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ABSTRACT: An electric field induced sphere-to-cylinder transition in thin films of asymmetric
polystyrene-b-poly(methyl methacrylate) diblock copolymers was observed. In the absence of an applied
electric field, thin films of the asymmetric diblock copolymer consisted of layers of spherical microdomains
with poor in-plane long-range ordering. Under a ~40V/um applied electric field, hexagonally packed
cylindrical microdomains normal to the surface were found. Cross-sectional transmission electron
microscopy images of the intermediate stages of the alignment indicated that, under an electric field, the
asymmetric diblock copolymer formed spherical microdomains that were deformed into ellipsoids and,
with time, interconnected into cylindrical microdomains oriented in the direction of the applied electric
field. Simulations suggest that improved long-range order of the cylindrical microdomains could be

achieved by cycling the electrical field.

Introduction

Diblock copolymers are composed of chemically dif-
ferent polymers covalently coupled at one end that
microphase separate into morphologies ranging from
spheres to cylinders to lamellae (and other morpholo-
gies) depending on the volume fraction of each block and
%N, where y is the Flory—Huggins segmental interaction
parameter and N is the degree of polymerization.>? In
general, y is inversely proportional to the temperature.
By increasing temperature, yN decreases and transi-
tions between different morphologies, called order-to-
order transitions (OOT), occur. Themoreversible OOTs
in the weak segregation limit were theoretically pre-
dicted years ago.® Experimentally, different transitions,
such as cylinder to gyroid and sphere to cylinder, have
been reported in bulk copolymer systems.*~12 For ex-
ample, Sakurai et al. reported the thermoreversible
OOT between spheres in a body-centered cubic lattice
to hexagonal cylinders for a polystyrene-b-polyisoprene
diblock copolymer. The cylinders were transformed into
a series of spheres, where the axes of the cylinders
defined the [111] direction of the bcc-spheres upon
heating. The spheres deformed and interconnected
forming cylinders upon cooling.

Electric fields have been shown as an effective method
of controlling copolymer microdomains orientation.13-17
Experimental results and theoretical calculations show
that the electric field enhances fluctuations along the
interface between two blocks because of the difference
in dielectric constants of the microdomains and aligns
the microdomains in the direction of the applied field
to lower the free energy.’®=20 Numerous studies have
described the mechanism by which the electric field
reorients the anisotropic microdomains.?1=25 However,
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it should also be possible to induce an OOT, such as
the sphere-to-cylinder transition, with an applied field.

It is well known that a spherical dielectric can be
deformed into an ellipsoid under the influence of an
applied electric field.2% Recently, Tsori et al. suggested
that the presence of dissociated ions in block copolymers,
as opposed to simply a difference in the dielectric
constants, can be used to induce morphological changes
under an electric field and lead to phase transitions.?’
Under sufficiently high electric fields, it should be
possible to deform spherical microdomains into el-
lipsoids and, for a thin block copolymer film with
multiple layers of spheres, the ellipsoids can be suf-
ficiently stretched such that they interconnect to form
cylinders that penetrate through the film. Conservation
of volume requires that the diameters of the cylinders
be smaller than those of the spherical microdomains.
Such a sphere-to-cylinder transition may offer a simple
route to generate cylinders with high aspect ratios from
spherical microdomains. As shown by Kramer et al. and
Register et al., it is possible to generate thin films with
exceptional long-range order using block copolymers
with spherical microdomains. Thus, by using a sphere-
to-cylinder transition, a simple route to achieve highly
ordered arrays of nanoscopic cylindrical domains having
large aspect ratio may be possible.?82°

