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Abstract

While equilibrium block-copolymer morphologies are dictated by energy-minimization effects, 
the semi-ordered states observed experimentally often depend on the details of ordering 
pathways and kinetics. Here, we explore reordering transitions in thin films of block-copolymer 
cylinder-forming polystyrene-block-poly(methyl methacrylate). We observe several transient 
states as films order towards horizontally-aligned cylinders. In particular, there is an early-stage 
reorganization from randomly-packed cylinders into hexagonally-packed vertically-aligned 
cylinders; followed by a reorientation transition from vertical to horizontal cylinder states. These 
transitions are thermally activated. The growth of horizontal grains within an otherwise vertical 
morphology proceeds anisotropically, resulting in anisotropic grains in the final horizontal state. 
The size, shape, and anisotropy of grains are influenced by ordering history; for instance, faster 
heating rates reduce grain anisotropy. These results help elucidate aspects of pathway-dependent 
ordering in block-copolymer thin films.

Introduction

Block-copolymers (BCP) are self-assembling materials that spontaneously form nanoscale 
morphologies owing to micro-phase separation.1-2 That is, the chemical architecture of the 
polymer chains enforces a particular spatial arrangement of the block materials (forming spheres, 
cylinders, lamellae, etc.). Although energy-minimization dictates the equilibrium morphology,3 
the structures obtained experimentally result from local boundary conditions, processing history, 
and kinetic trapping.4 For instance, BCP phases are typically poly-grain, exhibiting numerous 
defects and grain boundaries, with the average grain size depending on annealing temperature 
and time. In thin films, the orientation of the BCP phase depends on many factors, including 
substrate surface energy,5-9 roughness,10-16 and topography,17-23 as well as film thickness.13, 24-27 
Here again, while a preferred orientation can be rationalized in terms of the selectivity and 
directing forces of interfaces, the actual ordering obtained experimentally may deviate from such 
considerations owing to pathway-dependent effects. Indeed the orientation and size of grains can
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depend strongly on thermal annealing conditions, , , - thermal gradients and thermal



history,33-38 and solvent vapor39-43 exposure. As it is now clear that self-assembly is often 
regulated by pathway-dependent ordering,44-46 a deeper understanding of intermediate states, and 
reordering transitions, is required.

Diblock-copolymer cylinder phases typically orient horizontally (with the cylinder long-axis in 
the film plane), owing to preferential wetting of one of the blocks at the substrate and free 
interfaces. Vertical cylinders (cylinder long-axis pointing along film normal) can form under

Q ry A'J

certain conditions, , , especially when the substrate is ‘neutral’ (similar interaction strength 
with both blocks).7-8 Yet, even when the final ordered state is horizontal, films annealed starting 
from a disordered as-cast state may exhibit a transient vertical state. Here, we study in detail the 
thermal annealing of BCP cylinder phases, as they progress from disordered states, to vertical 
cylinders, and finally to horizontal cylinders. While the coarsening of BCP grains28, 31, 48-50 and 
order-order transitions3, 51-54 have been well-studied, less attention has been paid to reordering 
transitions within a particular BCP phase. We demonstrate that the appearance of intermediate 
states influences the final film structure, including grain size and grain anisotropy. Using zone 
annealing, we show that the order of the final state is also affected by heating rate. Overall, these 
results provide context to the pathway-dependent ordering that underlies assembly of BCP 
phases.

Results and Discussion

We examine the ordering history of cylinder-forming polystyrene-block-poly(methyl 
methacrylate) (PS-b-PMMA) diblock-copolymer thin films, cast onto weakly hydrophilic 
substrates (glass slides coated with a Ge layer, which exhibits a native oxide). After sufficient 
oven annealing, the 170 nm films form horizontal cylinder morphologies: i.e. the cylinder long- 
axis is parallel to the substrate plane (orthogonal to the film normal), and a majority-phase (PS) 
wetting layer is exposed at the free surface. However, for this BCP at this film thickness, several 
metastable intermediate states are observed along the way to this final morphology orientation 
(Figure 1). The disordered as-cast film micro-phase separates into randomly-packed cylinders. 
This transient morphology reorders into a more well-defined hexagonally-packed vertical 
cylinder phase. As annealing proceeds, domains of horizontally-aligned cylinders nucleate, grow, 
and coalesce. This reordering transition thereby converts the film into an entirely horizontal 
state; i.e. the vertical cylinder state is also transient. In this paper, we study these reordering 
transitions to better understand the factors that govern the order seen in the final state.
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Figure 1: Ordering history of BCR cylinder phases. The upper row shows cartoons for various phases 
through the history of ordering, the center row shows typical experimental SEM images of these states 
(250 nm scale bar applies to all images), and the lower row shows representative GISAXS images of the 
same states. Once thermal annealing begins, the disordered as-cast state rapidly forms poorly-ordered 
cylinder. With time, the cylinders arrange hexagonally, and these grains coarsen. Eventually, grains of 
horizontal orientation nucleate, grow, and eventually dominate. The horizontal grains then coarsen 
with time.

