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Chapter

Directed Self-Assembly of Block
Copolymers Based on the
Heterogeneous Nucleation Process
Rui Lu, Xiaobing Qu, Lu Zhang, Nana Zhu and Tao Yang

Abstract

By introducing the heterogeneous nucleation concept to directed self-assembly
of block copolymers, the ordering of dynamical process and defect pattern design in
thin films of binary blend, AB diblock/C homopolymer (AB/C), are investigated by
the time-dependent Ginzburg-Landau theory and simulated by the cell dynamics
simulations. The detailed annealing process of a few isolated defects occurring in
AB/C blend under triangular and hexagonal confinements is presented, and it
indicates that angle-matched confinement of triangular and hexagonal potential
well is favorable conditions for generating defect-free ordered structures. Mean-
while, we gave a model which composed of many double-spot potentials with
controllable position and orientation to investigate the relationship between defect
spacing and mismatched angle, and we found the relationship is similar to hard
crystals. Additionally, as an example, the design of defect pattern of “NXU” for
abbreviation of Ningxia University is proposed and tested. In this chapter, the
feasibility of directed self-assembly of block copolymers based on the heteroge-
neous nucleation process is systematically confirmed.

Keywords: block copolymer, directed self-assembly, heterogeneous nucleation,
defect pattern, ordered pattern

1. Introduction

Moore’s law is the observation that the number of transistors in a dense inte-
grated circuit doubles approximately every 2 years [1, 2]. It means the semiconduc-
tor industry continuously pursues approaches to fabricating nanostructures with
higher resolution and higher throughput at lower cost. As an important
manufacturing process of semiconductor, conventional lithography is approaching
its physical limit for fabricating large-scale defect-free geometrically simple pat-
terns or device-orientated, irregular structures with sub-10 nm node [3–5]. New
strategy of fabricating large-scale perfectly ordered patterns and device-orientated,
interesting defect patterns via directed self-assembly of block copolymers becomes
the most realistic and possible technology that is feasible to fabricate nanoimprint
template to manufacture integrated circuits of semiconductor industry [6–10].
Block copolymers, a kind of macromolecules which is jointed via covalent bonds by
two or more homopolymers, can self-assemble into nanoscale periodic morphol-
ogies (5–100 nm). However, the structure self-assembled by block copolymers in
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bulk or in thin films on a uniform substrate is difficult to form the desired structures
[11–14]. The reason is that block copolymers are typical system of soft matter; it is
often interfered by thermal fluctuations resulting in the formation of uncontrollable
defective morphologies. Theoretically, the defective morphologies are metastable
states, and the defects would be removed as the annealing process that proceeds in a
long time [15, 16]. The system would transform from metastable (disordered) state
into a more stable state (ordered), that is, the system ends up in thermodynamic
equilibrium state. But in fact, those defective morphologies are long-lived relative
to experimentally accessible time, and the annealing time is so long that it is rare to
obtain the target structure in the experiment [17–20]. Note that the system would
be readily trapped kinetically into one of the many possible metastable defective
states, so this process is more studied from the perspective of dynamic evolution
[15, 16, 18, 21–24]. Therefore, how to overcome these shortcomings and obtain the
desired target structure via self-assembly of block copolymers has become a hot
topic in this field. Among the many ideas proposed by researchers, directed self-
assembly (DSA) of block copolymers [6–9, 11, 12, 15, 16, 23, 24] is the most
attractive scheme which has been intensively studied, and it is also regarded as a
promising new-generation lithography technique [3–5, 10].

