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hin films of block copolymers have

been intensively studied over the

last decades to gain understanding
and control of the parameters affecting the
microdomains structure, orientation, and
order."® Surface fields are important exter-
nal potentials which influence the equilib-
rium structures and the dynamics of micro-
domains. Substrate modification by
chemical or topographic patterning is now
widely used to control the selectivity and
the strength of the polymer-substrate inter-
actions and thus to guide the morphology
and its orientation as well as long-range or-
der in nano-patterned films.*~”

It is recognized that topological defects
in the local microdomain structure decrease
the long range periodicity and limit the
technological performance of block copoly-
mer materials. The generation and annihila-
tion of topological defects are the elemen-
tary processes by which long range order
evolves in microdomains under the influ-
ence of thermal energy®® and application
of external fields.®"" Therefore, defect
analysis is important for establishing the
transport mechanisms in nanostructured
soft materials.

Several theoretical approaches have
been developed to describe 2D defect
configurations,'®'? their interfacial
properties,''> and their role in micro-
domain reorientation.’® In experiments, de-
tailed information about structure and dy-
namics of individual defects in block
copolymers is accessed by non-destructive
time-resolved real-space imaging tech-
niques, such as scanning force microscopy
(SFM). The seminal work by Harrison et al.
on defect evolution in stripped surface pat-
tern'” and related studies,”>'®2° convinc-
ingly demonstrated that classical defects
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ABSTRACT We present a systematic study of defects in thin films of cylinder-forming block copolymers upon
long-term thermal or solvent annealing. In particular, we consider in detail the peculiarities of both classical and
specific topological defects, and conclude that there is a strong “defect structure — chain mobility” relationship in
block copolymers. In the systems studied, representative defect configurations provide connectivity of the minority
phase in the form of dislocations with a closed cylinder end or classical disclinations with incorporated alternative,
nonbulk structures with planar symmetry. In solvent-annealed films with enhanced chain mobility, the neck
defects (bridges between parallel cylinders) were observed. This type of nonsingular defect has not been identified
in block copolymer systems before. We argue that topological arguments and 2D defect representation, sufficient
for lamellar systems, are not sufficient to determine the stability and mobility of defects in the cylindrical phase.
In-situ scanning force microscopy measurements are compared with the simulations based on the dynamic self-
consistent mean field theory. The close match between experimental measurements and simulation results
suggests that the lateral defect motion is diffusion-driven. In addition, 3D simulations demonstrated that the
bottom (wetting) layer is only weakly involved into the structure ordering at the free surface. Finally, the
morphological evolution is considered with the focus on the motion and interaction of the representative defect
configurations.

KEYWORDS: block copolymers - thin films - defect structure and
dynamics - nanostructured soft matter

such as disclinations and dislocations,
widely known from the solid crystals and
nematic liquid crystal phases, play an im-
portant role in the ordering dynamics of
block copolymers microdomains. The ob-
servations of defects in sphere-forming
diblock copolymer films allowed conclu-
sions to be drawn regarding the mecha-
nisms of 2D crystal to hexatic transition, and
on further melting via continuous defect
generation process.?'*? Also, grain coarsen-
ing in hexagonally ordered dotlike struc-
tures which are composed of either of
spheres?®>?* or standing cylinders®> has
been analyzed in detail.

The research mentioned above focused
on the similarities of defect interaction and
their motion in block copolymers and ther-
motropic nematics or smectics. Thermo-
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tropic liquid crystals, however, are one-
component homogeneous systems and are char-
acterized by a nonconserved orientational order
parameter. In contrast, in block copolymers the lo-
cal concentration difference between two compo-
nents is essentially conserved. In this respect, the
microphase separated structures in block copoly-
mers are anticipated to have close similarities with
lyotropic systems which are composed from po-
lar medium (water) and nonpolar medium (surfac-
tant structure). The phases of the lyotropic sys-
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tems (such as lamella, cylinder or micellar phases)
are determined by the surfactant concentration.
Similar to lyotropic phases, the morphology in
block copolymers is ascertained by the volume
fraction of the components and their interaction.
Therefore, in lyotropic systems and in block co-
polymers the dynamics and annihilation of struc-
tural defects require a change in the local concen-
tration difference between components as well

as a change in the orientational order. Conse-
quently, if single defect transformations could be
monitored in real time and space, block copoly-
mers could be considered as suitable model systems
for studying transport mechanisms and phase transi-
tions in two-dimensional fluid materials such as
membranes,?®?” lyotropic liquid crystals,?® and micro-
emulsions.”®

