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A theoretical method based on dynamic version of self-consistent field theory is extended to
investigate directed self-assembly behaviors of block copolymers subjected to zone annealing. The
ordering mechanisms and orientation modulation of microphase-separated nanostructures of block
copolymers are discussed in terms of sweep velocity, wall preference, and Flory-Huggins interaction
parameter. The simulated results demonstrate that the long-range ordered nanopatterns are achieved
by lowering the sweep velocity of zone annealing due to the incorporation of templated ordering
of block copolymers. The surface enrichment by one of the two polymer species induces the
orientation modulation of defect-free nanostructures through finely tuning the composition of block
copolymers and the preference of walls. Additionally, the Flory-Huggins interaction parameters of
block copolymers in the distinct regions are main factors to design the zone annealing process
for creating the highly ordered nanostructures with single orientation. C 2016 AIP Publishing
LLC. [http://dx.doi.org/10.1063/1.4943864]

I. INTRODUCTION

Self-assembly of block copolymers into a diversity of
periodic nanostructures with feature size of sub-30 nm makes
them attractive candidates for fabrications of quantum dots
and magnetic storage media as well as integration of next-
generation lithography.1–5 However, the commercial applica-
tions of block copolymers to date are still limited due to the
difficulties in the spatial control over the long-range ordered
nanostructures, which are strongly dependent upon the prep-
aration process. Pursuing the goals of realizing full potential
of block copolymers, researchers have prescribed plenty of
approaches to produce the defect-free nanostructures, such
as the applications of permanent fields (chemical epitaxy,6,7

topographical epitaxy,8–14) and dynamic external fields like
shear flow,15–17 electric fields,18,19 and thermal gradients.20–29

Among the approaches mentioned above, the time- and
space-dependent thermal gradients based on the technique
of zone annealing or zone refinement are a simple and
universally applicable continuous process, which is gaining
the importance as a directed self-assembly route for rapidly
fabricating the long-range ordered nanostructures of block
copolymers.20,21,27 In the zone annealing method originated
from the metallurgy,30 the materials pass through the thermal
gradients so as to restrict the grain growth in narrow space.
Zone annealing for the block copolymers can be classified as
hot zone annealing (HZA) and cold zone annealing (CZA).
In the HZA proposed by Hashimoto and co-workers,20,21

the block copolymer systems are divided into two regions:
α-region with temperature below the order-disorder transition
temperature (TODT) and β-region with temperature above TODT.

a)Electronic addresses: zhangls@ecust.edu.cn and jlin@ecust.edu.cn

The block copolymers in the β-region are in the disordered
state while the systems in the α-region undergo the disorder-
order transition. As the block copolymer systems slowly
pass through the α-region, surface-induced disorder-order
transition of block copolymers results in the better long-range
ordered nanostructures throughout the entire specimen. It is
also found that the relative orientations of nanostructures are
influenced by the preferences of walls to different blocks. In
contrast to the HZA, the temperatures of block copolymers
both in the α- and β-regions of CZA are below TODT.27,31–33

The CZA does not disorder the phase-separated domains
during the processing. The ordering improvement of self-
assembled nanostructures results from the enhanced mobility
of polymeric species above the glass transition temperature.
It is demonstrated that sweep velocity (corresponding to the
position change of thermal gradients per unit time) is an
important factor to control the ordering degree of textures.
Although the zone annealing method offers a promising
opportunity to yield the large-scale well-ordered patterns in
short time, the microscopic details of such patterns remain
to be definitely elucidated. One particular aspect concerns
the ordering mechanisms and the corresponding orientation
modulation during the structural evolution of zone-annealed
block copolymers.

As a feasible route for validating experimental obser-
vations and predicting new phenomena, computer simu-
lations become especially important in promoting better
understanding about the structural formation of block
copolymers at the microscopic and mesoscopic levels.34

Nevertheless, the computational studies regarding the ordering
kinetics of block copolymers in the presence of zone
annealing remain challenging, because the spatiotemporally
heterogeneous fields should be incorporated into the kinetic
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model of inhomogeneous polymer fluids. Currently, the
computational investigations for the self-assembly behaviors
of block copolymers subjected to the zone annealing are
very limited.35–38 For instance, Zhang et al. exploited the
phenomenological kinetic model to numerically examine
the temporal evolution of microphase-separated structures
via shifting the phase boundary.36 Their results suggested
that the highly ordered nanostructures are obtained at the
low sweep velocity of phase boundary. To explicitly take
the conformational entropy of polymer chains into account,
Bosse and co-authors utilized an extension of static self-
consistent field (SCF) theory to investigate the ordering and
orientation phenomena of nanodomains in the presence of
thermal gradients.38 The numerical simulations revealed that
the incorporation of spatiotemporally heterogeneous fields
has significant effects on the ordering degree and relative
orientation of nanostructures. These previous theoretical
results enhance our understanding about the equilibrium
nanostructures of block copolymers suffered from the dynamic
external fields. However, the microscopic kinetics of structural
formation of block copolymers subjected to the zone annealing
is still in the infancy stage. There remains a need for
considerable advancements in terms of the ordering kinetics
of self-assembled structures under the various circumstances
including the sweep velocity, the copolymer composition,
and the wall preference, which facilitate the experimentalists
to design the process-directed self-assembly schemes for
constructing the device-oriented patterns of block copolymer
lithography.

A promising methodology to explore the dynamic
behaviors of block copolymers is dynamic extension of
SCF theory originally proposed by Fraaije and co-workers.39

The main idea of the dynamic SCF theory is that the
evolution of collective dynamic variables is driven by the
chemical potential gradients obtained from the static SCF
theory. This method was successfully applied to tackle the
issues of structural formation and defect annihilation of
block copolymers.40–44 In the recent works, hybrid dynamic
SCF methods coupling with the lattice Boltzmann method
and Parrinello-Rahman-Ray technique were developed to
examine the hydrodynamic effects on the phase separation of
structured fluids and to explore the self-assembly mechanisms
of multicomponent polymers, respectively.45,46 On the basis
of these fruitful achievements, the dynamic SCF theory is
considered as a powerful tool to probe into the collective
kinetics of phase separation of block copolymers, especially
for the cases where the chain connectivity is of particular
importance.

