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In this work we study equilibrium and non-equilibrium structures of smectic block copolymer thin films
deposited on a topographically patterned substrate. A Brazovskii free energy model is employed to
analyze the coupling between the smectic texture and the local mean curvature of the substrate. The
substrate’s curvature produces out-of-plane deformations of the block copolymer such that equilibrium
textures are modified and dictated by the underlying geometry. For weak curvatures it is shown that the

free energy of the block copolymer film follows a Helfrich form, scaling with the square of the mean
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1 Introduction

Due to their ability to generate ordered structures on the scale of
tens of nanometers, block copolymers have emerged as attrac-
tive self-organized templates for cost-effective nanofabrication
technologies.”” Their capacity to produce self-organized
patterns with high resolution and compatibility with traditional
processing techniques makes these systems useful as templates
for diverse applications ranging from microelectronic and
nanofluidic devices to ultrafiltration.*”

When block copolymers are confined to thin films, the
morphologies are severely affected by the confining surfaces
and the affinity of the individual blocks for the interfaces.'*"”
Although block copolymer thin films can develop a wide
diversity of morphologies, one of the most useful structures
consists of quasi two-dimensional stripe patterns. Stripe
patterns with smectic symmetry can be obtained through
compositionally symmetric block copolymers or monolayers of
cylinder-forming block copolymers combined with accurate
control over the interaction between the blocks and the
confining surfaces.*'*

One of the main drawbacks of using block copolymers in
nanofabrication technologies is the lack of regularity in the
textures, mainly due to the presence of different elastic distur-
bances of the ordered state, including long wave length undu-
lations and a rich variety of defects like domain walls,
disclinations, and dislocations (see Fig. 1). As the self-
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curvature. These results compare well with available experimental data of poly(styrene)-co-
poly(ethylene-alt-propylene) smectic thin films.

organization process involves a phase transition that can
proceed via nucleation and growth or spinodal decomposition,
in the absence of external fields the formation of defects in the
smectic pattern is completely unavoidable.® Although such
defects can be reduced by thermal treatments and coarsening, it
has been found that this process is prohibitively slow for most
technological purposes.'®?*

In the last few years much effort has been directed to the
development of strategies to avoid the formation of defects. A
variety of techniques, including chemoepitaxy, shear flow,
electric fields, or a sweeping temperature gradient, have been
employed to improve the degree of order in different block
copolymer systems.*® One of the most successful methods to
control long-range order and orientation involves the pre-
treating of the substrate to create topographic structures
(graphoepitaxy).>*** Topographically patterned substrates with
different features and symmetries have also been employed to
obtain well ordered block copolymer thin films with hexagonal
and smectic symmetries.*"%”

Fig. 1 Main topological defects in smectic systems. (a and b) are
positive and negative disclinations, respectively. Disclinations can be
identified by 7 rotations of the director field along a closed path about
a disclination core. (c) A less energetic defect known as a dislocation.
Dislocation cores can be recognized as the center of the terminated
stripe or a stripe which bifurcated into two.
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Recently, it was experimentally observed that curved topo-
graphic substrates can be used to obtain well ordered textures of
block copolymer thin films.***° It was found that the substrate's
curvature plays a role similar to an external field, directing the
self-assembly and leading to highly regular smectic textures.

Here we study the equilibrium configuration and dynamics
of ordering of smectic thin films deposited on curved
substrates. Even in very thin films, the role of the third spatial
dimension (film thickness) cannot be neglected and there is
natural coupling with any sort of out-of-flatness distortions. The
effect of the film thickness on a curved substrate is emphasized
in the scheme of Fig. 2, which compares the dominant features
of a lamellar thin film lying on a cylindrical substrate. Note that
in the configuration shown on the left panel of Fig. 2 where the
lamellae are perpendicularly aligned with regard to the cylinder
symmetry axis, the curvature does not affect the lattice constant
of the texture. However, for other orientations there are regions
simultaneously under compressional and dilational strain
fields. As the different configurations of the pattern involve
different degrees of deformation, the energy becomes depen-
dent on the orientation of the texture with regard to the
substrate.