Experimental

Here, we report on an electric field induced sphere-to-
cylinder transition in diblock copolymer thin films of a
polystyrene-b-poly(methyl methacrylate) diblock, denoted as
PS-b-PMMA. PS-b-PMMA was prepared by anionic synthesis
having a molecular weight of 151 000 g/mol, a polydispersity
of 1.06, and a PS volume fraction of 0.9, as measured by 'H
NMR. In the bulk, the diblock copolymer microphase separates
into spherical microdomains of PMMA in a PS matrix. The
copolymers were precipitated in methanol and the elemental
concentration of residual lithium impurities from the initiator
was less than 1 ppm (measured by Quantitative Technologies,
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Inc) with a 1 ppm resolution.2® The silicon wafer was modified
by anchoring a hydroxyl-terminated random copolymer of
styrene and methyl methacrylate with a styrene fraction of
0.58 as described previously. Interactions between the PS and
PMMA blocks with this modified surface are balanced.®!
Smooth ~400-nm-thick films of PS-b-PMMA were prepared
by spin coating 6% (w/v) solutions of the copolymer in toluene
onto the modified Si substrate. An aluminized Kapton film
comprised the top electrode. 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 to ensure
physical contact between the electrode and copolymer film. The
copolymer films were heated to 170 °C under N with an
applied electric field of ~40 VV/um for 20 h, and then quenched
to room temperature before removing the electric field. For
transmission electron microscopy, the samples were embedded
in epoxy, peeled from the substrate by dipping into liquid Ng,
microtomed with a diamond knife at room temperature onto
a water surface, and retrieved with a copper grid. The thin
sections were exposed to ruthenium tetraoxide for 15 min to
enhance the contrast. Electron microscopy experiments were
performed on a JEOL 200KV TEM at an accelerating voltage
of 200 KV. Tapping mode atomic force microscopy (AFM) was
performed with a Dimension 3100, Nanoscope 111 from Digital
Instruments Corp. Grazing incidence small-angle X-ray scat-
tering (GISAXS) was performed at the National Synchrotron
Light Source, (NSLS, Brookhaven National Laboratory), using
X-rays with a wavelength of 1.567 A. The exposure times were
30 s per sample.

Computer Simulation

Computer simulations of the electric field induced
sphere-to-cylinder transition in asymmetric diblock
copolymer thin films were done using the simulation
software developed at Leiden University on the basis
of the dynamic self-consistent field (DSCF) theory.32
Phase separation was monitored by a scalar order
parameter y(r,t), which is the normalized deviation of
the density of a block copolymer component from its
average value. In an incompressible diblock copolymer
melt, the system is described by only one order param-
eter. The chemical potential, in the presence of an
electric field E, has the form u = u® — (9¢/3y)TE?/8726
where u° is the chemical potential in the absence of the
electric field, and e is the dielectric constant of the
material, which can be approximated as (r,t) ~ ¢, +
e1y(r,t) for small y. Because of the inhomogeneity of ¢,
the electric field inside the material E deviates from the
applied electric field Eq = (0, 0, Ep) and is E = Eg — Vg,
where the potential ¢ can be expressed in terms of the
order parameter y using the Maxwell equation diveE
= 0. Keeping only leading terms in the divergence of
the flux V24, one can write the equation for the time
evolution of the order parameter as an anisotropic
diffusion equation33

2
€
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with a constant mobility M, and the thermal noise 7
that is related to the mobility via the fluctuation—
dissipation theorem.3? The chemical potential u«° is
calculated using self-consistent field theory for ideal
AnBMm Gaussian chains with the mean field interactions
between copolymer blocks, A and B. The strength of
these interactions is described by a parameter eag,
which is related to the Flory—Huggins interaction
parameter y.32 The model system studied here was an
A:B1o melt in a 60% simulation box (in units of grid
spacing h). With the mean field interactions eag = 8 kJ/
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mol, the system gives a spherical microdomain mor-
phology in the absence of an electric field. This simu-
lation box fits about eight microdomains across, as the
grid spacing is related to the Gaussian bond length
parameter a by h/a = 0.866 for numerical consider-
ations.32 The melt is confined between two substrates
(electrodes) at z = —1 and z = 61, with a weak repulsion
of the A block (eam = 2.1 kJ/ mol), to mimic experimental
conditions.®* The electric field strength is parametrized
by & = o/kTMv where v is the bead volume. The M
enters the simulations only in combination with time t
via a dimensionless time step A7 = KTMvh™2At = 0.5.32
The volume fraction of the minority component, 0.167,
is different from the experimental system, however, well
within the range of the spherical morphologies, keeping
in mind that a specific morphology typically extends
over a volume fraction range of about 0.1. The experi-
mental volume fraction of 0.1 would require A;B;5 to
be the shortest possible simulation molecule, which is
almost twice as long as A,B1p and requires an exceed-
ingly large computational effort. Any difference in
kinetic behavior because of this slight change in the
volume fraction is expected to be minimal and a
qualitative comparison is certainly possible.

