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We study the dynamics of coarsening in a cylinder-forming polystyrene-block-poly(ethylene-alt-propylene) block copolymer thin
film deposited on a topographically patterned substrate. Thermal annealing leads to highly ordered arrays of polystyrene cylinders
embedded in the poly(ethylene-alt-propylene) matrix, lying in-plane and oriented perpendicular to the trenches of the substrate.
We show that this configuration corresponds to an equilibrium state. 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. Thus, witii
appropriate control over the substrate features, it should be possible to obtain novel structures with controlled orientation.

1 Introduction films with these two symmetries have been employed to ob-
tain, via nanopattering, structures for a wide variety of ap-

During the last decade, block copolymers have attracted corplications, including nanowire polarizer grids, high-density
siderable attention due to their ability to self-assemble intaarrays of metal nanodots, and magnetic mé&di¥. The
highly regular structures on the scale of tens of nanomefers  standard technique employed to obtain self-assembled block
In these systems, while the periodicity is primarily controlled copolymer thin films is spin coating from a dilute polymer so-
by the molecular weights of the individual blocks, the sym-|ution in a volatile solvent. During this process, as the solvent
metry is determined by a complex interplay between entropievaporates, the order-disorder temperature of the thin film in-
and enthalpic free energy contributichs creases above room temperature and the blocks separate on the

When a block copolymer is confined on the nanoscale, th@anoscale. This separation process leads to the appearance of
equilibrium morphologies observed in the bulk can be pro-a distorted structure that unavoidably contains defects.
foundly modified. For example, novel structures and sym- Given that most applications require well ordered struc-
metries have been found to arise under confinement int@ures, one of the main drawbacks of this approach is the lack
nanofibers or nanodroplets with a characteristic size compaf long range order due to the presence of topological defects
rable to the period of the copolymer domafiris like domain walls, disclinations, and dislocatidfis While

Upon confinement into thin films, the block copolymer these defects can be removed by thermal treatment above the
morphology is strongly affected by the confining surfaces andylass transition temperatures of the blocks, it has been found
the affinity of each block for the interfacts Although amyr-  that this process is prohibitively slow for most technological
iad of morphologies can be obtained upon confinement in thirpurposey—ﬂ_
films (depending upon film thickness, surface energy, temper- |n order to obtain well-ordered patterns, a variety of tech-
ature and block copolymer structure), two of the most usefuhiques, including shear flow, electric field, or a sweeping tem-
structures consist of arrays of self-assembled domains Witberature gradient, have been employed to remove the topolog-
hexagonal or smectic symmetrfe. Block copolymer thin  jca| defects which disturb the long-range order. One of the
most successful methods to control long-range order and ori-
6(1: ]Qs;ift_téfsde_giirc“ac :Sel((S:(uDr ’\ﬂ(F:IESTU)RL rﬁ\?;rssfégéﬂzzg;ﬂa?ed lerllvseliigAa\inEﬁls entation involves pre-treating the substrage to create either to-
Allem I1253?I 8000 Bah Blanca, Ar’gentina. Fax: +54-291-45951;12; -TeI: pograph|_c Str.uc.tures orchemical pattéﬁ‘ré - This approach,
+54-291-4595101-2835; E-mail: dvega@uns.edu.ar while limited in its area of coverage, has proven to be very ef-
b Lucent-Alcatel Bell Laboratories, Murray Hill, New Jersey, 07974, USA.  fective to obtain well- ordered domains in smectic and hexag-
¢ Center for Soft Condensed Matter Research and Department of Physicgnal systems.