In this work the coupling between the smectic texture and
mean curvature of the substrate is analyzed through a Bra-
zovskii free energy functional. In a strictly two-dimensional
system the energy is independent of the specific orientation of
the texture. However, due to the finite film thickness in curved
space the smectic orientation couples with the mean curvature
of the substrate and breaks the orientational symmetry found in
flat systems, affecting both equilibrium configurations and
dynamics of ordering.

This paper is organized as follows. In the next section, we
discuss experimental results related to the equilibrium config-
urations observed in block copolymer thin films when depos-
ited onto corrugated substrates. In Section 3 we introduce the
Brazovskii free energy functional for smectic systems. Based on
this model, in Section 4 we analyze equilibrium and non-equi-
librium features of block copolymer smectic thin films

Fig.2 Different smectic packing states for a lamellar smectic thin film
deposited on a cylindrical substrate. While in the packing state on the
left panel there is no elastic penalization for layer compressibility, any
other configuration involves distortions of the optimum lamellar
wavelength since there are regions simultaneously under compres-
sional and dilational strain fields. Note that the configuration shown on
the right panel presents the largest elastic distortions.
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deposited onto curved substrates and compare the results
against available experimental data. Finally, in Section 5 we
present the main conclusions of this work.

2 Experimental observations

The process of self-organization of a smectic system deposited
onto a gently curved substrate was experimentally studied by
Vega et al.* Fig. 3 shows experimental results for a 30 nm thick
polystyrene-block-poly(ethylene-alt-propylene) block copolymer
thin film deposited on a topographically patterned substrate.
The figure shows a tapping-mode atomic force microscopy
(AFM) height-phase image at intermediate annealing times (60
min at 7= 373 K). The repeat spacing for the block copolymer is
19 nm while the substrate consists of a regular array of mesas
separated by Gaussian-like bumps. The pitch of the substrate's
features was fixed at 2.2 pm while the height of the bumps
reaches 100 nm (see ref. 40 for more details). In this system, the
analysis of the dynamics revealed that:

1. During the early stage of coarsening the block copolymer
microdomains show the characteristic fingerprint-like patterns
observed in flat block copolymer thin films. At this stage the
self-assembly process leads to patterns with a very short-ranged
order and morphologies that are indistinguishable from those
observed on unpatterned substrates.

2. Similar to flat systems, on curved backgrounds the
evolution kinetics towards the equilibrium state also involve a

m o |
0 100 nm

Fig. 3 Experimental results for a cylinder-forming polystyrene-block-
poly(ethylene-alt-propylene) block copolymer thin film deposited on a
topographically patterned substrate. The figure shows a 3D AFM
phase-height image of the block copolymer thin film after annealing at
T = 373 K for 60 min (top). Here the phase field image of the block
copolymer has been overlapped by the height profile of the substrate
(color map shown at the right bottom). The presence of +1/2 dis-
clinations and dislocations has been emphasized with circles and a
rectangle, respectively. The coupling between the block copolymer
morphology and the mean curvature of the substrate is dictated by the
out-of-plane deformations of the block copolymer structure. Due to
the finite film thickness, the geometry of the substrate breaks the
azimuthal symmetry of the smectic (phase image size: 1.64 um x 2.4
um; height color scale: 100 nm from crest to valley). Data from D. A.
Vega, L. R. Gomez, A. D. Pezzutti, F. Pardo, P. M. Chaikin and R. A.
Register, Soft Matter, 2013, 9, 9385. Copyright (2015) by the RSC.
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slow coarsening process mediated by the diffusion and anni-
hilation of disclinations.

3. The degree of smectic order becomes inhomogeneous as a
consequence of the substrate's varying curvature (see Fig. 3).
The ordered domains are located preferentially in the flatter
regions of the substrate, where coarsening proceeds via the
annihilation of multipoles of disclinations. Then, the dynamics
of defect annihilation is conditioned by the interaction between
the smectic phase and the substrate.

4. As the annealing time increases there is progressive
coupling between the smectic orientation and the substrate
topography. In the late stage of coarsening the perpendicular
orientation of the smectic phase with regard to the substrate's
crests is noteworthy and evidences a strong interaction between
the block copolymer morphology and the substrate's
topography.