In this work, we observe structural defects and their
short- to long-term dynamics in block copolymer films
using SFM, including in-situ measurements at elevated
temperatures with high temporal resolution, and we
compare the experimental findings to simulations
based on the dynamic self-consistent mean field theory
(DSCFT). In the experiments we used polystyrene-block-
polybutadiene copolymer, designated here as SB and
composed from the polystyrene (PS) and polybutadi-
ene (PB) blocks. In simulations, the molecular model is
an A3B12A3 Gaussian chain with A and B correspond-
ing to the PS and to the PB components, respectively.
We focus on specific defects in the cylinder phase which
are kinetically trapped in thermal equilibrium during
the lateral ordering of lying microdomains. The strength
of our approach is that 2D structures and defects visu-
alized with SFM are directly compared with computa-
tional simulations which give access to the “bulk” struc-
ture in the interior of the film. We distinguish between
classical, modified, specific, and grain boundary defect
configurations. For each defect type, we address its rela-
tive stability, interaction with the other defect types,
and its role in the overall structure development.

With this approach, we discovered the strong corre-
lation between defect structure and chain mobility, a
feature which is specific to block copolymer materials
due to the covalent bonding between the blocks and
their large molecular weight and a feature which is not
common in nematic thermotropic and lyotropic liquid
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Figure 1. Schematically represented phase diagram of AB diblock
copolymer melt.3° “SB”-Labeled point indicates the parameters of
the SB block copolymer under the experimental conditions re-
ported in this study. The DSCFT simulations illustrate surface struc-
tures that are predicted theoretically and observed experimen-
tally in thin films of cylinder-forming block copolymers under
surface fields or thickness constraints: disordered phase (dis), ver-
tically oriented cylinders (C ), cylinders aligned parallel to the film
plane (), lamella (L), and hexagonally perforated lamella (PL)
phases.

crystals. The interconnectivity of the polymer chains is
then manifested in the lateral propagation of a complex
3T-junction-defect, which has been captured both by
in-situ SFM measurements and by DSCFT simulations.
Finally, we discuss the lateral migration of complex and
specific structural defects which are involved in the
coarsening of surface patterns.

RESULTS AND DISCUSSION

Phase Behavior in Thin Films. As indicated in Figure 1
the bulk structure of SB diblock copolymer resides well
in the cylinder regime within the mean-field-calculated
phase diagram.>° However, it is well established that
confinement and surface fields effects in thin films of
cylinder-forming block copolymers can cause the
microdomains to deviate from the corresponding struc-
ture in bulk.>" Simulated images in Figure 1 are ex-
amples of surface structures®> which are also identified
experimentally in thin films of cylinder-forming di- and
triblock copolymers. In particular, the nonbulk perfo-
rated lamella (PL) and lamella (L) phases were reported
for this type of block copolymers under strong surface
fields or thickness constraints.?®3'3334 The PL structure
can be viewed as alternative layers of block copolymer
components with hexagonally ordered perforations in
the minority phase and is tentatively similar to mesh-
like liquid crystalline phase. Since to the best of our
knowledge the gyroid phase has not yet been reported
for thin films of diblock copolymers and of two-
component triblock copolymers, the PL phase in the
above systems presumably represents a 2D analogue
of the bicontinuous gyroid structure.

Classification of Characteristic Defects. Classical Defects. The
theory and classification of defects are well-developed
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for certain types of materials such as solid crystals, ne-
matic liquid crystals, and superfluids.>>3° In general, a to-
pological defect is characterized by a core region (point,
line, or wall) where the order parameter is destroyed and
a far field region where it relaxes slowly in space. The most
common topological defects in block copolymers are
generally analogous to that in liquid crystals, so the no-
menclature classifying them is similar.3®

Figure 2 displays sketches of classical topological de-
fects which are common to different types of materials
including block copolymers: an edge dislocation (a),
+1/2 disclination (b), -1/2 disclination (c) and a pair of
oppositely charged disclinations (d). Such defects have
been considered in the earlier studies on microdomain
ordering in cylinder- and lamella-forming block
copolymers.'”" "¢

Figure 3 presents examples of simulated (top panel)
and measured classical defects in triblock and diblock
copolymers, respectively. In these pictures as well as in
the following SFM and simulated 2D images, the white
color corresponds to PS cylinders (minority phase). In a
two-component system, topological defects can be
formed by each phase. Images a,e and b,f in Figure 3
display edge dislocations which are formed by white
and dark compartments, respectively. These defect con-
figurations are topologically identical. Similarly, shown
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A\
=