New York University, New York, NY 10003, USA. . . .
d Department of Chemical and Biological Engineering, and Princeton In- Topographlcally pattemed substrates with different Square

stitute for the Science and Technology of Materials, Princeton University WaVe grating patterns have been employed to Obtain perfectly
Princeton, NJ 08544, USA. aligned defect-free monolayers of cylinder-forming block
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copolymerg?26, |n these systems, the substrate consists onnealed under methoxy-2-propanol vapors at room temper-
a periodic array of trenches separated by flat mesas of diffelature for about 10 min. During solvent annealing, the pho-
ent widths. Due to the strong lateral confinement effect genertoresist flows, producing the smooth curved surface shown in
ated by the trenches, it was observed that the equilibrium corFig. 1. After solvent annealing the pitch remains at gré
figuration consists of cylinders aligned with the trench walls.while the height of the crests decreases to 100 nm. Figures
However, different experiments also show the existence of db and 1c show SEM and AFM images, respectively, of the
long-lived metastable configuration where the cylinders besubstrates employed here. After solvent annealing, the sub-
come oriented perpendicularly to the trench walls. Althoughstrate was washed with toluene, dried under flowing nitrogen
this unexpected configuration was argued to emerge from camnd annealed at T=373K for 2 hrs.
illary flow of the block copolymer from the trenches to the  The block copolymer thin film was prepared via spin coat-
mesas®, at present it is not clear what the dominant mecha-ing from a 1 wt. % solution in toluene, a good solvent for
nism behind the appearance of this anomalous orientation isboth blocks. By manipulating the spin speed, the thickness
In this work we study the dynamics of ordering of a mono- of the film can be controlled. Though a direct measurement of
layer of a cylinder-forming polystyrene-block-poly(ethylene- the film thickness on the corrugated substrate was not possible
alt-propylene), PS-PEP, diblock copolymer deposited onto dy ellipsometry, the spin speed chosen (3500 rpm) produced
gently curved substrate. The kinetics of ordering are also studa monolayer of cylinders, plus the associated brush-like sub-
ied through a phase field model that adequately captures tratrate wetting layer, when the same polymer was spun onto
main features of the ordering kinetics and viscoelastic interaca flat silicon wafer bearing a native oxide layer 80 nm thick
tions in the system. Here we show that the process of coarsefitm of PS-PEP 4/13). Order was induced through annealing at
ing in this system is strongly affected by the anisotropic elas-T=373K, above the glass transition of the PS block and below
ticity of the block copolymer phase that leads to the appearthe Topt of the block copolymer.
ance of well ordered patterns under curvature. SEM images of the topography of the substrates were ob-
tained with a Philips FEI XL30 FEG-SEM. The thin films
were imaged using a Veeco Dimension 3000 AFM in tapping
mode. The spring constant of the tip (uncoated Si) wat0
N/m and its resonant frequency was 300 kHz.

2 Experimental

The cylinder-forming block copolymer used in this work is a
polystyrene-block-poly(ethylene-alt-propylene) diblock (PS-
PEP 4/13) synthesized through sequential living anionic poly3 Results and Discussion

merization of styrene and isoprene followed by selective sat-

uration of the isoprene block (see & .for more details). The physics behind the process of self-organization in two-
The number-average block molecular weights for the blockdimensional striped phases has been intensively studied in
copolymer are 4 kg/mol for PS and 13 kg/mol for PEP. Thethe last three decades. Striped phases develop in ferrimag-
bulk morphology of the block copolymer consists of hexag-netic films with dipolar interactions, block copolymers, Lang-
onally packed PS cylinders embedded in the PEP matrixmuir monolayers, Rayleigh#hard convection cells and lig-
For this system the glass transition temperature for the P8id crystals, among othetd In these systems it has been
block is about 330K, while the order- disorder temperaturefound that order is dictated by competing interactions and
is Topt = 417K (the glass transition temperature of the PEPthe phase separation mechanism around the critical point is
block is well below room temperature). In thin films the cylin- roughly universal and independent of the specific Hamilto-
ders adopt a configuration parallel to the substrate because ofan driving the order. However, although there has been
large surface energy differences between the blocks. The reecent progress in understanding equilibrium phenomena in
peat spacing for the block copolymer is 19 nm (as measurethese systems, still little is known about the kinetic pathways
on thin films by atomic force microscopy (AFM)). leading to equilibrium.

