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ABSTRACT: Using in-situ small-angle X-ray scattering, the electric field induced orientation of symmetric
block copolymers of polystyrene and polyisoprene was investigated. Alignment of the lamellar micro-
domains parallel to the electric field was achieved within minutes to a high degree of orientation. Analysis
of the scattering patterns indicated that, during alignment of the lamellar microdomains, the material
goes through an intermediate state with substantially reduced long-range order. After orientation, the
sample consists of many small grains with the lamellae being oriented parallel to the electric field and
a random orientation in the plane perpendicular to the field.

Introduction

Self-assembling systems that can order into periodic
arrays of nanoscopic structures have potential use in
applications ranging from optics to microelectronics. A
prominent example of such systems are block copoly-
mers exhibiting a microphase structure on a mesoscopic
length scale while offering tunability of size and struc-
ture by chemistry in addition to relatively simple
processing.1=2 Achieving uniform orientation in these
materials, however, is not trivial. While shearing?
provides an effective route to orient the copolymer
microdomains in the bulk, it is not applicable to thin
films. Previously, electric fields,*° controlled interfacial
interactions,1%11 and solvent evaporation213 have been
used to orient such samples, resulting in highly oriented
and ordered block copolymer films. These films provide
a unique platform as templates to fabricate functional
nanostructured materials.14-1°

Microphase-separated block copolymers contain grains
of ordered microdomains where the grains, on average,
have no preferred spatial orientation. In the presence
of an electric field, this symmetry is broken, and the
microdomains orient such that the interfaces between
the microdomains align parallel to the electric field
lines.#~7 Little is known, however, regarding the mech-
anism by which the orientation of the microdomains
proceeds or the influence of the field on the microdomain
structure during alignment. Previously, Amundson et
al. have inferred a mechanism of defect movement based
on the characterization of the structure in bulk after
annealing under a field.>® More recently, Krausch and
co-workers2%21 have suggested both defect translation
and grain rotation as possible mechanisms in studies
on block copolymer solutions. Additionally, simulations
were used to provide some insight?222 and gave indica-
tions supporting both of these mechanisms.?* It was
suggested that a breakup of microdomains by small
scale undulations typically occurs close to the order—
disorder transition, while grain rotation happens in
more strongly phase-separated systems.2* Previously,
we have shown for a block copolymer melt with cylin-
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drical microdomains that an electric field can not only
induce a reorientation of microdomains in an ordered
but misaligned sample but also direct growth of micro-
domains during formation at the ordering transition.?®

Here we present an in-situ synchrotron small-angle
X-ray scattering (SAXS) study on the alignment of an
ordered lamellar block copolymer melt in an electric
field, including a more detailed analysis of the scattering
patterns in the intermediate and final state of align-
ment. Results indicate that orientation proceeds via a
disruption or disordering of the original morphology,
leading to a transient change in periodicity and a
substantial loss of long-range order. The final state
consists of many small grains which appear to have
undergone alignment independently.

Electric Field Effects

When a body with a dielectric constant ¢ is placed in
an electric field Eo, the difference in polarization
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, Eo. For an_anisotropic body, the
surface charges and, therefore, E, will depend on its
orientation. The free energy can be written as?®

F=Fy+Fyq=F,— %Léo-ﬁ dv (1)

where F¢ is the orientation-dependent electrical con-
tribution to the free energy, and Fy contains all the
contributions_to the free energy independent of the
applied field. P is the polarization of the dielectric body
having a volume V. The polarization is proportional to
the total electric field Eo + Ep,

pP= GOXE = GoX(Eo + EP) 2

where y is the polarizability which for an isotropic
material is a constant. Evaluation of eq 1 requires
solving Maxwell equations subject to the boundary
conditions for the electric field at the interface.?6 For
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Table 1. Characteristics of Copolymers