\

Figure 3. Simulated images (top panel) and SFM phase images (300 nm X 300
nm) presenting classical topological defect configurations in lying cylinders: (a,e)
cyl-dislocation; (b,f) m-dislocation (see definition in text); (c,d) +1/2 cyl-disclination
and (g,h) +1/2 m-disclination. SB films have been annealed under 70% of the satu-
rated vapor pressure of chloroform. Here and in the following simulated/experi-
mental images white stripes correspond to the A minority phase/PS cylinders; dark

stripes correspond to B majority phase/PB matrix.
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Figure 2. Schematic representation of classical topological defect configurations:
(a) edge dislocation; (b) +1/2 disclination; (c) —1/2 disclination; and (d) paired =1/2

in Figure 3c,g, +1/2 disclination
can be transformed into +1/2 dis-
clination in Figure 3d,h by color in-
version. Purely topological argu-
ments are sufficient to describe
defects in films with upstanding
lamella; here a topological defect
always implies the abruption of
one component. In contrast, in cyl-
inder phase the majority dark-
colored matrix (PB phase) is always interconnected,
while the 2D representation of topological defects con-
ceals this important property.

To account for the real 3D structure of cylindrical
microdomains, we denote the configurations in Figure
2a,e and ¢,g as cylinder-phase defects (cyl-dislocation and
+1/2 cyl-disclination), and the configurations in Figure
2b,f and d,h as matrix defects (m-dislocation and
m-disclination). In our systems, cyl-dislocations (Figure
2a,e) generally develop during the early stages of film an-
nealing when the overall defect density is high. In well-
equilibrated films, cyl-dislocations are less frequent as
compared to m-dislocations (Figure 2b,f), a finding that
is in agreement with the earlier studies.'®?° The reduced
stability of cyl-dislocation is likely caused by the higher
energy costs of an open-cylinder-end defect.

The lifetime of these defects depends on their
surrounding. Edge dislocations are highly mobile de-
fects when they interact with an oppositely charged
pair, or with disclinations. Isolated dislocations, for
example, in the middle of a large cylinder grain, are
harder to annihilate. Their relative immobility is at-
tributed to the high energy costs to restructure the
ordered surrounding. The same energetic arguments
account for the trapping of +1/2 disclinations of
both types (Figure 3c,d) in well-ordered samples.

The motion of cyl- or m-disloca-
tions perpendicular to the cylinder
axis involves the consecutive open-
ing and relinking of a cylinder con-
nection. These elementary steps of
dislocation dynamics have been re-
cently accessed with in-situ SFM im-
aging.?” The estimated typical time
for the rejoining of a dislocation was
~10 s. The related activation en-
ergy ~30 J/mol is several orders of
magnitude lower compared to the
value obtained by SFM snap-shot
experiments.'® Importantly,
m-dislocations (Figure 3b,f) can
propagate along the cylinder axis
without diffusion across the PS—PB
interface.®”

Modified Classical Defects. The rich
phase behavior of cylinder-
forming block copolymers is re-
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Figure 4. Simulated images (top panel) and SFM phase images (300
nm X 300 nm) presenting specific defect configurations: +1/2 discli-
nation (a,d) and —1/2 disclination (c,f) with incorporated PL fragment;
(b,e) +1/2 dot-disclination. SB films have been annealed under 50%
of the saturated vapor pressure of chloroform.

flected in the modification of classical defects by incor-
poration of elements of nonbulk structures. Defects in
Figure 4a,d are tentatively attributed to +1/2 disclina-
tion with an incorporated PL ring. In this kind of de-
fect, the PL cell often has a distorted shape and some-
what large dimensions compared to a hexagonally
ordered PL unit site. It is typically isolated from other PL-
like defect sites and appears to be position-trapped.
The defect in Figure 4b,e can be obtained by phase in-
version in the previously described +1/2 disclination
and is therefore topologically equivalent to the above
defect. However, the white dot in the middle (Figure
4b,e) can be attributed to vertically oriented cylinders,
spheres, or cylinders with upstanding necks. Such de-
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Figure 5. Simulated images (top panel) and SFM phase images (300
nm X 300 nm) depicting specific configurations of —1/2 disclinations
with different PL-cluster size. SB films have been annealed under 50%
of the saturated vapor pressure of chloroform.
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fects are typically formed at early stages of structure
equilibration; they stick to their original position and
annihilate rather slowly due to missing lateral connec-
tivity in the minority phase.