Figure 1 shows representative SEM and GISAXS data for the various stages of ordering 
discussed throughout this manuscript. While scanning electron microscopy (SEM) provides 
detailed realspace images of the sample surface, grazing-incidence small-angle x-ray scattering 
(GISAXS) provides complementary information about the ordering throughout the entire depth 
of the thin film. For the results described in this paper, the GISAXS data both above and below 
the film-vacuum critical angle were found to be consistent, which indicates that the ordering 
observed at the top surface is representative of the morphology throughout the film 
(supplementary Figures SI to S5). As-cast films are essentially disordered, as confirmed by both 
SEM and reflection-mode x-ray scattering (GISAXS). The random structure observed in SEM, 
and the weak broad peak observed in GISAXS, indicate that the block-copolymer material is 
disordered: phase separation has barely begun, and the equilibrium morphology has not yet 
appeared. This as-cast semi-ordered state is metastable, but is ‘frozen in’ at room temperature, 
since the BCP cannot relax nor reorder while it is below the glass-transition temperature (Tg ~
110 °C). Upon thermal annealing, the disordered state rapidly micro-phase separates into 
cylinder domains, which appear as dots in the SEM images. The cylinders are disorganized (not 
forming a well-defined lattice). Corresponding GISAXS data show a scattering arc along qx, 
consistent with vertical cylinder morphologies with a broad orientation distribution. Higher-order 
structural scattering peaks are absent, because of the lack of long-range lattice order. Further 
annealing leads to reorganization of the cylinders. The cylinders arrange into a locally hexagonal 
lattice. These vertical cylinders become more strictly vertically-aligned (as indicated by the



straightened streak in GISAXS). Even at these early stages, a weak peak from a horizontal 
cylinder population can typically be observed. We note that GISAXS averages over macroscopic 
areas (regulated by the projected beam size), and is thus sensitive to this early formation of 
mixed orientations. Further annealing grows the fraction of horizontally-aligned material; 
eventually the film converts entirely to a horizontal cylinder morphology (as confirmed by the 
disappearance of the vertical cylinder scattering peak). Longer annealing time grows the grains, 
which leads to a sharpening of the GISAXS peaks. Figure 2 shows SEM images of films across a 
range of annealing temperatures (T) and times (t). For sufficient time and temperature (e.g. 72 h 
at 200 °C, or 1 h at 240 °C), the BCP morphology reorients from the transient vertical 
orientation, to the ultimate horizontal orientation. We did not observe a transition to horizontal 
cylinders below 180 °C over the experimental timescale selected (72 h). However, it is possible 
that even at these temperatures, the material will ultimately reorient; the kinetics of reorientation 
are extremely slow at these low temperatures.

The reorganization of cylinders from random local packing into a hexagonal lattice can be 
thought of as a reordering transition. Using image analysis, we quantify the fraction of cylinders 
that have 6 nearest-neighbors (fNN), which provides a measure of how the film reorders from 
random-packing (f6NN,i = 0.23, based on analysis of as-cast films) to hexagonal packing (/6nn/= 
1.0). Figure 3a shows the time scale of this reordering process. Not surprisingly, higher 
temperatures lead to faster rearrangement of cylinders into a hexagonal phase. We can estimate 
the kinetics of the initial rearrangement by fitting the early-time data (t < 0.5 h) to an exponential 
equation (see supplementary Figure S6a):

f6 NN ( f6 NN , f f6 NN ,i 11 6 ] + f6 (1)

Figure 3b shows that the initial kinetics (ki) follow a roughly Arrhenius-like trend ( k = Ae ~Ea 1RT ), 
suggesting that this reordering is thermally-activated, with an activation energy (based on slope 
of Arrhenius fit, Fig. 3b) of Ea = 81 ± 12 kJ mol-1. This activation energy is of a similar 
magnitude to previous reports for defect annihilation in BCP systems.36, 55-59 Although reordering 
into hexagonal-packing should be strongly preferred, as this is the minimum-energy 
configuration for the BCP chains, the reordering evidently requires rearrangement and energy 
barriers of a similar scale to the defect annihilation events which govern grain coarsening. This is 
not surprising, since establishing hexagonal registry involves substantial displacement and 
deformations of the cylinders. The vertical orientation simplifies detection of the reordering 
transition; nevertheless, it is likely that a similar kind of reordering occurs in horizontal 
orientation films, where initially randomly-packed cylinders evolve into an in-plane hexagonal 
lattice.

The transient appearance of vertical cylinders occurs because of the selected film thickness. 
Indeed, previous studies have similarly observed transient vertical states for certain thicknesses, 
but persistently horizontal states for other thicknesses.36 More generally, the average film 
thickness,26, 60-63 and the local thickness,22, 64-65 can influence the BCP morphology, orientation, 
and grain size.11, 21, 31, 66 Commensurability plays a key role. For precisely commensurate 
thicknesses (admitting an integer number of horizontal -cylinder layers), the defect-free



