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ABSTRACT: Molecular self-assembly commonly suﬀers from
dense structural defect formation. Spontaneous defect
annihilation in block copolymer (BCP) self-assembly is
particularly retarded due to signiﬁcant energy barrier for
polymer chain diﬀusion and structural reorganization. Here we
present localized defect melting induced by blending short
neutral random copolymer chain as an unusual method to
promote the defect annihilation in BCP self-assembled
nanopatterns. Chemically neutral short random copolymer chains blended with BCPs are speciﬁcally localized and induce
local disordered states at structural defect sites in the self-assembled nanopatterns. Such localized “defect melting” relieves the
energy penalty for polymer diﬀusion and morphology reorganization such that spontaneous defect annihilation by mutual
coupling is anomalously accelerated upon thermal annealing. Interestingly, neutral random copolymer chain blending also causes
morphology-healing self-assembly behavior that can generate large-area highly ordered 10 nm scale nanopattern even upon
poorly deﬁned defective prepatterns. Underlying mechanisms of the unusual experimental ﬁndings are thoroughly investigated by
three-dimensional self-consistent ﬁeld theory calculation.
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short neutral random copolymers.10,16,28−33 The blended
neutral random copolymer chains are speciﬁcally concentrated
at the defect sites of self-assembled morphology and induce
local disordered state. Such a defect melting relieves the energy
barrier for polymer diﬀusion and lamellar reorganization,28,34
which are required for defect annihilation by mutual coupling.
Interestingly, neutral random copolymer chain blending also
facilitates highly ordered nanopattern formation even with
poorly formed defective prepattern structures, which is contrary
to our old knowledge that defective prepattern structures
generally result in poorly ordered self-assembled nanopatterns
in DSA approaches.13,14
Figure 1A exhibits SEM images of lamellar BCP thin ﬁlms,
prepared from the blends of various polystyrene-block-poly(methyl methacrylate) (PS-b-PMMA) copolymers with neutral
random copolymer chain poly(styrene-ran-methyl methacrylate) P(S-r-MMA). The number-average molecular weight of

