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Ordering kinetics of lamella-forming block
copolymers under the guidance of various
external fields studied by dynamic self-consistent
field theory†

Xiaomin Wan, Tong Gao, Liangshun Zhang* and Jiaping Lin*

Self-consistent field theory with a dynamic extension is exploited to investigate the kinetics of the

lamellar formation of symmetric block copolymers under the direction of external fields. In particular,

three types of directed self-assembly methods – a permanent field for chemo-epitaxy, a dynamic field

for zone annealing and an integrated permanent/dynamic field – are examined. For the chemo-epitaxy

involving sparsely prepatterned substrates or zone annealing, the block copolymers generally develop

into polycrystalline nanostructures with multiple orientations due to the lack of strong driving forces for

eliminating the long-lived imperfections in a limited time. As the integrated chemo-epitaxy and zone

annealing method is applied to the block copolymer systems, single-crystalline nanostructures with

precisely registered orientations are achieved in a short annealing time owing to the mutual acceleration of

defect annihilations, which cannot be produced by the conventional techniques alone. Furthermore, the

integrated method allows the rapid fabrication of well-ordered nanostructures on the extremely sparse

prepatterned substrates. Our theoretical work may serve to rationalize the faster modern nanolithographic

fabrication of smaller microelectronic components using lower-spatial-frequency templates.

1. Introduction

Directed self-assembly (DSA) of block copolymers on litho-
graphically defined prepatterned substrates is a scalable fabricat-
ing paradigm to enhance the resolution of advanced lithographic
techniques and maintain essential patterning characteristics.1–11

Currently, the DSA process of block copolymers is being pursued
for next-generation nano-lithography with a variety of applications
in microelectronics, data storage and other nanodevices.12–15

One of the fascinating approaches is chemo-epitaxy, which utilizes
chemical templates composed of dense motifs to induce the
formation of low-defect and single-orientation patterns.4,5,16–22

However, because the advanced optical or electron beam litho-
graphy used to prepare the underlying substrates requires

multiple stringent processing steps, fabricating the templates
with dense guiding motifs is a tedious and rate-limited process,
restricting the applications of block copolymers in the semi-
conductor industry. Therefore, it is imperative to investigate
the self-assembly behaviors of block copolymers on sparse pre-
patterned substrates. Unfortunately, the simply increased spacing
of guiding motifs cannot significantly boost the directing efficiency
due to the existence of multiple self-assembled grains over a
macroscopic area.

To complement the limitations of permanent fields for the
method of chemo-epitaxy, several other strategies were proposed
to prepare the highly ordered nanostructures of block copolymers
subjected to dynamic external fields like shear flow, thermal
gradients and electric fields.23–37 In particular, a time- and
space-dependent thermal gradient based on the technique of
zone annealing is a simple and applicable process. In the zone
annealing method, organic materials pass through a thermal
gradient so as to restrict grain evolution in a narrow space
followed by their movement throughout the thin films.27,32 The
zone annealing for the block copolymers has been proven to be
a useful route for rapidly and continuously fabricating highly
ordered nanopatterns over unlimited dimensions, with faster
assembly kinetics as compared with the conventional oven
annealing. Despite the promising nature of zone annealing,
the dynamics of thermal gradients lead to the production of
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the A blocks. The backgrounds of the substrates are assumed
to be neutral. In the present work, the width ws of the guiding
stripes is fixed at L0/2 and the period Ls of the stripes satisfies
the commensurate conditions. Under these circumstances, the
ratio of Ls to L0 is an integer. The simulation runs start from
homogeneous distributions of local density fields and are instan-
taneously quenched into the phase-separated states.

