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ABSTRACT: Using self-consistent-field simulation, a perforated lamella (PL) is investigated under an applied
electric field. The perforated lamella is obtained by confining a cylinder-forming diblock copolymer melt in a
thin film with a thickness of the spacing between cylinders in the bulk equilibrium state. Upon application of an
electric field, the perforated lamella transforms to laying or standing cylinders depending on the direction of the
electric field.

Block copolymers can microphase separate into various
nanostructures. Typical nanostructures of a diblock copolymer
in bulk are lamellar, cylindrical, gyroid, and spherical, depending
on the volume fraction of individual blocks and the value of
�N, where � is the Flory-Huggins interaction parameter and N
is the total number of statistical segments (each segment can
contain a few monomer units).1,2 Transition between different
structures can be induced either by changing the temperature3

or by applying external fields like a shear flow4,5 or an electric
field.6,7

Even for bulk systems without imposed external fields the
dynamics of order-order transitions remains a very active
research topic.8 Understanding the effect of confinement on the
block copolymers is much more limited.9,10 In thin films,
the microdomain structure has to adjust to the certain film
thickness, which can be a noninteger multiple of the micro-
domain spacing in the bulk. For instance, depending on the film
thickness and the strength of the surface interaction, a variety
of phases were observed, namely, wetting layers, lamellae,
perforated lamellae (PL), and parallel and perpendicular cylin-
ders. These structures can be observed for various block
copolymers which form cylindrical domains in the bulk.11–14

In the presence of an external electric field the phase behavior
becomes very rich. Theoretical work on block copolymers under
electric field has a long history.6,7 Some of the first works in
this field were on lamellar systems using the Landau-Ginzburg
treatment15,16 and lamellae and cylinders using the strong
segregation approach.17 The underlying dielectric mechanism
was proposed earlier in refs 18–20. The first application of self-
consistent-field theory (SCFT) to the problem was done in our
work21 which used a dynamic version of SCFT. Later we applied
that treatment to all classical phases (lamellae, cylinders,
spheres).22–30 Consequently, several other groups studied these
classical phases using static SCFT.31–37 Although the dynamic
SCFT allows for studying the kinetics of phase transitions,29

the static SCFT includes more complete treatment of the
electrostatic energy.31,34 Recently, we complemented our study
of spherical phase by a dynamic Landau-Ginzburg approach.38

To summarize the behavior of these systems, sphere-forming
systems respond to an applied electric field by elongating spheres

in the direction of the electric field.6 For lamella- and cylinder-
forming systems, domains are reoriented in the direction of the
applied electric field.6,7 The remaining stable bulk phase, which
was not studied, is a complex phase gyroid. Very recently, we
presented studies of gyroid-to-cylinder transition under an
electric field in the bulk using both dynamic SCFT and dynamic
Landau-Ginzburg approach.39,40

The phase behavior in thin films is much different. The
perforated lamella (PL) phase, which is metastable in the bulk,
can be stabilized in thin films as a surface reconstruction.12 PL
phase is believed to be a promising candidate to create complex
structures in soft nanotechnology using thin films of block
copolymers.13 The PL phase is a natural candidate to create
ordered nanoporous polymer films, the topic of long-lasting
interest due to its applications in size-selective catalyst supports
and advanced separations.41 To tailor a desired structure, a
manipulation by external field can be used. For that reason a
complete understanding of possible transitions involving PL
phase is very much desired. These transitions can be very
nontrivial even without any externally imposed fields.14 This
was the motivation of our present study of a hexagonally
perforated lamella, a structure, which is normally not stable in
the bulk. Here, PL is confined between a pair of parallel walls
and is subjected to an applied electric field. PL phase under
electric fields has not yet been studied experimentally.

We study an A-B diblock copolymer melt, with each
polymer chain consisting of NA segments of A-type and NB

segments of B-type. Therefore, the total number of statistical
segments is N ) NA + NB. The statistical unit can be arbitrary
as long as the size of the segment is larger than the persistent
length. Our goal is to study how the morphology transforms in
time under an applied electric field. For this purpose we use a
dynamic version of SCFT.39,42–46 For the dynamic model, we
use a Fick’s law of linear diffusion dynamics where the flux of
the segments is proportional to the local gradient of the chemical
potential.39 This assumption of linear diffusion is valid when
the characteristic relaxation time of the chain conformation
(Rouse time or reptation time) is faster than the characteristic
time scale of the change in the segment distribution.44,47 Under
this assumption, we can use the static SCF theory to evaluate
the free energy of the chain system by assuming that the chain
conformation is always in equilibrium under the given segment
density distribution.44 These assumptions are essentially im-
portant in performing large-scale simulations because a large
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system size is required when we focus on the morphology
transition.