horizontal state is lowest-energy and forms rapidly. For incommensurate thicknesses, the 
horizontal state may still be preferred due to preferential wetting at the substrate or surface 
interfaces. The incommensurate thickness cannot admit an integer number of cylinder layers 
without defects. The final compromise is for the surface to partition into locally-commensurate 
regions slightly thicker or thinner than the average thickness; i.e. one observes so-called ‘island 
and hole’ surface patterns.67-69 This formation of additional surface area obviously involves an 
interfacial energy penalty. Experimentally, one observes an ‘incubation time’ for the nucleation 
and growth of these surface features; 69-71 during this incubation time, the BCP morphology must 
be distorted in some way (e.g. adopting a non-equilibrium repeat spacing) to accommodate the 
incommensurate thickness.72 For maximally-incommensurate thicknesses (midway between two 
commensurate conditions), the driving force to form surface structures is very large, and the 
incubation time is correspondingly short (tens of minutes). However, for ‘weakly 
incommensurate’ thicknesses, the incubation time during thermal annealing can be tens of 
hours.73 Our selected film thickness is in this regime. As annealing proceeds, the film rearranges 
from a vertical to horizontal orientation. Initially, this horizontal state exhibits a smooth film 
surface. Yet, with sufficient annealing (e.g. >72 h at 240 °C), we observe the formation of a 
small number of surface islands. This incommensurate condition enables the early-stage 
formation of a vertical state. Various studies have shown that vertical orientations represent 
another possible configuration to relieve the stress inherent to an incommensurate film 
thickness.65, 74-75 Thus, our selected slightly-incommensurate film thickness represents a 
frustrated boundary condition. The BCP material initially accommodates this frustration by 
rapidly forming a vertical orientation. After sufficient annealing time, it is able to reorient 
(overcoming energy barriers, as will be discussed below). At still longer annealing times, the 
film nucleates a small number of surface islands to further relieve internal stresses.

We use image analysis to quantify the order in the hexagonally-packed vertical cylinder 
domains. The orientation map (see center column of Figure 4 for false-color representations) 
allow grain boundaries to be easily discerned, and can be used to compute the in-plane 
orientational correlation length (£), which we use as a measure of grain size. Consistent with 
previous reports, the grain size coarsens following a power-law (Figure 3c):

f = k ,t" (2)

where the exponent, a, describes the ordering mechanism, and is typically on the order of 0.2­
0.3 for thin films,28,31, 49 while the prefactor, % sets the scale of the coarsening kinetics. This 
power-law behavior is expected, owing to the mechanism of grain-growth in fully phase- 
separated BCP films: topological defects must diffuse and annihilate. Defect annihilation 
involves local rearrangement of the block-copolymer into high-energy intermediate states.59, 76-77 
As grains grow, and defect densities decrease, the rate of defect annihilation, and thus grain- 
growth, continually decreases. In vertical cylinder phases (dot patterns), this growth becomes 
dominated by the defective grain boundaries, with smaller grains being consumed in favor of 
larger grains as the grain boundaries fluctuate.50, 78 For our system, an Arrhenius analysis (Figure 
3d) suggests an activation energy for this coarsening process of Ea = 69 ± 23 kJ mol-1.
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Figure 2: SEM of oven-annealed BCR cylinder-phase thin films. SEM images (500 nm width) for a 
range of times and temperatures, during oven-annealing of PS-fo-PMMA thin films (170 nm). Films 
form vertical cylinders (hexagonal dots) initially, which eventually transition to in-plane cylinders (line 
patterns). Higher temperatures lead to faster reordering and grain coarsening. Below 200 °C, 
reorientation to horizontal cylinders is not observed within the experimental time. The 'broken lines' 
in the images for 220 °C (25 and 72 h) result from imperfect etching during preparation of the sample 
for SEM imaging).
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Figure 3: Early stages of vertical cylinder ordering, (a) The fraction of dots that 
have 6 nearest neighbors {f6NN) as a function of time, for various oven-annealing 
temperatures. The data are fit using exponential rise-to-plateau functions, as a 
guide to the eye. (b) The rates of initial reorganization {k,) of dots into hexagonal 
patterns follow a roughly Arrhenius trend, (c) The orientational correlation 
length is used as a measure of the grain size of hexagonally-packed cylinder 
domains. The grains coarsen according to a power law. (d) The temperature- 
dependence of grain coarsening is roughly Arrhenius.

As can be seen in Figure 2, the vertical cylinder morphology converts to horizontal cylinders 
after sufficient annealing time. This transition likely occurs at all temperatures, though the time 
scale for reordering of course increases dramatically as temperature is lowered.38 We note that 
there is a relatively small difference in surface tensions between PS and PMMA, which 
facilitates the appearance of vertical cylinders; conversely this interfacial energy difference is 
partially responsible for driving the system towards the horizontal orientation. For PS-6-PMMA, 
it has been reported6'8 that the surface energies become roughly equal near 230 °C. We observe 
the eventual reorientation to horizontal cylinders even at 240 °C, suggesting that substrate 
wetting is strongly selecting the equilibrium morphology. The lingering, yet ultimate transience, 
of the vertical state emphasizes the difficulty of analyzing self-assembly: even seemingly stable 
and ordered states may in fact be kinetically-trapped and ultimately subject to reordering. Figure 
4 investigates the origin of the reorientation transition, using SEM analysis of the early stages of 
the conversion. We compute an orientation map using local inter-particle vectors; the false-color



orientation image (center column of Fig. 4) makes the location of grain boundaries evident. We 
use Fourier filtering to highlight the BCP morphology, and identify vertical and horizontal 
domains using image analysis (horizontal domains are highlighted in blue).