icrophase separation of block copolymer (BCP) creates
self-assembled nanostructures that can complement the
intrinsic limitations of conventional photolithography.1−4 Such
lithographic application of BCP self-assembly generally requires
defect-free pattern formation. In this regard, directed selfassembly (DSA)5−12 has been extensively explored, where
chemical13,14 or topographic15−22 prepatterns direct the
orientation and registration of self-assembled nanodomains
for highly ordered nanopatterns.
Eventual success of DSA approach is largely governed by
diﬀusion and merging of defects. Typical defects in selfassembled morphology, such as dislocations and disclinations,
annihilate by direct mutual coupling. Unfortunately, such a
process is commonly retarded or even frozen as the distance
between the paring defects increases. How to promote defect
annihilation is the key issue for the rapid assembly of large-area,
highly ordered nanopatterns.23−27
In this work, we introduce unusually rapid defect annihilation
in BCP self-assembled morphology enabled by “defectmelting”. Localized defect melting is introduced in the selfassembled lamellar nanopatterns of BCP thin ﬁlms by blending
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ratio of neutral random copolymer chain was above 0.3 for BCP
and blended with 96 or 68.5 kg mol−1 PS-b-PMMA.
Interestingly, when the weight ratio of neutral random
copolymer chain was 0.3 for 51 kg mol−1 PS-b-PMMA blends,
unexpected giant grain growth was observed. When the
composition of neutral random copolymer chain was further
increased, homogeneous disordered phase was formed over the
entire sample rather than macrophase separation (Supporting
Information 2).
Quantitative analysis of the lamellar grain growth was
performed by correlation length measurement, which quatiﬁes
the typical distance over which lamellar orientations are
correlated. It is frequently measured by the weighted twopoint correlation function of directors for quantitative
characterization (Supporting Information 3).35−37 Obviously,
the blends of small molecular weight PS-b-PMMA (51 kg
mol−1) with neutral random copolymer chains show the fastest
grain growth. The average correlation length higher than 800
nm was observed for 7:3 blends, which corresponds to the
average grain size larger than 3 μm2 approximately. Figure 1B
presents the variation of lamellar period with blend
composition. The lamellar period gradually decreases as the
neutral random copolymer chain composition increases. It is
noteworthy that the 7:3 blends of 51 kg mol−1 PS-b-PMMA
with neutral random copolymer chain shows the lamellar
thickness of ∼10 nm.
Observed abnormal giant grain growth can be combined with
a DSA approach for large-area laterally ordered nanopatterns.
Interestingly, highly ordered nanopatterns could also be
obtained even from defective prepattern structures. Figure
2A,B shows that the blends of 51 kg mol−1 PS-b-PMMA and
neutral random copolymer chains generate well-aligned
lamellar morphology within a 5 μm wide photoresist trench
with highly defective rough side wall proﬁle (Supporting
Information 4). While lamellar structure is highly defective and
bent near the rough sidewall (Figure 2C), they become highly
aligned as located away from the sidewall. Notably, lamellae are
highly aligned even when undeveloped PR residues remain
within the negative photoresist trench (inset in Figure 2C).
This surprising morphology-healing self-assembly behavior is
greatly advantageous for practical nanopatterning process. In
the preparation of prepattern structures for DSA, unexpected
defects can be formed in the practical lithographic process. Our
approach can greatly help one to achieve highly ordered selfassembled pattern formation even with such unexpected defects
in the prepattern.
In a BCP nanopatterning process, thermal annealing time
required for self-assembly is a crucial parameter for overall
throughput. Neutral random copolymer chains promote the
mobility of overall BCP blends and thereby remarkably reduce
the annealing time, particularly at a high temperature above 250
°C. Figure 2D,E contrasts the SEM images of lamellar patterns
of 51 kg mol−1 PS-b-PMMA thin ﬁlms with and without neutral
random copolymer chains, respectively. Thermal annealing was
performed at 250 °C for 6 min. A deﬁnite reduction of defect
density is observed with neutral random copolymer chains.
Owing to the rapid self-assembly, the blend ﬁlm forms highly
aligned defect-free nanopatterns at 0.74 μm wide trench within
1 min at 250 °C, as shown in Figure 2F.
Underlying mechanism of abnormal grain growth with
neutral random copolymer chains was investigated with a
three-dimensional self-consistent ﬁeld theory (SCFT) calculation.38−41 Symmetric PS-b-PMMA and neutral random

Figure 1. Anomalous giant BCP lamellar grain growth. (A) Plane view
SEM images and (B) correlation length measured for lamellar BCP
thin ﬁlms prepared by blending various symmetric PS-b-PMMA with
P(S-r-MMA) neutral random copolymer. Correlation length increases
with the amount of blended P(S-r-MMA). Macrophase separation is
observed when the weight ratio of P(S-r-MMA) is above 0.3 for 94 kg
mol−1 PS-b-PMMA and 0.4 for 68.5 kg mol−1 PS-b-PMMA blends.
Unexpectedly large grain occurs when P(S-r-MMA) weight ratio is 0.3
for 51 kg mol−1 PS-b-PMMA blends, above which disordered phase is
observed. Lamellar period gradually decreases with the amount of
blended P(S-r-MMA).

symmetric PS-b-PMMAs varied from 51 to 68.5 to 96 kg mol−1,
whereas that of P(S-r-MMA) was maintained at 17 kg mol−1
(Supporting Information 1). The 60−80 nm thick BCP ﬁlms
were spin-coated on a silicon wafer, whose surface was
chemically modiﬁed with P(S-r-MMA) brush. The ﬁlms were
thermally annealed at 200 °C for 24 h for self-assembly. They
have the surface-perpendicular BCP nanotemplate because the
random brush-treated surface was chemically neutral to PS and
PMMA components.29 The lamellar grain size of blend ﬁlms
increases with the composition of neutral random polymer
chains as a result of improved chain mobility with excess free
volumes. Macrophase separation was observed when the weight
1191

