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ABSTRACT: In this Letter, we elucidate the microstructure evolution of asymmetric
poly(styrene-b-methyl methacrylate), PS-b-PMMA, block copolymer conﬁned within
nanoscale linear channels on silicon nitride substrates. We have directly observed the
mechanism for cylinder alignment within the nanochannels using time-resolved AFM
imaging and computerized image analysis. The overall alignment occurs via the coarsening
of grains that have preferred cylinder orientation along the channel direction and is
energetically driven by the interface energies of adjacent diblock domains of diﬀering
orientation. Grain coarsening is strongly aﬀected by the annealing temperature and the
geometry of the grain boundary itself. Grain coarsening promptly occurs when a domain is
bordered by adjacent high-angle grain boundaries. The energetic term that drives this
process arises from the fact that high-angle grain boundaries with larger excess energy
migrate faster than other lower-angle grain boundaries. The velocity of grain boundary
migration is proportional to the boundary tilt angle, while the activation energy depends
weakly on this angle.
SECTION: Glasses, Colloids, Polymers, and Soft Matter
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formation in BCPs.31 Accordingly, the mechanisms of defect
formation and annihilation in BCPs have been studied both
experimentally and theoretically. For example, Hahm et al.
examined the kinetic pathways for the evolution of onedimensional defects, revealing the mechanisms for topological
changes and mobility kinetics in thin ﬁlm diblock copolymers
during thermal annealing.32,33 Also, it was demonstrated by
Harrison et al. that the coarsening of cylindrical microstructures
of poly(styrene-b-isoprene) (PS-PI) with parallel orientation to
a silicon substrate occurs through the annihilation of
disclinations, and the orientational correlation length grows
with time as t1/4.34−36 Moreover, two-dimensional grain
boundary (GB) defects in BCPs have been extensively explored
with lamellar-forming BCPs. Gido and Thomas as well as
Hashimoto ﬁrst classiﬁed diﬀerent types of GBs (symmetric,
asymmetric tilt, and twist GBs) and examined the energetic and
geometrical characteristics of those GBs in PS-PI diblock
copolymers.37−41 Subsequently, Matsen and Schick’s group
assessed the excessive surface energy of the three major GB
types in lamellar morphologies using self-consistent ﬁeld theory
and/or Ginzburg−Landau theory.42−44 However, these studies
focused only on examining the features of individual GBs.
Recently, Bockstaller and co-workers investigated the distribu-

lock copolymers (BCPs), due to their unique ability to
self-assemble into periodic microdomain structures, have
attracted wide scientiﬁc and application-oriented interest. This
has led to extensive eﬀorts to employ dense arrays of BCP
morphologies as templates for nanopatterning or functional
materials.1−10 For example, various attempts have been focused
on BCP lithography in which the characteristic BCP
morphologies on the length scale of tens of nanometers
facilitate the fabrication of magnetic storage media, semiconductor patterns, and nanomaterials.11−20 One of the key
challenges associated with this technique is to achieve a high
degree of long-range domain order in BCP structures. This has
led to the development of various methods to align BCP
microdomains using electric ﬁelds, ﬂow, directional crystallization, solvent annealing, chemical patterning, and graphoepitaxy.21−30 The main objective of these approaches has been
to reduce considerably the density of defects in such BCP
microstructures including dislocations, disclinations, and grain
boundaries. This study oﬀers an improved understanding of the
physical chemistry of domain growth in polymeric materials
and determines major parameters that govern BCP structural
behavior. For this purpose, lithographic channels are utilized
that impose boundary conditions in channels that template
essentially perfect alignment of cylindrical BCPs in deposited
thin ﬁlms.
It has been well recognized that defects, which have
signiﬁcant impact on both long-range order and the physical
properties of BCPs, are generated inherently during structure
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angle between the cylinders and the primary channel direction
(+y-axis), as shown in Figure 1a; the range of the cylinder
orientation is limited to −90 < ϕ ≤ 90°. The second is the tilt
angle (θ) between two cylinder orientations of neighboring
domains, which is the parameter used in our analysis. As
schematically shown in Figure 1b, the GB tilt angle (θ) is
deﬁned as the intersection angle between the two normal lines
drawn with respect to cylinder orientations, ϕI and ϕII. Then,
GBs are identiﬁed when the tilt angle between adjacent grains
exceeds the threshold value (the threshold is set as 15° in
Figure 1a), completing a grain map, which visually describes the
microstructure of the PS-b-PMMA thin ﬁlm. A threshold is
chosen between 10 and 20° to ensure identiﬁcation of every
GB in the structure without including false boundaries due to
noise. Our results are insensitive to threshold variations within
this range. Colors on the grain map of Figure 1 are randomly
assigned to grains to visually illustrate the microstructure, and
the bottom-left point is used as a coordinate origin for the
analysis.
The structural evolution of PS-b-PMMA thin ﬁlms on
nanopatterned Si3N4 substrates is illustrated in Figure 2, where