In this contribution, we aim to extend the dynamic
SCF theory to describe the microphase separation of block
copolymers subjected to the zone annealing. Such coarse-
grained kinetic model is applied to investigate the effects of
sweep velocity, copolymer composition, wall preference, and
Flory-Huggins interaction parameter on the ordering degree
and relative orientation of self-assembled nanostructures.
Beyond obtaining the equilibrium features of microphase-
separated structures, our model based on the dynamic SCF
theory is capable of capturing the dynamic characteristics
of structural formation and the orientation modulations of

nanostructures, which cannot be resolved by the static SCF
simulations and experimental measurements. We expect that
the present study may offer fundamental understanding about
the control over the long-range ordered nanostructures during
the zone annealing and provide some useful guidelines for
designing novel materials of block copolymers.

II. MODELING AND METHOD

In the experiments, Hashimoto and co-workers reported
a control of macroscopic orientation and ordering degree of
block copolymer nanostructures via the hot zone annealing
method.20,21 In this method, the moving temperature gradients
are imposed on the block copolymer films placed inside cells
with glass surfaces on one end of the films. In order to model
such experimental systems and reduce the computational
expense, we consider the thin films of block copolymers
subjected to the zone annealing along the z direction (see
Figure 1), corresponding to the top view of experimental
systems in Figure 2 of Ref. 22. The glass surfaces of
film specimen are modeled by hard walls. To facilitate the
numerical realization of boundary conditions, the walls are
imposed on both sides of the films in the z direction, which
are marked by red in Figure 1.

FIG. 1. Schematic diagram of zone annealing model for the block copolymer
system. The walls are indicated by the red color. The front marked by
the dashed line distinguishes the system into the α-and β-regions, which,
respectively, have values of (χABN )max and (χABN )min. The front is shifted
by a constant velocity vz along the z direction. Inset is the profile of combined
Flory-Huggins interaction parameter χABN at the region of propagating
front satisfied the condition χAB(r, t)N = 0.5× ((χABN )max+ (χABN )min).
The definition of zone width w is also schematically illustrated in the inset.
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The block copolymer system is modeled by a standard
SCF theory of inhomogeneous polymeric fluids. Specifically,
the system contains n monodisperse chains of AB block
copolymers with length N and volume fraction f A of A blocks,
which are confined between the hard walls. The copolymer
chains are specified by the Gaussian threads denoted by
function Ri(s), where s is the curvilinear coordinate of
polymer chains and the subscript i labels different chains.
A harmonic energy U = 1

4R2
g


i

 1
0 ds
(
dRi(s)

ds

)2
is used to

account for the chain connectivity (Rg is the gyration radius
of ideal chain). Interaction energy is modeled by a local
contact interaction. For instance, interactions between the
A and B species are characterized by the spatiotemporal
Flory-Huggins parameter χAB(r, t). Deviation of local volume
fraction from the average value is represented by the Helfand-
type effective energy with coefficient κH . Following a standard
field-theoretical approach,47 it is possible to obtain the free
energy functional F of the above system in units of thermal
energy kBT written as

F
n
= − ln Q +


dr

−ωAϕA − ωBϕB + χABNϕAϕB

+ ηANϕA + ηBNϕB +
1
2
κH(ϕA + ϕB − 1)2


, (1)

where ϕA(r) and ϕB(r) are the local volume fractions of A
and B blocks, respectively. The quantity Q is the single-chain
partition function in the potential fields ωA(r) and ωB(r)
produced by the surrounding chains. Surface fields ηA(r)
and ηB(r) describe the preference of walls for the A and B
blocks, respectively. It is assumed that the surface fields with
a hyperbolic tangent form decay rapidly away from the walls
and the strengths of surface fields at the walls are specified by
η̃A and η̃B. The local volume fractions ϕI(r) (I = A and B)
are obtained via the formulas

ϕA(r) = 1
Q

 fA

0
ds q(r, s)q†(r,1 − s), (2)

ϕB(r) = 1
Q

 1

fA

ds q(r, s)q†(r,1 − s). (3)

In the expressions, the function q(r, s) is the end-segment
distribution function, representing the probability of finding
the sth segment at the coordinate r. The distribution function
q(r, s) is the solution of modified diffusion equation

∂q (r, s)
∂s

= R2
g∇2q (r, s) − ω (r,s) q (r, s) (4)

subject to initial condition q(r,0) = 1 and with ω(r, s)
= ωA(r) for 0 < s < f A and otherwise ω(r, s) = ωB(r). The
function q† (r, s) is similarly defined.

The kinetics of phase separation in the AB block
copolymer system is described by the dynamic extension
of SCF theory, which is derived by Fraaije and co-workers.39

The diffusion behaviors of local volume fractions ϕI(r, t) of
I-type blocks are assumed to be driven by the gradients of
chemical potentials µI(r, t). The set of quantities obey the
following diffusion equations with the local coupling Onsager

coefficients
∂ϕI (r, t)

∂t
= L I∇ · ϕI (r, t)∇µI (r, t) + η I , (5)

where the terms η I are the Gaussian thermal noises satisfying
the fluctuation-dissipation relationships (e.g., ⟨η I(r, t)⟩= 0 and
⟨η I(r, t)ηJ(r′, t ′)⟩ = -2L IkBTδIJ∇ · ϕ(r, t)∇δ(r − r′)δ(t − t ′)).
The intrinsic chemical potentials µI (r, t) ≡ δF [ωI , ϕI] /δϕI

denote the functional derivative of free energy functional
F [ωI , ϕI] with respect to the fields ϕI . L I are the mobility
coefficient of I-type blocks. It should be pointed out that the
local coupling model in Eq. (5) neglects the chain connectivity
of polymer molecules. It is certain that the Rouse dynamics has
a better description of chain dynamics via the intramolecular
pair-correlation functions.48 The difficulty in implementing
the Rouse dynamics lies in the computational expense of such
functions in the dynamic SCF simulations.

