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Phase Behavior in Thin Films of Cylinder-Forming Block Copolymers
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We have experimentally determined a phase diagram for cylinder-forming polystyrene-block-
polybutadien-block-polystyrene triblock copolymer in thin films. The phase behavior can be modeled in
great detail by dynamic density functional theory. Deviations from the bulk structure, such as wetting
layer, perforated lamella, and lamella, are identified as surface reconstructions. Their stability regions
are determined by an interplay between surface fields and confinement effects.
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Ordered fluids are a fascinating class of materials as
they combine crystal-like order on mesoscopic length
scales with liquidlike disorder on microscopic scales. As a
typical example, amphiphilic block copolymers tend to
self-assemble into ordered microstructures with character-
istic lengths determined by the molecular size, i.e., in the
10–100 nm range [1]. The microdomain structure in the
bulk is determined mainly by the molecular architecture,
in particular the ratio of block lengths and the interaction
between the two components (blocks). At interfaces and
in thin films an additional driving force for structure
formation exists, because one component typically has a
lower interfacial energy than the other. This phenomenon
belongs to a class of interfaces of modulated phases
[2,3]. Related phenomena of two-component systems
are wetting and surface enrichment, surface directed
spinodal decomposition [4], and surface-induced ordering
and orientation [5,6]. Recently, we have shown that in
analogy to surface reconstructions of crystal surfaces the
near-surface structure can deviate from the bulk structure
in block copolymers as well [7]. In thin films, additional
constraints exist. Here, the microdomain structure has
to adjust to two boundary surfaces and a certain film
thickness, which can be a noninteger multiple of the
“natural” bulk repetition length. Both constraints together
cause a complex and interesting phase behavior.

Based on the pioneering work by Anastasiadis et al. [6],
numerous studies have dealt with thin films of lamellar
block copolymers and two major effects have been identi-
fied [8]. The preferential attraction of one type of block to
the surface (the surface field) causes the lamella to align
parallel to the interfaces and the film form islands or holes
(terraces) where the film thickness is a (half ) integer mul-
tiple of the bulk lamella size.

While any cross section parallel to a lamella exhibits the
same symmetry as a planar surface, the situation is more
complex in the case of cylinder-forming systems. Here, a
planar surface, regardless of its orientation, always breaks
the symmetry of the bulk structure and the microdomain
structure has to adjust. Indeed, a variety of deviations
from the bulk structure have been observed near surfaces
and in thin films such as a wetting layer [9], spherical mi-
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crodomains [10], a perforated lamella [10], cylinders with
necks [11], and more complicated structures [12,13]. Al-
though various models have been developed to describe
this behavior [14–17] (for summary, see Ref. [17]), mod-
eling and experimental results agree qualitatively only in
parts. It remains unclear which of the reported phenom-
ena are specific to the particular system and/or route of
film preparation and which are general behavior. As a re-
sult, no general agreement is reached about the underlying
fundamentals.

In this Letter we present a unifying description of these
phenomena. With experiments and computer simulations
based on dynamic density functional theory (DDFT) we
show that the phase behavior in thin films of cylinder-
forming block copolymers is dominated by surface recon-
structions. Their stability regions are determined by the
surface field and the film thickness and we show how these
two constraints interact.

As a model system we have chosen thin films of a
cylinder-forming polystyrene-block-polybutadiene-block-
polystyrene (SBS) triblock copolymer swollen in chlo-
roform vapor. SBS was obtained from Polymer Source
Inc. with molecular weights of blocks Mw,PS � 14k,
Mw,PB � 73k, and Mw,PS � 15k (PS is polystyrene,
PB is polybutadiene). Thin SBS films were spun cast
from toluene solution onto polished silicon substrates. In
order to equilibrate (anneal) the microdomain structure,
the films were exposed for 7 h to a controlled partial
pressure p of chloroform vapor [18]. The total pressure
was 1.3 6 0.1 atm and the temperature was kept at
25.0 6 0.1 ±C. The resulting microdomain structures
were quenched via fast solvent removal. During anneal-
ing, the nonselective solvent, CHCl3, acts as a plasticizer,
which merely induces chain mobility. Within the studied
range of p̃ � p�pS (pS is the partial pressure of saturated
CHCl3 vapor at 25.0 ±C) the lateral spacing between two
neighboring PS cylinders, a0, decreases with increasing
p̃ from a0 � 41 to 39 nm, similar to Ref. [19].

