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Electrically Induced Patterning in Block Copolymer Films
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ABSTRACT: Thin films of block copolymers were manipulated on two different length scales simulta-
neously by use of an electric field. Electrostatic pressure generated at the surface of a block copolymer
film between two electrodes with an air gap separating the surface of the block copolymer film and the
upper electrode produced, as in homopolymer films, an array of hexagonally ordered columns, tens of
microns in size, that spanned between the two electrodes. Within each column the diblock copolymer
microphase separated into hexagonally packed cylindrical microdomains, tens of nanometers in size. The
orientation of these microdomains was controlled by the interfacial energies of each block with the surfaces
of the electrode and the direction of the applied field. Microdomain alignment parallel to and normal to
the applied field could be controlled by the strength of the interfacial interactions. The results show a
novel means by which block copolymers can be controlled on two different length scales simultaneously
and present a new route toward fabricating functional nanoscopic structures in thin polymer films.

Introduction

Block copolymers can self-assemble into a wide vari-
ety of periodic structures with characteristic length
scales of several tens of nanometers. This has estab-
lished block copolymers as an attractive, versatile route
to produce scaffolds and templates for the fabrication
of nanoscopic devices.1 =2 Realizing the full potential of
these materials in thin film applications, however,
requires controlling the microdomain ordering and
orientation, so as to tailor the continuous thin films into
desired patterns. Control over microdomain alignment
can be achieved by using controlled interfacial inter-
actions, mechanical shear, epitaxy, electric fields, sol-
vent evaporation, surface and temperature gradients,
and surface patterning.4~14 Electric fields and controlled
interfacial interactions are particularly attractive due
to the simplicity of the process required to achieve
alignment.811 As for micron/submicron scale patterning
in block copolymer films, several approaches including
embossing and soft lithography have been described.1516
Of interest in this study is the use of an electric field to
amplify the fluctuations on a polymer surface to gener-
ate well-ordered patterns on the micron to tens of
micron size scale.1”18

The interaction of electric fields with dielectric ma-
terials is well understood. In essence, pattern formation
induced from the electrohydrodynamic instability is of
the same physical basis as that for the electrically
induced domain orientation. The driving force for both
processes is the orientation-dependent polarization in
a material having dielectric interface.’>1” The electric
field aligns interfaces separating two dielectric bodies
parallel to the electric vector, thus minimizing the
moment of electrostatic forces exerted onto the interface
and the free energy of the system. In the case of block
copolymers, the interface is formed from two chemically
different blocks, whereas in thin films the surface of the
film separates the polymer and air. This opens the
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Figure 1. Schematic drawing of the experimental setup for
electrically patterning diblock copolymer films.

possibility of coupling these two effects by applying an
electric field to a thin block copolymer film so as to
achieve pattern formation and domain alignment si-
multaneously.

Here, we describe an easy method for nanostructure
fabrication that couples the two interactions of electric
fields with block copolymers and generates micron
patterns with nanometer structure in one step. Diblock
copolymer films between two electrodes with an air gap
separating the surface of the film and the upper
electrode, as shown in Figure 1, were used. Upon
annealing the assembly above the glass transition
temperatures of both blocks under an applied field, a
well-ordered pattern of columns tens of microns in size
was produced, and within each column a specific
orientation of the block copolymer microdomains was
obtained that depended on the interactions of each block
with the electrodes and the applied field direction, as
characterized by optical microscopy and transmission
electron microscopy.

Experimental Section

Asymmetric diblock copolymers of polystyrene-block-poly-
(2-vinylpyridine) (PS-b-PVP), polystyrene-block-polyisoprene
(PS-b-PI1), and polystyrene-block-polybutadiene (PS-b-PBD)
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Figure 2. Optical micrograph of a PS-b-PVP film which has
been exposed to an electric field. The 600 nm thick film was
annealed at 180 °C for 24 h under an applied voltage of 30 V.

were purchased from Polymer Sources. PS-b-PVP had a
number-average molecular weight, M,, of 102000 and a
polydispersity index, My/Mp, of 1.16; the PS-b-PI had a M,, =
36 200 and M,/M,, = 1.02; and the PS-b-PBD had a M, of
53 700 and a Mw/M,, of 1.04. The volume fractions of PVP, PlI,
and PS (in PS-b-PBD) in the corresponding block copolymers
were all ~0.3. Thus, in the bulk, the morphology consists of
PVP cylinders in a PS matrix for PS-b-PVP, Pl cylinders in a
PS matrix for PS-b-PIl, and PS cylinders in a PBD matrix for
PS-b-PBD.