The present model of zone annealing is schematically
illustrated in Figure 1. The system consists of the α- and β-
regions, which are governed by the combined Flory-Huggins
interaction parameter χAB(r, t)N varied in both space and
time. The corresponding interaction parameters in the α- and
β-regions are represented by the maximum value (χABN)max

and the minimum value (χABN)min, respectively. It is also
assumed that χAB(r, t)N is uniform in the x direction and
the connection between (χABN)max and (χABN)min in the z
direction has the hyperbolic tangent form (inset of Figure 1(a)).
The front distinguishing the α- and β-regions is defined by the
condition χAB(r, t)N = 0.5 × ((χABN)max + (χABN)min). The
zone width is represented by the parameter w. The propagation
of front in the system is realized as follows: The front is shifted
for one lattice space ∆z along the z direction in each set of
nt (n = 1, 2,. . . ) steps of time ∆t. The sweep velocity of zone
annealing is defined as35

vz ≡
∆z
∆t nt

=
∆z̃
∆t̃ nt

ṽ , (6)

where∆z̃ and∆t̃ are the dimensionless discrete space and time,
respectively. The basic velocity unit is given by ṽ = Rg/τ,
which are specified by the basic length unit Rg and time
unit τ.

Since the numerical implementations of dynamic SCF
theory require a substantial amount of computational cost, all
the simulations are performed in the two-dimensional boxes
with the periodic and Dirichlet boundary conditions in the
x and z directions. Meanwhile, the box size is chosen to
be sufficiently large to avoid the simulation artifacts. The
operator splitting formula extended by Chantawansti et al. is
employed to solve the modified diffusion equation (4).49,50

The discretization of curvilinear coordinate s for the polymer
chains is set as 0.01. The evolution equation (5) enforced by
the non-flux boundary in the z direction is implemented by
the implicit Crank-Nicholson algorithm.39 The discretization
in time is ∆τ = 0.2τ, where the time unit is defined as
τ = ∆z2/L IkBT . The thermal noise terms η I are discretized
by the scheme introduced by van Vlimmeren et al. and the
amplitude of the Gaussian noises is chosen as Ω = 100.51

In each time step, the self-consistent determination of the
potential fieldsωI(r) from Eqs. (2)–(4) is done by the Fletcher-
Reeves non-linear conjugate gradient method.52 The iteration
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is regarded as convergence when the relative deviation of local
volume fractions at each time step becomes less than the error
level of 0.01. Further lowering the tolerances has little effects
on the final morphologies of nanostructures. Each numerical
experiment is repeated 5–8 times with different random seeds.

III. RESULTS AND DISCUSSION

Unless otherwise specified, the simulation boxes pre-
sented herein are chosen as 320 × 320 lattice sites. The size
of boxes is set in the range of 56.0Rg × 56.0Rg–68.0Rg

× 68.0Rg . The interaction parameter between the A and B
species in the α-region is fixed at (χABN)max = 20.0. The
zone width of zone annealing simulations is extremely sharp
and is set as w = 1.5Rg . In the present work, we apply
the model outlined above to investigate the ordering and
orientation behaviors of microphase-separated nanostructures
under various conditions of zone annealing including the
sweep velocity of zone annealing, the preference of walls, and
the Flory-Huggins interaction parameter of block copolymers
in the β-region. In order to compare with the results of
zone annealing simulations, we also perform the reference
simulations of homogenous quenching, which start from
homogenous states and instantaneously quench into the
ordered state in the entire samples.

A. Effects of sweep velocity

We first examine the ordering degree and relative
orientation of nanostructures as the fronts move from the
left to right of samples. Figure 2 presents the typical
final nanostructures of block copolymers with various
compositions from the homogenous quenching and zone
annealing simulations. The initial configurations of the
simulations are the homogenous states and the fronts move
with a constant velocity vz along the z direction. As a special
case, vz = ∞ corresponds to the homogenous quenching.
Under this circumstance, the spinodal phase separation of
block copolymers is triggered by the thermal fluctuations with
the random characteristics. This fact results in the formation of
polycrystalline structures with several orientations, as depicted
in the left panels of Figure 2. It should be mentioned that once
the samples are trapped into the polycrystalline states, the
ordering degree of nanostructures is hardly improved by the
spontaneous ordering due to the large kinetic barriers of
structural rearrangement.

To achieve the long-range ordered nanostructures, the
zone annealing is introduced to guide the self-assembly of
block copolymers.20,27 Here, the Flory-Huggins interaction
parameter in the β-region is set as (χABN)min = 8.0 and
the walls are assumed to be neutral. The sweep velocity
of zone annealing are represented by the basic velocity
unit ṽ . As the zone annealing process is incorporated into
the formation of self-assembled nanodomains, templated
ordering exerted by the well-aligned formed nanostructures
emerges at the propagating fronts. While the gradients of
Flory-Huggins interaction parameter fast sweep the samples,
spontaneous phase separation of block copolymers and growth
of nanodomains simultaneously occur over a wide swept

