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Overcoming Interfacial Interactions with Electric Fields
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ABSTRACT: Electric fields have been shown to orient nanoscopic domains laterally in thin copolymer
films effectively. To achieve an orientation normal to the surface, interfacial interactions impose a barrier.
Using asymmetric diblock copolymers of polystyrene (PS) and poly(methyl methacrylate) (PMMA) having
cylindrical microdomains, a threshold electric field strength E; was found above which complete orientation
of the cylindrical domains was achieved. This threshold field strength was independent of film thickness
(for films ~10—30 um thick) and could be described by the difference in interfacial energies of the
components. At field strengths slightly below E; a coexistence of the domains parallel and perpendicular
to the electrode surface was found which is consistent with the introduction of defects via undulations in

the structure as one proceeds away from the surface.

Introduction

Block copolymers offer a wealth of self-assembling,
ordered, nanoscopic morphologies that have tremendous
potential as lithographic templates, high-density porous
media, or scaffolds for nanoscopic devices. Realizing the
full potential of these materials in bulk or thin film
applications, however, mandates control over the spatial
orientation of the structures. External fields can be used
to this end. These may be passive, as with interfacial
interactions, or active, as with mechanical shear. In
liquid crystal displays, for example, electric fields are
used to control molecular alignment and, hence, the
optical properties of the device. Much less attention has
been devoted to amorphous systems where the anisotro-
pies on the molecular level are small. Block copolymers
are an exception where mechanical shearing® and
electric fields?=* have been used to produce well-ordered
arrays of nanoscopic domains. However, in thin copoly-
mer films, the orientation of the structures normal to
the surface introduces an interesting twist. In particu-
lar, there is a competition between the applied electric
field and interfacial interactions®~8 that gives rise to a
threshold field strength that must be exceeded to fully
align the morphology. This threshold field strength has
revealed a novel means of determining differences in
the interfacial energies of the components comprising
the copolymer.

Theory

Electric Field Effects. When a dielectric body with
a dielectric constant ¢ is placed in an electric field Eo,
the polarization difference between the body and the
surroundings will induce charges on the surface of the
body. These surface charges give rise to a depolarization
field E, superposed on the external field. Since, for an
anisotropic body, the surface charges and, therefore, Ep
depend on the orientation of the body, the resulting
electric field energy is also orientation dependent.
Taking the state with no dielectric body present as a
reference state, the free energy can be written as®
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F=Fy+Fyq=F,— %fvéo-ﬁ dv (1)

Fer is the orientation dependent electrical contribution
to the free energy, whereas F, contains all the contribu-
tions to the free energy independent of orientation. P is
the polarization inside the dielectric body having a
volume V. The polarization is proportional to the total
electric field Eo + E,,

P = yE = 4(E, + Ep) 2)

where y is the polarizability, a constant for an isotropic
material. To evaluate eq 1, the electric field E has to be
known, which generally requires solving Maxwell equa-
tions for the geometry under consideration. For the
simple case of an infinitely long cylinder with its axis
either parallel or perpendicular to the external field Ey,
this solution can easily be constructed from the bound-
ary conditions for the electric field at the interface.® The
state with the lowest free energy will be one of these
two orientations, since only in these cases is the torque
K = P x Ep = 0. The resulting difference in the free
energy between the two states with different orienta-
tions is

1
2

= 1-—¢
Efcle — 7,V @

AF=F, - F,=

where ¢ is the permittivity in a vacuum. If the sur-
rounding medium has a dielectric constant eq:, € has to
be replaced by e/eex: and o by €peext. Since AF is always
negative, the orientation of the cylinder axis parallel to
the applied field is the lower free energy state, whether
€ > €ext OF € < €ext. Amundson gave a similar solution
for the more complex case of a regular array of cylinders
assuming a weakly segregated structure.2 Any effects
of the electric field on the conformation of the polymers
will not be considered here, since they are relevant only
at electric field strengths much higher than that used
in this study.°
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Figure 1. (A) Intensity distribution in reciprocal space for a
hexagonal array of cylinders lying parallel to the surface of
the film. A schematic of one grain of the cylinders is shown in
the lower portion. In an actual sample, the grains are arranged
randomly within the plane giving rise to the rings of diffraction
parallel to the k,—ky plane. (B) The same as in (A), with the
cylinders oriented normal to the surface. Again a schematic
of one grain is shown. The incident X-ray angle, a, is changed
by a rotation of the sample about the k axis. The diagrams
shown correspond to o = 90°.