The substrate employed here consisted of a solvent- Nematic liquid crystals are anisotropic fluids characterized
annealed photoresist array of trench patterns deposited ontoby a local orientation specified by a director field. In these
silicon nitride wafer. Square-wave grating patterns of photoresystems, defects involve distortions in the director field that
sist were fabricated using a lithography system. Shipley UV-@are typically referred as dislocations and disclinations. While
deep UV photoresist was spin coated onto a silicon wafer beadislocations break the translational order and introduce only
ing a 0.5um SiN layer, to a thickness of 0fsm. The patterns marginal distortions in the director orientation, disclinations
were exposed with an ASML 5500/350 stepper (wavelengtiproduce highly energetic elastic distortions that destroy the
248 nm). The pitch was fixed at 2/2m. Mesa heights and orientational order. Note that irrespective of the mechanism
widths were 0.5um and 1.0um, respectively. The substrates leading to the ordered state, spinodal decomposition or nu-
with the square-wave photoresist patterns were then solventleation and growth, the formation of topological defects is
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completely unavoidable. Therefore, in general the populatiorof the third spatial dimension cannot be neglected and there
of defects is out of equilibrium and different mechanisms mayis natural coupling with any sort of out-of-flathess distortions.
participate in the pathways towards the ground state. Thus, in addition to the coupling with the non-Euclidean ge-
Since the energy of interaction between defects not only deemetry mentioned above, the texture can also become coupled
pends on the topological charge but also on the elastic corto the mean curvature. The effect of extrinsic (mean) curva-
stants, the mechanisms of annihilation behind the coarseninigre in the equilibrium configuration of columnar phases was
usually involve complex arrays of defects. For example, instudied by Santangelo et 4. In that case, it was found that
planar systems with smectic symmetry the orientational corthe curvature of the substrate may act as an effective ordering
relation length of the domains grows according to a poweffield if the elastic energy associated with extrinsic curvature is
law. In this case, the orientational correlation length is con-taken into accourt.
trolled by the density of disclinations and the dominant mech- For example, in the scheme shown in Figure 2 the sub-
anism of ordering involves the annihilation of multipoles of strate is topologically equivalent to a plane and thus, there is
disclinations (mainly tripoles and quadrupoles). In addition,no topological requirement to include defects in the ground
given that the process of disclination annihilation is mediatedstate. In addition, in a strictly two-dimensional system the
by the diffusion of dislocations, the densities of disclinationsenergy is independent of the specific orientation of the tex-
and dislocations and the orientational order parameter follovture. However, due to the finite film thickness, the texture can
a similar dependence on time. couple with the mean curvature of the substrate, breaking the
According to the Frank model for nematic systems there ar@zimuthal symmetry. Note in this scheme that parallel and
four energies to consider: layer compressibility, splay, bendperpendicular orientations may involve different out-of-plane
and twist. However, upon confinement in flat two-dimensionalbending constants and then the energy becomes dependent on
systems, twist is not allowed. Previously it has been foundhe orientation of the texture with regard to the substrate. In
that assembled monolayers of cylindrical block copolymer mi-the configuration shown on the left, where the cylinders are
crodomains have the symmetry of a two-dimensional smecperpendicularly aligned with regard to the substrate undula-
tic, which consists of liquidlike order along one axis and ations, the mean curvature does not affect the lattice constant
mass density wave along an orthogonal axis. This symmetrgf the texture. However in the parallel configuration, although
emerges as consequence of the strong energetic penalty fihre average lattice constant is undisturbed, there are regions si-