FIG. 2. Representative morphologies of block copolymers with various vol-
ume fractions fA of A-blocks obtained from the homogenous quenching
and zone annealing simulations. The volume fractions of A blocks are (a)
fA= 0.50, (b) fA= 0.45, and (c) fA= 0.30. The sweep velocities of zone
annealing are annotated below the images. vz =∞ is formally equivalent to
the homogenous quenching. The zone annealing corresponds to the cases of
infinitesimal sweep velocities. The arrows indicate the moving directions of
fronts during the zone annealing process. The color bar indicates the strength
of local volume fraction of B blocks.

region of disordered melts. The completion between the
spontaneous and templated orderings results in the poorly
ordered nanostructures in the entire samples (middle panels
of Figure 2). As the fronts are slowly moved, the block
copolymers stay in the front regions for a time enough
and self-assemble into the templated ordering nanostructures.
Via continuously moving the fronts, the templated ordering
sequentially occurs from the walls to the other end of
simulation cells, and the well-aligned nanostructures are
finally achieved (right panels of Figure 2). These results
clearly demonstrate that the zone annealing can be utilized
to efficiently improve the ordering degree of nanostructures,
which is strongly dependent upon the sweep velocities of zone
annealing.

Inspecting the right panels of Figure 2 in more details,
one can also observe that the orientations of well-ordered
nanostructures are correlated with the composition of block
copolymers. In the slow mode of zone annealing, the
symmetric block copolymers are guided to self-assemble into
the well-ordered lamellae perpendicular to the propagating
fronts. As the block copolymers become asymmetric (e.g.,
f A = 0.45), the defect-free lamellae are oriented along the
direction of propagating fronts. The further discussion for the
orientation modulation of nanostructures will be given below.

To evaluate the generality of self-assembled structures
of block copolymers subjected to the zone annealing, we
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FIG. 3. State diagram of block copolymer nanostructures plotted as functions
of volume fraction fA of A-blocks and reciprocal ṽ/vz of dimensionless
sweep velocity. The notations PC, C, L∥, and L⊥ represent the polycrys-
talline structures, well-ordered cylinders, well-ordered lamellae parallel to
the fronts, and well-ordered lamellae perpendicular to the fronts, respec-
tively. Each point in the diagram corresponds to a simulation result, and
lines are drawn to identify the boundaries of various nanostructures. The
one-dimensional phase diagram on the top of horizontal axis represents the
stable regions of cylinders and perpendicular lamellae of block copolymers
confined between the neutral walls from the equilibrium SCF calculations.

construct state diagram as functions of the sweep velocity
and the copolymer composition, as depicted in Figure 3.
Each point in the state diagram corresponds to a simulation
result, and the lines are drawn to identify the boundaries
of different nanostructures. The state diagram is divided
into four characteristic zones: polycrystalline structures (PC),
well-ordered lamellae perpendicular to the fronts (L⊥), well-
ordered lamellae parallel to the fronts (L∥), and well-ordered
cylinders (C). In the fast mode of zone annealing simulations,
the block copolymers form the poorly ordered structures
with several orientations, which are very similar with the
cases of homogenous quenching. As the sweep velocities
of zone annealing are decreased, the templated ordering
of structural formation becomes essential and the block
copolymers are guided to self-assemble into the well-ordered
nanostructures. In addition, the morphologies and orientations
of self-assembled structures are strongly dependent upon the
copolymer composition. The transition sequences of lamellae
perpendicular to the fronts (L⊥) → lamellae parallel to the
fronts (L∥) → cylinders (C) are identified as the volume
fraction f A of A-blocks is decreased.

We also utilize the equilibrium SCF simulations in the
two-dimensional space to get insight into the self-assembled
nanostructures of block copolymers confined between the
neutral walls. Via comparing the free energy densities
of cylinders, perpendicular and parallel lamellae, the one-
dimensional phase diagram of block copolymers is generated.
As shown in Figure 3, the structural transition from the
cylinders to the perpendicular lamellae occurs at the A-block
volume fraction f A = 0.364.53 In comparison with the stable
regions of nanostructures from the zone annealing simulations,
one can find one distinct difference that the orientations of self-
assembled lamellae are altered by the zone annealing process.
As predicted by the equilibrium SCF theory, the perpendicular
lamellae are the optimal equilibrium structures in the range
of 0.364 < f A < 0.50. In the zone annealing simulations, the

asymmetric block copolymers probably self-assemble into
the parallel lamellae with long-range order. Additionally,
the orientations of lamellae are also influenced by the sweep
velocity of zone annealing. For example, decreasing the sweep
velocity of zone annealing triggers the transition from the
optimal perpendicular to parallel orientations in the case of
block copolymers at f A = 0.45.

In order to understand the origins of enhanced order and
orientation modulation of nanostructures, it is informative to
examine the phase separation dynamics of block copolymers
in the zone annealing simulations (Figures 4 and 5). Figure 4
presents the morphological evolution of symmetric block
copolymers in the zone annealing simulations with various
sweep velocities of zone annealing. The propagating fronts are
marked by dashed lines. For the sake of clarification, only a
portion of the samples are drawn in the high-contrast images.
One the right of the dashed lines, the block copolymers do
not undergo any phase separation. However, on the left of the
dashed lines, the thermodynamic instability is strong enough
to drive the microphase separation of block copolymers.
When the fronts are fast shifted, the self-assembled lamellae
grow rapidly and the orientations of lamellae are random
because the spontaneous ordering mainly occurs in the wide
swept regions of fronts (Figure 4(a)). As a result, the zone-
annealed block copolymers self-assemble into the poorly
ordered nanostructures with lots of defects. As depicted in
Figure S1 of the supplementary material,54 such structures

FIG. 4. Morphological evolution of block copolymers in the initial stages of
simulations with various sweep velocities of zone annealing (a) vz = 1.41ṽ
and (b) vz = 0.094ṽ. The volume fraction of A blocks is fA= 0.5. Note that
only a part of high-contrast images are displayed. The symbol τ represents
the time unit of simulations. The dashed lines and the arrows denote the
propagating fronts and the moving directions of fronts, respectively. Inset of
panel (a) shows the profile of Flory-Huggins interaction parameter along the
z directions. The position of dashed line corresponds to the middle of curve.
The values of χAB(r, t)N in various regions of zone annealing are shown in
the inset.
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FIG. 5. Morphological evolution of block copolymers with various volume
fractions of A-blocks (a) fA= 0.45 and (b) fA= 0.30 in the initial stages
of simulations. The sweep velocities of zone annealing are (a) vz = 0.094ṽ
and (b) vz = 0.047ṽ. The representations of lines and arrows are the same as
Figure 4.

can further slowly evolve into the highly ordered nanopatterns
via the annihilation of defects.