Thus, the experiments show that the curvature of the
substrate affects not only the equilibrium state but also the
coarsening dynamics towards equilibrium. In curved systems
one can expect that the energy of interaction between defects
depends not only on the topological charge of the defects and
the elastic constants of the smectic phase, but also on the local
curvature. In this case, it is clear that the dynamics of defects
must be strongly influenced by the underlying geometry of the
substrate.

Previously, the effect of curvature on the equilibrium
configuration of self-assembled columns constrained to lie on a
curved substrate was theoretically studied by Santangelo et al.*®
In that case, it was found that both the extrinsic and intrinsic
curvatures of the substrate play an important role in deter-
mining the equilibrium configurations of columnar phases.
However, since this model only accounts for the bending energy
associated with the three-dimensional curvature of the columns
and the compression energy which sets the average inter-
columnar spacing, it is unable to describe the data shown in
Fig. 3 (according to this model the parallel orientation of the
smectic phase with regard to the substrate's crests in Fig. 3 is
energetically favored over the observed configuration). In what
follows we use a different free energy approach to understand
the coupling between the smectic texture and the underlying
curvature. The model is shown to reproduce most of the
experimental observations discussed above.

3 Brazovskii model

The Brazovskii model has been employed in a variety of
different phenomena involving pattern formation with strong
wavelength selectivity. Examples of applications of this and
similar models cover length scales ranging from atomistic to
macroscopic systems. For example, it has been applied to
describe pattern formation processes," grain boundary
melting,** defect dynamics,”»***> symmetry breaking phase
transitions,**** block copolymers,”* Langmuir films* and liquid
crystals.” This phase field approach naturally incorporates the
dominant features of the topological defects and their interac-
tions, and also accounts for the anisotropic features of systems
developing smectic symmetry.
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According to the Brazovskii model,**** in the neighborhood
of the critical line the phase behavior of different self-assem-
bling systems can be described as:

F(y)= Jdr[Z(w)2 —2(Vy) +%¢2+}V‘ 1)

This free energy functional is a Ginzburg-Landau expansion in
the order parameter y(r) = ¢(r) — ¢o, where ¢(r) is the local
composition and ¢, is the average composition at the critical
temperature T.. In the above equation, © = (T, — T)/T. is the
reduced temperature. At low temperatures, this free energy
favors periodic profiles of well defined wavelength and
symmetry.”>** Confining the block copolymer to a thin film can
frustrate the bulk morphologies via interactions with the
confining surfaces. In this model the relaxation towards equi-
librium can be studied through a Langevin dynamics for a
conserved order parameter:

‘;—f =MV’ @%) +¢(r,0). (2)
where M is a phenomenological mobility coefficient, and ¢ is a
random noise term, with zero average and a second moment
given by the mobility coefficient and the noise strength 7,
through the fluctuation-dissipation relationship: ({(r,t)¢(¥',¢')) =
2Mnd(r — r)o(¢t — ¢). One important feature of this phase field
model is that it provides an efficient approach over diffusive
time scales, a crucial feature in order to explore the slow
dynamics of topological defects.

In order to explore the low energy states of block copolymer
thin films lying on curved surfaces two key parameters must be
taken into account: the film thickness and the interactions of
the block copolymer with the substrate and air. Here we only
consider the case where the film thickness % is small or similar
to the characteristic wavelength A of the lamellar structure and
where the surface free-energy difference of the two blocks is
small. Then, standing lamellae perpendicular to the substrate
are energetically favored.

In flat space and critical conditions (¢o = 0, t = 1), the phase
separated structure can be well described within the one mode
approximation, where y/(r) = y, cos(gyx). Here ¥, and g, are the
amplitude and wave vector amplitude of the composition
profile. This length scale selectivity emerges due to the
competition between the gradient square term and the term
involving the Laplacian operator in eqn (1). By minimizing F
with respect to ¥, and ¢, it can be shown that the free energy
density in flat systems f, = F/V (V being the volume) becomes:

o=l )

6
with y, =2v1—1/V3 and ¢ = 1/V2.