Mn,PS Mn,copolymer TODT

(kg/mol) PDIlps  (kg/mol)  PDl,copotymer  (°C)
57K PS—PI 32.05 1.02 57.3 1.021 3072
43K SIS 9.8 1.031 43.1 1.022 ~165P°

a Topr calculated. P Experimentally observed.

the case of a single lamella having a large lateral
extension, the free energy, F, is given by

F = Fy — JEeole - 1)(cos p+0 ﬁ) ®)

where ¢ is the permittivity in a vacuum, V is the volume
of the lamellae, and j is the angle between the electric
field Eg and the lamellar surface. F is minimized when
p = 0, i.e., when the electric field is parallel to the
lamellar surface. The difference in the free energy
between lamellar orientation parallel and perpendicular
to the electric field is given by

-1
H_FD__EEO o(e . ) (4)

AF=F
and the torque acting to rotate lamellae inclined at an
angle g to the electric field is given by

2 ( )

R=F’xﬁo, |R|= —V cos gsinf (5)

If the surrounding medium has a dielectric constant eext,
€ has to be replaced by e/eext and eg by € €ext, leading to

~ , (e— ee)2 .
K| = E, GOTV cos B sinf (6)
Implicitly assumed in these calculations is that the
boundaries between the lamellar microdomains are
sharp, which is justified in the strong segregation
regime. Calculations for the weak segregation regime
were previously published.>® By restricting the above
considerations to single lamellae, we also neglect inter-
actions between dipoles induced in neighboring lamel-
lae.

Experimental Section

Materials. A symmetric diblock copolymer of polystyrene
and polyisoprene, PS-b-PI, having a weight-average molecular
weight of 5.7 x 10* and a polydispersity index (PDI) of 1.02
was synthesized anionically, at room temperature, in benzene
using sec-butyllithium as the initiator. The molecular weights
of both blocks were determined by size exclusion chromatog-
raphy (SEC), calibrated against PS standards, with a UV
detector. Since the reaction was performed in a nonpolar
solvent with a Li initiator, the isoprene blocks will have a high
1,4 component (~93%) with a minor 3,4 addition component
(~7%).2” A PS-b-PI-b-PS triblock copolymer, denoted SIS, was
similarly prepared via the sequential additions of styrene,
isoprene, and styrene to yield volume fractions of 0.25, 0.5,
and 0.25, respectively. SEC data corresponding to the first
styrene block and the final copolymers are given in Table 1.

The order—disorder transition (ODT) temperature for the
PS-b-P1 block copolymer can be calculated?® by

((N)opr = 10.5 + 41N*3 (7)
where y is the Flory—Huggins interaction parameter and N

= (b%V?)N. Here, b is the segment length with volume V and
N is the total number of monomers in the copolymer. The
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temperature dependence of y is given by?%3
%(T) == — 0.0937 (8)

The estimated ODT temperature for the 57K PS-b-PI diblock
copolymer is 307 °C. Experiments were performed at ~170 °C,
which is above the glass transition temperatures of both blocks
but well below the order-to-disorder and degradation temper-
atures.®! The SIS was experimentally found to have a Topr of
~165 °C. The in situ alignment of the triblock material was,
therefore, performed at 130 °C, i.e., above the Ty of the
copolymer but below the ODT.

Sample Preparation. Copolymer films were prepared
using a Stanat 10 in. x 13 in. two-roll calendar to obtain films
of uniform thickness in the range 80—120 um. These films were
placed between two electrodes consisting of 12.7 um Kapton
sheets, onto which 100 nm of Al was evaporated on one side.
To avoid electrical shorts, one electrode was placed in direct
contact with the copolymer while the other electrode was
placed with the Kapton side facing the polymer. All samples
were preannealed for 4 h at 120 °C under vacuum to ensure
good contact and minimize air gaps between the polymer and
the electrodes. The samples were heated to 170 °C, and an
electric field was applied. Exposure of the sample to elevated
temperatures was limited to a few hours to minimize degrada-
tion and/or cross-linking of the copolymer.