When the fronts are shifted slowly, the microphase sepa-
ration of block copolymers and the growth of nanostructures
occur in the narrow swept regions of fronts, as depicted
in Figure 4(b). Under this condition, the existing lamellae
in the α-region serve as “chemical templates” to direct the
self-assembly of block copolymers in the swept regions. Thus,
the perfect order of formed nanostructures is well maintained
during the further growth of nanodomains, leading to the
defect-free structures of block copolymers.

Figure 5 shows the morphological evolution of block
copolymers with various volume fractions of A blocks in
the slow mode of zone annealing simulations. In comparison
with the symmetric block copolymers, the surface enrichment
of certain species takes place in the systems of asymmetric
block copolymers despite the neutral walls. As demonstrated
in the initial stages of simulations (left panels of Figure 5),
the majority B species produce the wetting layers close to the
walls and the corresponding depletion layers are produced next
to the wetting layers. However, the subsequent pathways for
the morphological evolution of depletion layers are strongly
dependent upon the copolymer composition. As shown in
Figure 5(a), the B-depletion layers of block copolymers with
f A = 0.45 are preserved and the flat layers are propagated
into the disordered region as the fronts are slowly shifted.
While the volume fraction of A blocks is set as f A = 0.30,
the B-depletion layers (corresponding to the A-rich layers)
are unstable and further transit into the A-rich droplets
(Figure 5(b)). An important feature of these droplets is that
they have the uniform size and identical position relative to
the walls, resulting from the temporal evolution of metastable
flat layers. Subsequently, the fresh flat layers are formed with
time and the layers further evolve into the A-rich droplets
with a relative shift of position. Finally, the well-ordered
cylindrical nanostructures of block copolymers are achieved
in the process of zone annealing with low sweep velocities.

FIG. 6. Profiles of averaged volume fraction ϕB of B-blocks at different
times. The compositions of block copolymers are (a) fA= 0.50, (b) fA
= 0.45, and (c) fA= 0.30. The sweep velocities of zone annealing are ((a)
and (b)) vz = 0.094ṽ and (c) vz = 0.047ṽ.

To further clarify the surface enrichment by the B blocks
in the initial stages of simulations, we plot the profiles of
averaged volume fractions of B blocks along the z direction.
The positions of propagating fronts are marked by the arrows.
The data of profiles are obtained from averaging the local
volume fraction of B blocks given by ϕB(z) = x ϕB(x, z)/Nx,
where Nx is the lattice number of simulation boxes in the x
direction. Since the symmetric block copolymers form the
lamellae perpendicular to the fronts, the averaged volume
fractions of B blocks are almost unchanged and the surface
enrichment by the polymer species is not identified in the
Figure 6(a). As the block copolymers become asymmetric,
another scenario is revealed from the profiles of averaged
volume fractions, as shown in Figures 6(b) and 6(c). The
majority B species are enriched next to the walls and the
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enriching process develops gradually as time goes on. In
addition, the long enrichment tails of profiles are extended in
the β-region of zone annealing. It should be mentioned that
the behaviors of surface enrichment were also observed in the
binary mixtures of polymers with unequal volume fractions
confined between the neutral walls.37

To decouple the effects of zone annealing and walls, we
carry out the additional simulations of block copolymers
subjected to the zone annealing, where the fronts are
moved from the bottom to top of boxes. Figure S2 of the
supplementary material depicts the morphological evolution of
block copolymers at various volume fractions f A = 0.50 and
f A = 0.45.54 It is found that the symmetric block copolymers
are guided to self-assemble into the long-range ordered
lamellae with orientations perpendicular to the propagating
fronts. However, the asymmetric block copolymers form
the parallel lamellae. These findings clearly demonstrate
that the zone annealing is capable of programming the
relative orientations of self-assembled nanostructures of block
copolymers under appropriate conditions.

To compare with the available experimental results, we
roughly evaluate the relationship between our dimensionless
simulation parameters and the dimensional physical values. In
particular, we assume the gyration radius of polymer chains as
Rg ∼ 10 nm, and we equate the distance between two lattice
sites to be ∆z ≡ Lz/Nz = 0.19Rg (the box size and total lattice
in the z direction are Lz ∼ 60Rg and Nz = 320, respectively).
The basic time unit of Eq. (5) is τ = ∆z2/L IkBT = ∆z2/D,
where D is the dimensional diffusion constant. If we take
the value of D ∼ 10−14 m/s2 in the polymer melts,55 the time
unit corresponds to τ = 3.5 × 10−4 s and the basic velocity
unit ṽ = Rg/τ has the value of 2.8 × 10−5 m/s. We take the
sweep velocity in Figure 2(a) as an example. The velocities
vz = 1.41 ṽ and 0.094ṽ in the simulations correspond to the
sweep velocities of 39.5 µm/s and 2.6 µm/s in the realistic
experiments, respectively.