Structural evolution. Fig. 2 illustrates the structural evolution
of symmetric block copolymers in the chemical templates under
various periods of stripes. Fig. 2a shows the results of reference
simulations, where the nanostructures of the block copolymers
are formed on neutral substrates (i.e., V0 = 0.0). In this case,
spontaneous ordering is the principal mechanism of forming the
self-assembled nanostructures, which have the characteristics
of fingerprint morphologies and lack long-range order. Instead
of the neutral substrates, the A-attractive stripes with the period
Ls are placed on the substrates for guiding the self-assembly of
the block copolymers. At the initial stage, the aligned lamellae
with locally registered positions only form at the A-attractive
stripes (time t = 20.0t in Fig. 2b and c). Meanwhile, a noticeable
number of imperfections are also produced in the samples due to
the spinodal decomposition of block copolymers. After this stage,

the structural evolution of block copolymers is strongly related to
the dimension of the guiding stripes. As shown in Fig. 2b, the
kinetically arrested imperfections between the sparse stripes
are slowly eliminated and the ordering degree of lamellar nano-
structures is hardly improved owing to the high energy barrier of
structural rearrangement. In the systems of block copolymers
guided by dense stripes, the defects are effectively annihilated
in the subsequent course of structural evolution and the well-
ordered lamellae are aligned along the direction of the guiding
stripes (Fig. 2c).

The bottom panels of Fig. 2 display the local orientation
distributions P(y) of lamellae in the chemical templates. The
local orientation is characterized by angle y between the lamellar
direction and the y axis,59 as schematically illustrated in the inset
of Fig. 2a. For given parameter settings, each individual pattern is
analyzed to obtain an orientation distribution in terms of the
angles grouped into a 201 interval, and the averaged results from
five independent realizations are plotted. In Fig. 2a, the orienta-
tion distributions of lamellae formed on the neutral substrates
are approximately uniform. As the sparse stripes are harnessed to
guide the self-assembly of block copolymers, the orientation
distributions P(y) exhibit a weak peak, which reveals the effects
of the guiding stripes on the orientation registration (Fig. 2b).
As shown in Fig. 2c, the histograms exhibit a narrow distribu-
tion with a sharp single peak at y = 901, suggesting that the
orientation of lamellae programmed by the dense stripes is
globally restricted to the x direction over the entire pattern.
These findings manifest the fact that the chemical templates
composed of dense guiding stripes direct the block copolymers
to self-assemble into long-range ordered nanostructures with
precisely registered orientations.

Ordering kinetics. To evaluate the ordering kinetics of lamella-
forming block copolymers, we further explored the defect evolu-
tion of self-assembled nanostructures in the chemical templates.
The skeletonization algorithm and skeleton analysis for the topol-
ogy of structures are applied to identify the defects of lamellar
nanostructures in two-dimensional space.67,68 A visual outline of
defect analysis is depicted in Fig. S1 of the ESI.† Herein, we do not
distinguish dislocations and disclinations within the samples, and
only the total number nd of defects in both the A- and B-rich
lamellae is collected from the skeleton analysis.69 The areal defect
density abbreviated as DD is defined by DD� nd/2A, where A is the
area of the entire sample.

Fig. 3a shows the temporal dependence of the defect density
of self-assembled nanostructures guided by the stripes with
various periods Ls = nL0. At the early stage of simulations, the
defect density of lamellar nanostructures has a sharp decrease
(inset of Fig. 3a). Introducing the guiding stripes into the
systems accelerates the ordering of microphase-separated
domains and helps to remove the imperfections of lamellar
nanostructures. After the early stage, the smaller domains
gradually evolve into the larger grains of lamellae with different
orientations, which have a protracted lifetime due to the higher
energy barrier. Consequently, the defect density of lamellar
nanostructures slowly decays at the intermediate stage and
finally reaches a plateau. More importantly, the period Ls of