In the present work eqn (2) is numerically solved on the
different substrate geometries by using a finite difference
algorithm, centered in space and forward in time.*** The most
relevant features of a curved substrate can be expressed in terms
of the mean curvature H and the Gaussian curvature K. In
general, for every point P on the substrate there are two tangent
circles with maximal and minimal radii of curvature R, and R,,

This journal is © The Royal Society of Chemistry 2015
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respectively. The mean curvature H and Gaussian curvature K at

P are defined as H = = (k; + k,) and K = k;k,, where k; = 1/R;

1
2
(i = 1, 2) is the principal curvature. In order to compare our
results with the experiments, here we focus our attention on
substrates with zero Gaussian curvature (K = 0). The initial liquid
phase is modelled by random fluctuations in the order parameter
Y. The smectic was confined to ensure that the thin film thick-
ness i remains constant. The temperature and compositional
asymmetry were fixed at 7 = 0.9 and ¢, = 0, respectively.

4 Coupling between smectic textures
and mean curvature

Let us consider a lamellar thin film deposited on a cylindrical
substrate of radius R (Fig. 2). When the system is on a curved
substrate, the free energy f becomes dependent on the radius R
of the substrate, the thin film thickness %, and orientation of the
smectic with regard to the cylinder symmetry axis. In order to
determine the energetic effects of these parameters, consider a
system whose order parameter is described in cylindrical
coordinates as:

Y(r,0,z) = g cos[qo(rd cos(a) + z sin(w))] @)

where (r,0,2) are the standard cylindrical coordinates (R =r =R
+h; R > h) and « is the orientation of the lamellae with regard
to the 6 direction (see the inset of Fig. 4).
For the case of thin films (#/R < 1, r ~ R) the free energy
density can be expanded in powers of #/R as (t = 1):
. 2 12 cos(a)*
£ = oSt )
where f; is the free energy on a flat system (eqn (3)).
Fig. 4 shows the free energy density of ordered smectic thin
films on cylindrical substrates of different curvatures as a
function of the pattern orientation «. This figure clearly shows

1.50x10™

——QR=100 ——qR =250 —— qR =500

f-f

Fig.4 Free energy variations f — fy of a smectic phase deposited onto
a cylindrical substrate of radius R as a function of the smectic orien-
tation with regard to the cylinder's symmetry axis «. Note that the free
energy presents a minimum for a = 7/2, which corresponds to the
configuration depicted in the scheme of Fig. 2a.

This journal is © The Royal Society of Chemistry 2015
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how the ground state configuration is affected by the substrate's
curvature. Here, there is a strong energetic penalization for
configurations departing from « = /2 (pattern perpendicularly
oriented with respect to the cylinder axis). Note also that the
energy of the ground state grows as the curvature of the
substrate increases (R decreases).

It is interesting to note here that the energetic penalization
produced by the mean curvature eqn (5) has the form of a
Helfrich free energy,*>** widely used to study membranes and
vesicles.”* According to the Helfrich theory, the elastic free

. k k
energy of membranes can be written as: fy = Esz + EgK + g,

where H and K are respectively the mean and Gaussian curva-
tures, k, and k, are bending modulus and Gaussian rigidity
respectively, and ¢ is the constant surface tension. As here we
are focused in substrates where K = 0 and where the surface
tension contribution is constant, the Helfrich model simply
reduces to:

_ Ko Ko

Fu=7H =¢0 ()

A direct comparison with eqn (5) leads to an orientation
dependent bending constant for the smectic film:

ey (hy @) = %%2 cos(a)*? )

As discussed in the introduction, the self-organization
process involves a phase transition that can proceed via nucle-
ation and growth or spinodal decomposition. In either case, the
formation of defects at the early stage of relaxation is completely
unavoidable. Fig. 5 shows the time evolution of an initially
disordered system towards an ordered smectic pattern on a
cylindrical substrate. In this figure panels (a) and (b) show the

Fig. 5 Coarsening process of a smectic phase deposited on a cylinder
with a circular cross-section. At early times (panel (a)), the system is
relatively disordered but presents a strong length scale selectivity. At
longer times (panel (b)), the system orders, driven by the interaction
and annihilation of defects. Note the preferential orientation of the
smectic on the substrate and the presence of a disclination array that
disturbs the orientational order.