Thin films of the copolymers (~600 nm thick) were spin-
coated from toluene solutions onto polished silicon wafers that
serve as one of the electrodes. An ITO glass slide was placed
~2 um from silicon wafer surface using a silicon oxide spacer,
thus leaving a thin air gap. The silicon oxide spacers were
evaporated on the conducting surface of the ITO glass. The
assembly was then heated above the glass transition temper-
atures of both blocks (180 °C for PS-b-PVP and 125 °C for PS-
b-Pl and PS-b-PBD), and 30 V was applied to the electrodes.
After annealing for 24 h in a nitrogen atmosphere, the
copolymer was quenched to room temperature. The upper ITO
glass electrode was removed mechanically or etched away
using a 5 wt % aqueous hydrofluoric acid solution. The
structure of the thin film was investigated using an Olympus
BX60 optical microscope in reflection mode.

Bright field transmission electron microscopy (TEM) studies
were performed with a JEOL 100CX TEM operated at an
accelerating voltage of 100 kV. To prepare TEM specimens, a
thin layer of platinum or carbon was evaporated onto the film
surface to prevent the epoxy resin from diffusing into the
copolymer film. The film was then embedded in epoxy resin
and cured at 60 °C for 24 h. Ultrathin sections were prepared
at room temperature using a Leica Ultracut microtome,
equipped with a diamond knife. To enhance contrast, the thin
PS-b-PVP sections were exposed to |, vapors that preferentially
stained the PVP block of the copolymer. For PS-b-PIl and PS-
b-PBD, OsO, vapor bath was used to stain the Pl and PBD
blocks.*®

Results and Discussion

Figure 2 shows a typical pattern formed in the block
copolymer films. A hexagonally packed array of columns
are seen, which protrude from an underlying thin PS-
b-PVP film. The columns were well-ordered, and no
defect in the packing of the columns was found over a
500 um x 500 um area. A two-dimension fast Fourier
transform (FFT) pattern of this micrograph is shown
in the inset. Multiple higher order interferences were
seen in the transform, indicating the high degree of
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order in this single grain of hexagonally packed columns
that bridged between the electrodes. The ordering of the
column array originates from an electrostatic repulsion
between the columns as they grow from fluctuations on
the film surface. The size of the columns depends on
the volume fraction of copolymer between the two
electrodes, i.e., the air gap thickness relative to the
copolymer film thickness.1” A higher ratio of film to the
gap thickness will produce a more dense lateral ar-
rangement of the columns and an improvement in their
hexagonal order. Producing a well-ordered array over
a large area requires that the two electrodes be parallel.
It should also be noted that the column walls are not
straight and have a curved contour (as evidenced later
by the cross-sectional TEM images). This results from
a wetting of the ITO glass by the copolymer.

The time scale for the pattern formation is different
from that of the microphase separation process. The
growth rate of columns depends on the nature of the
copolymer, surface tension, fluid viscosity, and the
experimental configuration, including the applied elec-
tric field, copolymer film thickness, and air gap width.?°
The characteristic times required to produce columns
bridging the two electrodes are normally less than
several hours. While the microphase separation of the
block copolymer occurs rapidly, achieving domain align-
ment required a much longer time to reach a fully
aligned state. Characteristic time ranged from several
days to several weeks. In this study, all three block
copolymers were in the strong segregation regime. Here,
a 24 h annealing was used.

To visualize the microphase separated morphology in
the micron-sized columns, TEM studies were performed.
The block copolymer film was microtomed perpendicular
to the film surface, i.e., cutting the columns along their
axis direction. Figure 3 shows the vertical cross-section
TEM image obtained from the PS-b-PVP film under an
applied voltage of 30 V at 180 °C for 24 h. The
evaporated carbon and platinum layers were visible at
the boundary between the film and embedded epoxy
resin and highlighted the outline of the columns. The
contour of the sidewalls of the columns induced by the
wetting of both electrode surfaces is evident. The PVP
phase was preferentially stained with I, and appeared
darker than the surrounding PS matrix. In the columns,
microphase-separated domains were well developed,
although it was not easy to discern which phase
segregated to the electrode interfaces and the sidewalls
of the columns. The circular-shaped sections for PVP
cylindrical domains indicate that the PVP cylinders
were oriented parallel to the substrate surface rather
than parallel to the electric field direction. Such a
domain orientation was also observed for the PS-b-PI
columns grown under the same experimental condition
but at 125 °C. As shown in Figure 4, the vertical
sectioning showed hexagonally packed black circles of
the OsOy-stained PI phase against a white background
of unstained PS phase, indicating a parallel orientation
of hexagonally packed PI cylinders to the substrate. In
both cases, the effect of electric fields on microdomain
alignment was not evident. Rather, the interfacial
interactions dominated and propagated through the
entire column. Though not evident, both PVP and PI
are known to preferentially segregate to both surfaces,
and the applied field is not sufficient to overcome these
interactions. This also suggests that the dielectric
constant differences between the microdomains are not
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sufficiently large to produce a large enough field dif-
ferential to orient the domains in the vicinity of the
surface.