Results and Discussion

To confirm that the copolymer thin films formed
spherical microdomains, a ~50-nm film was spin-coated
onto a silicon wafer having a native silicon oxide layer
and annealed at 170 °C under vacuum for 48 h. The
film was then exposed to UV and rinsed with acetic acid
to selectively remove the PMMA block.l” Figure la
shows the in-plane view AFM phase image. Spherical
domains with liquidlike packing can be seen because of
the comparable surface tension of PS and PMMA and
film thickness constraint.3® The diameter of the PMMA
microdomains is ~22 nm with a center-to-center dis-
tance of ~41 nm. The surface of films thicker than
several equilibrium periods was covered by the PS block,
the lower surface energy component, and was feature-
less. Figure 1b is the cross-sectional TEM image of a
~400-nm film annealed at 170 °C under vacuum for 48
h. A layering of spherical microdomains induced by the
substrate (or air)/copolymer interfaces is clearly seen.36:37
From this side view, the packing of the spherical
microdmains is not well-defined. In Figure 1c, a typical
grazing incidence small-angle X-ray scattering pattern
taken at an incidence angle of ~0.2° for the same film
as in Figure 1b is shown. This incident angle is higher
than the critical angle of the polymer and lower than
the critical angle of silicon substrate and thus the beam
penetrated through the entire film. The ring of scatter-
ing confirms the random packing of the spherical
microdomains. The nonuniformity in the azmuthal
dependence of the scattering arises, more than likely,
from the layering of the spherical microdomains induced
by the interfaces as shown in Figure 1b. The streak of
intensity parallel to the film surface (i.e., in gy)is a
reflection/scattering of the incident beam. The scattering
intensity is relatively weak because of the small electron
density difference between the PS and PMMA and the
low volume fraction of the spherical microdomains
(10%). These observations are also consistent with the
computer simulation, where the film adjacent to the
substrate is the major component B which has the lower
surface energy. The spherical domains in the film have
a three-dimensional liquidlike packing, Figure 1d. A
side view of the simulation box in Figure le clearly
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Figure 1. (a) AFM phase image of a ~50-nm PS-b-PMMA
film annealed 48 h at 170 °C under vacuum, then exposed to
UV and rinsed with acetic acid. Image size: 1 x lum?. (b)
Cross-sectional TEM image of a ~400-nm PS-b-PMMA film
annealed 48 h at 170 °C under vacuum. Scale bar: 100 nm.
(c) Grazing incidence small-angle X-ray scattering pattern of
a ~400-nm PS-b-PMMA film annealed 48 h at 170 °C under
vacuum. (d) DSCF simulation snapshot of the asymmetric
block copolymer melt after 5000 time steps, prior to applying
an electric field. The image (and others that follow) shows
isodensity surfaces (50% of the maximum concentration) of the
minority block. (e) Side view of the simulation snapshot shown
in Figure 1d. Two substrates (serving later as electrodes) are
present at the top and bottom of the simulation box (not visible
in the images). (f) Cross section of the film in Figure 1d at z =
42 (parallel to the film surface).

shows surface-induced layering of the spherical micro-
domains, which is enhanced in the vicinity of the
surfaces. The in-plane packing is not well defined and
the packing is liquidlike as seen in the top view in
Figure 1f.