Experimental Section

Scattering from Oriented Hexagonally Close-Packed
Cylinders. Shown in Figure la is a schematic diagram of
reciprocal space for hexagonally packed cylinders having the
(01) and (01) lattice planes parallel to the surface where there
are many grains of this structure oriented randomly in the
plane of the film. The rings result from a random orientation
of grains in the plane of the film. By varying the angle of
incidence o of the X-rays, defined with respect to the substrate
normal (o = 0°), different points on the two rings of diffraction
are observed. As o decreases from 90° to 0°, the scattering
pattern changes from a six-point to a four-point and then to a
two-point pattern at 30°. For oo < 30°, the pattern disappears
completely. The angle between the off-meridonal reflections
[(11), (11), (10), and (10)] and the meridian, AQ, is related to

o by
_ (1 2 )
AQ = arcsm(i 3 —cot” a (4)

If the cylinders are oriented normal to the surface as in the
rhs of Figure 1, the characteristic reflections appear in the
kxky plane. Since there is no preferred orientation of grains of
the hexagonal close-packed cylinders in the plane of the film,
a ring of intensity is seen for oo = 0. For any other incidence
angle, only two equatorial spots are evident.

Asymmetric diblock copolymers of polystyrene (PS) and
poly(methyl methacrylate) P(S-b-MMA), having a weight-
average molecular weight of 3.9 x 10* and polydispersity of
1.08 with a PMMA volume fraction of 0.29, were synthesized
anionically. The order-to-disorder transition temperature of
this copolymer was found to be 196 + 2 °C as determined by
optical microscopy.t**? Films of the copolymer were annealed
between two 12.7 um Kapton sheets (separated by a Kapton
spacer) that were coated on one side with 100 nm of Al which
served as the electrodes. To avoid electric shorting, one of the
Al electrodes was placed in direct contact with the polymer
while the second was inverted with the Kapton in contact with
the copolymer. Samples were heated into the disordered state
under N, and the voltage necessary to produce the desired
electric field was applied. The sample was then cooled to 170
°C into the ordered state and held at that temperature for 14
h. Subsequently, the sample was cooled to room temperature
before the field was removed.

Ni-filtered Cu—Ka radiation from a Rigaku rotating anode
operated at 8 kW was used for small-angle X-ray scattering
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Figure 2. Azimuthal peak position AQ as a function of
incidence angle a for an 86 um P(S-b-MMA) film annealed
without an electric field. In the inset, the scattering observed
at oo = 45° is shown.

(SAXS) measurements. The primary beam was collimated by
a set of three pinholes. The sample was mounted on a rotation
stage to change the angle of incidence o. A gas-filled area
detector (Siemens Hi-Star) 1 m from the sample was used to
record the scattering pattern. The flight path between the
sample and the detector was evacuated. Typical exposure times
for a 20 um sample were of the order of 30 min.

Results and Discussion

In the absence of an electric field, interfacial interac-
tions force an alignment of the cylinders parallel to the
substrate. This is demonstrated by the X-ray scattering
pattern obtained from an 80 um film with o = 45° shown
in the inset of Figure 2. Consistent with the schematic
diagram in Figure 1, four distinct reflections with a
common AQ are seen at q = 0.27 nm~! (q = (4x/A) sin
0, A is the X-ray wavelength, and 26 is the scattering
angle) corresponding to a lattice spacing of L = 23.3 nm.
As o changes, AQ at which the peaks are located
changes. Plotted in Figure 2 is the dependence of AQ
on o along with the solution to eq 4 (solid line). The
agreement is quantitative, showing that the scattering
arises from grains of hexagonally packed cylinders
oriented parallel to the surface.