DOI: 10.1021/nl5042935
Nano Lett. 2015, 15, 1190−1196

Letter

Nano Letters

lamellar domain width shrinks almost linearly with the
composition of random copolymers. The degree of shrinkage
matches well with the experimental results (Figure 3B and
Supporting Information 6). In a rough estimation, expressing
the random copolymer fraction as ϕrandom, χN times the fraction
of BCPs, 1 − ϕrandom is assumed to be the eﬀective χN of
blends, (χN)eff. This approximation oﬀers that when χN = 18
and ϕrandom = 0.4, the value of (χN)eff is close to the order−
disorder transition (ODT) value of 10.495, below which
microphase separation no longer occurs.
In Figure 1A, more than 30 wt % of neutral random
copolymer chain blending led to macroscopic phase separation
for long BCPs (68.5 and 94 kg mol−1 PS-b-PMMA), while
disordered phase is formed in the blends of short BCPs (51 kg
mol−1 PS-b-PMMA). Our SCFT results and free energy
analysis match well with these experimental ﬁndings (Figure
3C,E). For the longest BCP chains (94 kg mol−1), phase
transition occurred with random copolymer composition as
follows: ordered lamellae → macrophase separation (ordered
lamellae + disordered phase) → disordered phase (Supporting
Information 7 and 8). Similar phase transition was observed for
intermediate length BCPs (68.5 kg mol−1), although the free
energy gap inducing the phase separation is much weaker
(Figure 3D,E, Supporting Information 7 and 9). By contrast, a
smooth transition from ordered phase to disordered phase
(without macrophase separation) is expected for the 51 kg
mol−1 BCPs at 41% of volume fraction (Figure 3A), which is
consistent with experimental results.
In order to compare the degree of lamellar ordering upon
neutral random copolymer chain blending, we performed
SCFT calculation starting from a random initial ﬁeld for a wide
area (32.0 × 32.0 R20) of thin ﬁlm with thickness 1.0 R0, where
R0 is the natural end-to-end length of a BCP chain. Figure 3A
shows the morphology of thin ﬁlms of 51 kg mol−1 BCP blends
with diﬀerent neutral random copolymer chain volume
fractions. At a small volume fraction, dense defects are
observed. As the volume fraction increases, the defect density
gradually decreases. At ∼37% (Figure 3A bottom middle),
which is slightly below the transition to the disordered phase,
the majority of defects disappear and highly aligned selfassembled morphology is established over an extremely large
area.
Mechanism of the dramatically enhanced defect annihilation
was investigated by tracking down the copolymer distribution
within the blended ﬁlms, as shown in Figure 4. In our SCFT
iteration, the system is essentially in an almost self-consistent
situation. In this nearly equilibrated system, the slow drift of
morphology is observed to follow the path that reduces the free
energy, provided that the morphology is not stuck in a locally
metastable state. Nonetheless, this is still a pseudodynamics
analysis which can only give hints about the right path that the
system follows after the removal of ﬂuctuation. For the full
understanding of the exact kinetic pathway, it would be ideal to
employ more advanced techniques such as the string
method42,43 or dynamic SCFT.44 However, such methods
would be too much time-consuming to apply for the wide area
of system in which we are interested.
For pure BCP ﬁlms without neutral random copolymer
chain, the defects are immobilized and the system is trapped in
a metastable state (Figure 4A). For 37% neutral random
copolymer chain blended ﬁlm, the distribution of PS and
PMMA segments are shown in Figure 4B and the
corresponding neutral random copolymer chain density is

Figure 2. Morphology-healing directed BCP self-assembly. (A)
Schematic representation and (B) SEM image of defect-melting
assisted highly ordered lamellar BCP pattern formation within 5 μm
width photoresist trenches with rough side wall proﬁles. (C) Lamellar
orderings of blends of 51 kg mol−1 PS-b-PMMA and P(S-r-MMA)
near rough side wall. Lamellar grain growth contrasts between (D)
blends of 51 kg mol−1 PS-b-PMMA and P(S-r-MMA) and (E) pure 51
kg mol−1 PS-b-PMMA. (F) Defect-melting-assisted BCP lamellar
assembly within a 0.74 μm width trench after 1 min annealing at 250
°C. (G) Photograph of defect-melting-assisted BCP lamellar pattern
within PR trenches with various widths.