During vapor annealing the films form terraces
with thicknesses smaller and larger than the original
thickness. We have determined the step heights using
TappingMode™ scanning force microscopy (TM-SFM).
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TM-SFM phase images were recorded along with the
height images to map (via the difference in modulus) the
lateral distribution of PS and PB near the film surface [20].

Figures 1(a) and 1(b) show TM-SFM phase images of
two annealed SBS films with different initial film thick-
nesses. Both films have formed regions of well-defined
film thickness as indicated by the height profile shown
in Fig. 1(c). At the same time well-defined microdomain
patterns have formed, which change systematically as a
function of the gradually changing film thickness (at steps
between terraces). In particular, boundaries between dif-
ferent structures correspond to height contour lines. A ma-
jor fraction of the surface displays bright stripes, which
are indicative of PS cylinders oriented parallel to the sur-
face (Ck). In thinner regions of the film two additional
patterns are found: One is characterized by hexagonally
ordered dark spots, indicative of PB microdomains in an
otherwise continuous PS layer, i.e., a perforated PS lamella
(PL). The slopes between neighboring terraces display a
hexagonal pattern of bright dots, indicative of PS cylin-
ders oriented perpendicular to the surface (C�). Finally,
the thinnest parts of the films display no lateral structure
at all, indicative of either a disordered (dis) phase or a
lamellar wetting layer (W). In thicker films, the sloped
regions between terraces display stripes as well. Previ-
ous work has shown that the parallel orientation of PS
cylinders continues through the depth of the film to the
substrate [18,22]. We note that these phases were all re-
ported earlier and for various experimental conditions and
cylinder-forming block copolymers. In the present ex-
periments, however, all phases appear in a single system
and under identical experimental conditions. This finding
indicates that the film thickness is an important control
parameter.
FIG. 1. (a,b) TM-SFM phase images of thin SBS films on Si substrates after annealing in chloroform vapor at p̃ � 0.62. The
surface is everywhere covered with an �10-nm-thick PB layer. Bright (dark) corresponds to PS (PB) microdomains below this top
PB layer [21]. Contour lines calculated from the corresponding height images are superimposed. (c) Schematic height profile of the
phase images shown in (a,b). (d) Simulation of an A3B12A3 block copolymer film in one large simulation box of �352 3 32 3 H�x��
grid points with increasing film thickness H�x�, ´AB � 6.5, and ´M � 6.0. The latter corresponds to a preferential attraction of B
beads to the surface. The isodensity surface rA � 0.5 is shown.
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In order to explore the role of the strength of the sur-
face field, the above experiment was repeated as a func-
tion of solvent vapor pressure p̃ during annealing. With
increasing p̃, the total polymer concentration, FP , in the
film decreases, which effectively reduces the interaction
parameter between the two polymeric components and be-
tween the polymers and the confining surfaces. The experi-
mental results are summarized in a phase diagram (Fig. 2)
displaying the stability regions of the various phases as
functions of p̃ and film thickness (after drying). Note that
films annealed at larger p̃ shrink more in the vertical z
direction upon drying than films prepared at smaller p̃.

The PL phase is predominantly observed in the lower
terrace when the neighboring terrace forms the Ck,2 phase.
With increasing p̃, the area fraction of the lower terrace
forming a PL decreases. For p̃ � 0.64, 0.68, and 0.70
the area fraction is 90%, 80%, and 50%, respectively. For
p̃ . 0.71, no PL is observed. In thicker films only for
h � 60 nm and p̃ � 0.66, a small fraction, 10%, of the
terraces forms a PL.