layer compressibility imposed by the radius of gyration of themultaneously under compressional and dilational strain fields.
block copolymer molecules. Thus, in two-dimensional sys-Thus we can expect this configuration to have a higher energy.
tems the features of the block copolymer texture are dictated Figure 3 shows Cahn-Hillard dynamic results of the coars-
almost exclusively by molecular splay. ening process of a monolayer of cylinders lying on a cylindri-
If a texture is allowed to escape from flat space, the lig-cal curved surface with varying mean curvature that confirm
uid crystalline order can become coupled to the geometry irihis hypothesis. The Gaussian curvature for this substrate is
which the system exist$—34 Theoretically, a strictly two-  zero and thus it is topologically equivalent to the sinusoidal
dimensional liquid crystalline phase has been studied on difsubstrate shown in Fig. 2 and to flat space; there is no need
ferent topologies with non-Euclidean geometry. In this casefor defects in the ground state. At early times we can observe
defects must usually be included in the ground state in orthat the system is relatively disordered, although it shows a
der to satisfy topological requirements. For example, layingvery strong length scale selectivity, imposed by the compet-
a nematic onto a sphere implies the presence of at least twiog short- and long-range interactions. As time proceeds, we
positive disclination&31:353¢ This topological requirementis found that the system orders through the annihilation of dislo-
given by the Gauss-Bonnet theorem which relates the integralations and disclinations and that the texture becomes perpen-
of the Gaussian (intrinsic) curvature to the total disclinationdicularly oriented with regard to the long axis of the cylindri-
charge. In these systems it has been found that the chargal substrate. A similar coupling between texture and geome-
and distribution of defects on the sphere depends on the rdry was observed on a cylinder with constant mean curvature
tio between the splay and bend constants. Defect configurgsee right panel of Fig. 3).
tions including hedgehog, spirals, and quasibaseball have beenAs we show below, the experimental results are also in
identified®’-33%nd recently observed by self-consistent calcu-agreement with the hypothesis that the anisotropic bending
lations of lamella-forming block copolymet§ In addition,  energy of the quasi-two-dimensional smectic phase can lead
in non-Euclidean space the ground state may involve an equteo a coupling with the mean curvature of the substrate.
librium population of defects even when there are no topolog- In the experimental system, the as-spun block copolymer
ical requirements for defects, such as on Gaussian btops  thin film shows morphologies that are indistinguishable from
curved sinusoidal substrafés those observed on unpatterned substrates. At this stage the
In experimental systems, even in very thin films, the roleself-assembly process leads to patterns with a very short-
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ranged order where there is a poor connectivity between th&he boundary layers produce a lateral confinement field. The
PS cylinders. After annealing above the glass transition temeonfinement exerted by two opposite rims may destabilize the
perature of the PS block, the highly disordered structure startgarallel configuration if the confinement length scale is not
to order by increasing the connectivity between near-neighbocommensurate with the average distance between cylinders.
cylinders via the annihilation of dislocations and disclinations.However during most of the coarsening process this effect is
During this stage the microdomains show the characterististrongly screened out by the large content of orientational de-
fingerprint-like patterns observed in flat block copolymer thinfects.
films, while there is a strong tendency to dewet at the regions Note that the elastic energy excess can be easily dissipated
of the substrate with the highest curvature (crests). It wasn the neighborhood of the dewetted area because the sys-
found that the thin film dewets at the very early stage of retem can release the splay energy stored in the defects via the
laxation, and annealing for only 5 min at T=443K is enoughstraightening of PS cylindrical domains. This mechanism of
to clearly identify holes in the thin film (Figure 4). These holes energy dissipation can be assisted by the highly mobile dis-