tion of GB types in bulk lamellar PS-PI microstructures,
demonstrating the relevance of the thermodynamic and kinetic
features of GBs on grain coarsening during thermal annealing
using serial electron imaging and subsequent image processing
procedures.31,45
It is important to note that these previous studies were based
on the static analysis of bulk materials and thus can only
provide indirect evidence of structure evolution by the
interpretation of the microstructures of diﬀerent specimens
subjected to distinct processing conditions. The objective of the
present Letter is to apply time-resolved atomic force
microscopy (AFM) imaging and image processing to elucidate
the mechanism of structure coarsening of BCP cylinders
conﬁned within topographically patterned substrates. With this
method, cylinder alignment during annealing is interpreted in
terms of grain coarsening as well as the velocities of GB motion,
leading to the determination of the activation energies of GB
motion. From this analysis, it is demonstrated that GB
migration is strongly dependent on the annealing temperature
as well as the geometrical features of GBs.
Figure 1 shows a representative AFM image taken from a
spin-cast cylinder-forming poly(styrene-b-methyl methacrylate)

Figure 1. (a) A grain map over an AFM image of spin-cast PS-bPMMA on nanopatterend Si3N4. The image size is 5 × 4.4 μm, and the
width of each channel is 650 nm. Colors are randomly employed in
these grain maps to visually clarify grain structures. The bottom-left of
a selected area is deﬁned as a coordinate origin. The inset shows the
cylinder orientations of two domains with respect to the primary
channel direction. The scale bar is 600 nm. (b) A schematic deﬁning
the GB tilt angle (θ), which is the intersection angle of two normal
lines to cylinder orientations, ϕI and ϕII.

Figure 2. Illustration of the cylinder alignment during thermal
annealing at 245 °C. Grain maps are overlaid on respective timeresolved AFM images. Cylinder orientations (ϕ) are depicted with
scaled colors. As indicated in the color bar, green corresponds to −90°,
orange to −45°, blue (along the channel direction) to 0°, yellow to
45°, and red to 90°, respectively. The scale bar indicates 1 μm. The
graph shows the evolution of the distribution for cylinder orientation
during thermal annealing.

(PS-b-PMMA) ﬁlm with 1 h of preannealing on which a grain
map obtained through image processing procedures is overlaid.
As shown in the ﬁgure, spin-cast polymer ﬁlms in the channel
show “ﬁngerprint” patterns with only one layer of PMMA
cylinders because (1) PS and PMMA have similar polymer/air
interfacial energies, (2) PMMA has much lower wetting energy
on Si3N4 than PS,46,47 and (3) the trough depth is close to 3L/2
(L: BCP layer thickness; this also accommodates a brush
layer).6,27,28 Image processing on AFM images is performed as
follows: There are two orientation parameters utilized in this
analysis. The ﬁrst is cylinder orientation (ϕ) deﬁned as the