The assignment of surface patterns to distinct phases is
corroborated by DDFT simulations of the complete thin
film structure. We have used the MESODYN code [23] to
simulate a melt of A3B12A3 “molecules.” Briefly, the block
copolymer is modeled as a Gaussian chain with different
beads A and B. For the bead-bead interaction potential a
Gaussian kernel is used characterized by ´AB. The film
interfaces were treated as mask (M) with a corresponding
bead-mask interaction parameter ´M � ´AM 2 ´BM .
The spatiotemporal evolution of bead densities ri��r , t�
is obtained using the complete free energy functional
F�� ri�� and the chemical potentials mi � ≠F�� ri���≠ri .
The Langevin diffusion equation is solved numerically
starting from homogeneous densities. Appropriate noise
035501-2
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FIG. 2. Phase diagram of thin SBS block copolymer films on
Si subtrates after annealing in chloroform vapor. Data are given
for equilibrium film thicknesses of Ck,n (≤) and “dis” (�) and for
upper and lower bounds (open and closed symbols, respectively)
of C� (�, �) and PL (�, �) phases. The latter correspond to
contour lines such as those shown in Figs. 1(a) and 1(b). All
lines and areas are drawn to guide the eye.

is added to the dynamics. We have done simulations with
´AB � 6.3, 6.5, and 7.1 (in kJ�mol) and varied systemat-
ically the strength of the polymer/surface interaction ´M

and the film thickness H. We have used the parametriza-
tion of Ref. [15] and have followed the temporal evolution
until significant changes no longer occurred. We chose to
model the swollen SBS film as a melt to keep the total
number of parameters as small as possible. The effect of
the nonselective solvent CHCl3 is modeled as an effective
interaction parameter ´M � ´

melt
M FP.

We find that modeling with ´AB � 6.5 matches our ex-
perimental data best. Figure 1(d) shows the result of a
simulation done in a wedge-shaped geometry. It exhibits
exactly the same sequence of phases as the experimental
data. Starting from a disordered phase (dis) for H � 3 grid
units, spheres or very short upright cylinders, C�, form
(H � 4). These are followed by parallel cylinders, Ck,1
(H � 5), a perforated lamella, PL (H � 6), a PL coex-
isting with Ck,1 (H � 7), cylinders with ripples or necks
(H � 8), then upright cylinders, C� (H � 9), and two
layers of parallel cylinders, Ck,2 (H � 10, 11, and 12).
The film thickness at which phase transitions occur as well
as the relative domain spacings are correctly predicted.
The distance between next-nearest holes of the PL is found
to be 1.15 times larger than the distance between next-
nearest cylinders, a0 � 7.0 6 0.5 grid units, of the Ck

and the C� phase. We also observe this in our experi-
ments [Fig. 1(b)].

For a systematic study of the influence of ´M and H
on the thin film structure we have done simulations in
smaller boxes with �32 3 32 3 �H 1 1�� grid points and
a mask in the z � 0 plane. The structures found for ´AB �
6.5 are summarized in a phase diagram shown in Fig. 3.
The middle part of the phase diagram resembles the one
reported for A3B6 diblock copolymers [15] but covers a
much larger parameter space.
035501-3
FIG. 3. Phase diagram of surface reconstructions of a A3B12A3
block copolymer film calculated with MESODYN for ´AB � 6.5.
The boxes indicate where simulations have been done. The
boxes with two shades of grey indicate that two phases coexist
after the finite simulation time. Smooth phase boundaries have
been drawn to guide the eye.

The simulation results match nicely the experimental
phase diagram shown in Fig. 2. For a quantitative com-
parison of the two phase diagrams, one has to take into
account that the film thickness relevant for structure forma-
tion is the thickness in the swollen state. Furthermore, we
need to relate the vapor pressure, p̃, to the effective inter-
action parameter between the polymer blocks and the con-
fining surface, ´M . We assume that ´M � ´

melt
M FP, where

FP can be estimated from the amount of shrinkage dur-
ing drying: FP � hdry�hwet. The thickness after drying,
hdry, has been measured, whereas hwet has been calculated
from the film structure assuming an ideal hexagonal struc-
ture: hwet

Ck,2
� a0

p
3 for Ck,2. By choosing ´

melt
M � 6.5,

the ´M scale in Fig. 2 was adjusted such that p̃ � 0.68
corresponds to ´M � 6.0. With this simple estimate the
measured and calculated phase diagrams can be perfectly
matched by the adjustment of a single parameter. In par-
ticular, the predicted ´M value for the onset of the PL phase
at H � 12 agrees nicely with experiments.