There are no direct experimental studies on the self-
assembly behaviors of block copolymer thin films in the
present of hot zone annealing with temperature above the
order-disorder transition temperature (TODT) in the β-region.
Therefore, it is difficult to make a direct comparison between
theoretical predictions and experimental observations. How-
ever, there are still some existing experimental observations
regarding the ordering degree of nanostructures from the
zone annealing in the literature to support our simulation
results. For example, Hashimoto and co-workers conducted
the zone-annealed experiments for the block copolymers with
film thickness ∼2 mm and low sweep velocity <1µm/s.20,23 It
is demonstrated that the ordering degree of nanopatterns has a
tight relation with the sweep velocity of hot zone annealing. It
is noteworthy that Berry et al. reported the directed self-
assembly of poly(styrene-block-methyl methacrylate) thin
films via the cold zone annealing with various sweep
velocities.32 Through analyzing the orientation correlation
function of nanostructures, it is demonstrated that the defect
density of the patterns decreases markedly as the sweep
velocity of temperature gradient changes from 100 µm/s to 1
µm/s. In our dynamic SCF simulations, the block copolymers
are guided to self-organize into the well-ordered patterns in

the cases of slow mode of zone annealing (e.g., vz = 2.6 µm/s
or 1.3 µm/s), which is depicted in Figure 2. Although our
computer simulations herein carry out for the case of zone
annealing with temperature above TODT, Figures 2 and 3
show an analogous behavior that one can tune the sweep
velocity to yield various ordering degree of self-assembled
nanostructures.

Beyond obtaining the structural features of block copol-
ymers, the dynamic SCF theory can grasp the microscopic
ordering mechanisms of nanostructures via analyzing the
snapshots of morphological evolutions. From Figure 4, it is
demonstrated that the enhanced order of nanostructures in
the slow mode of zone annealing simulations stems from
the templated ordering of microphase separation of block
copolymers. The orientation modulation of nanostructures
results from the surface enrichment by one of the two polymer
species (Figure 5). Such microscopic mechanisms of enhanced
order and orientation modulation are currently difficult to be
deduced from the experimental measurements.

There also exist theoretical investigations to understand
the underlying formation mechanisms of well-ordered
structures of block copolymers in the presence of zone
annealing. For instance, Zhang et al. extended the time-
dependent Ginzburg-Landau theory to study the microphase
separation of diblock copolymers suffering from the moving
fronts.36 It is found that the appearance of highly ordered
patterns is preferentially selected by lowering the sweep
velocity of zone annealing. Although the phenomenological
model of block copolymers is able to reproduce the
experimental observations, it ignores the contribution of
conformation entropy that is featured in the phase separation
of polymers. Additionally, all the theoretical studies do
not take the wall preference into account, which play
a critical role in controlling the relative orientations of
block copolymer nanostructures. Therefore, we advance our
research by a step further to investigate the effects of wall
preference on the patterns and orientations of block copolymer
nanostructures.

B. Effects of wall preference

To investigate the influence of wall preference on the
orientations of nanostructures, the zone annealing simulations
are performed for the systems with various interaction
parameters between the blocks and the walls. For example,
the parameter settings η̃AW N = 1.0 and η̃BW N = 0.0 imply
that the walls are repulsive to the A blocks, but are attractive
to the B blocks. The sweep velocities of zone annealing are
set as vz = 0.094ṽ to ensure the formation of well-ordered
nanostructures.

Figure 7 shows the effects of wall preference on the
relative orientations of nanostructures in the slow mode of
zone annealing simulations. When the walls are attractive
to the majority B blocks, the B-rich flat layers are rapidly
developed near the walls in the initial stages of simulations.
By collaborating with the process of zone annealing, the B-rich
flat layers progressively induce the formation of well-ordered
lamellae parallel to the propagating fronts (Figure 7(a)). The
enrichment of majority B blocks near the walls is altered if
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FIG. 7. Representative morphologies of block copolymers with various inter-
action parameters between the walls and blocks (a) η̃AWN = 1.0 and η̃BWN
= 0.0 (B-attractive walls), (b) η̃AWN = 0.0 and η̃BWN = 0.5 (weakly B-
repulsive walls), and (c) η̃AWN = 0.0 and η̃BWN = 2.0 (strongly B-repulsive
walls). The composition of block copolymers and the sweep velocity of zone
annealing are fA= 0.45 and vz = 0.094ṽ, respectively. The arrows indicate
the moving directions of fronts in the zone annealing. Insets of images (a)
and (c) are the enlarged morphologies enclosed in the dashed boxes.

the affinities of walls are finely tuned. It is interesting that the
enrichment of majority B species is compensated as long as the
interaction parameters between the B blocks and the walls are
increased. As a result, the block copolymers subjected to the
zone annealing are guided to self-assemble into the defect-free
lamellae perpendicular to the fronts (Figure 7(b)). While the B
blocks are strongly repulsive to the walls, the A-rich flat layers
are produced next to the walls and the lamellae parallel to the
propagating fronts are finally achieved in the slow mode of
zone annealing simulations (Figure 7(c)). It should be pointed
out that although the block copolymers self-assemble into
the defect-free lamellae parallel to the fronts (Figures 7(a)
and 7(c)), the local morphologies near the walls display a
distinct difference. As shown in insets of Figures 7(a) and
7(c), the block copolymers confined between the B-attractive
and B-repulsive walls produce the B-wetting and B-depletion
flat layers, respectively.

Figure 8 shows the profiles of averaged volume fractions
of B blocks under various conditions of wall preferences in
the slow mode of zone annealing simulations. In the cases of
strong attractions of walls, it can be seen from Figures 8(a)
and 8(c) that the surface enrichment by the certain species
is identified due to the specific interactions between the
walls and blocks. As the wall affinities are decreased to
a suitable value, the driving forces of surface enrichments
from the attractions of walls and the asymmetric features of
block copolymers are balanced. This can be confirmed if the
interaction parameters are set as η̃AW N = 0.0 and η̃AW N = 0.5.
As shown in Figure 8(b), the oscillation of averaged volume
fraction profiles becomes weak near the walls in comparison
with the cases of strongly attractions of walls. The results
suggest that the preference of walls has a large impact on the
distributions of polymer compositions in the initial stages of
zone annealing.

