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ABSTRACT: The alignment of diblock copolymer microdomains by an electric field depends on the
segmental interaction between two blocks and the difference in the interfacial energies of each block
with the substrate. Morphologies having mixed orientations are predicted when the difference in the
interfacial energies of the two blocks is large. By modifying a surface with random copolymer brushes,
interfacial energies were controlled and the influence of interfacial energy on the orientation of the
copolymer microdomains by an electric field was examined. Complete alignment of the lamellar
microdomains was achieved only when the interfacial interactions were balanced. In all other cases,
lamellae adjacent to the substrate were oriented parallel to the substrate surface, whereas in the center
of the sample the lamellae oriented in the direction of the applied field. These results can be ascribed to
a pathway-dependent alignment and a high energetic barrier to achieve complete reorientation of the

lamellae adjacent to the surface.

Introduction

Thin films of block copolymers have attracted signifi-
cant attention due to their potential uses as templates,
masks, and scaffolds for nanostructured materials.1—3
However, a crucial element for the success of such strat-
egies is the complete alignment of the copolymer mi-
crodomains. The interfacial energies of the blocks of the
copolymer play a key role in achieving full alignment
of the copolymer microdomains. The preferential seg-
regation of one block to the substrate will orient the mi-
crodomains parallel to the substrate surface.* To over-
come such surface-directed orientation, external fields
have been used.>~8 For example, lamellar and cylindri-
cal microdomains in thin films of poly(styrene-b-methyl
methacrylate) (P(S-b-MMA)) can be oriented normal to
the substrate with an electric field, achieving complete
orientation in the direction of the applied field.®~11

Several theoretical studies have appeared addressing
the alignment of symmetrical diblock copolymers in thin
films by an electric field.12715 The roles of the applied
electric field strength, interfacial energies, film thick-
ness, dielectric constant difference between the two
blocks, and commensurability of the film thickness and
the natural period of the copolymer have been investi-
gated. From these, however, the interfacial energies of
the blocks emerge as the critical parameter or impedi-
ment in achieving complete alignment of the domains.
A parallel orientation of the microdomains is favored
when there is a difference in the interfacial energies,
whereas a normal orientation of the microdomains is
favored by the applied electric field. Under certain
conditions, a mixed orientation of the microdomains is
predicted. Here, parallel orientation of the micro-
domains at the surface occurs, whereas away from the
surface, the influence of the applied electric field
dominates and the microdomains orient in the direction
of the applied electric field. With such mixed orienta-
tions, “T” junctions form when the lamellae oriented in
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orthogonal direction meet. These defects represent a
significant energetic penalty. A dimensionless param-
eter 0 can be defined as 6 = |(yas — yBs)|/yT, where yas
and ygs are the interfacial energies of block A and B
with the substrate, respectively, and y+ is the interfacial
energy between block A and block B. Theoretical
calculation done by Pereira et al. predict that in the
strong segregation limit, for 6 = 1, only normal orienta-
tion is favored, whereas for 6 > 1, a mixed orientation
is predicted.1? It should be noted that Tsori and Andel-
mann, using the identical variables, predict normal
orientations when 6 < 2 and a mixed orientation when
o > 2.13

Here, an experimental study on the influence of the
interfacial energies on the alignment of symmetric
diblock copolymers, of poly(styrene-b-methyl methacry-
late), P(S-b-MMA), is shown as a function of . Complete
alignment of the lamellar microdomains normal to the
surface, i.e. in the direction of the applied field, is found
only when the interactions of the blocks with the
substrate are balanced (6 = 0). In all other cases, a
mixed orientation of the microdomains was found. This
very narrow window in § contradicts theoretical predic-
tions but can be ascribed to a kinetic trapping of the
microdomain orientation and a high activation energy
associated with reorienting the microdomains.

Experimental Section

P(S-b-MMA) was prepared by anionic synthetic routes and
contained 50 vol % styrene. The number-average molecular
weight M, is 7.19 x 10* with a polydispersity of 1.08 as
measured by size exclusion chromatography using polystyrene
standards and refractive index detector. Silicon wafers were
modified by anchoring hydroxyl-terminated random copoly-
mers of styrene and methyl methacrylate, prepared by living
free radical procedures, to the substrate.’® Four random
copolymers with styrene fractions of 0.58 (58/42), 0.7 (70/30),
0.8 (80/20), and 0.9 (90/10) were anchored to the surface, as
described previously, to give a covalently attached random
copolymer brush with thicknesses of approximately 6 nm.
Using yt = 0.8 erg/cm?, the respective values of ¢ are 0, 0.62,
0.73, and 0.94, respectively.'” Films of P(S-b-MMA), ~900 nm
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Figure 1. Grazing angle small-angle X-ray scattering patterns of P(S-b-MMA) (~900 nm) films on silicon substrate with native
oxide layer (a) after annealing under vacuum and (b) after annealing under ~40 V/um electric field.