Samples of P(S-b-MMA) with thicknesses of 11, 20,
and 30 um were annealed in an electric field up to field
strengths of 25 V/um. Morkved et al. showed that, in
the absence of competing interfacial interactions, the
cylindrical microdomains aligned parallel to the electric
field lines at low field strengths, several V/um.* Here,
however, an alignment of the cylinders parallel to the
film surface, i.e., normal to the field lines, was main-
tained up to 11.5 V/um. This difference is a direct
consequence of the interfacial interactions of the co-
polymer with the electrode surfaces. Near 11.5 V/um,
as shown by the data in Figure 3a taken at o = 60° for
a 32 um sample, equatorial reflections are evident in
addition to the four off-equatorial reflections. Conse-
quently, there is a range in field strengths where both
parallel and perpendicular alignment of the cylinders
coexist. At higher field strength only two equatorial
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Figure 3. Scattering pattern measured at o = 60° obtained
from two samples annealed in an electric field. One sample
(A) was annealed in an electric field of 9.9 V/um and the other
(B) in a field of 14.5 V/um. Scattering pattern (A) shows
reflections indicative of cylinders oriented parallel, as well as
perpendicular, to the substrate. In (B) only lateral reflections
are seen indicative of cylinders oriented normal to the surface,
i.e., parallel to the electric field lines.

reflections are seen as shown in Figure 3b for a 32 um
thick sample at 14.5 V/ium with a = 60°. For high
electric fields, the peak width generally approaches the
resolution of the instrument. It should be noted that
experiments on P(S-b-MMA) with a reverse composition,
i.e., PS cylinders in a PMMA matrix, showed identical
alignment behavior which is in keeping with eq 3.
The angle between the cylinder axis and the field lines
is plotted as a function of field strength in Figure 4. In
cases where both parallel and perpendicular alignment
of the cylinders coexist, points were placed at 0° and
90°. As can be seen, there is a range in field strengths,
from ~9.5 to ~11.5 V/um, where both orientations
coexist. It should also be noted that the value obtained
for the threshold field strength, E; = 11.5 £ 1 V/um, is
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Figure 4. Orientation angle of the microstructure with
respect to the field direction as a function of the electric field
strength. A value of 90° corresponds to cylinders oriented
parallel to the substrate, whereas 0° corresponds to cylinders
oriented normal to the substrate, i.e., parallel to the field
direction. The shaded region denotes a range in electric field
strengths were both parallel and perpendicular cylinder align-
ment is observed. E; is the threshold field strength, above
which full alignment parallel to the applied field is observed.

independent of the thickness of the sample. These
results clearly show that complete orientation of the
cylindrical domains occurs only when E > E;. For E <
E: the orientation of a significant fraction of the
cylinders is dictated by interfacial interactions.

The significance of E; can be understood in terms of
a simplified model for the free energy containing distinct
contributions from interfacial interactions and electric
field response. Modifying F in eq 1 to account for the
surface contribution yields

1 - -
F=Fy+tFg+Fgys=Fo— EL/\I/eIEO'P(”aD) dv +
J,0(1,0) dA (5)

Here o(|],0) is the contribution to the free energy over
a surface area (A) due to interfacial interactions for
parallel and perpendicular orientations of the cylinders,
respectively. There is a competition between two forces,
Fsurt and Fe;, which favor alignment of the cylinder axes
perpendicular to and parallel to the electric field,
respectively. Vg is the volume of the sample under the
influence of the two competing forces. At the threshold
field strength

AI:el = _AFsurf (6)