copolymers were regarded as Gaussian chains (Supporting
Information 5). First, we evaluated the eﬀect of neutral random
copolymer chain blending on the equilibrium lamellar domain
size. Because the neutral random copolymer chain screens the
repulsive interaction between PS and PMMA blocks, the
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Figure 3. SCFT modeling of BCP ﬁlm phase behavior. (A) Morphologies of PS-b-PMMA (51 kg mol−1) blended with P(S-r-MMA) neutral random
copolymers (14.5k) with various volume fractions. BCP chains are modeled as symmetric polymers ( f = 0.5) with Flory−Huggins interaction
parameter, χN = 18, and the box size is 48.0 × 48.0 × 1.00 R30 (top view). Neutral random copolymer volume fraction is 0, 10, and 20% for the top
row from left to right and 30, 37, and 50% for the bottom row from left to right. At 37% of neutral random copolymer composition, globally ordered
stripe pattern emerges. Above 41%, disordered phase is observed. (B) Variation of equilibrium lamellar period and (C) modiﬁed free energy as a
function of the neutral random copolymer volume fraction. (D) Morphologies of PS-b-PMMA (68.5K, f = 0.5, χN = 24) BCPs blended with the
same random copolymers at the volume fractions of 40, 50, and 56% from left to right. Simulation box size is 32.0 × 32.0 × 1.00 R30 (top view).
Defect density decreases with neutral random copolymer composition but above 45% the lamellar and disordered phases coexist. (E) Modiﬁed free
energy plot for PS-b-PMMA (68.5K) blended with neutral random copolymers.

shown in Figure 4C. Defect evolution during the SCFT
iteration is also provided as a movie ﬁle (Supporting
Information 10). A clear correlation is found that neutral
random copolymer chains are concentrated at the dislocation
cores to exceed the order−disorder transition composition
(41%). Short chains without any enthalpic preference for a
particular BCP block are localized at defect cores and relieve
energy penalty for polymer chain distortion and uneven
segmental distribution. At the particular composition of ϕrandom
= 0.37, which is just below the value for ODT, such a
localization renders dislocation cores in the disordered regime,
as termed by “defect melting”. This speciﬁc localization of
neutral random copolymer chain may also compensate any
distortion of lamellar ordering enforced by boundary condition
or any other external stimuli, as observed by the unusual
morphology-healing behavior presented in Figure 2A−C.
Figure 4D−F presents the detailed chemical composition
and random copolymer distribution around single dislocation
defects in pure BCP ﬁlm and 37% neutral random copolymer
chain blended ﬁlms. For pure BCP (Figure 4D) the boundary
between lamellar domains is very sharp following the typical
relationship of wI ∝ χ−1/2, where wI is the boundary
thickness.38,45 This sharp lamellar boundary suppresses the
chain diﬀusion and corresponding defect mobility across
lamellar domains. Furthermore, some defects permanently
remain particularly in lamellar self-assembled morphology due
to the high energy barrier required for the chain diﬀusion. The
chain diﬀusion across lamellar layers (∝ exp(−const ·χN)) is

known to be exponentially slow compared to the diﬀusion
along the lamellar layer.34,46,47
As shown in Figure 4E,F, neutral random copolymer chains
in blend ﬁlms are signiﬁcantly concentrated in the highly bent
portion of lamellae nearby the dislocation cores such that the
boundary between lamellar domains becomes blurred. This
local melting of defect can greatly reduce the energy barrier for
chain diﬀusion and defect movement across lamellar domains.
Figure 4G shows the calculated total energy penalty for a pair of
defects as a function of neutral random copolymer chain
fraction using the parameters of our experimental system. It
starts from hundreds of kBT for pure BCPs but decreases by
more than 1 order of magnitude as the neutral random
copolymer chain fraction increases. This strongly suggests that
the energy barrier for the defect movement must be reduced by
a similar factor as (χN)eff reduces, and the mobility of chains
increases accordingly. We note that the same mechanism does
not hold for high molecular weight BCP blends, where
macroscopic separation occurs before defect melting (Supporting Information 8 and 9).
As an immediate application of ultralarge-area nanopatterning based on defect melting, we demonstrate aluminum
nanowire (Al NW) array fabrication48,49 for optical reﬂective
polarizers. Metallic wire grid polarizers may possess strong
optical anisotropy with a near-perfect transmission for one
polarization and strong attenuation for the other polarization if
the period of the grid is much smaller than the visible
wavelength. Unfortunately, most of the previously reported
wire grid polarizers have periods that are only a few times
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Figure 4. SCFT modeling of defect annihilation. (A) Morphological evolution of a defect pair of pure PS-b-PMMA (51 kg mol−1) BCPs (2D
simulation box size: 19.7 × 19.7 R20) after 18000 iterations (right). Defects are frozen without further evolution. (B) Morphological evolution of PSb-PMMA (51 kg mol−1) blended with neutral random copolymers at volume fraction 37% (simulation box size: 16.0 × 16.0 R20). After 85 200
iterations (right), two defects eventually merge and disappear. (C) Neutral random copolymer migration during defect elimination (0, 5000, 7600,
and 85 200 iterations from left to right). Region with high neutral random copolymer volume fraction is shown with red color (scale bar at the
bottom). (D,E) magniﬁes the initial single defect in (A,B) respectively. In (D), BCP chain mobility along the red line is exponentially small
compared to the mobility along lamellar direction, while in (E) defect melting is signiﬁcant and BCP chain mobility along the red line is similar to
the mobility along lamellar direction. (F) Neutral random copolymer density corresponding to (E). The maximum density is above the ODT (41%).
(G) Total energy for a pair of defects is plotted as a function of neutral random copolymer fraction. BCP ﬁlm thickness was assumed to be 75 nm
(3.88 R0).