in thickness, were prepared by spin-coating (~10° rpm) a 7%
(w/v) toluene solution of the copolymer onto the substrate.
Films ~3 um in thickness were prepared by spin-coating (~500
rpm) a 10% (w/v) toluene solution of the copolymer on the
substrate. An aluminized Kapton film comprised the top
electrode, where a thin layer (20—25 um) of cross-linked PDMS
(Sylgard) was used as a buffer layer between the Kapton
electrode and the copolymer thin film.*®* The PDMS layer
conforms to the electrode surface, eliminates air gaps between
the top electrode and the copolymer film, and maintains a
smooth surface of the copolymer film. The copolymer films
were heated to 170 °C under N, with an applied electric field
of ~40 V/um for 16 h and then quenched to room temperature
before removing the electric field. The samples were embedded

in epoxy,® microtomed with a diamond knife at room temper-
ature, and transferred to a copper grid. The thin sections were
exposed to ruthenium tetraoxide for 35 min to enhance the
contrast. Electron microscopy experiments were performed on
a JEOL 100CX TEM at the accelerating voltage of 100 kV.
Grazing angle small-angle X-ray scattering (GASAXS) was
performed at the National Synchrotron Light Source (Brook-
haven National Laboratory), using X-rays with a wavelength
of 0.1567 nm. Typical exposure times were 90 s per sample.

Results and Discussion

Shown in Figure 1 are the GASAXS patterns for a
~900 nm thick P(S-b-MMA) film on a silicon substrate
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Figure 2. Transmission electron microscopy cross-section
images of P(S-b-MMA) thin films after (a) annealed under
vacuum for 48 h on the substrate modified with 90/10 random
copolymers, annealing under ~40 V/um electric field on the
substrates modified with different random copolymers, (b) 58/
42, 6 =0, (c) 70/30, 6 = 0.62, (d) 80/20, 6 = 0.73, (e) 90/10, &
= 0.94, after spin-coating.

with a native oxide layer, obtained at a ~0.2° incidence
angle. Figure 1a is for the sample annealed at 170 °C
under vacuum for 48 h with no applied field. The arclike
pattern indicates that the lamellar microdomains are
randomly oriented in the film. The scattering from a
similar sample annealed under an applied electric field
(~40 V/um) is shown in Figure 1b. The two equatorial
spots show that the lamellae orient normal to the
surface, in the direction of the applied field. However,
with GASAXS, it is not possible to discern whether the
alignment of the microdomains extends completely to
the interfaces, only that the average degree of alignment
is high.

To examine the orientation of the microdomains at
the interfaces, TEM was used. Figure 2a shows a cross-
sectional TEM image of P(S-b-MMA) thin film after
annealing under vacuum for 48 h with no applied field.
The film is on a substrate modified with random
copolymer with a styrene fraction of 0.9. The lamellar
microdomains are parallel to the substrate at both
interfaces due to the preferential wetting of the PS
block. In the center of the film, the effect of the interface
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Figure 3. Transmission electron microscopy cross-section
image of P(S-b-MMA) thin films (~3 um) after annealing under
~40 V/um electric field on the substrates modified with 90/10
random copolymers.

dissipates, and the microdomains assume random ori-
entation. Figure 2b,c,d,e shows the cross-section TEM
images of P(S-b-MMA) thin films after annealing under
a ~40 V/um electric field on four different substrates to
which random copolymers with styrene fractions of 0.58,
0.7, 0.8, and 0.9, respectively, were anchored. From the
TEM sample preparation,’® the top of each image
corresponds to the copolymer/substrate interface. An
orientation of the lamellar microdomains in the direc-
tion of the applied field is seen in the middle of the films.
Complete alignment of the lamellae extending to the
interfaces was achieved only when 6 = 0, i.e., when the
interactions between the surface and the blocks were
balanced. Mixed orientations were seen in all other
cases, even when the difference in the interactions
between the blocks and the substrate was much smaller
than the interfacial energy between the two blocks. In
comparison with the theoretical calculations, the ob-
served range in ¢ to achieve complete orientation of the
microdomains is much narrower.