respective grain maps are overlaid on time-resolved AFM
images taken at 245 °C. On these grain maps, a color scale is
used to indicate each grain’s cylinder orientation (ϕ); as
depicted in the color bar, green corresponds to a −90°, blue to
a 0°, and red to a 90° cylinder orientation. It is important to
note that each grain maintains its cylinder orientation during
structure evolution, while grains with a cylinder orientation
other than 0° diminish in size and ultimately disappear during
thermal annealing through GB migration. This shows directly
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that the coarsening of grains that have 0° cylinder orientation is
the primary mechanism by which essentially perfect alignment
of cylinders within lithographic channels is achieved, as
opposed to rotation of the cylinder orientation within a given
grain. In other words, due to the boundary conditions imposed
by the channel, those grains having a ϕ = 0° cylinder
orientation act as a director for domain evolution, and grow
only via consumption of other grains having ϕ ≠ 0. The
complete series of time-resolved AFM images taken at 245 °C,
which are supplemented with overlaid grain maps, are compiled
as a movie ﬁle, Movie S1 (jz4015794_si_002.mpg) with
caption jz4015794_si_001.pdf, and are provided in the
Supporting Information. The graph in Figure 2 represents the
evolution of the number of grains and the cylinder orientation
distribution during annealing at 245 °C. The analysis was
performed over the total trough area of 51.3 μm2, and the
average time interval from tini to tlast was about 252 min. It is
shown that the number of grains in a given trough area
decreases while most of the cylinders become aligned parallel to
the side walls. This conﬁrms that the cylinder alignment during
thermal annealing occurs primarily through enlargement of
grains having the preferred orientation along the channel
directions and shrinkage of grains having unfavorable alignments.
The importance of GB migration during annealing has been
well-recognized in inorganic materials, and it has been known
that the velocity of GB motion (v) follows
v = M ·P = M 0 exp( −Q /RT ) ·P

Figure 3. Illustration of GB migration during annealing. Cylinder
orientations (ϕ) are presented with the same color bar as that used in
Figure 2. Five GBs, indicated with ﬁve colored straight lines, are
manually tracked to measure the velocity of GB motion. The scale bar
corresponds to 400 nm.

coordinate origin is given at the bottom-left, we can easily
determine the velocity of each GB’s motion. Here, we classify
individual GBs as a function of their tilt angles (θ). Note that
high-angle GBs (indicated as the yellow, green, and red lines in
Figure 3) disappear earlier than others. This observation again
strongly supports the notion that cylinder rotation is not the
primary mechanism of cylinder alignment within the channels.
Stated another way, low-angle GBs did not disappear ﬁrst even
though this method of evolution would have required less
structural modiﬁcation. The movie ﬁle, Movie S2
(jz4015794_si_003.mpg) with caption jz4015794_si_001.pdf,
displaying microstructure evolution in this trough is provided in
the Supporting Information.
Time-dependent analysis of grain maps was used to elucidate
the velocities of GBs during grain coarsening. Figure 4a shows
the dependence of the GB velocity on the tilt angle; in this
ﬁgure, the blue symbols indicate the results from computerized
analyses at 245 °C, the brown symbols are from further

(1)

where M is the GB mobility, P the driving pressure, M0 a
mobility constant, Q the activation energy for GB migration, R
the gas constant, and T the temperature.48,49 The mobility of
GBs is sensitive to parameters such as temperature, GB
misorientation between adjacent grains, the orientation of GBs,
and impurities segregated along GBs. The driving force for GB
migration is to reduce the total free energy of the system. These
forces originate from, for example, the curvature of GBs, the
diﬀerences in surface or interface energies, jumps in strain
energy density, and applied external ﬁelds. In this study, it is
assumed that (1) the driving pressure for GB motion is from
the trough walls due to the mismatch in wetting energies of PS
and PMMA on Si3N4 substrates and (2) it is constant
throughout the narrow troughs. In addition, as is well-known,
the magnitude of the GB energy in BCPs is generally more than
one magnitude smaller than that of the other types of interface
energies.44 Accordingly, we believe that the driving pressure
from GB curvature, which is proportional to the GB energy, P =
2σb/R (σb: GB energy; R: radius of a grain),49 is insigniﬁcant,
and the pressure from the interfacial energy mismatch, the
boundary condition within the channels, is dominant. No direct
relation between the velocity of GB motion (v) and the grain
sizes (R) was found in our analysis. Therefore, the velocity of
GB migration is presumed to be only a function of the mobility
of GBs. An example of GB migration is shown in Figure 3,
where the microstructure evolution of BCP cylinders during
annealing at 245 °C in one trough (1.8 μm long × 0.65 μm
wide) is shown; shrinking and disappearing of smaller grains
with time as well as the motion of GBs is clearly illustrated in
the ﬁgure. To highlight and manually measure the GB
movement (the result will be shown later), ﬁve selected GBs
are marked with diﬀerently colored straight lines. Because we
know the precise time when each AFM image was taken and
the coordinate (center of mass) of each GB with respect to the