DSA is one of the most effective methods to form long-range desired patterns of
block copolymer domains. The basic idea of DSA is that the small-scale pattern
information is encoded into the molecular structure of block copolymers. Then, the
short-range guiding patterns on the substrate from the chemical (chemoepitaxy) or
topographical (graphoepitaxy) field [14, 19, 20, 25–28] could direct the orientation
on long-range order and control the registration of block copolymer structures with
external boundaries. Based on this concept, different geometrically confined sys-
tems, and various topographical or chemical guiding patterns on the substrate, have
been devised to guide the self-assembly of block copolymers to form the desired
nanostructures. For example, in AB diblock copolymer, as the macromolecular
architecture changes from symmetric to asymmetric, the minor component can
self-assemble into several ordered structures, such as lamellar, gyroid, Fddd net-
work, and hexagonally arranged cylindrical, and body-centered cubic (bcc) spher-
ical phases in the bulk [29–31]. Among those order structures, the hexagonally
arranged cylindrical and lamellar phases are extensively used to prepare the samples
of standing cylinders arranged in triangular lattice and geometrically stripe with
line and space patterns, respectively [12, 19, 21–26, 32, 33]. Clearly, the guiding
patterns must be sparse and have similar symmetries and integer multiple of
periods to the domain period of the bulk phase. The density multiplication (DM) is
introduced to evaluate the directing efficiency, which is defined as the ratio
between the number of self-assembled domains and the number of directing sub-
strate domains in a given area or volume of the sample. Intuitively, the sparser the
guiding pattern, the lower the manufacturing cost. However, it has been proved
that there exists the bottleneck in directing efficiency. The upper limit of DM in
experiment for hexagonally arranged cylinders/spheres is small than 25 in the liter-
ature [12, 21, 22]. This means that the patterns on substrate could not greatly
increase DM. Therefore, it remains a challenge to satisfy the rigorous demands on
defect concentration and precise control required by the fabrication of integrated
circuits.

Theoretically, the reason for efficiency limit is that the phase separation kinetics
are spinodal microphase separation or spontaneous nucleation [34, 35]. It has an
extremely high nucleation rate which induces nucleated domain grains with ran-
dom positions and orientations [23]. With every domain area that grows and
merges each other, the system leads to a large number of clustered defects derived
from the incommensurate orientations between neighboring domain areas [15, 16].
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In other words, structures formed via spinodal microphase separation cannot keep
long-range order because thermal fluctuations at any locations simultaneously pro-
duce multiple grains that do not have coherent locations and orientations. Once the
defects are formed, the system enters into the metastable state. As we have known,
the transition from the metastable state to the stable state in block copolymer
system is an extremely long process. In order to eliminate this disadvantage and
increase the DM, a new DSA method, the heterogeneous nucleation, was proposed
to suppress the spinodal decomposition and precisely control the domain location
and orientation [15, 16, 23, 24], that is, the thermodynamics of the system must be
regulated, such that the phase separation kinetics is dictated by a controlled nucle-
ation process. These characteristics are very similar as crystals [36], so the classical
nucleation theory may also be valid in block copolymers.

According to classical nucleation theory, the edges and corners of a confining
system and the external nuclei can serve as heterogeneous nucleation sites with
different nucleation rate [23, 35–37]. Defining the nucleation rate p, which
expressed the probability of nucleation events in a unit volume per unit time, is
proportional to the exponential term exp �∆Fb=kBT;ð Þ, where ∆Fb is energy barrier
which represents the free energy difference between certain disordered metastable
phase and ordered stable phase during the first-order phase transition, kB is the
Boltzmann constant, and T is the temperature. Obviously, by controlling the nucle-
ation rate p, the desired target structure could be obtained. Meanwhile, there are a
number of promising applications in two directions with this method: (i) large-scale
perfectly ordered structure by reducing homogeneous nucleation rate and control-
ling the location and orientation of the induced ordered domains and (ii) interesting
defect patterns by optimizing the nucleation rate and programing the location and
orientation of nucleation agents. The former one, which is preparation for large-
scale perfectly ordered structure, has been extensively studied. Therefore, in this
chapter, we only express several details of the ordering process. The latter is the
main focus of our research in this chapter. We will study the properties of different
defects and program the desired defect patterns by means of heterogeneous nucle-
ation strategy, that is, designing the positions and shapes of external nuclei.

In this chapter, we select frequently used model which is thin films of binary
blend, AB diblock copolymer and C homopolymer (AB/C) [15, 16, 23, 24], with a
lateral confinement and neutral top and bottom surfaces. In this way, the hexago-
nally packed cylindrical A domains are aligned perpendicular to the substrate.
Homopolymer C is often added into block copolymers to regulate the segregation
degree and the domain spacing. In other words, homopolymer can adjust the
homogeneous nucleation rate effectively. The kinetics of micro-/macrophase sepa-
ration in this system can be described by the time-dependent Ginzburg-Landau
(TDGL) theory. According to previous work, we adopt cell dynamics simulation
(CDS) to solve the equations of TDGL model [15, 16, 23, 24, 38, 39].