The preference of walls not only determines the local
morphologies of block copolymer nanostructures but also
alters the growth rate of wetting layers. If the block copolymers
are confined between the neutral walls, the composition
profiles are shallow at time t = 8.0τ, as shown in Figure 6(b).
Due to the attractions between the majority B blocks and
the walls, it is found that the wetting layers grow faster than
those in the neutral walls, which are illustrated in Figure 8(a)
at time t = 8.0τ. The phenomena manifest the fact that the

FIG. 8. Profiles of averaged volume fraction ϕB of B-blocks at different
times. The interaction parameters between the walls and blocks are set as
(a) η̃AWN = 1.0 and η̃BWN = 0.0, (b) η̃AWN = 0.0 and η̃BWN = 0.5, and (c)
η̃AWN = 0.0 and η̃BWN = 2.0. The composition of block copolymers and
the sweep velocity of zone annealing are set as fA= 0.45 and vz = 0.094ṽ,
respectively.

interactions between the blocks and the walls play a critical
role in controlling the growth rate of wetting layers.

As demonstrated above, the short-range attractions
between the walls and the blocks only affect the self-
assembly behaviors of block copolymers near the walls.
This phenomenon results in the formation of highly ordered
nanostructures in the vicinity of walls due to the external
confinement. With the help of zone annealing process, the
surface-induced ordering will propagate into the homogenous
phase as the fronts are gradually moved towards the β-region
of zone annealing. Eventually, the entire samples are filled by
the long-range ordered nanostructures with single orientation.
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C. Effects of interaction parameter

In the experiments, one important distinction between
the hot and cold zone annealing processes is whether the
maximum temperature is above the order-disorder transition
temperature (TODT) or below TODT. In our current model, we
assume that the Flory-Huggins interaction parameter exhibits
an inverse dependence on the temperature. To elucidate the
effects of maximum temperature on the textures of zone-
annealed organic materials, we implement a series of zone
annealed simulations with various Flory-Huggins interaction
parameters (χABN)min in the β-region.

Figure 9 depicts the morphological evolution of
symmetric block copolymers in the presence of zone
annealing with various Flory-Huggins interaction parameters
(χABN)min = 9.0, 11.0, and 12.0 in the β-region. The sweep
velocity and Flory-Huggins interaction parameter in the
α-region are set as vz = 0.047ṽ and (χABN)max = 20.0,
respectively. It should be mentioned that the order-disorder
transition value (χABN)ODT of symmetric block copolymers
is 10.5. In the case of (χABN)min < (χABN)ODT, it can be seen
from Figure 9(a) that the block copolymers in the β-region
of zone annealing do not undergo the phase separation. As
the fronts are moved along the z direction, templated ordering
occurs sequentially from the walls towards the interior of
simulation boxes, and finally the well-ordered nanostructures
are formed in the slow mode of zone annealing (Figure 9(a)).
As the (χABN)min is larger than (χABN)ODT = 10.5, the feature
of microphase separation can be also identified in the β-region,
which is shown in the Figures 9(b) and 9(c). However, the
contrast between the two phases in the β-region is shallow,

FIG. 9. Morphological evolution of block copolymers at various Flory-
Huggins interaction parameters in the β-region of zone annealing (a)
(χABN )min= 9.0, (b) (χABN )min= 11.0, and (c) (χABN )min= 12.0. The left,
middle, and right panels correspond to the times t = 200.0τ, 600.0τ, and
1000.0τ, respectively. The sweep velocity and Flory-Huggins interaction pa-
rameter in the α-region are vz = 0.047ṽ and (χABN )max= 20.0, respectively.
The dashed lines and the arrows represent the propagating fronts and the
moving directions of fronts, respectively.

indicating that the extent of phase separation is very low when
(χABN)min = 11.0 (Figure 9(b)). Under this circumstance, the
template ordering is able to guide the block copolymers to
form the highly ordered structures via the local rearrangement
of formed domains. While the (χABN)min is increased to 12.0,
the microphase separation of block copolymers takes place in
the entire simulation boxes and the irregularly shaped domains
fill the α- and β-regions of films. The slow movement of
fronts is not strong enough to annihilate the defects within the
time scale of our simulations. As a result, the polycrystalline
configurations with several lamellar grains are produced in
the block copolymer films suffered from the zone annealing
with higher value of (χABN)min (Figure 9(c)). From above
observations, one can find that the Flory-Huggins interaction
parameter (χABN)min of zone annealing is a significant factor to
control the ordering degree of self-assembled nanostructures.

To systemically capture the self-assembly behaviors of
zone-annealed block copolymers, we construct state diagram
in terms of the Flory-Huggins interaction parameter (χABN)min

and the reciprocal ṽ/vz of sweep velocity, as depicted in
Figure 10. It should be noted that the vertical axis has a
logarithmic scale. The line is drawn to identify the critical
sweep velocity (vz/ṽ)∗, which corresponds to the highest
sweep velocity of zone annealing leading to the formation of
well-ordered perpendicular lamellae. Based on how the critical
sweep velocity of zone annealing is affected by the Flory-
Huggins interaction parameter, the diagram is divided into
three characteristic regions, which are marked by the Roman
numbers. In the characteristic region I ((χABN)min ≤ 9.0), the
critical sweep velocity (vz/ṽ)∗ is almost equal, since the block
copolymers in the β-region are in the homogenous states.
In the characteristic region II (10.0 ≤ (χABN)min < 13.0), an
increase of Flory-Huggins interaction parameter leads to the
occurrence of microphase separation of block copolymers in
the β-region of zone annealing. To achieve the defect-free
patterns, the critical sweep velocity (vz/ṽ)∗ is decreased
exponentially (correspond to the increase of reciprocal