When a dc electric field is applied, the dynamics has the form
of an anisotropic diffusion, as was described in ref 22

∂

∂t
φK(r, t)) LK∇ 2µK(r)+R ∂

2

∂n2
φK(r, t) (1)

where the electric field is along the n-direction (n ) x, y, or z
in our simulation); φK is the local volume fraction of blocks of
K-type (K ) A or B). We assume that the system is incom-
pressible. In the case of segments of the same volume,
the average volume fraction of the A-block is f ) NA/N. The
mobility LK is taken the same for all components, LK ) L. The
electric field of amplitude E0 enters the dynamics in eq 1 via
the parameter R ) geVL, where ge ) ε1

2E0
2/(4πεj) (CGS),15 V

is the volume of a single polymer chain, εj ) ε |φA ) f and ε1

) (∂ε/∂φA)|φA ) f, with ε(φA) being the dielectric constant of a
nonuniform system with the composition φA.22,29,39 Derivation
of the last term in eq 1 follows straightforwardly from eq 10.18
in ref 48 (see refs 22 and 29 for details). We can introduce a
dimensionless parameter:22,29,39
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kTL

) 1
4π
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εA f+ εB(1- f )

E0
2V

kT
(2)

where k is Boltzmann constant, T is the temperature, and εK is
the dielectric constant of pure K-block. We refer readers to ref
29, section II, which contains a comprehensive discussion of
the parameter R̃, defined by eq 2. It is worth noting that eq 1 is
also valid for slowly varying ac electric fields (so that the time
scale of the change in the electric field is large compared to the
relaxation times of the polymer chain conformations). On the
other hand, if the frequency of the ac electric field is much
higher than the inverse of the relaxation time of the chain
conformation, we cannot assume that the chain conformation
is in equilibrium. In this case, we should take the effects of the
nonequilibrium chain conformation due to the applied electric
field or the entanglements between chains into account.49–51

The chemical potential of blocks of K-type is defined as
µK ) δF/δφK, where F is the free energy of the system:43,44,46

F/kT )-M lnZ-∑
K

∫ dr VK(r) φK(r)+

1
2∑

K
∑
K′

∫ dr �KK′φK(r) φK′(r)+∑
K

∫ dr �KW φK(r) δ(r-R)

(3)

The first term in eq 3 includes the conformational entropy of
chains, where M and Z are number of chains in the system and
the partition function of a single block polymer chain, respec-
tively. In the SCFT simulation, Z is evaluated by using a path
integral calculation on the chain conformation. The second term
in eq 3 is the contribution from the self-consistent potential
VK(r). The third term is the interaction between segments, where
�KK′ is the interaction parameter between polymer segments of
types K and K′. The fourth term is the interaction between
segments and the surfaces of the walls, where the surfaces are
treated as hard walls (W), whose position R is specified by the
Dirac delta-function δ(r - R). The interaction of polymer blocks
with the wall is treated in the traditional SCFT way using the
�KW parameter. We refer to a standard textbook, ref 52 (p 156),
for details. The relationship between these parameters and the
ones used in experiments is a separate issue. One of the ways
to establish such a relationship is by mapping SCFT results to
specific experiments.12

For the purpose of this paper the OCTA code,45,46 which we
use to perform SCFT simulation, was modified to account for
the dynamics described by eq 1.39

Bulk System. The parameters of our diblock copolymer melt
are NA ) 3, NB ) 6 (f ) 0.33); the Flory-Huggins interaction
parameters �AB ) 2, and for simplicity we assume that �AA )
�BB ) 0 (see, e.g., ref 44, p 60). Because of the Gaussian nature
of our chain model, the important parameter is �ABN.53 The
values of �AB and N can be chosen arbitrarily as long as
the product is the same. We refer the reader to an extensive
discussion of the issue in ref 42. Choosing large N, we consider
a system with negligible role of the thermal fluctuations for a
given �ABN.54 In our work the parameter �ABN is equal to 18.
This value corresponds to the hexagonally packed cylinders in
the bulk. We have confirmed this by a 3D static SCFT
simulation in a small box (not shown here). In order to
accurately determine the equilibrium distance between cylindri-
cal domains, a large box with defect-free cylinders is required.
In the case of cylinders a static SCFT simulation in 2D is
sufficient as well as the fastest and therefore is the most
optimal.45 Figure 1a shows the result in a simulation box of
the size 32.0 × 32.0, with the spatial mesh width ∆x ) ∆y )
0.5 (in units of segment size, that is taken to be unity). The
mesh size along the chain, which is used in the calculation of
the path integral, is ∆s ) 0.2. This 2D simulation mimics 3D
bulk system. We measure that the distance between cylinders
is about 4.5.