Figure 4. (a) Plot of the GB velocity as a function of the tilt angle at
235 (brown triangle) and 245 °C (blue square and red circle: manual
analysis). The proportional relation between the GB velocity and tilt
angle is depicted, and the straight lines are a ﬁt to the data. (b)
Arrhenius plots for two GBs with tilt angle of θ = 25 (squares) and
115° (circles). (c) Plot of the activation energy of GB migration as a
function of the tilt angle. The two ﬁlled squares correspond to the two
activation energies determined in panel (b). The dotted line is a visual
guide. (d) Plot illustrating the dependence of the activation energy
(Q) on the pre-exponential factor (A).
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measurements at 235 °C, and the red symbols are from manual
analysis at 245 °C. In the analysis, GB displacements were
estimated between multiple time-resolved AFM images; the
average velocities (in units of nm/min) for each GB’s respective
tilt angles were calculated with at least 50 (for high-tilt GBs)
and up to 600 (for low-tilt GBs) individual measurements in
order to allow for statistically meaningful sampling. Also, to
conﬁrm that the computerized analysis was not inﬂuenced by
the parameter setting during image processing, the threshold
angle for GB identiﬁcation was varied between 10 and 20°, and
all respective results fall within the error bars shown in Figure
4a. Figure 4a also reveals that the velocity of the GBs is strongly
dependent on temperature as well as tilt angle. While the
temperature dependence of the GB velocity can be easily
understood as the mobility of GBs is a function of temperature,
the implication of GB geometrical features on the velocities of
GB motion is found to be rather interesting. We conjecture that
the energy of tilt GBs in cylindrical BCPs increases proportionally with the tilt angle and similarly that the energy of
symmetric tilt GBs continues to grow larger as the tilt angle
increases until the geometrical transition of high-angle tilt GBs
(Chevron) into Ω-shaped GBs (Omega) occurs in lamellar
BCPs.31,43,44 We conclude that grain coarsening in cylindrical
BCPs proceeds in a way that higher free-energy GBs are
promptly relieved; that is, high-angle tilt GBs migrate faster
than low-angle tilt GBs. We also speculate that the Chevron to
Omega transition in the lamellar structure, at which the energy
of the GBs starts to level oﬀ as a function of tilt angle,31 does
not occur in cylindrical morphologies as we observe a
continuous increase of the GB migration velocity as a function
of the tilt angle. This is because a longer block of asymmetric
polymer chains can easily stretch to ﬁll the space along highangle GB planes, resulting in no necessity for the geometrical
transition of GBs.
From these kinetic observations, we quantitatively determined the activation energies of GB migration as a function of
tilt angle using the Arrhenius relation expressed in eq 1, ln(v) =
ln(A) − Q/RT, where constant M0 and driving pressure P are
both embedded into a pre-exponential factor A. Figure 4b
shows the temperature dependence of the GB motion for θ =
25 and 115°, measured at 235, 245, 250, and 255 °C, from
which activation energy Q (slope) and pre-exponential factor A
(intercept) can be calculated. It is hard to capture the highest
temperature dynamics because they align so quickly along the
channel direction. Also, the measurements were done over a
rather small temperature range, complicating the extraction of
activation energies. Nonetheless, we include all of the data for
completeness. The average activation energy for all tilt angles is
determined to be ∼72.8 kJ/mol, which is smaller than the onedimensional defect diﬀusion activation energy in cylinder
morphologies.50 In addition, it is implied in Figure 4c that the
activation energy of GB migration is weakly related to the tilt
angle of GBs. It is notable that both the velocity and activation
energy of GB migration are related to the GB tilt angle, which
can be understood from the proportional relationship between
the activation energy (Q) and pre-exponential factor (A), as
shown in Figure 4d. This interdependence is referred to as the
“compensation eﬀect”, which is widely recognized in thermally
activated processes51 including GB migration in metals.52
In summary, we have elucidated the microstructure evolution
of cylinder-forming block copolymer PS-b-PMMA thin ﬁlms on
nanopatterned Si3N4. This has been accomplished using timeresolved AFM imaging and complementary computerized