Figure 4c,f displays another example of a represen-
tative specific defect. This configuration is identified as
a modified classical —1/2 disclinations with incorpo-
rated PL structure. Such defects are typically paired with
+1/2 disclinations and are trapped at three-cylinder-
grain junctions. The PL structure lacks the axial symme-
try; therefore it effectively compensates large disorien-
tations of cylinder grains. Additionally, the appearance
of the nonbulk PL phase as a defect component in the
cylinder phase can be justified by low interfacial tension
between these phases.>® Since the dimensions of the
hexagonally ordered PL and cylinder phases are com-
patible, the excess of the chain stretching/confine-
ments at defect cylinder sites is released by the local
phase transition.

The modified —1/2 disclination can contain PL clus-
ters of varied size (Figure 5). Generally, the size and the
lifetime of the PL-defects depend on the particular experi-
mental conditions. On one hand, they can be considered
as a metastable transient phase which enhances the con-
nectivity of the minority component as compared to the
cylinder phase, and therefore facilitates the annihilation of
defects. The lifetime of such temporal phases with a clus-
ter size of ~1—10 PL rings ranges from minutes to
hours.?® On the other hand, these ring-like PL-defects
may appear as nuclei of a stable PL grain when a small
thickness gradient promotes coexistence of PL/C; phases
(Figures 5¢f and 11).3234

Another example of a frequently observed position-
trapped configuration denoted as the horseshoe de-
fect is presented in Figure 6. This defect can be viewed
as a core region of +1/2 disclination next to a PL clus-
ter. It is as well observed in DSCFT simulations which in
some instances reveal the connection of this defect to
the bottom layer of microdomains (Figure 6c). The an-
nihilation of such defects through the formation of a
transient nonbulk lamella phase was captured by in-
situ SFM (Figure 6d).3” The horseshoe defect is highly in-
compatible with ordered in-plane structures, and the lo-
cal transition to lamella phase provides higher in-plane
chain mobility as compared to that in the cylinder
phase.

Specific Defects. Figure 7 presents a specific neck defect
which, to our knowledge, has never been identified be-
fore in block copolymer films. This bridge-like connec-
tion between neighboring parallel cylinders can be
viewed as a closely interacting pair of m-dislocations
(Figure 7a and related sketch). Such necks provide con-
nectivity of the minority phase and thereby facilitate
material transport without crossing the PS—PB inter-
face. Since the annihilation of a neck-defect does not re-
quire a discontinuous change of the order parameter,
it is not a singular defect. Necks are frequently observed
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Figure 6. SFM phase image (a) (300 nm X 300 nm) and simulated im-
ages (b,c) presenting the “horseshoe” defect. (d) Selected SFM phase
images (250 nm X 250 nm) from the consecutively saved sequence il-
lustrating the annihilation of a “horseshoe” defect (marked by dashed
lines in frame 1). Solid white lines and filled symbols mark lattice sites
which remain unchanged during the transformation. Empty symbols
indicate lattice sites at the boundary of the transient lamella phase.
The previous position of moving lattice sites is shown by dashed sym-
bols. In frame 8, thick dashed lines mark cylinder domains which re-
place the “horseshoe” defect (frame 1). In-situ SFM imaging has been
done at 105 °C.

Figure 7. SFM phase images of surface structures in SB films, which
were equilibrated under 70% of the chloroform-saturated atmo-
sphere, showing specific neck defects (a,e) (highlighted by white (yel-
low) circles); interaction of neck-defects with m-dislocations (b,c), and
with a single PL ring (d). Image f indicates the elementary steps of
the lateral defect motion and interaction.

www.acsnano.org

in the ordered cylinder phase under condi-
tions which provide sufficient chain mobility
(for example, in swollen SB films with the poly-
mer volume fraction below ~0.8, Figure 7ef).
Such necks can group with m-dislocations
along or across the cylinder axis (Figure 7 pan-
els b and ¢, respectively) or with PL rings (Fig-
ure 7d). Interestingly, in DSCFT simulations
neck defects are not seen in the ordered cylin-
der phase. This fact likely indicates a small en-
ergy difference between the neck defect and
the defect-free cylinders. Considering the ex-
perimental conditions when the necks be-
tween cylinders form, we conclude that their
origin is driven by local concentration
fluctuations.

The observed SB films neck defects are
similar to those found in liotropic liquid crys-
tals. In particular, the important transport func-
tions of the bridging connections in lyotropic
lamella phase have been recently reported.?®
In this study, the abrupt increase of the diffu-
sion coefficient across the lamella upon ap-
proaching the lamella-isotropic phase transi-
tion has been interpreted in terms of neck
defects connecting the surfactant structure.
Additionally, the formation of nonsingular
neck defects is tentatively similar to the initial
stages of the membranes/vesicles fusion.”®
Note that in thermotropic liquid crystals such
defects are prohibited due to a nonconserved
nature of the order parameter.