Fig. 2 (upper panels) Morphological evolution and (bottom panels) local
orientation distribution P(y) of self-assembled nanostructures at times
t = 20.0t , 200.0t and 1400.0t (t is the time unit of simulations). (a) Block
copolymers on neutral substrates, (b) block copolymers guided by sparse
stripes with period Ls/L0 = 16 and (c) block copolymers guided by dense
stripes with period Ls/L0 = 3. The color bar indicates the strength of the
local density field of A blocks. In panels (b) and (c), the red color represents
the A-attractive stripes overlying the A-rich domains. Note that only 1/9
simulation boxes is shown. The local orientation is characterized by the
angle y of lamellae with respect to the y axis, which is depicted in the inset
of image (a).
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the guiding stripes remarkably impacts the directing efficiency
of the chemical templates. In the case of Ls = 3L0, the local
defects are completely annihilated within the entire sample
before computational time t = 100.0t , and the position and
orientation of the lamellae are precisely programmed by the
guiding stripes. Unfortunately, the chemical templates with the
dimension Ls Z 6L0 cannot guide the block copolymers to form
perfectly ordered nanostructures and a noticeable number of
defects survive in the nanopatterns.

In order to quantitatively evaluate the directing efficiency of
the chemical templates, we introduce a steady value DD* of
defect density, which is schematically illustrated in Fig. 3a. The
quantity is chosen as the change of defect density at each 20.0t
is smaller than the value of 2 � 10�5Rg

�2. Fig. 3b presents the
steady defect density DD* as a function of the spacing Ls of
the guiding stripes. The denser the guiding stripes are, the
lower the steady defect density becomes. This behavior can be
understood as follows: in the systems of template-guided block
copolymers, the locally registered domains are immediately
formed at the A-attractive stripes; then, these freshly formed
lamellae with a fixed position and orientation serve as a soft con-
finement to organize the subsequent rearrangement of microphase-
separated domains on the neutral background of the substrates.
In addition, small grains without long-dislocation-connected

boundaries are easily extinguished by the thermal fluctuations.70,71

As shown in Fig. 2c, only single dislocation or a couple of
dislocations are formed in the soft confinement environment
induced by the dense stripes. Such small phase-separated domains
are quickly rearranged to eliminate the defects, resulting in the
production of unidirectionally aligned lamellae over the entire
samples. However, for the sparse stripes (i.e., Ls Z 6L0), the
small misaligned grains gradually grow into large grains, which
are hardly reoriented by the thermal fluctuations due to their
energetically frustrated nature. Thus, the final defect density
of lamellar nanostructures remains a high value in the case of
sparse stripes.

Discussion. The theoretical findings of Fig. 2 and 3 confirm
that the period Ls of the guiding stripes is a significant parameter
for engineering the ordering of self-assembled nanostructures
and gaining control over the morphologies of block copolymers.
Our theoretical considerations based on DSCFT predict that the
guiding stripes with dimensions Ls r 3L0 direct the block
copolymers to self-assemble into well-ordered nanostructures
with uniaxial orientation. In experiments, several groups inde-
pendently developed chemo-epitaxy techniques to fabricate
nanopatterns of perfectly ordered lamellae under the guidance
of lithographically defined prepatterned substrates.5,19,20 For
instance, Cheng et al. prepared chemical templates with alter-
nating wetted/neutral stripes, whose pitches are four-fold natural
periods of self-assembled nanostructures.19 Under these condi-
tions, the well-aligned lamellae with lower defect density are
achieved through the directed self-assembly of block copolymers.
These experimental observations are in general agreement with
our computational results, thereby verifying the feasibility of our
model and the simulation method.

Another important outcome of our simulations is that the
polycrystalline configurations of self-assembled domains are
formed and then maintained in an extremely long relaxation
time as the period of the stripes approaches a particular value
(e.g., Ls Z 6L0). This finding implies the fact that the directing
efficiency of chemical templates with sparse stripes will be
attenuated and eventually faildue to the existence of long-life
metastable states. Such results provide a useful guideline for
experimentalists to fabricate an appropriate period of guiding
stripes during the manufacture of lithographically defined pre-
patterned substrates. On the other hand, to reduce the manu-
facturing cost of nanodevices, it is natural that researchers are
expecting prepatterned substrates with sparse stripes for high
efficiency. It is worth pointing out that the directing efficiency
of chemical templates not only depends on the dimensions of
the prepatterned substrates itself, but also on the processing
conditions of the self-assembly of the block copolymers.
Recently, zone annealing is has gained importance as a directed
self-assembly route for rapidly preparing highly ordered nano-
patterns of block copolymers.