X-ray Scattering. Time-resolved small-angle X-ray scat-
tering experiments (SAXS) were performed at the National
Synchrotron Light Source (NSLS) on beamline X10A. 8 keV
X-rays from a double-bounce Ge monochromator (AE/E = 4 x
10~4) were used with a spot size of 1.0 mm (horizontal) by 0.7
mm (vertical) at the sample. A Bruker Smart 1500 CCD 2-D
detector, located ~2.2 m from the sample, was used to record
the scattering pattern. The flight path between the sample
and detector was filled with He to eliminate air scattering,
and a silver behenate standard was used for angular calibra-
tion. Typical exposure times for a 100 um sample were 2 s.
Samples were mounted in a heated sample chamber consisting
of two metal plates with a 2 mm x 15 mm horizontal slit. The
heating chamber was placed on a goniometer, such that o, the
incidence angle of the beam on the sample defined relative to
the surface normal, could be varied from 0° (normal to the
surface) to 60°.

Dielectric Measurements. Measurements of the dielectric
constant at high temperature were made with a Novocontrol
BDC-S system. Measurements were made at low frequency
(10 Hz) and at a constant temperature of 170 °C. The samples
were kept between gold-plated stainless steel plates of 20 mm
diameter. Samples were gold plated to about 30 nm thickness
on both sides prior to measurements.

Results

The scattering from a lamellar microphase-separated
block copolymer exhibits a maximum at a scattering
vector Qgmax, Corresponding to the period, L, of the
lamellar microdomains (q = 2x/L). The scattering vector
g is defined as q = 4x/4 sin 6, where 4 is the wavelength
and 26 is the scattering angle. The orientation of the
copolymer microdomains can be determined from the
azimuthal dependence of scattering. We define y as the
angle between the surface normal and the lamellar
normal. For lamellae oriented parallel to the substrate
surface, i.e., with the lamellar normal parallel to the
substrate normal (y = 0°), as illustrated in Figure 1A,
scattering is only seen when the incidence angle o =
90°. In this case, the incident beam would be in the
plane of the film. In the opposite extreme, when the
lamellae are oriented normal to the surface (y = 90°),
with a random in-plane orientation of the grains, two
meridional spots are observed for all o > 0°, as il-
lustrated in Figure 1B. For a = 0°, an isotropic ring
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Figure 1. Schematic drawing of oriented lamellae layers on
a substrate with corresponding intensity distribution in re-
ciprocal space for lamellae lying (A) parallel to (B) perpen-
dicular to or (C) at a given angle, y, to a substrate. For (B)
and (C) the intensity is distributed on rings in reciprocal space
due to random arrangement of small grains in the plane of
the film. The diagrams shown correspond to an angle of
incidence o = 90°. The scattering pattern seen in the SAXS
experiment is constructed by taking the intersection of the
scattering intensity in reciprocal space with the Ewald sphere,
which for the case shown here (o = 90°) corresponds to the
kx—k. plane. The resulting pattern depends on the angle of
incidence, o, as described in the text.

appears in the scattering pattern. If the lamellae are
inclined at an angle y < 90° to the surface normal, four
spots are observed for all o > (90° — y) (Figure 1C).
These four spots merge into a pair of equatorial reflec-
tions for oo = 90° — y. For a given angle of incidence o,
only lamellae with inclination y > (90° — «) are
observable.