Perforated Lamella in Thin Film. The perforated lamellar
phase can be induced by the presence of surfaces in a diblock
copolymer melt for certain separation distances between the
surfaces and strengths of surface-polymer segment interactions.
The largest region of stability of PL phase is in films of thickness
of one bulk interdomain spacing.11 Therefore, we perform
simulations in a simulation box with the size 32.0 × 32.0 ×
4.5 with surfaces modeled as parallel planes (walls), which are
placed at z ) 0.0 and z ) 4.5. In the x- and y-directions (in-
plane), the periodic boundary condition is used. The surface
interaction is expressed as an effective interaction � ) �AW -
�BW, where �AW and �BW are the interaction parameters between
segment types A and B with the walls, respectively. For
simplicity, we choose �AW ) 0. The perforated lamella in Figure
1b is obtained using the dynamic SCFT method with the
following parameters: the interval time step used in integrating
eq 1 ∆t ) 0.001, the mobility L ) 1, and the surface interaction

Figure 1. (a) 2D cylindrical structure of A3B6 copolymer melt obtained
with a static SCFT calculation. The dark regions correspond to the
A-phase. (b) Perforated lamellar structure at time t ) 100. A hexagon
is shown to guide the eye. Here and in all figures below the isosurface
level is φA ) 0.5.
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� ) 0.13 (which means a preferential attraction of B-blocks to
the walls).

Perforated Lamella under an Electric Field. First we
consider the case with an applied field in-plane of the film (along
x- or y-direction). If the electric field is weak, the system remains
in the PL phase. If the electric field is above a certain threshold
value, then we observe a transition to cylinders as is shown in
Figure 2. In this case the arms of 3-fold connections that are
not in the direction of the applied field break (Figure 2a,e). In
the early stage of the transition we observe a formation of small
patches of the undulating cylinders, and both PL and cylinders
coexist (Figure 2b,c,f,g). These regions of undulating cylinders
serve as nuclei, and the cylindrical phase develops by the
nucleation and growth mechanism. At the end (Figure 2d,h)
both systems transform to a cylindrical phase. The sequence of
transient states is similar but reverse to the one observed for
cylinder-to-PL transition under temperature or film thickness
change.14

Next, we discuss the case of the electric field applied
perpendicularly to the film plane (along the z-direction). The
kinetic pathway of PL-to-cylinder transition is shown in Figure
3. The arms of the 3-fold connections that are perpendicular to
the electric field break and gradually disappear, leaving the
domains that are in the centers of these 3-fold connections to
form standing cylinders. At t ) 200, Figure 3e, we observe a
cylindrical system with cylinders aligned parallel to the direction
of the electric field. In this case the width of the cylinder is
smaller in the vicinity of the wall compared to that of the middle
of the cylinder (Figure 3f). This is because with � ) 0.13 the
B-component is preferably attracted to the walls (or equivalently
A-component is less preferred by the wall). Cylinders obtained
for different electric field strengths are shown in Figure 4. From
this figure we see that the cylinder obtained for a stronger field
is less deviated from a perfect cylinder. This is because the
contribution from the strong electric field which favors interfaces

being parallel to the field dominates over the contribution from
the interaction with the walls.

The phase transition from PL to cylinders for different surface
field strengths is also calculated, as shown in Figure 5. For the
cases of small values of �, i.e., � ) 0.0 and � ) 0.05, the
cylinders have a bottleneck-like shape (Figure 5a,b), contrary
to the case in Figure 4. The cylinders are wider in the vicinity
of the walls, which can be explained as follows. Because the
lengths of the subchains of A-type and that of B-type are
different, it leads to different conformational entropic effects
of the two domains (A and B). At � ) 0, the A-component
(minority block) is preferred by the walls due to the entropic
effects. As a result, in the vicinity of the walls we observe that
the cylinders (A-component) are wider (Figure 5a). When the

Figure 2. Kinetics of PL-to-cylinder transition under an in-plane electric
field with R̃ ) 0.3. Time: t ) (a) 10, (b) 25, (c) 50, and (d) 400 for the
electric field applied along x-direction and (e) 10, (f) 25, (g) 50, and
(h) 400 for the electric field applied along y-direction.

Figure 3. Kinetics of PL-to-cylinder transition under an electric field
with R̃ ) 0.6 applied in the z-direction. Time: (a) 1, (b) 3, (c) 5, (d)
10, and (e) 200. (f) A single cylinder extracted from (e), as indicated
by a circle.

Figure 4. Different shapes of cylinders for different strengths of electric
field R̃: (a) 0.3, (b) 0.6, (c) 1.0, and (d) 2.0, with � ) 0.13.