3.2 Block copolymers subjected to zone annealing

Next, we examine the ordering kinetics of block copolymers sub-
jected to zone annealing. The interactions between the blocks and
the guiding stripes are switched off in this subsection (i.e., V0 = 0.0).

Fig. 3 (a) Temporal evolution of defect density DD of lamellar nano-
structures programmed by stripes with various periods Ls. As a compar-
ison, the defect density of self-assembled nanostructures formed on the
uniform substrates is also presented. Note that one break is applied to the
y axis. The inset image provides the temporal evolution of defect density at
the early stages of simulations. (b) Steady defect density DD* of lamellar
nanostructures as a function of the period Ls of guiding stripes. The
definition of DD* is schematically illustrated in image (a). Each data point
is collected from five independent runs, and the error bars are shown
when the standard deviations are larger than the height of symbols.
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nanostructures are still maintained in the annealed zone and
the entire nanopattern retains a higher defect density. When
the sweep velocity of zone annealing is lower than 0.45~n, the
defect annihilation in the a region is realized at each moment
in time and high ordering is achieved in the patterns. It should
be pointed out that if the a region is shifted extremely slowly
(v r 0.075~n), the block copolymer chains in the annealed zone
have time enough to adopt less stretched configurations (Fig. S4
of the ESI†). Under these quasistatic circumstances, imperfections
reappear in the a region, leading to a slight rise of the steady
defect density.

The effective annealing time, over which the block copolymers
reside in the a region, provides a more complete explanation of
the above observed trends. We refer to the effective annealing
time as ‘residence time’ defined by tres � w/v, which is con-
veniently varied by adjusting the zone width or regulating the
sweep velocity. Fig. 6b plots the steady defect density as a
function of the residence time. Two kinds of parameter settings
for the simulation of zone annealing are included in the plot:
one is that the sweep velocity is fixed at v = 0.30~n but the zone
width is varied (corresponding to the case of Fig. 5b), and the
other is that the zone width is chosen as w = 32.0Rg but the

sweep velocity is tuned (Fig. 6a). For both cases, there exists an
optimal residence time for the ordering of zone-annealed block
copolymers. When the zone width is narrow or the sweep velocity
is fast, the annealing time is too short to annihilate the long-lived
defects, leading to poorly ordered lamellae in both the a and b
regions. At the other extreme, the block copolymers experience
extensive annealing in the a region and respond to the environ-
mental change through rearrangement of the polymer chains,
which causes defect reproduction in the a region and a slight rise
of the defect density. Between the two extremes, there is an
optimal residence time over which the annealed zone aligns the
self-assembled domains, suppresses the lamellar undulations
and eliminates the topological defects. It should be mentioned
that the optimal annealing time may depend on both the sweep
velocity and the zone width of process-directed self-assembly
methods.

In addition, the simulations of DSCFT provide direct insight
into the process of defect annihilation for the block copolymers
subjected to a space- and time-dependent field. A typical pro-
cedure of defect annihilation is illustrated in Fig. S5 of the ESI.†
As shown in Fig. S6 of ESI,† boosting the value of (wN)min or
changing the residence time (corresponding to the modulation of
sweep velocity) cannot effectively eliminate defects in a limited
time.72,73 These phenomena manifest the fact that introduc-
tion of the mobile annealed zone with appropriate design
parameters plays a significant role in the acceleration of defect
annihilation via lowering the activation energy required for grain
rearrangement.