2. Model and theory

In this system, AB/C blend, a number of parameters such as the chain lengths
and interaction parameters are expressed as a series of phenomenological parame-

ters. The volume fraction of C homopolymer is defined as ϕC, and the block ratio of
the A block is f in the AB diblock copolymer. Two independent order parameters
are introduced to denote the phase separation of this three-component system,
φ rð Þ ¼ φA rð Þ � φB rð Þ and η rð Þ ¼ φA rð Þ þ φB rð Þ �ΨC rð Þ, where φA rð Þ and φB rð Þ are
the local volume fractions of A and B component at any position r, respectively.
ΨC rð Þ is a constant that used to modulate the macrophase separation. Based on the
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Ohta-Kawasaki model [38, 39] for AB/C blend, the free energy can be described as a
functional of the two-order parameters,

F ϕ rð Þ; η rð Þ½ � ¼ Fs ϕ rð Þ; η rð Þ½ � þ FL ϕ rð Þ; η rð Þ½ � þ
ð

drHext rð Þϕ rð Þ (1)

where FS is the short-range interaction that is derived from the ordinary stan-
dard Ginzburg-Landau free energy; it is written as

FS ϕ; η½ � ¼
ð

dr
D1

2
∇ϕ rð Þ½ �2 þD2

2
∇η rð Þ½ �2 þ f ϕ ϕ½ � þ f η η½ � þ f int ϕ; η½ �

� �

(2)

Here D1 and D2 are two positive constants related to the interfacial properties
between the three immiscible components. The derivatives of energy density terms

f ϕ ϕ½ � and f η ϕ½ � are given by
df ϕ ϕ½ �
dϕ ¼ �Aϕ tanϕþ ϕ and

df η η½ �
dη ¼ �Aη tan ηþ η with

Aϕ. 1 and Aη. 1 to tune the micro-/macrophase separation degree. The last term is

expressed as f int ¼ b1ηϕ� b2ηϕ
2

2 � b3 ηϕ3 þ η2ϕþ η3ϕ
� �

þ b4η
2ϕ2

2 , where the phenome-
nological coefficients bi i ¼ 1; 2; 3;4ð Þ is constant with unambiguous physical mean-
ing as proposed by Ohta and Ito.

The long-range interaction term FL is expressed as

FL ϕ; η½ � ¼
ð

dr

ð

dr0G r; r0ð Þ αδϕ rð Þδϕ r0ð Þ
2

þ βδϕ rð Þδη r0ð Þ þ γδη rð Þδη r0ð Þ
2

� �

(3)

where δϕ rð Þ ¼ ϕ rð Þ � ϕ and δη rð Þ ¼ η rð Þ � η and ϕ, η are average values in full
space for ϕ rð Þ and η rð Þ, respectively. The coefficients α, β and γ are related to the

polymerization degrees of AB and C, which obey the relationship of β

α
¼ γ

β
. The

Green function of G r; r0ð Þ is with a Coulomb interaction form that denotes the long-
range feature of the chain connectivity of the diblock copolymer. In the last term of
free energy in Eq. (1),Hext rð Þ is a potential field imposed on nucleation agent whose
explicit expression will be given in the following sections for different models.

The phase separation kinetics of AB/C blend is dominated by following two
conserved Cahn-Hilliard equations:

∂ϕ

∂t
¼ M1∇

2δF ϕ; η½ �
δϕ

þ ξϕ r; tð Þ (4)

∂η

∂t
¼ M2∇

2δF ϕ; η½ �
δη

þ ξη r; tð Þ (5)

where M1,M2 are two mobility coefficients and ξϕ, ξη are the random noise

terms that satisfy the fluctuation dissipation theorem. For the sake of discussion,
the parameters of system are set as f ¼ 0:4, D1 ¼ 0:5, D2 ¼ 1,M1 ¼ M2 ¼ 1,
Aϕ ¼ 1:26, Aη ¼ 1:10, b1 ¼ �0:05, b2 ¼ 0:05, b3 ¼ 0:01, b4 ¼ 0:10,ΨC ¼ 0:20,

and ϕC is fixed as ϕC ¼ 0:025. All spatial lengths in the following calculations are
expressed in terms of the cylinder-to-cylinder distance L0 in AB/C blend. Because
this model is the thin films of binary blend, the system is simplified to be two-
dimensional; hence the hexagonally packed cylindrical A domains would align
perpendicular to the substrate. The kinetic equations can be solved numerically by
standard discretization scheme of CDS. Based on CDS, the two-dimensional sub-
strate is divided into Nx �Ny squares with length of its sides Δx ¼ Δy ¼ Δ ¼ 0:5,
and the Laplace operator is written as
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∇2X ¼ 1