Soft Matter, 2015, 11, 2866-2873 | 2869
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early and late time configuration of the smectic phase. At early
times the system is disordered but with a very strong length
scale selectivity, imposed by the competing short- and long-
range interactions of block copolymers. Here as the smectic
pattern is not-well developed there is no evident coupling with
the underlying geometry. As time proceeds, the annihilation of
topological defects produces the ordering of the smectic phase
and the coupling with the mean curvature (Fig. 5b). Here there
is a preferential ordering of the pattern because regions with a
director orientation « # /2 are energetically penalized (Fig. 4),
such that the pattern evolves towards the equilibrium state with
o ~ /2 throughout the cylinder. This anisotropic ordering can
also be clearly observed through orientational maps showing
the local orientation of the smectic phase with regard to the
cylinder's symmetry axis at early (Fig. 6a) and late times (Fig. 6b)
(here the cylinder is unrolled for the better appreciation of the
orientational maps). In flat systems the elastic energy associ-
ated with +1/2 disclinations is invariant under rotations.
However, in curved backgrounds the degree of bending
depends upon their orientation with regard to the substrate
features. Then, it can be expected that the orientation of the
typical multipolar arrays of disclinations that drive the order in
flat systems' becomes coupled to the substrate topography.
Fig. 6 also shows the Helfrich-like bending energy contribution
maps (eqn (6)). Note that at early times the bending energy is
roughly randomly distributed through the cylinder. On the
other hand, at long annealing times there is a clear reduction of
bending energy contribution while those regions containing

Fig. 6 Pattern configurations (top panels) and Helfrich-like free
energy maps (bottom panels) of a smectic phase deposited on a
cylinder with a circular cross-section (the same configurations as
shown in Fig. 5). Here L is the length of the cylinder and 27tR the arc-
length of the circular cross-section. At early times (panels (a) and (c)),
the Helfrich-like free energy contribution is roughly randomly
distributed. At longer times (panels (b) and (d)), misaligned configura-
tions are strongly penalized. The color maps indicate the local orien-
tation of the smectic with regard to the cylinder's symmetry axis (top
panels) and Helfrich-like free energy, normalized with (2/3)yo>h?
(bottom panels). Here the presence of an array of disclinations and
dislocations has been emphasized with an ellipse and a rectangle,
respectively.
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defects are energetically penalized. Note also that the dis-
clination array shown in this figure acquires a particular
orientation, where the core of the +1/2 disclinations aligns
along a direction of maximum curvature (z = constant).

In order to compare our model against the experimental
results reviewed in Section 2, it would be more useful to
consider substrates with varying mean curvature. For simplicity,
here we consider corrugated substrates with Gaussian profile
described as (see the inset of Fig. 7): R(x,y) = xi + yj + I exp(—x?/
2)k, where I' is a dimensionless constant that measures the
deviation from flatness. The Gaussian curvature K for these
substrates is zero and thus it is topologically equivalent to the
experimental system shown in Fig. 3 and to flat space; there is
no need for defects in the equilibrium state.*

During coarsening, we found that the system orders through
the annihilation of dislocations and disclinations. Although in
this case the order increases driven by the annihilation of arrays
of defects, we can note that the curvature of the substrate acts as
an external field that induces the preferential alignment of the
lamellar pattern, in qualitative agreement with the experi-
mental data shown in Fig. 3. This alignment can be observed in
Fig. 7 which shows histograms of the orientation of the smectic
pattern in the most curved region of the substrate (x = 0) at
different annealing times. As observed in cylinders of constant
mean curvature, at early times there is no coupling between the
pattern and the mean curvature, such that all the orientations
are equally probable and the distribution of orientations is flat
(blue bars). However as the smectic order develops, it couples
with the mean curvature, resulting in the growth of the ener-
getically favored configuration with o« = /2 where the lattice
distortion of the pattern is reduced (red and black bars).