Although based on a rather simple microscopic model,
the DDFT simulations correctly predict a phase diagram
with intriguing complexity. The large parameter space
covered in both simulations and experiments allows us to
distinguish the effects of the two constraints being simul-
taneously present in a thin film situation: the surface field
and the film thickness. Our results also reveal the mecha-
nism which shows how both interplay.

Surface fields.—The effect of a single surface is best
seen at a large film thickness (H � 54). The simulations
show that the preferential attraction of one type of block to
the surface (the surface field) is sufficient to induce con-
siderable rearrangements of microdomains near the sur-
face, i.e., surface reconstructions. In the middle of the
simulation box, cylinders form in all cases. Moving in
Fig. 3 from left to right the following surface reconstruc-
tions occur for H � 54. For ´M < 2, A-beads are effec-
tively attracted to the surface and a thin A-wetting layer
035501-3
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(W) forms (which might also be viewed as a half lamella).
At ´M � 3, cylinders orient perpendicular to the surface
(C�). For ´M � 4 8, A-beads are weakly repelled from
the surface, and cylinders align parallel to the surface (Ck).
As ´M is further increased surface reconstructions with
noncylindrical microdomains are induced; first a PL, then
a lamella (L). In these structures the averaged mean curva-
ture is gradually decreased in order to adopt to the planar
symmetry of the surface.

Interference of surface fields.—Our results indicate that
surface fields extend into the bulk with a decay length
of about one microdomain spacing. Furthermore, they
are additive, and for very thin films the effect of both
surfaces combines. This explains why, in thin films, a
weaker surface field is sufficient to form a PL (or L) than in
thick films. It also explains the formation of a PL beneath
a wetting layer (W 1 PL).

Confinement effects modulate the stability regions
of phases oriented parallel to the surfaces. An integer
multiple of a natural layer thickness is energetically
favored. This causes easier deformable phases to occur at
intermediate film thicknesses. For very small thicknesses
�H & microdomain size) and weak surface fields, con-
finement prevents microphase separation and stabilizes a
disordered phase (dis).

We note that the orientation behavior of the cylinders
is analogous to the phase behavior of lamella-forming di-
block copolymers as both are controlled by the interplay
between the surface field and confinement effects [24].
Thus, the sequence Ck ! C� ! Ck at steps between ter-
races corresponds to the sequence Lk ! L� ! Lk [25].
Also, in cases where the two confining surfaces favor dif-
ferent orientations (Lk, L�), the two orientations can co-
exist and a hybrid (or mixed) structure (HY) forms [26]
which is similar to cylinders with necks [11]. We note
that in such a HY structure, the bulk microdomain struc-
ture is preserved and a grain boundary is stabilized in the
thin film by the antisymmetric surface field. Furthermore,
a disordered phase has been reported for ultrathin films of
lamella-forming diblock copolymers [26] and is in good
agreement with our findings. In addition to the alignment
effect, hexagonally ordered cylinders can adopt to the pla-
nar surface by formation of surface reconstructions (W, PL,
L) which also dominate the phase behavior in thin films.

In conclusion, we have identified the deviations from the
bulk structure, both in the vicinity of surfaces and in thin
films of cylinder-forming block copolymers as surface re-
constructions. Together with what is known for lamella-
forming systems our results give evidence of a general
mechanism governing the phase behavior in thin films of
modulated phases: The interplay between the strength of
the surface field and the deformability of the bulk struc-
ture determines how the system rearranges in the vicinity
of the surface. This causes either an orientation of the
bulk structure or the formation of surface reconstructions.
The stability regions of the different phases are modu-
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lated by the film thickness via interference and confine-
ment effects.

This concept along with the presented methods might
provide the means to understand and eventually control a
wealth of thin film structures in a wide class of ordered
fluids, such as linear and star multiblock copolymers as
well as surfactant-based fluids.
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