Grain Boundary Defects. Figure 8 presents ex-
amples of extended grain boundary defects.
The T-junction defect (Figure 8a,d) is one of
the most stable defect configurations and
forms at large angles of disorientation
(~80—90°) between two cylinder or lamella®®
grains. In the cylinder phase, T-junctions com-
pensate for strong disorientation of grains and
at the same time provide connectivity of PS
cylinders (white stripes) between neighboring
grains while the majority PB matrix (dark
stripes) remains interconnected. We note that
the connectivity function of a T-junction in
most cases can not be realized in the lamella
phase as it always abruptly terminates one
component (mostly, the minority compo-
nent®). In the following, we describe the lat-
eral mobility of such complex T-junction
defects.

The extended defect in Figure 8b,e is repre-
sented by a chain of PL cells along the grain
boundary and can be considered as a modi-
fied T-junction defect. Such configuration indi-
cates the tendency of the system to undergo
the cylinder-to-PL phase transition. The
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Figure 8. Simulated images (top panel) and SFM phase images (300 nm X
300 nm) presenting grain boundaries defects: (a,d) extended T-junctions
configuration; (b,e) chain of PL rings at grain boundary; (c,f) grain bound-
ary defect between cylinder grains with a disorientation angle of ~75°. SB
films have been annealed under 70% (d,f) and 55% (e) of the saturated va-
por pressure of chloroform.

boundary defect in Figure 8c,f presents the case where
two cylinder grains meet at a disorientation angle of
70—75°. This grain boundary is characterized by consid-
erable distortion of microdomain dimensions in the
junction sites; at the same time, the connectivity of the
minority PS phase between the neighboring grains is
preserved. However, we note that in most cases grain
boundaries with such disorientation angles are marked
by a narrow region with high density of classic and spe-
cific defects described above.

Dynamics of Complex Defects. Experiment. With in-situ SFM
we followed the lateral movement of a 3T-junction de-
fect which consists of four parallel cylinders connected
to an orthogonally-oriented cylinder (Figure 9a). The
SFM movie can be found as Supporting Information.*'
Selected frames from this movie and the respective
sketches below each image (Figure 9a) present the
characteristic steps of the defect propagation. As a
guide for the eye, white (yellow) dots mark the open
cylinder end. The position of this +1/2 disclination re-
mains stable during imaging. Another characteristic ref-
erence point is a white-dot defect which is indicated
by the arrow in frame 32 of Figure 9a. In Frame 32, the
3T-junction is positioned next to the marked +1/2 dis-
clination (configuration A). About 9 minutes later, the
3T-junction appears to be separated by one cylinder
from the disclination (frame 46 and configuration B). Fi-
nally, in frame 77 it is separated by two cylinders from
the indicated disclination, still preserving its complex
structure.

The details of these transformations are captured in
the SFM-movie which covers more than 70 minutes of
the continuous imaging. Since we have done the mea-
surements with high temporal resolution, we plotted in
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Figure 9b a temporal pathway of this defect. Here the
temporal and excited defect configurations are sorted
along the vertical axis according to the number of cyl-
inder open ends. Each type of symbol indicates the
presence of a certain defect configuration such as the
A, B, or C type as in Figure 9a, such as the intermediate
4T-junction configuration in frame 41 (inset in Figure
9b), or a quite stable +1/2 disclination as in frame 56
(Figure 9b). When a configuration does not contain an
open cylinder end (such as in frames 56 and 93 in Fig-
ure 9b) or a shape undulation (as the sock-like undula-
tion in frame 31 of Figure 9b), then the symbols are
placed on the horizontal dashed line. Any open cylin-
der end is configured as higher energy defect structure
and the respective data-point is shifted up along the
y-axis.

Figure 9b indicates that each of the configurations
A, B, and C has a different lifetime. Configuration A
was present for about 40 minutes with a short-lived
break-up of the cylinder connections and shape undu-
lations (excited configurations). The transition to config-
uration B was achieved via an intermediate 4T-junction
defect. Configuration B was relatively short-lived, and
changed quickly into a long-lived defect with +1/2 dis-
clination (frame 56 in Figure 9b). The final step to con-
figuration C proceeded with the consumption of the PL
ring from the modified —1/2 disclination (as in Figure
4f). Configuration C appeared to be quite stable with al-
most no fluctuations. Importantly, in configuration C
the 3T-junction now appears closer to the small PL
patch (@ nonbulk transient phase). Thus on a meso-
scale level, the captured motion can be viewed as an el-
ementary step towards the lateral separation of coexist-
ing morphologies (see Figure 11).