rapidly propagate along the crests, producing stripe-shapedcations that can be produced or annihilated at the boundary
holes that involve about% of the total area of the system. layer3%4C
Due to the high curvature of the crests (smallest radius of cur- Figure 6 also shows the thin film configuration in the neigh-
vature~ 75 nm), the thin film dewets from the substrate in porhood of the dewetted zone. At this stage most defects in
these regions, producing a boundary layer that acts as a latefigle system have been removed and the major orientational
confining wall. During further thermal annealing the dewet-distortions in the pattern are produced by the presence of
ted area remains stable. In the rim around the interface of thgisclinations. Note that as negative disclinations involve both
dewetted area we observed that the orientation of the PS cyligending and splay deformations, their distortional fields are
ders along the boundary is predominantly random, although igtrongly screened out by other defects. A similar behavior
some regions we observe a small tendency for parallel alignhas also been observed during coarsening of cylinder-forming
ment. block copolymers with smectic symmetry deposited on flat
As the annealing time increases, we observe a progressiv@ibstratets.
increase in the degree of order while the density of defects is Figure 7 shows an AFM image of the block copolymer tex-
monotonically reduced. Figure 5 shows the pattern configuture observed after thermal annealing at T=373K for 2 hrs.
ration at an intermediate coarsening time, where it is possiblehis image is characteristic of the configuration and degree of
to identify well-ordered regions, disturbed by dislocations andalignment observed in several independent experiments. The
arrays of disclinations. Note that ordered domains are locategerpendicular orientation of the cylinders with regard to the
preferentially in the flatter regions of the substrate while thegrests is noteworthy and evidences a strong coupling between
density of defects increases in the neighborhood of the dewethe block copolymer morphology and the substrate’s topog-
ted area. raphy. The only imperfections in the pattern are caused by
In flat systems, it was found that during the process of coarsthe existence of isolated dislocations and disclinations. Fur-
ening the densities of both dislocations and disclinations argher annealing of the sample removes the remaining defects,
reduced by annihilation everf§ It was also found that discli-  resulting in a perfectly aligned pattern, with the cylindrical
nations can act as sources or sinks for dislocations and th@lomains aligned perpendicularly to the crests.
dislocations can facilitate the motion of disclinations (the dif- \wWe note that here the distance between the confining walls
fusion of disclinations proceeds via iterative steps which in-is relatively large as compared with the inter-cylinder distance,
volve dislocations). In order to satisfy topological constraints,and it can be expected that with stronger confining condi-
the coarsening process maintains equal contents of positiMgons the parallel alignment would become preferential. Thus,
and negative disclinations while the orientational correlationgn appropriate combination of confinement and curvature, as
lengthés, a measure of the average domain size, grows in timgompeting interactions, would allow control over the orienta-
according to a sub-diffusive power ladg(~ t%/4) 8, tion of the cylinders with regard to the pattern features.
Here we observe that the order in the flatter regions of
the substrate evolves by a similar process. That is, order in-
creases mainly through the annihilation of arrays (multipoles4  Conclusions
of disclinations. Figure 6 shows a quadrupole of disclina-
tions that annihilates upon further annealing, leaving a morén conclusion, in curved space, block copolymer thin films
ordered pattern. manifest the anisotropy of the out-of-plane bending constant
In our experimental system there are two factors that breaky coupling the mean curvature of the substrate to the smec-
the azimuthal symmetry: the rim around the dewetted areéic texture. In regions with high curvature, the thin film can
and the coupling between the texture and the mean curvaturbecome unstable, dewetting from the substrate.

