased. Only if the system is very close to the
gyroid phase, such a shift in the volume fraction can possibly
lead to a perforated structure, compared to the cylindrical
structures that are otherwise preferred.

These considerations explain our findings that perforated
lamellae are not stable in thin films for the volume fractions
used in our simulations. The parameter combinations used in
the simulations reported in the literature13,15,18 were even further
away from the gyroid phase and therefore we suggest to
investigate if perforated lamellae survive in these studies when
more collocations points are used. Instead of perforated lamellae,
we expect spheres in the center of the film when f is so small
that the system is close to the boundary to the spherical phase.

A similar reasoning may be applied to the DDFT study by
Huinink et al.13,14 These authors find perforated lamellae when
using polymer chains with nine bonds in a box with at most 32
points in each dimension. When increasing the surface attraction
for the minority component in this DDFT study, the morphology
changes from cylinders in the center to perforated lamellae,
while a wetting layer of A monomers remains at the walls. This
is puzzling to us since an increase in surface interaction leads

to a further depletion of A monomers in the center, which
conflicts with a transition from cylinders to perforated lamellae,
which require more A monomers than cylinders do and have
larger interfaces. It could be possible that these perforated
lamellae occur because the stronger wall affinity imposes an
initial lamellar structure, from which the dynamics of the system
cannot escape, as outlined above. This hypothesis is supported
by the fact that we find perforated and pure lamellae in the same
region of parameter space as in this study when we take too
few collocation points. However, when we increase the accuracy
of our algorithm, we see that these structures are only metastable
having a free energy very close to that of the equilibrium
morpholgy. These are the reasons why we suppose that
perforated lamellae will not stay a stable morphology in DDFT
for the investigated parameter values when increasing both the
number of points in the box and the chain length. This
conclusion is supported by MD simulations25 for diblock
copolymers with volume fractions between 0.35 and 0.45, where
it was found that an increase in chain length reduces drastically
the region in parameter space where perforated lamellae occur.

Perforated lamellae are also found in ABA triblock copolymer
systems. ABA triblock copolymers show a similar behavior to
diblock copolymers with the same volume fraction of A blocks.
In particular, the theoretical bulk phase diagram obtained by
SCFT resembles that of the bulk phase diagram of diblock
copolymers.26 Similarly, the morphologies found in thin films
of triblock copolymers are the same as those in thin films of
diblock copolymers, and the corresponding phase diagrams
resemble each other. Phase diagrams for thin films of ABA
block copolymers have been calculated with DDFT26,28 as well
as with Monte Carlo simulations.29 In the DDFT study
perforated lamellae were found in the same region of parameter
space as in the study for diblocks.13,14 Both studies use the same
methods, and a triblock copolymer chain used in the new study
is identical to two diblock copolymer chains from the first study,
when they are connected at the B ends. Apparently, the effect
of such a connection on the entropy is so small that the observed
phase boundaries change only little. It is beyond the scope of
the present paper to judge whether perforated lamellae can be the
stable phase for parameter values similar to those used for the
diblock copolymer studies, where we have argued that perforated
lamellae are only metastable. In Monte Carlo simulations of
triblock copolymer melts with �N values considerably higher
than those used in our simulations,29 perforated lamellae were
also found. In this study, short chains with a total number of
64 bonds were investigated. For some parameter values the
morphologies could not be identified exactly. It appears that
the cylindrical bulk structure is not stable within this study
because with these chain lengths and temperatures the short A
ends align in parallel and are no Gaussian chains. In such a
situation, lamellar arrangements are favored. Therefore, this
Monte Carlo study is different from the SCFT studies, which
are based on Gaussian chains and where cylindrical phases are
the bulk morphology.26

4. Conclusions

We used a pseudospectral SCFT approach to determine the stable
morphologies of an asymmetric AB diblock copolymer confined
between two walls that have a preference for one of the monomer
types. We investigated a diblock copolymer with volume fraction
f ) 0.35 and a segregation parameter �N ) 16. By varying the
film thickness and the affinity of the walls, a phase diagram for a
two- and three-dimensional systems was constructed. We consid-
ered the case of two identical walls as well as the case of one
attractive and one neutral wall. We examined the influence of the
numerical accuracy on the stability of possible morphologies. Four
types of morphologies were found to be stable for each dimen-
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sionality: In two and three dimensions, there occur parallel oriented
cylinders, parallel oriented lamellae, and structures consisting of
lamellae at the walls and cylinders in the center. Additionally, there
occur perpendicular lamellae in two dimensions and perpendicularly
oriented cylinders in three dimensions. All morphologies that we
found to be stable in three dimensions can be understood as a
combination of the cylindrical bulk phase and an increased covering
of the walls by the preferred monomer type. The same morphol-
ogies were found with DDFT by Huinink et al.13,14 In addition,
they found perforated lamellae for both negative and positive
wall affinities. We obtained this morphology also at first, where
we used a smaller number of collocation points and of chain
segments. The perforated lamellae occurred only in a very small
region of our phase diagram, with pure or mixed cylindrical
morphologies having a similar free energy. When we took more
collocation points, it turned out that perforated lamellar phases
are metastable or weakly unstable, and cylindrical phases are
the stable morphology in this region of parameter space. We
conclude that for the chosen parameter values perforated
lamellae are only artifacts of the numerical inaccuracy because
they vanish when we increase both the number of collocation
points and the number of segments in the chain. We expect
that only for a diblock copolymer with f and �N very close to
the bulk phase transition between cylinders and lamellae or in
the parameter region of the gyroid morphology, perforated
lamellae can be the stable phase in a thin film, if at all.