During the captured lateral transformations, the com-
plex 3T-junction defect has moved on a distance of two
microdomain spacings (a = 70 nm) in t =~ 70 minutes. A
simple estimation using the Einstein relation a = (Dt)'/?
gives a diffusion constant of D =~ 10°'® cm?/s. This result
indicates that the lateral diffusion of a complex stable de-
fect configuration is 3—4 orders of magnitude smaller
compared to the self-diffusion constant determined ear-
lier for this system.?”

Simulations. A lateral migration of the similar 3T-
junction defect was followed with DSCFT simulations
and is presented in Figure 10. Like in Figure 9b, defects
are sorted along the Y-axis according to the number of
cylinder open ends. Selected frames from the simula-
tion movie*? display characteristic (A and B) and inter-
mediate stages of the 3T-junction movement. In simu-
lations, the defect moved on one cylinder spacing to
the right relative to the initial position A. Similar to the
experimental observations, the movement of the com-
plex 3T-junction defect proceeds via long-living inter-
mediate structures with +1/2 disclination (marked by
yellow (gray) squares in Figures 9b and 10). Moreover,
the movement of the defect is directed towards the de-
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veloping PL phase (right image in Figure 10).
From the good agreement between the simula-
tions and the experimental observations we con-

clude that DSCFT on a long time scale correctly
describes defect dynamics in block copolymer
films. From the above results, a single simulation
step can be identified with a real experimental
time of ~1—2 s. This value is in a good agree-
ment with the earlier experimental and theoreti-
cal studies which are based on the comparison of
the morphological phase transitions®®** rather
than on the analysis of the lateral defect motion.
Another important conclusion which we have
derived from the dynamic simulations of a film
with a wetting layer is only the weak involvement
of this bottom layer in the ordering of the struc-
tures at the free surface. Slight perturbations in the
volume density at the wetting layer are seen exclu-
sively below excited defect configurations such as
open-cylinder-ends (see 3D simulation movie*?).

Lateral Separation of Morphologies under Coexistence §
Conditions. Earlier theoretical and experimental %
studies have pointed to a relationship between “§ ‘
the microdomain structures and transport mech- ¢
anisms in block copolymer films. In particular, it “§
is known that topological defects with open cyl- o

inder ends (such as vertically oriented cylinders,
cylinders with necks, open-end dislocations) are
indicative of the material transport perpendicu-
lar to the surface."®**** Such open-end struc-
tures appear during the early stages of terrace
formation,*® during the directional orientation of
cylinders perpendicular to the surface by exter-
nal fields,?>*>¢ and in thermal equilibrium at in-
compatible film thickness.>" Here we focus on
the specific defects which are associated with the lat-
eral ordering of lying cylinder microdomains.

In the earlier studies on the phase behavior in SB
films, we established conditions in which the cylinder
phase is in thermal equilibrium with the PL structures.3**”
At particular surface fields and segregation power, the
slight thickness variation within the first layer of cylinders
is reflected in the coexistence of two morphologies. Fur-
ther, we noticed that the degree of the lateral separation
of cylinder and PL phases essentially depends on the an-
nealing conditions. Figure 11 presents SFM phase images
of the surface structures in ~11/2-layer thick SB films
which have been annealed (a) in vacuum at elevated tem-
perature and (b) in the atmosphere of the chloroform va-
por. Both images reveal coexistence of morphologies,
however with drastically differing degree of the lateral
separation (different grain sizes).

Figure 11a displays coexisting PL and cylinder grains
of small sizes with a high defect density in the cylinder
phase. In contrast, after solvent annealing the two mor-
phologies are well separated and exhibit a high de-
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Figure 9. Dynamics of the 3T-junction defect. (a) SFM phase images from in-situ
SFM movie (image size, 350 nm X 350 nm; the phase scale, 3°). Frame numbers
and elapsed time of the SFM movie are indicated next to each frame. Configura-
tions A, B, and C highlight the stages of the movement of the T-junction defect
(marked with a white (yellow) square) relative to the indicated position-trapped de-
fects. (b) Plot shows the evolution of temporal/excited configurations, which are
sorted and grouped along the configuration coordinate according to the number
of “open ends”. SFM images (250 nm X 200 nm) in the upper panel are selected
frames from SFM movie and present intermediate defect configurations.