image analysis. These visualization methods have allowed us
to directly observe the mechanism for PMMA cylinder
alignment within topographically patterned channeled substrates. The overall alignment occurs via the coarsening of
grains that have preferred cylinder orientation along the
channel direction and is energetically driven by the interface
energies of adjacent diblock domains of diﬀering orientation.
Quantitative analyses demonstrate that the grain coarsening is
strongly aﬀected by annealing temperature as well as by the
geometrical characteristics of the GB itself, that is, grain
coarsening promptly occurs when a grain is bordered by
adjacent high-angle grain boundaries. The energetic term that
drives this process arises from the fact that high-angle grain
boundaries with larger excess energy migrate faster than other
lower-angle grain boundaries. Moreover, the velocity of GB
migration is proportional to the boundary tilt angle, while the
activation energy depends weakly on this angle.
Our novel method of performing these studies in nanoscale
linear channels provides an overall guiding ﬁeld that drives the
time-evolving system to essentially perfect alignment at its end
point. This study furthers our understanding of microstructure
evolution of cylindrical block copolymers due to thermal
annealing on nanopatterned substrates, leading, ultimately, to
the formation of technologically useful material platforms. It
also presents a general, systematic approach by which the
mechanisms responsible for GB migration in self-organizing
polymeric systems can be elaborated and quantiﬁed.

■

EXPERIMENTAL SECTION
The material system used in this study consists of an
asymmetric PS-b-PMMA with molecular weight Mw = 77 kg/
mol, a polydispersity index Mw/Mn = 1.09, and a weight fraction
of PMMA of 29 wt %. In a bulk state, it develops into
hexagonally packed PMMA cylinders in a PS matrix with a
natural layer thickness (L) of 30 nm. Thin ﬁlms of this diblock
copolymer were spin-cast at 5000 rpm from 0.9% toluene
solutions onto topographically patterned silicon nitride (Si3N4)
substrates and subsequently thermally annealed at 250 °C for 1
h in an argon atmosphere. The detailed description for the
substrate modiﬁcation is provided in ref 27, while, in this study,
the silicon nitride substrates were prepared with grating
patterns that contain troughs of 20 μm long, 650 nm wide,
and 50 nm deep. The channel width was chosen to be the
maximum that can induce perfect cylinder alignment as it
allows us to separate polymer domain−domain interactions
from proximal polymer−channel wall interactions in the
analysis. Imaging of samples was performed using an Asylum
Research MFP-3D AFM, which allows time-resolved measurements at high temperature under argon gas ﬂow, in AC
(tapping) mode using Bruker cantilevers with a spring constant
of 5 N/m. The grain map was obtained by processing each
AFM image with image analysis programs (using MATLAB) in
such a way that ﬁrst, an 8-bit gray scale image is converted to a
skeletonized image and a local discrete Fourier transform is
applied to every pixel on a converted image for cylinder
orientation determination. Readers are referred to ref 45 and
the Supporting Information, Figure S1, for further elaboration
of our image processing procedures.
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Illustration of image processing procedures and movie ﬁles
visualizing the structure evolution of BCPs during thermal
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