The horizontal orientation begins to form at the boundaries between vertical cylinder domains 
(Fig. 4a-c). This is not surprising, since grain boundaries represent defective, high-energy states. 
There is thus a lower energy penalty to nucleating small horizontal domains at these locations. 
The emerging horizontal grains moreover tend to grow along the grain boundaries (Fig. 4b-d). 
There is a clear epitaxial relationship between the rows of vertical hexagonal dots, and the lines 
of horizontal stripes. In some images, intermediate states can be seen, where nearby vertical 
cylinders in a row are fusing to become a single horizontal cylinder. This fusion of nearby 
vertical cylinders naturally minimizes the amount of rearrangement required to form a horizontal 
cylinder line. The newly-formed horizontal grains extend through the depth of the film (c.f 
GISAXS of mixed states in Fig. 1). The growing grains of horizontal morphology are generally 
anisotropic. In particular, the grains appear to grow more rapidly along the perpendicular 
direction (orthogonal to the cylinder long-axis) than the parallel direction (along the long-axis).
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Figure 4: Conversion of BCR from vertical to horizontal orientation. Using the raw SEM
images (left column, 500 nm scale bar applies to all images), we compute an orientation map 
for the vertical cylinder (hexagonal dot) morphology (false-color image in center column). The 
rightmost images are Fourier filtered to emphasize the BCP morphology. The horizontal 
morphologies are highlighted in blue (automatically recognized using image analysis), and the 
vertical domain grain boundaries are denoted by yellow dashed lines. (a,b) Images during 
rapid thermal ramping (terminated LZA, v = 1.25 pm/s); after 413 s of ramping/annealing (time 
above Tg), and reaching local T = 288 °C. (c-f) Images of BCP films oven annealed at 200 °C for 
72 h. Grains of horizontal orientation nucleate and grow at the boundaries between vertical 
grains.



-ill 2 0 +;t/2

Figure 5: Growth and coalescence of horizontal domains. From the SEM data (left 
column), we compute the orientation of the horizontal cylinders (false-color images 
center); the grain boundaries can be easily discerned as the regions where color changes 
abruptly. The right column shows Fourier filtered images (which highlight the structure of 
the BCP morphology), where the horizontal domains are colored blue. Representative 
images are shown for films after oven annealing at 240 °C for (a) 10 min., (b) 1 h, (c) 25 h.

Figure 5 explores the growth of the horizontal cylinders domains. As the grains grow, the 
horizontal domains begin to impinge on one another, creating horizontal-domain grain 
boundaries (abrupt changes in color in Fig. 5, center column). The PS-6-PMMA material also 
accommodates incompatible local grain orientations through regions of continuously curving 
morphology (gradual color changes in Fig. 5, center). As horizontal domains further coalesce and 
begin to dominate, the remaining vertical domains correspondingly shrink. These shrinking 
vertical regions typically have faceted boundaries, similar to that observed for hexagonal BCP 
grains growing from a disordered matrix.79 We also note that the lingering vertical domains tend 
to be surrounded by horizontal domains oriented parallel (Fig. 5b), that is, the surrounding rows 
of cylinder lines have the cylinder long-axis pointing into the vertical domain. This is consistent 
with the preferred growth direction previously mentioned. Because the perpendicular direction of 
horizontal grains grows most rapidly, this direction is rapidly ‘consumed.’ At later stages, only 
the slower-growing perpendicular boundaries persist. Even these slow-growth boundaries 
eventually expand and thereby consume all of the vertical-cylinder regions. It is interesting to 
note that the general shape of grains in the completely horizontal states (Fig. 5c and 
supplementary Figure S8) bear various telltale signatures of the reordering process. In particular,



the anisotropic ‘fan-like’ and ‘wedge-like’ grain shapes observed in the final horizontal state 
arise from the preferred direction for conversion of vertical to horizontal cylinders.
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Figure 6: Kinetics of conversion from vertical to horizontal orientation, (a) The areal fraction of 
horizontal domains (growing in vertical hexagonal-cylinder phases) increases to 100% with time; 
solid lines are fits to Eq. (3). (b) The associated rates as a function of temperature can be 
subjected to an Arrhenius analysis.

The kinetics of the reorientation transition can be quantified by using image analysis to calculate 
the areal fraction of horizontal domains,_)// (Figure 6). This conversion can be fit to an 
exponential function:

The temperature-dependence of the associate rate {kn) can, again, be subjected to an Arrhenius 
analysis (Figure 6b), from which we estimate Ea = 181 ± 59 kJ mol 1 to be the energy-barrier for 
conversion of vertical cylinders into horizontal cylinders. We note that the relatively large error 
estimated for Ea is based on the spread of the data and the limited degrees-of-freedom. 
Nevertheless, even this may be an under-estimate, given the relatively poor fit quality of the 
time-dependent data (Fig. 6a). On the other hand, our principle aim in performing this Arrhenius 
analysis is to identify whether there is a temperature-dependence to the reorientation kinetics. 
The data of Figure 6 make it clear that this reorientation is indeed thermally activated, with a 
corresponding energy barrier. The existence of this energy barrier confirms that the vertical state 
is meta-stable, existing only because of the timescale necessary to thermally overcome the 
barrier to reorientation. Once the system has converted entirely to a horizontal cylinder 
morphology, the grains coarsen in the usual manner: topological defects diffuse randomly,55"80 
defects experience a net attraction to one another,49 and defect-pairs annihilate.57'81-82 Overall, 
the density of defects decreases, and correspondingly grain sizes increase, following power-law 
coarsening.