6
∑nnXi þ

1

12
∑nnnXi � X

� 	

=Δ2 (6)

where “nn” denotes nearest neighbors and “nnn” next-nearest neighbors.

3. Results and discussion

3.1 Phase-ordering process

It has been proved that the large-scale perfectly ordered hexagonal patterns can
be obtained by many block copolymer systems with different DM. Early experi-
ments and theories indicated that the maximum DM would not exceed 25
[12, 21, 22], and later it was increased to 34 confirmed by self-consistent mean field
theory [40]. Recently, a very innovative idea has been proposed by Xie et al. [23],
which greatly improves the directing efficiency. The idea is based on the concept of
heterogeneous nucleation. By careful adjustment of the sparse periodic array of
several pairs of potential wells in AB/C blend, it realized perfect hexagonal pattern
with DM values of at least 128. However, this scheme has serious shortcomings in
manufacture process because the nucleation agent unit size is as small as the lattice
constant L0. Thus, other nucleation agents are needed. Inspired by the classical
nucleation theory, the six corners of lateral hexagonal confinement would be an
ideal choice [24]. Corner-induced domain grains grow and integrate into an ordered

hexagonal pattern filling in whole substrate. Because the corner angle is 120°, which
is commensurate in hexagonal pattern, this method is high-efficient. Because this
method is ready to implement, Ho et al. [41] realized a defect-free hexagonal
pattern by self-assembly of star-block PS–PDMS based on heterogeneous nucle-
ation. Although the hexagonal confinement is not difficult to produce technically,
there is a better choice, such as rectangular confinement. Yang et al. [15] demon-
strated the heterogeneous nucleation process in rectangular confinement and still
acquired the defect-free hexagonal pattern.

Most of the above work focuses on the implementation of perfectly ordered
hexagonal patterns and rarely gives the ordering process after growth time tfill
which denotes the moment when domains grow up to fill in the entire sample.
However, the ordering process is very important in the sample preparation of
lithography techniques. The size and shape of confinements, the position and ori-
entation of nucleation agents, the strength and range of chemical potential, and so
on all severely affect the path of phase-ordering kinetics from a metastable disor-
dered phase to ordered phase. Here we will give this process in detail. Considering
the angle-matched confinement that will lead to ordered structure, we choose
lateral, triangular, and hexagonal confinements to demonstrate the process.

Since AB/C blend is laterally confined in triangular and hexagonal well, an
external field, Hext rð Þ is imposed on each sidewall to denote the preferential inter-
action on A or B block; and thus the sidewalls are acted as nucleation agents. The
form of field is set as

Hext rð Þ ¼ 1

2
Λ0 tanh

σ � d rð Þ
ϵ

� �

þ 1

� �

(7)

where the shortest distance of the position r to any sidewall is d rð Þ, 2σ. In
Eq. (7), Λ0 is the field strength, 2σ is the interaction distance, and ϵ is the potential
steepness, respectively. For convenience, here we fixed σ ¼ 0:15L0, ϵ ¼ 0:5L0 in
following calculations, and more details can be found elsewhere [15, 24].
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It is worth noting that in the process on DSA of block copolymer, the defects are
inevitable. When angle-matched confinement is introduced, a number of isolated
dislocations (or five-seven defect pairs) are occurred due to the thermal fluctua-
tions. In theory and experiment, the dislocations would be annihilated in long time.
In Figure 1, the defect annealing process which started as the growth time tfill under
triangular confinement is presented.