The PS-b-PI under investigation showed a peak in the
scattering intensity at g = 0.197 nm~%, corresponding
to a period of L = 31.9 nm. All time-resolved in-situ
experiments were performed at an angle of incidence a
= 45°, Thus, only scattering arising from lamellae with
y = 45° is observed. The azimuthal angular dependence
of the scattering, integrated over the full width of the
reflection in g, is shown in Figure 2 as a function of time
for a sample under an 18 V/um applied field. Four
distinct patterns, characterizing different stages of the
orientation process, were observed. Typical for the initial
state is a weak, sometimes anisotropic, scattering
pattern (curve A), indicating that the sample prepara-
tion process has oriented the lamellae mostly parallel
to the substrate surface. After 30 s under the applied
field the scattering pattern has substantially changed,
and the intensity is concentrated around the equator
(R = 90° and 270°, curve B). This arises from lamellae
satisfying the specific condition that y ~ o = 45° leading,
initially, to the equatorial maxima at Q = 90° and 270°.
The overall intensity has increased, which means that
stacks of the lamellae, previously unobservable (y <
45°), have begun to rotate into the direction of the
applied field, i.e., toward y = 90°. With increasing time,
the maxima disappear and a more isotropic ring of
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Figure 2. Series of SAXS measurements following the
azimuthal angular dependence of the scattering pattern,
integrated over the full width of the Bragg reflection, for
electric field induced reorientation of a lamellar PS-b-Pl
diblock performed in situ. (A) Initial state, no field; (B) 18
Vium, 30 s; (C) 18 V/um, 60 s; (D) 18 V/um, 240 s. The time
indicated corresponds to the time since the electric field was
switched on. The sequence of patterns is caused by a rotation
of microdomains from an orientation close to parallel to the
substrate to an orientation perpendicular to the substrate. The
2-D SAXS pattern corresponding to (D) is shown in the inset.
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Figure 3. Series of SAXS measurements following the
azimuthal angular dependence of the scattering of a SIS
lamellar triblock material during alignment at 10 V/um in situ.
(A) 0 V/um; (B) 10 V/um, 15 min; (C) 10 V/um, 30 min; (D) 10
Vium, 45 min; (E) 15 V/um, 30 min. The time indicated
corresponds to the time since the electric field was switched
on. The sequence of patterns observed is similar as in the case
of the diblock copolymer system. A subsequent increase in field
strength to 15 V/um leads to improved alignment.

scattering is seen (curve C). This arises from many small
grains of lamellar microdomains with orientations
angles y > 45°. Consequently, the applied field has
removed the orientation initially present in the sample.
With further annealing, strong meridional maxima are
seen (curve D) from lamellae oriented perpendicular to
the substrate (y = 90°), i.e., parallel to the applied field.

In Figure 3, we show the results of the process of
alignment for a SIS triblock copolymer under similar
conditions. We observe the same sequence of scattering
patterns as in Figure 2. Additionally, we show explicitly
that upon application of a higher field the meridional
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Figure 4. Azimuthal angle dependence of the scattering for
a lamellar PS-b-PI after repeated application of the electric
field while maintaining the temperature above T, of the blocks.
Without field the orientational distribution relaxes, repeated
application of an electric field leads to an improved alignment.
(®) 18 V/ium, 4 min; (W) 0 V/um, 20 min; (a) 18 V/um, 15 min.
The time indicated corresponds to the time since the electric
field was switched on/off.

reflections intensify and sharpen (curve E). It should
be noted that orientation occurs over a longer period of
time with this triblock copolymer due primarily to its
higher viscosity at T = 130 °C, the temperature at which
the data were collected. There are two points to note
about the similarity in the sequence of patterns ob-
served. First, for the triblock copolymer, the experiment
was performed at a temperature relatively close to the
ODT, i.e., in a less strongly segregated state, whereas
the diblock copolymer alignment was performed well
below ODT, i.e., in the strongly segregated regime.
Second, rheological studies have shown that diblock and
triblock copolymers orient in distinctly different ways
in shear flows.3233 However, this does not seem to be
the case for the response to an applied electric field.