As already described, we analyze the decay of the in-plane orientation correlation to compute an 
orientational correlation length (£), which we use as a measure of the average grain size. In order 
to compute grain anisotropy, we can similarly calculate orientational correlations along the 
parallel and perpendicular directions of the morphology. That is, Cp6r measures the correlation



along the perpendicular direction (orthogonal to the cylinder long-axis), and £par measures 
correlations in the parallel direction (along the long-axis). The ratio R = £perRar provides a 
measure of grain anisotropy (i.e. R ~ 1 indicates isotropic grains, R > 1 indicates grains larger 
along the perpendicular direction, and R < 1 indicates grains larger along the parallel direction). 
Applying this method to the SEM images of samples annealed at 240 °C, we compute R = 1.6 ± 
0.2, with this value being essentially constant throughout the annealing process (supplementary 
Figure S9). That is, the same amount of grain anisotropy as observed in mixed phases (where 
horizontal grains are appearing in otherwise vertical morphologies) persists into the final fully- 
horizontal states. This thus provides a quantitative grounding for the anisotropic grain shapes that 
can be seen visually in the SEM images (Fig. 4 and 5).

To further explore the origin of this grain anisotropy, and the overall reorientation transition, we 
developed a simple Monte Carlo (MC) model for BCP cylinder phases. A triangular lattice is 
initially populated with a uniform grid of dots, representing a defect-free vertical cylinder 
morphology. On each MC step, a random connection between two dots is considered. Forming a 
connection represents the creation of a locally horizontal cylinder orientation. We assign 
different energies to local configurations of connections (where we define the initial dot-lattice to 
have zero energy, for reference). The candidate MC move is accepted or rejected according to a 
simulated annealing protocol. If the energy has decreased with the move, it is accepted, whereas 
if the move has increased energy, it is accepted with the probability:

F = e ^ E' TMC (4)

where AE is the energy increase, and TMC is the simulation temperature. This allows for thermal 
activation of higher-energy intermediate states, allowing the system to overcome energy barriers 
and ultimately evolve towards a lower-energy final state. The behavior of the MC model depends 
on the selected relative energies of various local configurations of the lattice. We describe here a 
set of energies selected to reproduce the experimentally-observed behavior (refer to 
supplementary Figures S10 to S16 for other possibilities that were considered). Most 
significantly, the energy of line-like states must be set to be lower than the energy of 
unconnected lattice sites. This captures the experimental observation of the horizontal cylinder 
state (line pattern) being lower energy than the vertical cylinder state (dot pattern). However, this 
alone is not sufficient to reproduce the experimental shape and configuration of grains, especially 
at intermediate times. The preferred growth along the perpendicular grain direction necessities 
the inclusion of an additional effect in the model. Specifically, the local energy is lowered when 
two lines are nearby and parallel.



Figure 7: Monte Carlo simulation of conversion from vertical cylinder (hexagonal lattice of dots) to 
horizontal cylinder (line pattern) state, (a) Simulation behavior is regulated by the relative energy of 
different configurations for the lattice sites. Unconnected dots, which represent the vertical cylinder 
state, are given an energy of zero by definition. A variety of high-energy configurations are defined; 
these represent defective states that are disfavored but are necessary intermediate states as the 
system converts from vertical to horizontal. Multiply-connected lattice sites are given yet-higher 
energies (as implied by the dashed line; refer to supplementary information). A negative energy 
adjustment is applied for lines with neighboring lines (grey). This establishes the experimentally- 
observed preference for horizontal orientation, (b) As a function of the simulation time, the system 
energy decreases, concomitant with the conversion to the lower-energy horizontal state, (c-e) 
Snapshots of the simulation area (at times noted in panel b) show the emergence, growth, and 
coalescence of the horizontal grains. The grain shapes and anisotropy are consistent with experimental 
results. This only occurs because of the appropriate selection of relative energies (refer to 
supplementary information for exploration of other simulation conditions).

Figure 7 shows simulation results using relative energies selected so as to reproduce the 
experimentally-observed behavior. The grain anisotropy (longer along perpendicular direction) 
arises from the low-energy contribution from nearby parallel lines. This implies that isolated 
horizontal lines (in an otherwise vertical cylinder grain) are high-energy and disfavored. This is 
indeed consistent with experiment, where such states are only observed transiently. More 
generally, the simulation considers a variety of intermediate states as being high-energy. The 
boundaries of grains (which are have either terminal lines or lines without parallel neighbors), 
the bending of the lines has an energetic cost, and multiply-connected local morphologies (e g. 
T-junctions) are all defective and high-energy. The MC simulation results suggest that grain 
anisotropy is ultimately related to the relative energy of the different defects which appear at 
grain boundaries of either parallel or perpendicular line-patterns.