Since E; is independent of the film thickness, also, V¢
does not vary with film thickness in keeping with the
observed coexistence of both orientations near E;. If the
whole film contributed to the energy balance at E = E;,
it would follow from eq 6 that E; scales as 1/4/d, since
Fe O Eo2d. This is not the case, indicating that finite
boundary layers adjacent to the electrode surfaces
dominate F. The thickness of this surface layer is
independent of the sample thickness. This implies that
for thicker films the surface layer is less dominant since
the defects necessary for coexistence of alignment paral-
lel and perpendicular to the substrate can be accom-
modated more easily. Therefore, even at lower field
strengths a large fraction of the sample is oriented by
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Figure 5. Azimuthal dependence of scattering intensity for
a series of samples with a thickness of 86 um + 10% annealed
at the different electric field strengths as indicated. The
incidence angle is 45°, and the data have been offset for clarity.

the electric field, approaching bulk behavior.?? Mea-
surements on an 86 um thick sample annealed at
electric fields well below E; already show this behavior.
The scattering intensity at oo = 45° and q = 0.27 nm™1
as a function of the azimuthal angle, Q, for different
field strengths is shown in Figure 5. Alignment of the
morphology by the electric field can be observed at field
strengths much less than E;. For the sample annealed
in the absence of an electric field, four peaks, indicative
of alignment parallel to the sample surface, are seen.
Even for field strengths as small as 2.1 V/um, the
intensity increases around Q = 90° and 270°, though
the peaks characteristic of cylinders lying parallel to the
surface are still visible. The widths of the reflections
indicative of alignment normal to the substrate are
larger than at higher electric field strengths, indicating
that the degree of alignment increases with increasing
electric field.

From egs 3, 5, and 6 an estimate for AF¢ at E = E;
and, therefore, the difference in interfacial energies
between the || and O states can be calculated. If an
upper limit of 10 um for the thickness of the reorienting
layer is assumed, the dielectric energy from eq 3, AFg
is 0.3 x 1072 J m~2 Here, ¢ = 8.854 x 10712 C2 J1
m’l, eps = 2.5, epmma = 3.6, and E« =115 V/ﬂm. With
a volume fraction of the PMMA cylinders of 0.29, AF
is calculated to be ~1% of the surface energies of PS or
PMMA (~30 x 1072 J m~2) and is approximately equal
to the difference between the surface energies of these
two polymers.13

The observation that the surface-induced orientation
of the cylinders propagates into the interior of the film
over distances large compared to the structural length
scale of the copolymer is reminiscent of phenomena
observed for liquid crystals. In terms of the elastic
energy, a cylindrical block copolymer has the same
symmetry as a columnar liquid crystal. In such a system
it is not possible to change the orientation across a thin
film from parallel to perpendicular to the surface
without introducing defects. As long as the surface
anchoring prevails, the response of the system to an
electric field is not a reorientation of the structure but
rather an undulation perpendicular to the axis of the
cylinders.’*5 These Helfrich—Hurault undulations are
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suppressed close to the interface but are amplified with
increasing distance from the interface. A complete
reorientation of the cylinders can only be realized when
the applied field overcomes the interfacial interactions
which occurs at E;. Close to the threshold value of the
electric field, in a situation where enough defects are
present to build up a finite layer of cylinders aligned
by the electric field, strong indications of structural
rearrangement are observed even before complete ori-
entation.

Conclusions

In conclusion, it has been shown that electric fields
are an effective means of orienting copolymer domains
normal to an interface. A thickness-independent field
strength was found at which full alignment of the
cylinders parallel to the field lines occurred. This
threshold field strength is directly related to differences
in the interfacial energies of the components. Slightly
below this threshold field strength a coexistence of
parallel and perpendicular alignment of the cylinders
was found, resulting from the competition between the
applied field and interfacial interactions. The studies
presented here demonstrate the precise nature by which
nanoscopic structures in thin films can be manipulated
by the interplay of passive and active fields. The
resulting structures, i.e., thin films containing arrays
of nanoscopic cylinders oriented normal to the subtrate,
are promising candidates as templates for a variety of
nanostructures.
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