2.0x10*
) t=2510°
Et=2510°
MW t=2510*
1.5x10*
€
3
(o)
o

Fig. 7 Coarsening dynamics of smectic phases on corrugated
substrates as seen through histograms of the local orientation of the
pattern a on the most curved regions of the substrate. Note that at
early times there is no coupling between the pattern and the curvature,
such that all the orientations are equally probable (blue bars). However,
as time proceeds, the smectic order develops and couples to the
underlying mean curvature, leading to the preferential orientation o =
/2 (black bars). Inset: typical smectic pattern at long times. Note the
clear & = /2 alignment on the most curved region of the substrate
(arrow).
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Fig. 8 Cross-section of the substrate's height profile (z(x) = I exp(x?/
2)), mean curvature (H) and Helfrich-like potential produced by the
varying mean curvature (H2).

For Gaussian substrates that involve small out of plane
deformations, the mean curvature can be expressed as

H ~ %Vzh. In these cases we can phenomenologically write a
Helfrich-like free energy of the form (Fig. 8):

Fo~ 0D 121 ) exp ] (8)

Fig. 9 shows the pattern configuration of a smectic phase
lying on a Gaussian substrate and the distribution of H>. This
substrate reaches its maximum mean curvature along the
directions defined by x = 0 and x = ++/3 (see also Fig. 8). Then,
the smectic phase located in the neighborhood of these regions
is subjected to the strong influence of the ordering field
imposed by the Helfrich free energy and the mean curvature,
energetically favouring configurations with local smectic
orientations « ~ /2. Note in Fig. 9 that the perpendicular

o

Fig. 9 Pattern configurations and Helfrich-like free energy maps of a
smectic phase deposited on a Gaussian bump. The color map repre-
senting H* has been normalized with I'%/4.
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Fig. 10 Experimental results for a cylinder-forming polystyrene-
block-poly(ethylene-alt-propylene) block copolymer thin film
deposited on a topographically patterned substrate. The figures show
3D AFM phase-height images of the block copolymer thin films after
annealing at T = 373 K for 90 min. Here the phase field image of the
block copolymer has been overlapped by the geometric potential H?,
where H is the mean curvature of the substrate (phase image size: 1.8
um x 2.4 pm; height scale: 100 nm from crest to valley). The color
map representing H? has been normalized with its maximum value.
Data from D. A. Vega, L. R. Gdmez, A. D. Pezzutti, F. Pardo, P. M.
Chaikin and R. A. Register, Soft Matter, 2013, 9, 9385. Copyright (2015)
by the RSC.

orientation of the smectic phase in the regions with the largest
mean curvature is noteworthy and evidences a strong coupling
between the block copolymer morphology and the substrate's
topography. In addition, we have observed that the pattern
located in the neighborhood of the regions with the largest
mean curvature orders firstly, in agreement with the experi-
mental results. Fig. 10 shows the block copolymer configuration
observed after 90 min of annealing at T = 373 K. The prefer-
ential alignment of the smectic phase in the flatter regions and
those with the largest values of H> (green regions) is observed.
In addition, the orientation of the 1/2 disclinations with regard
to the substrate is observed. Clearly, this configuration of
defects minimizes the elastic distortions associated with the
out-of-plane deformations of the block copolymer thin film.

5 Conclusions

In this work we have shown that due to the finite thickness of
thin films the mean curvature of the underlying substrate may
deeply affect the dynamics of coarsening and equilibrium
configuration of block copolymers with smectic textures. For
weakly curved substrates the free energy of the block copolymer
film follows a Helfrich form, being proportional to the square of
the mean curvature, with a bending constant dependent on the
local pattern orientation. In good agreement with the experi-
mental data, we observed that the dynamic coupling between
the orientation of the smectic phase and the mean curvature of
the substrate is dictated by the out-of-plane deformations of the
block copolymer thin film. We can note that gently curved
substrates combined with chemoepitaxy or graphoepitaxy

Soft Matter, 2015, 11, 2866-2873 | 2871
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would allow us to control the orientation and to improve the
degree of order in different block copolymer systems. Finally,
although here we only explored systems with smectic symmetry,
the effect of the thin film thickness should be also important in
block copolymers developing other self-assembled structures.
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