Several authors14,15,18 report phases with more than one layer
of horizontal lamellae. We showed that such phases have a
higher free energy than phases that have cylinders in the center.

Other structures, such as undulated lamellae and cylinders, which
were found by Yang et al.18 using real-space SCFT, turned out to
be not the morphologies representing the global minimum of the
free energy when imposing a stronger convergence criterion or
increasing the accuracy of the algorithm.

Our conclusions are based on a careful investigation of the
influences of the numerical accuracy on the morphologies and
their free energies. We varied the range of the segment-wall
interaction and the numerical integration scheme, finding that
these details of the numerical implementations can have an
influence on the free energy which is for some parameter values
of the same order of magnitude as the difference of two adjacent
structures. Furthermore, the provided morphologies depend close
to the phase boundaries on the initialization of the mean fields.
Therefore, it is sometimes impossible to decide which structure
is energetically favored. Wherever we encountered this problem,
we increased the numerical accuracy of our investigation.

In order to compare our results with results from other
work,14,15,18 we also varied the volume fraction and the
segregation parameter. We conclude that a parameter set with
a smaller volume fraction and a comparable segregation
parameter is not able to stabilize the perforated lamellar phase.
We observe for all tested parameters the same behavior, that
is, that only the simplest structures remain stable when we
increase the number of collocation points and segments in the
chain and thus the accuracy of our algorithm. We cannot be
sure that a grid of 1283 collocation points in each dimension is
sufficient to correcly capture all features of the phase diagram,
but the results obtained with this precision are certainly much
better than those obtained on a grid with 643 collocation points.
Nevertheless, we did a few control simulations with 2563

collocation points in each dimension. For the three tested
parameter combinations, the stable morphology remains the
same. Moreover, the morphologies were unchanged when we
increased the number of collocation points from 2562 to 5122

in a two-dimensional system.
Because of the limitation of the number of collocation points

to 643 for 2GB memory and 1283 for 16GB memory, we can

only study very thin films with a thickness of a few radii of
gyration with sufficient computational precision. We expect that
other structures than those obtained in the two-dimensional
system will not appear in thicker films because the wall-segment
interaction is of short-range, and favorable contacts of monomers
with the walls can simply be realized by an enrichment of A
monomers at the walls while the bulk structure appears in the
center of the film.

It remains to be seen if some of the observed structures
depend on the kind of boundary conditions imposed near the
walls. While we impose φA + φB ) 1 everywhere, combined
with reflecting boundary conditions at the walls, other au-
thors18,30 impose a concentration profile that decreases to zero
at the walls. Such a change in the boundary conditions cannot
produce undulated lamellae and cylinders because such struc-
tures are obviously (weakly) unstable. It appears also unlikely
to us that such a change in the boundary conditions could
stabilize perforated lamellae.

Let us conclude by comparing the results of computer
simulations and numerical calculations with those of experi-
ments. Perforated lamellae were observed in experiments with
thin films of diblock30-32 and triblock copolymers,28 which
appear to be very similar to diblock copolymer systems. All
these experiments were performed with cylinder-forming block
copolymers which were coated on silicon wafers. The films were
asymmetric with respect to interactions at the air-film and
film-substrate interfaces. In these experiments, various patterns
have been reported for diblock copolymers, but no phase
diagrams are presented. Since experimental systems differ in
many respects from the idealized situation modeled in the
theoretical approaches, one cannot conclude with certainty that
perforated lamellae cannot be a stable phase in experimental
systems in those parameter regoins where they are not stable
in theoretical studies. Experimental systems have no Gaussian
chains, no reflecting boundary conditions, no rigorous imcom-
pressibility condition, no strict monodispersity, and no fully flat
surface. Nevertheless, we suggest that the perforated lamellar
phase might be metastable at least in part of the cases where
they have been seen in experiments with thin films. There are
two reasons for this assumption:

First, the lamellar phase is very similar in free energy to that
of cylindrical structures in our theoretical investigations. If this
is also true in experiments, the structure that is formed should
depend on the initial conditions or on the favored dynamical
pathways of the experiment.

Second, in bulk systems the stability of perforated lamellae
was discussed for a couple of years until they turned out to be
a metastable morphology that is favored during the transition
from lamellar to cylindrical phases. Hajduk et al.34 studied
different block copolymer systems and could show that the PL
structure is an artifact induced by the sample preparation in each
of the studied systems. They pointed out that the perforated
lamellar state is a nonequilibrium structure which is converted
into the gyroid phase by prolonged isothermal annealing. Vigild
et al.35 approved this result in their study of order-order
transitions in different samples of diblock copolymers. Theoreti-
cal work by Qi and Wang36 suggests that the morphology of
the metastable perforated lamellae is caused by unstable density
fluctuations in the lamellar phase. In thin films this could be
the case, too, in particular since perforated lamellae are observed
where we expect a dynamical pathway from initially formed
lamellae to cylinders. To our knowledge, an investigation
comparable to that in refs 34 and 35 in the bulk has not been
performed in thin films. Therefore, it is an open question whether
and when perforated lamellae are the stable morphology in
experimental thin films of diblock copolymers.
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