Let us now come back to a more detailed discussion
of the data obtained from the diblock copolymer. After
an initial alignment of the PS-b-PI for 4 min at 18 V/um,
the applied field was removed while keeping the system
at 170 °C. Upon removal of the applied field, as shown
in Figure 4, the peak intensity decreased within minutes
and the full width at half-maximum intensity (fwhm)
increased. However, the overall orientation of the mi-
crodomains was maintained. The sample was subse-
quently placed under an electric field of 18 V/um for an
additional 15 min. The orientation of the microdomains
was seen to increase, as evidenced by the decrease in
the fwhm. Thus, by allowing the system to relax
between consecutive applications of a field, the align-
ment was enhanced. This suggests that the cycling of
the electric field has allowed the copolymer to circum-
vent a Kinetically trapped state to achieve a higher
degree of alignment of the microdomains.

Figure 5 shows azimuthal scans of the diblock copoly-
mer in the final aligned state for discrete values of a
between 0° and 60°. The results are consistent with a
film comprised of grains of lamellar microdomains
oriented normal to the surface, where the grains are
randomly oriented in the plane of the film. At a = 0°,
an isotropic ring of scattering is observed, and as the
sample is tilted to larger a, the alignment of the
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Figure 5. Azimuthal angular dependence of the Bragg
reflection in the resulting final aligned state of lamellar PS-
b-P1 measured at different angles of incidence a. The patterns
are caused by a multitude of small grains consisting of lamellar
stacks aligned perpendicular to the substrate due to the
electric field with a random orientation within the plane of
the substrate.
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Figure 6. Fwhm of the peaks of the data shown in Figure 5
vs 1/sin o with o being the angle of incidence. Linear
extrapolation to 1/sin oo = 1; i.e., oo = 90° gives a fwhm of the
orientational distribution of the lamellae of AQ = 35°, corre-
sponding to an orientation parameter S = —0.41.

microdomains normal to the surface is evidenced by the
appearance of two meridional reflections that get sharper
at higher o. In Figure 6, the measured fwhm of the
reflections is plotted as a function of 1/sin o, which
allows for a linear extrapolation to a = 90° (i.e., 1/sin a
= 1). The extrapolated fwhm is AQ = 35°. This value
corresponds to the fwhm of the orientation distribution
in y, describing the orientation of the lamellae. The
meaning of this value becomes clearer by calculating a
corresponding orientation parameter, S, based on the
assumption that the underlying orientation distribution
g(cos y) is a Gaussian with its center at 7/2 and with
the experimentally determined fwhm (AQ = 35°)
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S 2
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Figure 7. q dependence of the scattering intensity for the
intermediate and final state of orientation of PS-b-PI during
the electric field alignment process. Data taken at o = 45°
correspond to the experiment shown in parts B and D of Figure
2 after applying field for 30 and 240 s, respectively. The
broadening of the peak and the shift in q observed for the
intermediate state indicates partial disordering of the mi-
crophase structure.

with

J3g(cos y) cos?y sin y dy

J3a(cos y) sin y dy

[Gos’ y[=

Perfect alignment would result in an S = —0.5. For our
data, we calculate an orientation parameter S of —0.41.
Note that this high degree of orientation was obtained
within minutes. With extended annealing, even better
orientation can be achieved.

The g dependence of the scattering observed for the
intermediate stage during alignment of the copolymer
reveals important insight into the orientation mecha-
nism. Shown in Figure 7 is the q dependence of the
scattering for PS-b-PI with a = 45° under 18 V/um after
30 and 240 s, i.e., at an intermediate and final state of
orientation, respectively. The initial peak position and
that after full alignment are the same, corresponding
to the equilibrium period of the lamellar microdomains.
However, during orientation, the maximum of the peak
moved to higher g (from 0.198 to 0.216 nm™1), and the
peak became asymmetric in shape. The asymmetric
shape of the peak suggests the existence of a second
peak located at higher g. This may arise from lamellae
being deformed during orientation or a deformation-
induced disordering of the copolymer.