gree of long-range order. Since in both systems the xN
parameter is estimated to be ~35 and thus the segre-

gation power is assumed to be similar, the difference in
the degree of the structure equilibration can be attrib-
uted to the chain mobility under given annealing con-
ditions. Obviously, the efficiency of the microdomain

Simulations

6000
Time (steps)

2000 4000 8000 10000

Figure 10. Temporal evolution of the 3T-junction defect in
DSCFT simulations. Data are plotted according to the same
criteria as in Figure 9b. Selected frames from the simulation
movie show characteristic (A and B) and intermediate stages
of the 3T-junction movement. Solid arrows (red) mark the
left edge of the 3T-junction upon propagation.
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Figure 11. SFM phase images presenting coexisting PL and cylinder
morphologies in SB films annealed for 18 hours (a) in vacuum at 120
°C on carbon coated silicon and (b) on silicon substrate under the at-

mosphere of 50% of the saturated chloroform vapor pressure.

equilibration is higher under solvent annealing condi-
tions. Further comparison of images in Figure 11a,b
suggests that both the density of defects and their rela-
tive lifetimes depend on the chain mobility. In ther-
mally annealed films, all types of described above clas-
sic and modified defects (Figures 36 and 8) appear to be
kinetically trapped. In swollen films, specific neck de-
fects obviously dominate over other defect types which
presumably have short life-times under these condi-
tions (Figures 7e,f and 11b).

We believe that in thermally annealed
films, the lateral coarsening of the PL grains
proceeds predominantly through the lateral
movement of PL-modified or clustered com-
plex defect configurations such as PL-patches
and T-junctions (Figures 8-10). In solvent-
containing systems with considerable interfa-
cial fluctuations, the neck-defects are involved
in the grain coarsening at late stages of struc-
ture equilibration. It is likely that motion of
neck defects, doubled necks (which are struc-
turally similar to a single PL ring) along the cyl-
inder axis, and their interaction with other de-
fects or with existing grains of nonbulk phases
can be considered as elementary steps of the
lateral separation of morphologies in thermal
coexistence (Figures 7f and 11b).

SUMMARY

In this work, we focus on specific defects
in the cylinder phase which are kinetically
trapped in thermal equilibrium during the lat-
eral ordering of lying microdomains. Using
SFM measurements complemented by DSCFT
simulations we show that structural defects
and their interactions in cylinder-forming
block copolymers can not always be described
with the approaches and knowledge gained
from defect studies in nematic thermotropic
and lyotropic liquid crystals. In particular, the
systems studied here showed a strong correla-
tion between the defect structure and chain
mobility both on short and on long-term time
scales.

We have shown that purely topological ar-
guments and 2D representation are not suffi-
cient to elucidate the stability and mobility of
defects in cylinder morphology where specific
and representative classic defects provide
connectivity of cylinders (of the minority com-
ponent). Generally, dislocations with a closed
cylinder end are more stable than configura-
tions with an open cylinder end which are
typically short-lived elementary steps of de-
fect reconstruction. Classical +1/2 disclina-
tions in the cylinder phase incorporate alter-
native structures, such as the nonbulk
perforated lamella phase which has planar symmetry
and thus a higher degree of connectivity of the minor-
ity component. Observation of nonsingular neck de-
fects suggests similarities of transport mechanisms in
block copolymers with considerable interfacial fluctua-
tions and in other types of soft matter such as lyotropic
liquid crystals and membranes.

Good agreement between the experiment and
simulations on the details of the lateral propagation of
a complex 3T-junction defect suggests diffusion-driven
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lateral transport and correlated defect motion due to
the interconnectivity of the polymer chains. Addition-
ally, simulation results show that the bottom (wetting)
layer is only weakly involved in the development of the
structures at the free surface. The estimates of the mo-
tion velocity of the clustered defect configurations give
insight into the molecular mechanisms of the chain
transport in block copolymer materials.

The degree of lateral separation of coexisting PL
and cylinder phases and related representative defects
depend on the mobility of chains under given anneal-
ing conditions. Our results suggest that the chain mo-
bility is an important factor that guides the pathways of
defect annihilation and thus the transport mechanisms
in block copolymer films.

EXPERIMENTAL DETAILS

Polymer. We used polystyrene-block-polybutadiene copolymer
(SB) (Polymer Source Inc.) with molecular weights of the polysty-
rene (PS) and polybutadiene (PB) blocks of 13.6 and 33.7 kg/mol, re-
spectively, with a PS volume fraction of 25.5% and a polydisper-
sity of 1.02. The glass transition temperatures of the SB
components are Ty pg = —60 °Cand T, ps = 80—100 °C. In bulk,
SB forms glassy PS cylinders embedded in a soft PB matrix with a
characteristic distance of 33.6 nm between the next-nearest cylin-
ders (SAXS measurements).>* SB films were prepared by spincoat-
ing a toluene solution on carbon-coated silicon wafers and further
annealing either under chloroform (nearly neutral solvent) at con-
trolled vapor pressure or at elevated temperatures in vacuum.