4| Journal Name, 2010, [vol],1-8 This journal is © The Royal Society of Chemistry [year]
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Finally, here we show that through the engineering of the

substrate curvature and confinement conditions it is possible to R(Y) = B /dr’er(r — YY)y’ (5)
control the pattern features and also to obtain novel structures 2
unreachable in flat space. whereG(r) is a solution of 12G(r) = —&(r). The short-

range term has the typical Landau form,
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HereH () takes the form:

6 Supplementary Material. Cahn-Hilliard Dy-

namics H(y) = %[7T+A(172f)2]412+%/\(1721‘)(#3+%agu4
(7)

The free energy of a wide variety of systems with strong The parameters, A, 3 ando are related to the vertex func-
wavelength selectivity, like Langmuir films, block copoly- tions derived by Leiblet’. The constant is the block copoly-
mers, magnetic garnets, and ferrofluids, can be phenomenoier asymmetr§? and the parametardepends linearly on the
logically described as a Ginzburg-Landau expansion in pow¥lory-Huggins parametex and provides a measurement of
ers of the order parameter and its gradient figdds the depth of quench. In this free-energy model, which belongs

One of the simplest models to describe the dynamics of mito the Brazovskii clas¥, the disordered phase becomes unsta-
crophase separation in systems with competing interactionisle to periodic modulations just as the block copolymer melt
is to consider the Ohta-Kawasaki free-energy functional to{raverses the spinodal line. By mapping the Leibler free en-
gether with Langevin dynamics for a conserved order paramergy functionat’ onto the Brazovskii free energy expression,

eter*2-45 Fredrickson and Helfarfd and Podneks and Hamlg}/were
able to extract fluctuation corrections for block copolymers. It
o _ MDZ(é—F)+Z(r,t). (1)  Was found that the Brazovskii fluctuations modify the phase
ot oy behavior in the neighborhood of the critical point and that the
Here the order parametar is defined in terms of the local order-disorder transition moves towards higher temperatures.
densities of each block in the block copolymer In this work the block copolymer composition was fixed at
f = 0.4, and the phenomenological parameters were fixed at

w(r) = LAY —pe(tY) 2y A=150=038 =023 D=03 andf = 003"
’ 200 The mean-field equilibrium structure for these parameters is

a hexagonal array of cylindrical domains characterized by a
dominant wave numbeiy (kg = g). Here equation (1) was
numerically solved on a confining cylindrical ring with either
ff‘ircular (constant mean curvature) or pseudo-elliptical (vary-
Ing mean curvature) cross-section. We employed periodic
boundary conditions along the z-axis of the cylinder.

wherepa(r,t) andpg(r,t) are the local segment densities of
the blocksA andB, respectivelyM is a phenomenological mo-
bility coefficient, and{ is a random noise term, with zero av-
erage and a second moment given by the mobility coefficien
and the noise strengtiy through the fluctuation-dissipation
relationshig®:

< 0Z(rt) >=2Mned(r —rHat—t) (3 ~References
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a)

Silicon Silicon

Fig. 1 Substrates employed in this work. a) Scheme showing the
solvent annealing approach employed to obtain smoothly varying
topographies. b) Scanning electron micrograph (SEM) image of the
substrate. ¢) AFM height image, 2i4m x 2.4 um, showing the

profile of the substrate.

Fig. 3 Coarsening process of a cylindrical phase deposited on a
cylinder with a quasi-elliptical 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 cylinders on the substrate. A similar configuration
was obtained on a cylinder with a circular (constant mean curvature)
cross-section (panel c).

Fig. 2 Schematic representation of two possible configurations for
the block copolymer thin film. If driven exclusively by mean
curvature, the ground state of the film should consist of PS cylinder
perpendicularly oriented with regard to the substrate trenches (left). . . ~ . . .
In a configuration where the cylinders are aligned parallel to the film after annealing at T=373K for 5 min (phase image size:jan

trenches (right), there is a free energy penalty due to the anisotropi& '%fﬁﬁ mr;].hi'ghtt scalet: 100 n(rjn fro;r; crest to Va".?ll)' In the rtiglons
bending constant of the ordered structure. w e highest curvature, a dewetling area rapidly propagates

along the crests of the substrate.

%:ig. 4 3D AFM phase-height image of the block copolymer thin

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [voll, 1-8 |7
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Fig. 53D AFM phase-height image of the block copolymer thin

film after annealing at T=373K for 60 min. Note the presence of
+1/2 disclinations (circles) and a dislocation (rectangle) that disturb
both orientational and translational order (phase image sizqirh.8

X 2.4 um; height scale: 100 nm from crest to valley).

Fig. 7 AFM phase image of the block copolymer thin film after
annealing at T=373K for 1.5 hr (2dm x 2.4um). The presence of
a+1/2 disclination and a dislocation have been emphasized with a
circle and a rectangle, respectively. These defects can be removed
by further thermal annealing.

Fig. 6 AFM phase images of the block copolymer thin film after
annealing at T=373K showing the structure of defects in the flatter
regions (left panel) and in the neighborhood of the dewetted area
(right panel). In the flat regions, the coarsening proceeds by the
annihilation of multipoles of disclinations. Here the circles mark the
positions of thet-1/2 disclinations forming a quadrupole (black
diamond). Right panel: To the right of the dewetted area, note the
presence of thre¢-1/2 disclinations. In the portion of the image to
the left of the dewetted area, the defects have been completely
removed. Scale bars=200nm

8| Journal Name, 2010, [vol],1-8 This journal is © The Royal Society of Chemistry [year]
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Equilibrium configuration of a cylinder-forming block copolymer thin film
deposited on a curved substrate.
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