FIG. 10. State diagram of block copolymer nanostructures plotted as func-
tions of reciprocal ṽ/vz of dimensionless sweep velocity and Flory-Huggins
interaction parameter (χABN )min in the β-region of zone annealing. Note that
the vertical axis has a logarithmic scale. The notations PC and L⊥ represent
the polycrystalline structures and well-ordered lamellae perpendicular to the
fronts, respectively. The red dashed line is drawn to identify the critical sweep
velocity (vz/ṽ)∗, which denotes the highest sweep velocity of zone annealing
leading to the formation of well-ordered nanostructures. The background
colors indicate the different regions marked by Roman numbers.
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of sweep velocity). Beyond the Flory-Huggins interaction
parameter (χABN)min > 13.0, the large-cell simulations for
the block copolymers usually produce the poorly ordered
nanostructures. The above observations suggest that the
formation of well-ordered nanostructures of zone-annealed
block copolymers is strongly dependent upon the sweep
velocity and the Flory-Huggins interaction parameter in
the β-regions, which are main factors to design the zone
annealing process for creating the organic materials with
single orientation.

We would like to emphasize that there are other physical
models to understand the directed self-assembly behaviors
of block copolymers subjected to the cold zone annealing
with the temperature below TODT or (χABN)min > (χABN)ODT.
Inspired by the zone annealing for the glassy block copolymers
under the conditions where the entire samples are in the phase-
separated state, Bosse et al. introduced the spatiotemporally
heterogeneous mobility to model the intrinsic time- and space-
dependent thermal fields of zone annealing for the glassy
polymer fluids.38 The computer simulations demonstrated that
the sweep velocity of mobility gradient plays a critical role
in controlling the ordering degree of microphase-separated
nanostructures of block copolymers. Although our simulations
can reproduce the general trends of ordering degree in terms
of the sweep velocity of zone annealing (see Figures 2
and 3), the kinetic model of SCF theory neglects important
aspects of glassy characteristic of polymer molecules in the
realistic experiments. Therefore, the current zone annealing
model based on the dynamic SCF theory cannot be extended
to describe the systems of glassy polymers due to the
instantaneous response of monomers to the driving fields.
Recent developments in phase-field crystal (PFC) modeling
make it possible to tackle the issues of glass transition kinetics
of simple fluids.56 For instance, Berry and Grant utilized the
PFC modeling of binary mixture to examine the dynamics of
glass-forming fluids across a large range of time scales.57 The
motion equations describing two or more time scales generate
two-step relaxation functions in the supercooled liquids, which
are generally in line with the basic features predicted by the
mode-coupling theory of glass formation. Combining such
motion equations and SCF theory provides a feasible scheme
for describing the glassy dynamics of polymer fluids in the
presence of cold zone annealing.

It should be mentioned that the zone width in the current
simulations is extremely narrow, in comparison with the
typical width (∼40 µm) of thermal gradients reported in
experiments.29 To elucidate the effects of zone width on the
self-assembled nanostructures, we implement a series of zone
annealing simulations with various zone widths at the sweep
velocity vz = 0.19ṽ . Figure S3 of supplementary material
displays the typical morphologies of block copolymers under
various zone widths.54 The block copolymers self-assemble
into the single orientation of lamellae under the condition of
sharp zone annealing. As the zone width is increased, the
ordering of nanodomains occurs in the large phase-separated
space, resulting in the poorly ordered nanostructures despite
the slow mode of zone annealing.

As stated above, the broad zone widths cause the
prediction alternations of dynamic SCF theory. In other words,

the state diagram of Figure 3 may experience some degree
of shifts when the zone widths become broader. Yet the
computational findings under the condition of sharp zone
widths provide useful guidelines for rationally designing
the zone annealing process of block copolymer systems
that include the broad gradient of Flory-Huggins interaction
parameter (e.g., the long-rang ordered nanostructures can be
achieved by further lowering the sweep velocity). For example,
the block copolymers subjected to the zone annealing with
the sweep velocity vz = 0.19ṽ and zone width w = 28.1Rg

form the multi-orientation nanopatterns (Figure S3(d) of the
supplementary material).54 As the sweep velocity is chosen
as vz = 0.094ṽ , the organic materials are guided to produce
the single-orientation textures. It should be mentioned that
the computational intensity of zone annealing simulations at
the very low sweep velocity is enlarged greatly. Currently,
the acceleration techniques via graphics-processing-units
are addressing the challenges of large-cell and long-time
simulations in three dimensions.58 Detailed studies based on
such techniques will be devoted to thoroughly elucidating
the generality of long-range ordered nanostructures of zone-
annealed block copolymers in terms of the sweep velocity and
zone width.

IV. CONCLUSIONS

In summary, we extend the dynamic SCF theory to
model the directed self-assembly of block copolymers
subjected to the zone annealing. Our simulated results
demonstrate that the ordering and orientation of microphase-
separated nanostructures have a tight relation with the sweep
velocity of zone annealing. Beyond obtaining the structural
features, the numerical simulations grasp the microscopic
ordering mechanisms of block copolymer nanostructures in
the presence of zone annealing. The enhanced order and
orientation modulation of nanostructures result from the
templated ordering and the surface enrichment by the certain
species in the microphase separation of block copolymers,
respectively. The simulated results also prove that the short-
range interactions between the walls and blocks are able
to mediate the relative orientations of long-range ordered
structures of block copolymers during the zone annealing.
In addition, the critical sweep velocities of zone annealing
that induced the formation of well-ordered nanostructures are
exponentially lowered as the block copolymers in the β-region
are in the microphase-separated states.
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