Discussion

The data shown suggest a scenario by which the
electric field induces a reorientation of an ordered
copolymer. It is noteworthy that reorientation, under
the conditions of this experiment, occurs at all, as most
previous experiments were performed on copolymers
close to the order—disorder transition temperature,
quenched after spin-coating or in the presence of a
solvent to enhance mobility. Here, the copolymer is well
ordered initially, and a fast reorientation of the micro-
domains is seen to occur. In contrast to previous
experiments,?%25 an in-situ observation of an electric
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field induced intermediate state was selectively cap-
tured (trace B in Figure 2) during the realignment
process of the copolymer melt. After alignment, the
morphology consists of small grains of lamellar micro-
domains where the interfaces are aligned with the field
but with a random orientation of the lamellar normals
in the plane of the film. This result is not unexpected
from symmetry considerations alone as there is a ring
of preferred orientations, and without a special direction
orthogonal to the electric field, one expects a distribution
of these orientations after field alignment. Regardless
whether alignment occurs via rotation of spherical
domains or amplification of undulations in the orienta-
tion direction, the fundamental orienting unit has to be
small. How the original morphology was transformed
into a multitude of small grains undergoing alignment
could not be observed directly in the scattering geometry
chosen for this experiment (only lamellae with y > 45°
are observable). A mechanism likely to occur was
introduced by Onuki et al.,3* namely an undulation
instability leading eventually to a disruption of lamellae
misaligned with respect to the electric field. Krausch
and co-workers?%21 showed that further orientation in
solutions can occur via a rotation process during which
intermediate orientations are visible. However, Figure
7 shows that the microphase structure in such an
intermediate state is strongly perturbed. A substantial
part of the sample shows a decrease in the spacing of
the microdomains, and the correlation length is sub-
stantially reduced. The full width at half-maximum of
the peak shown in Figure 7, Aq ~ 0.058 nm~1, corre-
sponds to a correlation length & = 27/Ag ~ 109 nm, i.e.,
corresponding to only about 3 lamellar periods. These
signatures are similar to the changes observed in the
scattering function upon disordering at high tempera-
tures, and we interpret them accordingly. As a conse-
guence of the reduced order in the intermediate state,
the structure obtained initially after realignment con-
tains a large number of defects. This is consistent with
the rapid reorganization taking place after cessation of
the field along with a loss of orientation, as shown in
Figure 4. The resulting higher degree of orientation
obtained after renewed application of the electric field
could then be explained by an increased domain size
after reorganization, since the torque acting on a grain
of lamellae is proportional to its volume.

The field strengths chosen for these experiments were
observed to be necessary for realignment to occur. Lower
field strengths resulted in no reorientation of the PS-
b-Pl domains over the time scale of our experiments.
In comparison to PS-b-PMMA, therefore, the field
necessary to orient the microdomains of PS-b-Pl was
~5—10 times higher. The driving force for alignment is
proportional to the square of the product of the electric
field and Ae, the difference in dielectric constants of the
microdomains. Using tabulated values for the dielectric
constants (eps = 2.5, epmma = 3.6, ep; = 2.37—2.45) at
constant energy difference between parallel and per-
pendicular orientation, ES' ~ 10—30ESM. Since the
dielectric constants of polymers are known to vary with
temperature, dielectric measurements were performed
as a function of temperature for all three materials. At
170 °C and 10 Hz, the dielectric constants were mea-
sured as eps = 3.0, epmma = 5.25, and ep; = 2.81. Using
these values, ES' = 12ESM. Both results are consistent
with the experimental observations.
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Conclusions

The electric field induced orientation of an ordered,
symmetric PS-b-PI diblock and SIS triblock copolymer
melt was investigated by means of time-resolved small-
angle X-ray scattering using a scattering geometry
suitable for the study of thin film samples equipped with
electrodes that are transparent to X-rays. The scattering
patterns show contributions corresponding to a state of
intermediate alignment with distinctly different peak
shapes. This indicates partial disordering of the copoly-
mer during reorientation. We relate this finding to the
significant disruption that the original copolymer grains
must undergo, so as to reduce their size such that a
domain rotation can occur. The question as to which
parameters determine the size of the rotating grains is
not known at this point.
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