In the case of PS-b-PBD columns, however, the
influence of the electric field on the microdomain
alignment was observed. Figure 5 shows a cross-
sectional TEM image of PS-b-PBD column outlined by
an evaporated platinum layer. The cylindrical PS mi-
crodomains appeared bright against the dark PBD
matrix which was stained with OsO4. As can be seen,

200nm

Figure 4. TEM vertical cross-sectional image of PS-b-PI columns.

the cylindrical PS microdomains appear as lines since
they have been cut along the axis of the cylinders. In
addition, the cylindrical microdomains are tilted with
respect to the field lines. This more than likely arises
from the interaction of the cylinders with the side walls
of the columns. The preferential alignment of PBD to
this air interface is driven by the lower surface energy
of the PBD. The curvature of the column walls, in turn,
forces the misalignment of the microdomains. Nonethe-
less, the results clearly show that the electric field
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Figure 5. TEM vertical cross-sectional image of PS-b-PBD columns.

strongly orients the microphase-separated domains in
PS-b-PBD.

To understand the different domain alignment for the
three copolymer systems, the effect of substrates and
surface interactions must be considered. It is well-
known from thin film studies that a free surface or an
interface can force a parallel alignment of the block
copolymer microdomains when there is a preferential
segregation of the constituent blocks. In general, the
block with the lower surface energy will segregate to
the free surface and one block will preferentially seg-
regate to the substrate interface. In this study, the
original film thickness was ~600 nm and the column
height ~2 um. Consequently, the effect of a surface or
interface on microdomain alignment could not be ne-
glected. In fact, there is a competition between the
surface fields and the applied electric field.

The preferential segregation of one block to a surface
or interface originates from the difference in interfacial
energies between the two blocks. The strength of the
driving force for parallel orientation is, therefore, pro-
portional to AyA~B = |yA — yB|. The electric-field-induced
alignment in block copolymers is a consequence of the
difference in the dielectric constants between the two
constituent blocks.'* Hence, this driving force is pro-
portional to AeA B = |eA — ¢B|. Table 1 lists the dielectric
constants and surface energies for the blocks of the
copolymers employed in this study. In the case of PS-
b-PI, both the dielectric constant and the surface energy
of Pl are very close in value to those of PS. There are
only weak forces in play with this copolymer. This is
evident in the micrograph shown in Figure 4, where a
disordered array of cylinders oriented parallel to the
surface of the electrodes are seen. As for PS-b-PVP, even
though the AePS~PVP is large, there is a large difference
in the interfacial energies AyPS™PVP_ While both the
surface and electric fields are acting on the microdomain
alignment of the PS-b-PVP in two orthogonal directions,
the surface field clearly dominates aligning the micro-

Table 1. Physical Properties of the Blocks of Copolymers

Employed
dielectric surface energy,?
polymer constant,? € (Hz) y (MN/m)
polystyrene 2.4-2.7/108 33-36
poly(2-vinylpyridine) 4.64/10% 34/170—200°C
polyisoprene 2.37/10°3 30—-32
polybutadiene 3.3/108 31-34

aKu, C. C.; Liepins, R. Electrical Properties of Polymers:
Chemical Principles; Hanser Publisher: Munich, 1987. b Bran-
drup, J., Immergut, E. H., Eds. Polymer Handbook, 3rd ed.; John
Wiley & Sons: New York, 1989.

domains within the columns parallel to the interface.
With PS-b-PBD, however, Ae between the two blocks is
large. In fact, the dielectric constant of polybutadiene
is so large that it was measured at a higher frequency
than the other polymers. This character of styrene—
butadiene copolymers enable a strong influence by the
electric field, orienting the microdomains within the
columns normal to the interface, i.e., in the direction of
the applied electric field.