smaller than the wavelength. By contrast, our method allows us
to fabricate wire grid polarizers with a truly deep-subwavelength
period. Figure 5A is a photograph of highly aligned BCP
lamellar nanopatterns self-assembled within topographic photoresist prepattern formed on a glass substrate. Figure 5B shows
an SEM image of an Al NW array fabricated by selective metal
deposition upon highly aligned lamellar nanotemplate and
subsequent lift-oﬀ (Supporting Information 11).
Numerical simulation employing ﬁnite diﬀerence time
domain method (Supporting Information 12) has evaluated
the polarization-dependent optical properties of such highly
aligned Al NW array (Figure 5C−F). Simulation was executed
separately for transverse electric (TE) polarization, where the
electric ﬁeld is perpendicular to the nanowire axis, and
transverse magnetic (TM) polarization, where the electric
ﬁeld is parallel to the axis. The result reveals that the
nanometer-scale height NWs show distinctive spectra for TE
and TM polarizations. For the wavelength range considered
(from 400 to 1000 nm), TE-polarized light passes almost
uninhibited (over 95% transmission), while the transmission of
TM-polarized light is only around 55%. The greatly reduced
transmission for the TM light is attributed to the sizable

reﬂection (20−30%) and non-negligible absorption (10−25%).
Interestingly, this structure with only 7 nm thickness possesses
more than 6:1 average contrast ratio for reﬂection. This
structure may be used as transmission polarizer with high
contrast ratio as well, by stacking it multiple times.
We have demonstrated localized defect melting as an
eﬀective route to promote the diﬀusion and annihilation of
defects in self-assembled nanoscale morphology. Highly speciﬁc
localization of neutral random copolymer chains at defect cores
triggers anomalously ultralarge grain growth of self-assembled
lamellar morphology in the BCP thin ﬁlms, while the localized
disordered state at defect cores greatly relieves the energy
penalty for BCP chain diﬀusion and lamellar ripping/
reorganization. Such an interesting defect melting behavior
oﬀers robust rapid BCP nanopatterning with ∼10 nm
characteristic length scale. It is noteworthy that defect
annihilation process is generally more retarded in selfassembled lamellar morphology compared to analogous
cylindrical or spherical morphology due to the less degree of
freedom in the structural symmetry. Surprisingly, localization of
neutral random copolymer chain gives rise to peculiar
morphology-healing self-assembly behavior such that highly
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Figure 5. Al nanowire grid polarizer fabrication. (A) Photograph and (B) SEM image of Al NW array formed on glass substrate replicating defectmelting assisted large-area BCP lamellar pattern. (C) Schematic illustration of Al NW array on glass substrate. (D) Transmission and (E) reﬂection
spectra of Al NW arrays for TE and TM-polarized incident light. (F) Intensity of diﬀraction orders normalized to the zeroth order component.

■

ordered large-area nanopatterns are generated even with
defective prepattern structures. This unprecedented defect
melting behavior combined with DSA approach is anticipated
to greatly widen the practical processing window of BCP
lithography and strengthen the potential of nanomanufacture50−55 based on molecular self-assembly principles.
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