Figure 5. Different shapes of cylinders for different values of surface
field �: (a) 0, (b) 0.05, and (c) 0.13, with R̃ ) 2.0.
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value of � increases (� ) 0.05), the width of cylinders in the
vicinity of the walls decreases as is shown in Figure 5b. For �
) 0.13 we obtain almost perfect cylinder (Figure 5c). This is
because when � (or �BW) increases, the contribution from the
interaction between B-components and the walls increases and
neutralizes the entropic effect from the difference in block
lengths.

When the electric field is switched off (starting from the
structure in Figure 3e), the cylinders follow a kinetic pathway
in the opposite direction: they become thicker in the middle of
the film and narrower in the vicinity of the walls, as is shown
in Figure 6. This is a pathway toward a PL phase as the cylinders
will eventually joint each other in their middle parts. The process
is rather slow, compared to PL-to-cylinders transition under
electric field, indicating kinetic trapping of the structure.

Following our previous works,29,39 we illustrate the transition
using the free energy without electrostatic contribution, eq 3,
which provides an insight into the change of the strength of
microphase separation in time as well as changes in shapes and
connectivity of domains. The applied electric field serves as a
disturbance to the system, which manifests itself by a sharp
increase in the free energy shortly after the electric field is
applied at t ) 0 (Figure 7a,b). In this initial stage the system
changes the strength of its phase separation to some extent
because the application of an electric field is similar to a shift
in the temperature in the direction of the electric field.39,55 If
the electric field is weak (R̃ ) 0.08, Figure 7a), the free energy
reaches plateau and the system remains in the PL phase but
with a slightly increased free energy. We call this state an
“excited” state. If the field is above a certain threshold value,

such an “excited” state has a finite lifetime. In such a case (R̃
) 0.3, Figure 7a), first the free energy sharply increases until t
) 10 and then it decreases until t ) 60 (first plateau). During
this stage the system consists of both PL and cylinder phases
(Figure 2a,b). From t ) 60 to t ) 140 we do not observe any
change of the free energy. During this stage the system consists
of cylinders with defects (Figure 2c). After t ) 140 the free
energy drops to another plateau, which corresponds to a defect-
free cylindrical phase (Figure 2d). For all values of the electric
field the second plateau is the same, which reflects the fact that
the final cylindrical phase is the same for all fields. The stronger
the applied field is, the faster the PL-to-cylinder transition
occurs. We evaluate the lifetime ∆τ of the “excited” state from
the graphs in Figure 7a as the time span from the moment of
the application of the electric field, t ) 0, until the midpoint
between the first and the second plateaus.39 The values of the
lifetime diverges as the strength of the electric field decreases.
The result of fitting the data with ∆τ ∼ (R̃ - R̃0)-p is shown in
Figure 7c.

In the case of x- and y-directions the threshold value of the
electric field is found to be R̃0 ) 0.11 with the “critical”
exponent p ) 1.55. The transition processes in both cases are
similar; however, the transition times are somewhat different.
The difference becomes more noticeable for weaker electric
fields. This can be attributed to the fact that x- and y-directions
are not equivalent with respect to the orientation of the
hexagonal pattern (see Figure 1b). It was shown (for the case
of an applied shear) that different orientations of a structure
with the hexagonal symmetry have different energies in an
external field.56 However, this effect is very weak.56 This weak
effect is easily suppressed by strong electric fields.

In the case of the electric field applied along z-direction, there
are two features that are different from the cases of the lateral
electric field. First, the free energy of the final cylinder phase
is different for different values of the applied electric field. The
weaker the applied field is, the lower the free energy becomes,
as is shown in Figure 7b. Second, the threshold value of the
applied field is larger compared to the case of lateral electric
field. We obtain R̃0 ) 0.15 with the “critical” exponent p )
1.45. The first difference is due to the fact that the final cylinders
have different shapes (Figure 4). The second difference (different
critical value of the electric field) can be attributed to the fact
that the energy barrier, which separates PL and cylinder phase,
is different in the case in Figure 3 compared to the case in Figure
2. This can be understood in terms of the symmetry change:
the symmetries of the initial and the final structure in Figure 3
are very similar contrary to the case in Figure 2, where the
starting and the final structure have different symmetries.

We note that a close value for the “critical” exponent (p )
1.5) is also found for the gyroid-to-cylinders transition under
electric field both in dynamic SCFT and in cell dynamics
simulation (for one of the transition pathways).39,40

In conclusion, by using the real-space dynamical SCFT, we
investigate the cylinder forming diblock copolymer melt con-
fined in a thin film. A hexagonally perforated lamella is obtained
without an applied electric field. Under the electric field, the
details of the kinetics of the transition, which includes inter-
mediate structures, are studied. A threshold value of the applied
electric field is required to induce the transition.
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