The response of the block copolymer to an applied
electric field depends, of course, on the strength of the
electric field. Since the electric field strength depends
on the geometric configuration of the dielectrics, under-
standing the electric field distribution during the growth
of the columns is necessary to understand the competi-
tion between the electric field and surface effects. In this
study, the applied voltage U was only 30 V due to a
practical limitation. The electric potential distributed
onto the copolymer layer was reduced due to the
presence of an air gap in the experimental setup.
Initially, there were a ~600 nm copolymer layer and a
~1.4 um air layer between the parallel electrodes. The
voltage distributed on the copolymer layer can be
written as

Ucopolymer — U/(l + (hairecopolymer/hcopolymer))
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where ecorolymer js the average dielectric constant of the
block copolymer and har and heorolymer gre the layer
thickness of the air gap and copolymer film, respectively.
Taking 3 as the value for e®rolymer for example, a drop
in the effective voltage applied to the copolymer film is
only 3.75 V. As the columns grow, the electric field
distribution also changes. Only after the columns touch
the upper electrode is the full field experienced by the
copolymer. Thus, in general, the surface field is stronger
than the applied electric field initially. Upon annealing,
the block copolymer near the surface and interface
microphase separates rapidly with an orientation paral-
lel to the interface. As the columns grow, the electric
field within the polymer increases and may ultimately
surpass the surface field, inducing an orientation or
reorientation of the microdomains parallel to the field
direction.

The critical electric field required for a microdomain
alignment transition in copolymer thin films can be
calculated by equating the free energies in two orthogo-
nal orientations induced by the electric field and surface
interactions, respectively. It has been shown, however,
that an electric field intensity higher than that predicted
from simple thermodynamic arguments is required.?!
To understand this phenomenon, the kinetics of the
alignment transition process must be considered. There
are two possible routes to reorient the microdomains.
One is a simple rotation of the microdomain grains. The
energy barrier to complete this rotation in copolymer
melts is so high that this route is actually not feasible.
A more plausible route is through an undulation of the
microdomains. This, however, increases the interfacial
area between the microdomains and also sets an energy
barrier, though not so high as that of rotating micro-
domain grains. Hence, it is quite reasonable that a
transition of microdomain alignment from surface en-
ergy dominated to electric field dominated was seen only
for PS-b-PBD, where a strong interaction with the
electric field and a much reduced viscosity compared to
those of the other two copolymers are expected. It should
be noticed that the morphologies shown in the TEM
images do not correspond to the equilibrium morphol-
ogies. Rather, the morphologies are the frozen states of
two Kinetic processes in competition, namely the electric-
field-induced alignment and the surface-induced align-
ment of the microdomains.

Throughout the formation and growth of the micro-
scopic columns, the copolymer is continuously being
drawn into the column from the reservoir adjacent to
the lower electrode. The flow field occurring during this
time will, of course, produce an alignment of the
copolymer. Subsequently, a reorientation of the copoly-
mer will occur either in the direction of the applied field
or parallel to the electrode surfaces. The microphase
separation of the block copolymer will retard the flow
of the copolymer into the columns, yet it is clear that
flow occurs and it will be influenced by the shape of the
column. Remnants of the flow can be seen in Figure 5
where the curvature of the column has caused a flow
normal to the column walls in the center, i.e., normal
to the field lines, and at the edges of the column where
the film extends to wet the electrode surfaces. On both
the top and bottom electrodes microdomains aligned
parallel to the edge (or surface) of the columns are seen.

Figure 6 shows a cross-sectional image for the PS-b-
PVP columns where the sample was cut normal to the
column axis. Aligning the cutting plane to be absolutely
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Figure 6. Horizontal cross-sectional TEM image of PS-b-PVP
columns.

normal to the column axis was experimentally difficult.
As can be seen, elliptical, rather than circular, cross
sections were obtained. Even still, information relevant
to the microdomain orientation can be obtained. In the
ellipse, at least two different domain orientations can
be discerned. One parallel to the field lines, which shows
circularly shaped PVP domains. The other is normal to
the applied field which shows line-shaped PVP micro-
domains. These results are consistent with the TEM
results in Figure 3. The results also show that the
microdomain ordering has yet to be strongly influenced
by interactions with the sidewalls of the column. Such
surface-induced ordering would be expected, but from
these data, it is evident that a longer annealing time
would be required.

Conclusion

In summary, a one-step method to pattern block
copolymer films on two different length scales simulta-
neously was shown. This approach couples the response
of block copolymer films to an external electric field, the
enhancement of surface fluctuations in copolymer films
to form columnar structures, and the electric-field-
induced alignment of microphase-separated domains.
Upon applying an electric field across a copolymer film,
a hexagonal array of columns (tens of microns in
diameter) was formed by the copolymer film. Within the
columns, the microphase-separated microdomains were
oriented. The orientation achieved depended on two
competing fields: interfacial interactions and applied
electric field. By tuning the nature of the interfacial
interactions, columns with cylinders oriented either
parallel to or normal to the direction of the applied field
was produced. This patterning technique is straight-
forward and can be applied in facile nanofabrication.
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