Figure 2a shows the GISAXS pattern taken at an
incidence angle of ~0.2° of a ~400-nm film after
annealing under a ~40 V/um electric field for 24 h. The
peaks along qg,, which reflect density correlations normal
to the surfaces, are not observed. Thus, interferences
normal to the surface, and hence the layered structure
of the spherical domains seen initially, have vanished.
However, along gy (in the plane of the film) multiple
reflections are evident. This suggests that microdomains
are aligned normal to the substrate and are no longer
spherical. A gy scan at g, ~ 0.022 A~ is shown in Figure
2b. After annealing under an electric field, a first-order
peak is seen at q ~ 0.0154 A-! and higher order
reflections with peak positions relative to the first order
are seen at 1:4/3:v/4:4/7:4/9:¥/12. This indicates that
the microdomains oriented normal to the surface are
laterally packed into a hexagonal array. A gy scan from
the left side of the GISAXS image in Figure 1c was also
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Figure 2. (a) Grazing incidence small-angle X-ray scattering
pattern of a ~400-nm PS-b-PMMA film annealed at 170 °C
under a ~40 V/um electric field for 24 h. (b) The gy scan at q,

~ 0.022 A of the left side of the GISAXS pattern of the films
annealed with and without electric field.

plotted for comparison. For the film annealed without
electric field, only the first-order peak at q ~ 0.0174 A
with a diffuse shoulder is seen suggesting a morphology
consistent with disordered arrays of spheres or lattice
disordered spheres (LDS) as discussed by Hashimoto et
al.1938 The shifting of the first-order peak to a lower q
is also consistent with thermoreversible OOT from a
disordered sphere to hexagonally packed cylinder mor-
phology instead of simple reorientation of cylindrical
microdomains.®® Thus, by applying an electric field
normal to the surface, the spherical microdomains were
transformed into cylindrical microdomain oriented nor-
mal to the surface. However, with GISAXS, it is not
possible to discern whether the alignment of the micro-
domains extends completely to the interfaces.

Figure 3a shows the AFM phase image of a copolymer
thin film after annealing under electric field at 170 °C
under N3 for ~20 h. The fast Fourier transform (FFT)
of part of the image is shown in the inset. Hexagonally
packed PMMA domains in a PS matrix are seen. After
deep UV exposure and rinsing with acetic acid, the AFM
image in Figure 3b was obtained showing a nanoporous
film with pores ~14 nm in diameter. Figure 3c shows
the cross-sectional TEM image of the film. The brighter
PMMA cylinders oriented normal to the substrate are
seen to penetrate through the entire film. The roughness
on the surface is due to the fracture separation of the
film from the neutral surface after dipping into liquid
N,. In the computer simulation, application of the
electric field above a certain threshold value normal to
the film surface transforms the spherical phase in
Figure 1d into an array of hexagonally packed cylinders
aligned along the field direction shown in Figure 3d. The
side view shows that the cylinders penetrate through
the entire film with very few defects, Figure 3d. In
accordance with the experimental findings, the diam-
eters of the cylinders are smaller that the radii of the
initial spheres (compare Figures 3e and le). The in-
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Figure 3. AFM phase image of a ~400-nm PS-b-PMMA film
annealed at 170 °C under a ~40 V/um electric field for 24 h
(a) before and (b) after UV exposure and acetic acid rinsing to
remove PMMA blocks. (c) Cross-sectional TEM image of the
film. Image size: 1 x 1 um?. (d) DSCF simulation snapshots
of the asymmetric block copolymer melt in the presence of an
electric field at 20 000 time steps. The electric field of strength
& = 0.5 was applied at 16 000 time steps. (e) Side view of the
simulation snapshot shown in Figure 3d. (f) Cross section of
the film in Figure 3d at z = 42 (parallel to the film surface).

plane hexagonal packing contains several long-living
structural defects (a total of four in our simulation box),
Figure 3e.