Literature reports similarly show anisotropic grains that are longer in the perpendicular direction 
for polystyrene-6/ocA'-poly(methyl methacrylate),83 polystyrene-A/wcA-poly(vinyl pyridine),84"86



and polyisoprene copolymers.87"93 On the other hand, there is some evidence in other systems of 
the opposite anisotropy (grains longer along the parallel direction): such as polystyrene-block- 
poly(dimethyl siloxane),47, 94-95 and blends of polystyrene and polystyrene-block-polyisoprene.96 
Chastek and Lodge studied in detail the shape and anisotropy of grains during ordering of 
polystyrene-block-polyisoprene,97-99 where grain growth along the perpendicular direction was 
found to be larger (by a factor of ~2). This was attributed to the relative energies of grain 
boundaries for different orientations of the BCP material. The parallel edges of a BCP cylinder 
grain expose the ends of cylinders, which of course incurs an energy penalty. However, the 
perpendicular edges of a grain involve an even larger energy penalty (and thus interfacial 
tension), because the entire length of a cylinder edge must be exposed in this case. In addition to 
these equilibrium arguments, ordering pathways may also be relevant. Hsieh et al. described 
results for solvent-annealed polystyrene-block-poly(dimethyl siloxane), where perpendicular 
anisotropic grains were observed (opposite anisotropy to other literature reports of similar BCP 
materials).100 The authors convincingly demonstrate complex ordering pathways, involving 
metastable morphologies. Thus, grain anisotropy may be related both to equilibrium101 and 
kinetic aspects. It is interesting to note that this intrinsic anisotropy of BCP ordering has been 
exploited to yield anisotropic droplets of BCP material, within which the BCP morphology is 
aligned and anisotropic.102-104

A limitation of our MC model is that it does not consider the lattice mismatch between the 
vertical and horizontal states. In particular, vertical hexagonal domains have cylinders organized
into rows whose spacing is L = ^3/ 2)d , where d is the cylinder-to-cylinder distance. On the 

other hand, the horizontal cylinder lines (viewed from the top) are spaced by d. The mismatch 
between these two distances means that templated growth of the horizontal cylinders, from rows 
of vertical cylinders, must introduce defects. Indeed, this phenomenon can be observed in the 
SEM images, where the spacing of cylinder lines in the horizontal state (~31 nm) is larger than 
the spacing between rows of dots (~27 nm) in the vertical state. Correspondingly, the horizontal 
morphology includes meandering of orientation, and topological defects, which necessarily arise 
as it grows into the ordered vertical domains. This incommensurability may play a role in the 
relative energies of the parallel and perpendicular grain boundaries. In both cases, the expanding 
horizontal state must reorganize (occasionally introducing topological defects), in order to relax 
the stress induced by the lattice mismatch. However, the large number of cylinder ends which 
appear at parallel grain edges likely generates a greater amount of strain (i.e. distortion of the 
polymer chains).

In our experimental and simulation results, we attribute the grain anisotropy to the different 
energies of parallel and perpendicular grain boundaries. Nevertheless, the appearance of grain 
anisotropy is a manifestly kinetic phenomenon. It arises due to the relative growth velocity of 
different grain directions, which in turn derives from relative energies of different morphological 
defects. The equilibrium state is instead to minimize energy by forming a large single domain of 
a particular orientation (which thereby eliminates grain boundaries), and to only have defects to 
the extent required by entropy at a given temperature. Experimentally, the grain sizes and shapes 
that are observed are instead a result of kinetic trapping and incomplete annealing. To study this 
kinetic influence systematically, we undertook a series of experiments that vary the heating rate



during BCP annealing. In particular, we exploit our recent demonstration of laser zone annealing 
(LZA),38, 46, 105-106 a photothermal method that sweeps a narrow laser-line across the sample.
Each sample position experiences heating, a thermal spike, and subsequent cooling. By focusing 
on the heating phase, we study how the initial stages of BCP self-assembly proceed. The heating 
rate can be conveniently adjusted simply by varying the laser sweep velocity (v). Moreover, we 
can investigate the entire history of annealing by abruptly terminating the laser exposure midway 
through the laser sweep; the temporal history of LZA annealing is then encoded as a function of 
position relative to the laser-line position at termination (Figure 8). The stages and mechanisms 
of ordering during thermal ramping appear identical to oven annealing, though previous work 
indicates the in-plane thermal gradients are influencing the ordering kinetics.36, 38 As the BCP is 
heated through Tg, phase-separation into randomly-packed dots is observed. These reorder into 
hexagonal domains, which coarsen, and eventually convert into horizontal domains. The kinetics 
of all of these steps can be greatly influenced, however. For instance, at large heating rates, the 
vertical cylinder hexagonal grains are extremely small when conversion to horizontal 
orientations is initiated. This influences the ultimate grain size and grain anisotropy.
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Figure 8: Example SEM image from a terminated LZA heating/annealing experiment. Laser sweep 
velocity was 1.25 pm/s. The local temperatures in the sample (at the moment laser-heating was 
terminated) are computed based on the LZA photothermal profile. The annealing times are measured 
from the moment the sample passes through the glass transition temperature. Terminated LZA 
experiments provide the full ordering history in a single sample, as a function of position. The image 
shows the conversion from vertical cylinders to horizontal cylinders. The vertical cylinder domains (dot 
patterns) are color-coded according to local grain orientation, making grain boundaries and defects 
evident. The horizontal domains (line patterns) are Fourier filtered and colored blue.
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Figure 9: Grain anisotropy as a function of LZA sweep velocity. The anisotropy 
of horizontal cylinder grains after LZA processing is plotted as a function of the 
LZA sweep velocity (v). Faster thermal ramping leads to nearly isotropic grains, 
whereas slow heating gives rise to anisotropic grains.