Scanning Force Microscopy. The microdomain morphology in
quenched films was measured with a Dimension 3100 SFM
(Veeco Instruments Inc.) operated in TappingMode using silicon
tips with a spring constant of ca. 40 N/m, and a resonance fre-
quency ranging from 200 to 300 kHz.

In-situ imaging was performed in the hot-stage of a Multi-
Mode SFM (DI/Veeco Metrology Group) under a flow of dry nitro-
gen, with an amplitude setpoint of ~0.96 and a scanning fre-
quency of 9 Hz, resulting in an acquisition time of 46 s/image.
An 50 nm thick SB film on carbon coating was first annealed at
140 °C to induce terrace formation and lateral ordering of the
microdomains and then quenched to 105 °C for SFM imaging.
At the temperature range 105—120 °C, the combined Flory-
Huggins parameter xN is about 35, which corresponds to the in-
termediate segregation regime.

To estimate the possible impact of the sample degradation
due to the loose seal of the heating chamber, we performed
separate snapshot measurements under the above tempera-
ture and nitrogen flow conditions. The first signs of the partial
cross-linking of the PB component were detected after 20 hours
of annealing, which considerably exceeds the typical times of
the in-situ measurements.

Simulation. Thin film behavior of a cylinder-forming block co-
polymer was modeled using the dynamic variant of self consis-
tent field theory (DSCFT).*® Earlier this method was successfully
used to study equilibrium structures,®'*>*° dynamics of phase
transitions,®® and structure evolution in supported films.** Since
the governing equation for structure evolution in DSCFT is a sto-
chastic differential equation, where the stochastic term repre-
sents the thermal fluctuations, the morphology of thin film as
well as the appearance and connectivity of structural defects is
not predefined.

For the analysis of defects in one-layer-thick films of cylinder-
forming block copolymers, we have considered three systems
which phase behavior has been described in detail in earlier
publications.>*>4° Systems A and B from ref 32 both have sym-
metric wetting conditions, with a film height of 7 grid units (+2
grid units for the mask) and the interaction parameter between
the polymer beads ,5 = 6.5. The interaction parameters of the
polymer beads with the surfaces (or with the mask) are g5s = 5,
egs = 0, and e, = 6; g5 = 0 for systems A and B, respectively.

www.acsnano.org

System C from ref 49 has asymmetric wetting conditions, a film
height of 10 grid units (+2 grid units for mask); 55 = 6.5, and
the interaction parameters of the polymer beads with the lower
interface e, = 6, £g5 = 0, and with the upper interface e,5; =
—1, g7 = 0. For the present study the above systems have been
simulated in large boxes with lateral sizes of 128 X 128 grids to
exclude the influence of the boundary conditions on single de-
fects; the examples of classical and specific defects in Figures
3-6, 8 are cuts (in time and position) from these simulations. For
each system simulations have been done for more than 50000
simulation steps. We note that the simulation results cannot be
used for the independent statistical analysis of the representa-
tive defect configurations as even the largest simulation boxes
contain not more than 20 microdomains. Here simulations are
used to support experimental observations, which give access to
a statistically valuable number of defect configurations.

The dynamics of a complex 3T-junction defect was followed
in system C in the simulation box with lateral sizes of 64 X 64
grid units (Figure 10).
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Supporting Information Available: SFM movie: Tapping-mode
scanning force microscopy movie of the surface structures in a
fluid SB film at 105 °C. Bright color corresponds to PS micro-
domains. The size of the area is 350 X 350 nm?, The frame rate
is 46 s/frame, and the total imaging time is ~92 min. Simula-
tional movie: Dynamic self-consistent mean-field simulations of
the structure evolution in cylinder-forming block copolymer melt
modeled by A3B12A3 Gaussian chains. The dimensions of the
simulation box are 64 X 64 X 12 grid units. The displayed
A-component (isodensity level p, = 0.5) forms one structured
layer on the top of wetting layer. The surface fields are set to gy ,
= —1kJ/mol and g, , = 5 kJ/mol. The structure dynamics is plot-
ted every 50th time step in the simulation range from 3000 to
10000 time steps. This material is available free of charge via the
Internet at http://pubs.acs.org.
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