The process by which the sphere-to-cylinder transition
occurs can be elucidated by the cross-sectional TEM
image in Figure 4. This copolymer film has been
annealed under electric field for 10 h, shorter than the
time necessary to produce the cylindrical microdomains
shown in Figure 2. A mixed morphology of undeformed
spheres (A, B), deformed spheres (C, D), and intercon-
nected spheres or ellipsoids (E) are seen in one image.
On the basis of these different observations, the transi-
tion process can be deduced. In the early stage of the
alignment, the diblock copolymer forms spherical mi-
crodomains even in the presence of electric field. In A,
B, the spherical microdomains have not yet been
deformed. After annealing under an electric field for a
longer time, the spherical microdomains in region A are
deformed into ellipsoids (C, D) with their long axes
oriented in the direction of the applied electric field.
Then, the ellipsoids due most likely to induced polariza-
tion charges interconnect (E). These interconnections
are not oriented in the field direction but, rather, are
dictated by the proximity of poles of the ellipsoids of
different sign. Eventually, they interconnect to cylindri-
cal domains that become oriented along the field lines.
The same evolution picture can be deduced from snap-
shots at the initial stage of transformation, Figure 4b,
which shows slices of the three-dimensional structure.
At the initial stages, a coexistence of deformed spheres,
ellipsoids, and short cylinders are seen. Although the
model includes only a dielectric mismatch and no
charges, the ellipsoids tend to connect at a nonzero angle
with the electric field lines, which is solely due to the
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Figure 4. (a) Cross-sectional TEM image of a ~400-nm PS-
b-PMMA film annealed at 170 °C under a ~40 V/um electric
field for ~10 h. Different morphologies are discernible. Region
A, B: undeformed spherical microdomains. Region C, D:
deformed spherical microdomains. Region E: deformed spheri-
cal microdomain connected into cylinders. Scale bar: 100 nm.
(b) Side view of two slices at different positions in the three-
dimensional simulation snapshot at the initial stage (16 075
time steps) of the sphere-to-cylinder transition. The slices are
each about one cylinder diameter thick. The electrodes are
present at the top and bottom of the simulation box (not visible
in the images).

geometric proximity of the ellipsoids. The exact value
of the angle may be different if ion impurities would be
taken into account.

The electric field induced transition from spherical
microdomains to cylinders was theoretically predicted
to be ~70 V/um for the PS/PMMA system on the basis
of dielectric constants difference (eps =~ 2.5, eppmma ~ 6).27
It was argued that presence of the dissociated Li ions
in the block copolymer would considerably lower electric
field necessary to induce the sphere-to-cylinder transi-
tion. Here, the transition occurred at an electric field
strength of ~40 V/um, much lower than the calculated
critical field strength based on differences in the dielec-
tric constants of PS and PMMA. This reduced field
strength could easily be due to presence of trace lithium
ion used in the anionic copolymerization. The elemental
concentration of lithium impurities was less than 1 ppm,
the best resolution we could achieve. This, however, is
much higher than the concentration necessary to reduce
the critical electric field strength. Further experiments
are underway to quantify the effect of lithium ions on
the electric field alignment of diblock copolymer thin
films and will be reported at a later date.

The simulation suggests a way to eliminate remaining
defects in the hexagonal array of cylinders. By switching
the electrical field off, the system in Figure 3d reverts
to the spherical microphase separated morphology,
however, with improved packing. Switching the electri-
cal field on again leads to a reformation of cylinders,
Figure 5, with an in-plane defect density that is
significantly lower (two in our simulation box). The
process is mediated by the phase transition back to the
spherical phase, where eliminating defects is energeti-
cally less costly and kinetically easier.
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Figure 5. DSCF simulation snapshots of the asymmetric
block copolymer melt after one more cycle of alternating
switching of the electric field (switch off at 20 000 time steps
and on again at 30 000 time steps). The simulation snapshot
is at 35 000 time steps. (a) Side view of the three-dimensional
simulation snapshot. (b) Cross section of the simulation
snapshot parallel to the electrodes (z = 42).

Conclusion

An electric field induced sphere-to-cylinder transition
in PS-b-PMMA diblock copolymer thin films has been
observed. In the absence of an applied electric field, thin
films of the asymmetric diblock copolymer consisted of
layers of spherical microdomains with poor in-plane
ordering. Under a ~40 V/um applied electric field,
hexagonally packed cylindrical microdomains oriented
normal to the surface were found. After selectively
remove the minor component, AFM images revealed
cylindrical micrdomains with diameters smaller than
that of the original spherical microdomains. Cross-
sectional TEM images of intermediate stages of the
alignment indicate that under electric field, the asym-
metric diblock copolymer forms the spherical micro-
domains that are deformed into ellipsoids that, with
time, interconnect to form cylindrical microdomains
oriented in the direction of the applied electric field.
These findings were confirmed by simulations which
also suggested that better long-range order of the
cylindrical microdomains could be achieved by cycling
the electrical field from on to off.
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