Grain anisotropy was found to be constant during any particular LZA experiment (supplementary 
Figure SI7), consistent with oven annealing results. However, as shown in Figure 9, grain 
anisotropy varies systematically with heating rate. For extremely rapid heating, the conversion 
from vertical to horizontal orientation is initiated when the vertical grains are very small. Many 
horizontal domains are nucleated throughout the sample. The numerous, small grains rapidly 
convert the entire sample to horizontal state. This process is thus dominated by nuclcation, not 
growth, and so grains are roughly isotropic in shape. On the other hand, slow heating rates give 
rise to anisotropic grains. Horizontal domains are slowly nucleated at the boundaries between 
large vertical grains. These horizontal domains have ample time to grow, with a preferential 
growth direction, before finally impinging on another horizontal domain.

Finally, we emphasize that the reordering transitions described herein are intimately tied to the 
selected ordering pathway. Spin-casting is known to give rise to films that are kinetically- 
trapped. Starting from this highly disordered state, the BCP material encounters numerous 
energy-barriers as it progresses towards the ultimately-favored low-energy configuration.46 One 
would not expect to encounter these meta-stable transient states under all ordering pathways. For 
instance, slow cooling of the film from above the order-disorder transition temperature (Todt) 
would instead nucleate ordered grains within a disorder matrix, with these grains growing and 
eventually dominating the film. Such a pathway would be expected to immediately nucleate the 
lowest-energy grain orientations. A deeper understanding of ordering pathways allows 
optimization of the annealing process to yield highly-ordered structures. On the other hand, it 
also provides the possibility of enforcing metastable configurations by carefully limiting the 
annealing protocol.



Conclusion

In summary, we have explored reordering transitions in block-copolymer cylinder phases in thin 
films; in particular, the reorganization of randomly-packed cylinders into hexagonally-packed 
vertical cylinders, as well as the reorientation transition from vertical to horizontal cylinders. We 
find these transitions to be thermally-activated, with activation energies similar to those reported 
for block-copolymer defect annihilation and grain coarsening. Thus, these transitions also 
involve local rearrangement of the BCP morphology, through transient high-energy 
configurations. We present a simple Monte Carlo model including such considerations, which 
reproduces the experimentally observed grain shapes. In particular, for the PS-6-PMMA 
materials studied herein, horizontal cylinder grains grow anisotropically, resulting in grains 
elongated along the perpendicular direction. The final grain anisotropic is kinetic, and ultimately 
tied to the reordering transitions; for instance it is influenced by heating rate. The appearance of 
intermediate states, and their associated reordering transitions, highlights the pathway-dependent 
ordering of self-assembling films.

Methods

Polymer films. Glass slides (1 mm thick, BK-7 FisherFinest) were coated with 100 nm of 
germanium (Ar-plasma sputtered). Cylinder-forming polystyrene-6foc£-poly(methyl 
methacrylate) (PS-6-PMMA) was obtained from Polymer Source, Inc., with total molecular 
weight 49.1 kg mol-1 (31.6-6-17.5 kg mol-1, PDI = 1.06, minority volume fraction/pmma = 0.33). 
This material exhibits a cylinder-to-cylinder repeat distance of 31 nm (and thus a hexagonal 
cylinder layering distance of 27 nm). Films were spin-cast from toluene solutions (typical 
conditions: solutions of ~3% by weight, 1000 RPM) to a thickness of 170 nm (~6 cylinder 
layers), onto freshly-cleaned (O2 plasma) Ge-coated substrates. Films were dried under vacuum 
at 60 °C for 4 h to remove residual solvent.107 Isotropic annealing was performed in a vacuum 
oven, with temperature stability ±3°C (verified by independent thermocouple measurements).

Laser zone annealing. Laser zone annealing (LZA) was used to perform rapid annealing with 
controllable heating rate. The LZA setup has been previously described.38, 46, 105-106 To 
summarize: a green (532 nm) laser (3 W, Melles Griot 85 GHS 309) was focused into a sharp 
line at the sample position (20 pm FWHM x ~20 mm breadth). The laser-light is absorbed by the 
Ge substrate coating, leading to local heating and large thermal gradients. Sample translation 
through the laser-line effectively exposes the BCP to a moving thermal zone. The thermal history 
is nontrivial; we characterize the annealing conditions using the half-height of the thermal spike. 
The thermal zone has a FWHM of ~90 pm, a temperature (at half-maximum) of THM ~ 270°C, 
and induces thermal gradients of VTHM ~ 1,500°C/mm (with VT > 3,000°C/mm near the peak). 
The heating rate is directly related to the LZA sweep velocity (v). Samples that probe this 
heating history were prepared by abruptly terminating the laser illumination during an LZA 
sweep. These ‘frozen zone’36 samples thus encode ordering history as function of position from



the laser center-line at termination. The exact location of laser termination was recorded by 
translating the sample by a known amount, and using extreme laser exposure to generate a line of 
burned material, which then acts as a reference mark for positional measurements.