Mixed orientations were also found with thicker films.
Figure 3 shows the cross-section TEM image of a
P(S-b-MMA) film with a thickness of ~3 um, annealed
in a ~40 V/um electric field. The substrate was modified
with a 90/10 random copolymer. The lamellar micro-
domains are parallel to the substrate at the interfaces
and are aligned with the electric field in the middle of
the film. In comparison to Figure 2a (no field applied),
Figure 2e (field applied, thinner film), and Figure 3
(field applied, thick film), no dramatic change in the
number of parallel lamellar microdomains oriented
parallel to the interface is seen. Thus, qualitatively the
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Figure 4. Transmission electron microscopy cross-section
image of P(S-b-MMA) thin films after annealing under ~40
V/um electric field for 1 h at 160 + 5 °C on the substrates
modified with 80/20 (6 = 0.73) random copolymer.

number of the lamellar microdomains orientated paral-
lel to the substrate interface is independent of the film
thickness within the thickness range studied here (~700
nm—3 um). This orientation depends primarily on the
strength of the interfacial interaction. Quantitative
arguments will be made on the relationship between the
interfacial interaction and the number of the parallel
lamellar microdomains in a forthcoming paper.2® How-
ever, qualitatively, the trend is clear, as seen from the
change in the microdomain orientation at the copolymer/
substrate interface in Figure 2b—e, where, with increas-
ing strength of the interactions, the distance over which
parallel orientation penetrates into the film increases.
The theoretical arguments are based on a diblock
copolymer in the strong segregation limit regime. For
the diblock copolymer used here, PS-b-PMMA, yN ~
26.21 Though not in the very strong segregation limit,
it is dearly not in the weak segregation limit. In
addition, the interactions of blocks with the random
copolymer modified substrates are smaller than the
segmental interaction between the two blocks in all the
cases shown here. Thus, one possible reason to account
for the discrepancy between theory and experiment is
a pathway dependence of the alignment process that is
not considered theoretically.?? Figure 4 shows the cross-
section TEM image of the thin film after annealing at
160 + 5 °C under an electric field of ~40 V/ um for 1 h.
A random copolymer was anchored to the surface such
that 6 = 0.73. In this case, full alignment of the
microdomains should occur. At the substrate interface,
the lamellar microdomains are seen to orient parallel
to the substrate initially, whereas in the center of the
film, the copolymer, while microphase separated, is not
aligned. Further annealing of the sample under an
electric field produced the film shown in Figure 2d.
On the basis of these TEM images and others, it is
evident that two Kinetic processes are in competition,
namely the alignment of the microdomains by the
electric field and the surface-induced alignment of the
microdomains. While an electric field can bias concen-
tration fluctuations of a disordered copolymer,®2! it is
apparent that the surface-induced orientation is a
stronger field initially. This can be understood by the
influence of a surface on the ordering of the copolymer.
It has been shown that the order-to-disorder transition
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can be markedly increased in the vicinity of a surface.?3
Consequently, the copolymers near the interface mi-
crophase separate initially with an orientation that is
strongly biased by the interface. The influence of the
interface, of course, dissipates with increasing distance
from the surface and, in the absence of other fields, the
copolymer orders and orients under the influence of the
applied field. Consequently, in the center of the film,
the copolymer microdomains are oriented parallel to the
applied field, i.e., normal to the substrate surface. This
structure does not correspond to the equilibrium struc-
ture, since the formation of T-junctions is energetically
costly. However, to fully orient the microdomains, the
microdomains at the interface must be rotated 90°. A
simple rotation of the micrdomains is not feasible, and
an undulation of the microdomains is a more plausible
route. This, however, increases the interfacial area
between the microdomians and also necessitates the
stretching and compression of the chains, since the
substrate is flat. Thus, the energetic barrier to complete
the transition to a fully aligned state is high, requiring
a higher electric field than that predicted theoretically
to achieve the perfectly aligned state.

Conclusion

In conclusion, the interfacial energy was controlled
precisely by anchoring random copolymers to the sub-
strate, and the influence of interfacial energy on the
electric field alignment of thin films of symmetric
P(S-b-MMA) thin films was studied. Complete align-
ment of symmetric diblock copolymer thin films was
found only when the interactions between the blocks of
copolymer and substrate were balanced. Mixed orienta-
tions were found in all other cases, even when the
difference in the block—substrate interactions were
smaller than the interfacial energy between two blocks.
Electron microscopy results suggest a pathway depen-
dence of the alignment process to explain the discrep-
ancy between the experimental results and the theo-
retical predictions.
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