Discussion. In order to make meaningful predictions for
specific systems, it is crucial to establish a connection between
our dimensionless computational parameters and the dimen-
sional physical values. In particular, the basic length unit in the
model is the gyration radius Rg of ideal polymer chain and the
basic time unit is t � Dx2/MIkBT.53,61 All the quantities shall be
given in these units. For instance, the basic velocity unit is
~n = Rg/t . In the simulations under the parameter setting of
wN = 20.0, the block copolymers self-assemble into nanostructures
with a natural periodicity of B4.0Rg. Mapping into the realistic
spacing of B40 nm for microphase-separated structures of
flexible copolymers,32 we conclude that our basic length unit
corresponds to Rg B 10 nm. The discrete space has a value of
Dx � Lx/Nx = 3.0 nm under parameter settings of box size
Lx = 192.0Rg and lattice size Nx = 640 in the x direction. The
diffusion constant of polymers in dense melts is of the order
Dp B 10�10 cm2 s�1.74 Mapping the values of Dx and Dp into the
simulations yields the basic time unit t � Dx2/MIkBT = Dx2/Dp =
9.0 � 10�4 s. The corresponding basic velocity unit has a value
of ~n = Rg/t = 11.0 mm s�1. We take the parameter settings in
Fig. 4a as an example. The values of w = 32.0Rg and v = 0.15~n
correspond to the zone width w = 0.32 mm and the sweep velocity
v = 1.65 mm s�1 in realistic experiments, respectively.

In our theoretical calculations, it is demonstrated that the
slow sweep velocity promotes the ordering of self-assembled
nanostructures in the presence of zone annealing (Fig. 6a). Some
experimental evidence is available in the literature, supporting
such theoretical predictions for block copolymers subjected to a

Fig. 6 (a) Steady defect density DD* of lamellar nanostructures as a func-
tion of the sweep velocity v. Inset shows the temporal evolution of the defect
density DD of lamellar nanostructures in the presence of zone annealing
with different sweep velocities. For v = 0.15~n, 0.45~n and 0.75~n, the values
of Tv are 1280.0t , 426.7t and 256.0t , respectively. The Flory–Huggins
interaction parameter in the a region and the zone width are fixed at
(wN)min = 12.0 and w = 32.0Rg, respectively. (b) Steady defect density DD*
of lamellar nanostructures as a function of the residence time tres = w/v in
a logarithmic-linear form. The squares represent the simulations of zone
annealing at constant sweep velocity v = 0.30~n and variable zone width.
The circles indicate the zone annealing simulations at constant zone width
w = 32.0Rg and variable sweep velocity.
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spatiotemporal heterogeneous field. Berry et al. investigated the
directional self-assembly of block copolymer films in conjunc-
tion with zone annealing under various push velocities.32 They
demonstrated that the defect density conjugated with the reci-
procal of correlation length decreases exponentially as the push
velocities of the thermal gradient change from B100.0 mm s�1 to
1.0 mm s�1. Recently, laser zone annealing with the feature of an
extremely sharp thermal gradient was developed to accelerate
the ordering kinetics of block copolymers.35 Highly aligned
lamellae with minimal defects were detected under the proces-
sing condition of slow sweep velocity. In our theoretical pre-
dictions shown in Fig. 6a, the defect density of lamellar
nanostructures changes from 650 � 10�5Rg

�2 (corresponding
to the defect density 65 mm�2 in realistic situations) to
20 � 10�5Rg

�2 (2 mm�2) as the sweep velocity tunes from 0.75~n
(corresponding to the push velocity 8.25 mm s�1 in experiments)
to 0.15~n (1.65 mm s�1), which are generally consistent with the
findings of zone-annealing experiments. However, the depen-
dence of the defect density on the sweep velocity does not obey
the power law in our calculations. Such discrepancy between
our results and the experimental data could be attributed to
a number of factors associated with our simple model (not
including the contributions of the heterogeneity of the mobility
coefficient, the actual kinetics of the polymeric fluid and the
polydispersity) and the coarse-grained mapping.