GISAXS. Synchrotron grazing-incidence small-angle x-ray scattering (GISAXS) experiments 
were performed at the X9 undulator beamline of the National Synchrotron Light Source at 
Brookhaven National Laboratory. Two-dimensional scattering images were collected using a 
fiber-taper charge-coupled device (MarCCD) or a hybrid pixel-array detector (Dectris Pilatus 
1M). Samples were measured under vacuum using an x-ray beam of 13.5 keV (A = 0.0918 nm). 
GISAXS data were collected across a range of incidence angles (0.07° to 0.20°). The data 
presented in the manuscript are for 0.12° (the structures implied by GISAXS were not dependent 
on incident angle). The x-ray beam was focused using a KB mirror system to a spot 50 pm tall 
by 150 pm wide. Because of the grazing-incidence geometry, the beam height is projected to a 
stripe ~20 mm in length, over-illuminating the sample length (~12 mm). Thus the GISAXS data 
provide a statistically-robust average over the macroscopic area (~2 mm2) illuminated by the x- 
ray beam. Silver behenate powder was used as a standard for data conversion to g-space.

SEM. Thin film surface morphology was characterized using a Hitachi S-4800 Scanning 
Electron Microscope (SEM). To highlight the underlying morphology, samples were UV- 
irradiated to crosslink the majority (PS) phase, followed by brief O2 plasma treatment (Nordson 
CS-1701, 100 mT, 20 W), to remove the PS wetting layer, and partially etch the PMMA 
domains.

Image Analysis. Image analysis is a popular and effective means of quantifying order in BCP 
phases.31, 35, 49, 108 In this work, SEM images were analyzed to extract a variety of quantitative 
measures of ordering, using custom-written Python code, and exploiting libraries for image 
manipulation (Python Image Library), numerical computation (numpy109), and plotting 
(matplotlib110). We use the in-plane orientational correlation length as an estimate of the grain 
size, as previously reported.35-36, 38 For horizontal cylinders (which appear as line/stripe patterns), 
local spatial derivatives are used to compute an orientation map for the morphology. Average 
orientational correlation function is computed as a function of separation distance (r); this 
decaying function is fit to an exponential (er/ ^), from which we extract the correlation length (£). 
For vertical cylinders (which appear as dot patterns), we use image thresholding to identify the 
cylinder cores. Nearest-neighbor cylinders are identified using a cutoff distance of 1.36 times the 
equilibrium cylinder-cylinder spacing. From this, we compute the fraction of cylinders that have 
six nearest-neighbors (f6NN). The local orientation of hexagonally-packed cylinder is computed 
by averaging the angles from a given cylinder to its nearest-neighbors. In order to account for the 
circular symmetry inherent in averaging angles, we compute an average of the associated unit 
vectors, and modulo the angle of this average vector into the range -n/6 to +n/6. As before, the 
local orientation map can be used to compute an orientation correlation length (£).

For mixed morphologies, we use image analysis to identify the distinct horizontal (line) and 
vertical (dot) regions, and perform the corresponding orientation correlation analysis within the 
sub-domains. Morphology type is identified by using image thresholding and particle-counting to 
isolate image structures, and using a size-cutoff to differentiate between areas of small objects



(dots) and large objects (lines).111 From this, we directly compute the areal fraction of horizontal 
morphology f). This method can also identify early stages of horizontal states (fused dots, 
small lines, etc.) in an otherwise hexagonal dot pattern.

We use Fourier-filtering to highlight the structure at the scale of the morphology. A two­
dimensional fast Fourier transform (FFT) is computed. From the one-dimensional circular 
average of the FFT, we identify the peak corresponding to the BCP morphology (g ~ 0.2 nm-1). 
Information far from this peak in the FFT is suppressed, by multiplying the 2D FFT by an 
annular function centered on the BCP peak (annulus has a Gaussian spread of a = 0.05 nm-1 
orthogonal to the arc). The modified FFT is then converted back into a realspace image using an 
inverse Fourier transform. The filtered images emphasize the BCP morphology by excluding 
high-frequency noise and low-frequency gradients in the original image.

Finally, we compute grain anisotropy by evaluating orientational correlation lengths along two 
orthogonal directions. That is, £per is evaluated by generating an orientational correlation function 
where the average only considers the correlation to regions within a fan (±15°) pointed along the 
perpendicular direction to the morphology at each pixel position. The fan is two-sided, and thus 
captures (for each pixel position) all film regions along the perpendicular direction. Similarly,
£par is computed using a two-sided ±15° fan pointing along the parallel direction to the 
morphology (along the long-axis of the morphology, at any given position). We then compute 
the anisotropy as R = ^perRar. Thus, R ~ 1 indicates roughly isotropic grains (similar size in 
both morphological directions), whereas R > 1 indicates anisotropic grains that are larger in the 
perpendicular direction (along the line-repeats) and R < 1 indicates anisotropic grains in the 
parallel direction (along the cylinder long-axis).

Monte Carlo Model. A simple Monte Carlo (MC) model for the conversion from vertical to 
horizontal cylinders was implemented in Python. The initial state is a triangular lattice where 
each lattice site is an unconnected ‘dot’; this represents a perfect vertical cylinder state. The 2D 
simulation region has periodic boundary conditions. Each MC step consists of randomly 
selecting a connection between dots to toggle (create or remove). If the candidate MC move 
lowers system energy (initial perfect lattice is defined as E = 0), it is accepted; if the move 
increases energy, it is accepted according to a probability exponential in simulation temperature 
(Eq. 4). The behavior of the simulation depends on the relative energies of various local states 
(number of connections, angle between connections, etc.). Refer to supplementary information 
for exploration of a variety of possible conditions. The results presented in the manuscript are 
those physically-reasonable energy orderings which reproduce the experimentally-observed 
behavior.
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