Beyond reproducing the structural features of zone-annealed
block copolymers, our DSCFT simulations predict the optimal
ranges of processing parameters of process-directed self-assembly
methods. As shown in Fig. 5b and 6a, the optimal zone width
and sweep velocity are in the range of 24.0Rg r w r 48.0Rg and
0.15~n r v r 0.40~n, respectively. Mapping the length and velocity
units to the simulations yields the optimal width 0.24 mm r w r
0.48 mm and velocity 1.65 mm s�1 r v r 4.4 mm s�1 in realistic
zone annealing. Experimentally, researchers are striving towards
sharp thermal gradients for further enhancing the ordering
degree of self-assembled nanostructures. Currently, the sharpest
thermal gradient of zone annealing is about 40.0 mm via a
photothermal technique,35 which is far larger than the predicted
value of optimal width. Thus, the optimal range of zone widths
deduced from the model provides significant guidance for
experimentalists to further sharpen the thermal gradient of zone
annealing to achieve well-ordered nanostructures. On the other
hand, defects are reproduced in the annealed zone to alleviate
the internal stress of microphase-separated domains when the
sweep velocity is extremely slow (e.g., v r 1.0 mm s�1). Thus, it is
reasonable to expect that the push velocities currently achieved in
experiments are up to the requirements for defect annihilations in
the annealed zone. In brief, the preceding results for the optimal
ranges of zone width and sweep velocity would provide useful
information to rationally design the process of zone annealing for
fabricating long-range ordered nanopatterns through process-
directed self-assembly of block copolymers.

Although zone annealing associated with defect annihila-
tion indeed dramatically improves the ordering degree of self-
assembled nanostructures, the orientations of the lamellae are
poorly registered due to the dynamic characteristics of the

heterogeneous external field. In comparison with the case of
static chemical templates (Fig. 2c), the local orientation distri-
butions of lamellae in the presence of zone annealing are broad
and sensitive to the zone width and the sweep velocity (Fig. 4),
implying that the large-scale lamellar nanostructures may consist
of several grains with various orientations. This phenomenon
poses a significant stumbling block to achieve defect-free nano-
structures over a macroscopic area. We will demonstrate below
how coupling dynamic zone annealing with permanent chemical
templates is able to produce well-ordered and well-aligned
nanostructures in a short annealing time, which cannot be
achieved by conventional techniques alone.

3.3 Block copolymers directed by a dual-field approach

Integration of the permanent surface potential field for guiding
stripes and the dynamic external field for movable annealed
zones is theoretically envisaged to direct the self-assembly of
block copolymers. The model for such an integrated strategy is
schematically illustrated in Fig. 1. The interaction parameters
between the blocks and the guiding stripes as well as the move-
ment of the a region are both turned on. The zone width and the
Flory–Huggins interaction parameter in the a region are fixed at
w = 32.0Rg and (wN)min = 12.0, respectively. The moving direction
of the a region is always the same as that of the guiding stripes
for all simulations reported here. The calculations of the dual-
field method for the directed self-assembly of block copolymers
start from different initial configurations, including homogenous
states and metastable states from the simulations of either chemical
templates or zone annealing alone.

Fig. 7a–c show the structural evolution and the lamellar orienta-
tion distributions of block copolymers guided by the integrated
chemical template/zone annealing method. The initial configura-
tions of the DSCFT simulations are the metastable states of block
copolymers guided by sparse stripes (Fig. 7a), where the larger
lamellar grains with random orientations are hardly rearranged
by thermal fluctuations. Incorporation of the annealed zone with
faster sweep velocity into the systems is able to promote the
alignment of lamellae along the direction of the guiding stripes
(Fig. 7b). Under this condition, the lamellar ordering extends
across the full spacing of the stripes for up to 6L0 after annealing
time 4.0Tv, corresponding to 1024.0t (Fig. 7c). From the plots of
local orientation distributions, it becomes evident that the
lamellar orientations are globally registered along the direction
of the guiding stripes via suppressing other selections of align-
ments. We also examine the effect of initial configurations on
the directed self-assembly behaviors of block copolymers sub-
jected to a dual field, which is displayed in Fig. S7 of the ESI.†
It is found that these final nanostructures programmed by the
dual-field method are identical, revealing that the ordering
and orientation of self-assembled nanostructures become less
susceptible to the initial configurations or the pathway, i.e., the
time at which the dual field is applied.

In order to quantitatively elucidate the morphological evolution
of block copolymers, we plot the temporal dependence of defect
density of lamellar nanostructures registered by the chemical
templates in conjunction with zone annealing for various initial
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