As can be seen from Figure 1a, there are five dislocations when the phase
separation just finished and the domains were filled in the sample at

t ¼ tfill ¼ 3:5� 105. With the continuous evolution process, all defects gradually

moved in the direction of their nearest side and at t ¼ 1:0� 106; the defect in the
lower left corner has disappeared, which is shown in Figure 1b. Obviously, all
defects are constantly moving outward in order to transform into a more steady
state. In Figure 1c, the defect on the right side is eliminated by annealing at

t ¼ 3:0� 106, and at this stage, only three five-seven defect pairs remain in whole

substrate. Until t ¼ 1:0� 107 in Figure 1d, the number of defects did not decrease,
but the distance between them increased, and all defects are closer to the sides. This
annealing process also shows that the relaxation time of soft matter system is
extremely long.

Additionally, we also considered the long-time annealing behavior under the
hexagonal confinement. In Figure 2a, there are four isolate five-seven dislocations
and four isolate seven disclinations in sample. When the domain nucleated from
each angle and the domain area expanded and intersected each other at the center of
the edge, the distance between the cylinders is more than one time of L0, so a
disclination may be formed at four sides. The two defects that are closer to the top
and the bottom sides are different from the other four disclinations at sides, which
may derive from the algorithm and we will discuss later. After a long time, in
Figure 2b, by adjusting its period, even if it is slightly larger than L0, the system
gradually evolves to a steady state, thus the four disclinations are eliminated. In
Figure 2c, the two five-seven dislocations in the center of the sample, because they

Figure 1.
Snapshots of a few side-induced five-seven dislocations observed during the annealing process (a)–(d) formed in
triangular confinement with field strength Λ0 ¼ 0:005 and a side length L ¼ 50:5L0.

Figure 2.
Snapshots of a few side-induced five-seven dislocations observed during the annealing process (a)–(d) formed in
hexagonal confinement with field strength Λ0 ¼ 0.003 and a side length L ¼ 30:5L0.
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have nearly opposite Burgers vectors, move toward each other and finally cancel
each other. Similarly, the two remaining defects move in the direction of sides and
are annihilated. Finally, a defect-free pattern is obtained in Figure 2d.

It is worth noting that the phase-ordering kinetics given in Figures 1 and 2
describes the process from a disordered metastable state to an ordered stable state.
On the one hand, from the perspective of energy, the defect annealing process is
also the process of releasing stress energy and reducing free energy of the system
[42, 43]. On the other hand, the angle-matched confinement with triangular and
hexagonal well is favorable conditions for generating defect-free ordered structures.

The other one is worth noting that the size commensurability or size tolerance of
the directing effect to the confinement is very important. In general, the spacing of
domains self-assembled by the block copolymer with a certain confinement is
adjusted itself within a limited range to obtain ordered structure. However, when
the size is incommensurate with the domain spacing, it is very difficult to form
defect-free structure. The defect concentration is introduced to evaluate the direct
efficiency, which is defined as fDF ¼ nDF

ndomain
� 100%, where ndomain is the total num-

ber of domains and nDF the number of five-seven dislocations in the sample.
In previous work, it has been proved that there is a size tolerance window for

manufacture of large-scale ordered structures via the heterogeneous nucleation
process in the hexagonal and rectangle confinements. In other words, the directing
effect is dependent on the geometric confinement size, even for the angle-matched
hexagonal confinement. But it is amazing that there is no size dependent for regular
triangular confinement systems when nucleation is corner-induced with a weak
field Λ0 ¼ 0:002. In Figure 3, the average concentrations , fDF. calculated by
averaging 10 independent runs are shown. When the system is corner-induced
(Λ0 ¼ 0:002), the defect concentrations , fDF. keep zero with the size length
from 10L0 to 55L0. While the size length L increases to 55L0, more than 1300
cylinder domains are contained in the sample, and the system has reached the μm
scale. This intriguing feature contrasts with existing work and would have potential

Figure 3.
Average defect concentration of the hexagonal pattern , fDF. as a function of side length L for field strength
Λ0 ¼ 0:002 and 0:005. The point value and its standard deviations are obtained by averaging the data on 10
independent simulation samples.
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applications in the manufacture of integrated circuits. Under a slightly stronger
field, Λ0 ¼ 0:005, the defect concentration , fDF. is zero at small size sample and
is with a small fluctuation amplitude within 0≤ , fDF. ≤ 1:2% at larger size
because of high probability of defects that still has no obvious limit to the size. As is
known, the mismatched angle between neighboring domain grains is multiples of

60°; the two grains may merge into a single crystalline grain. Here the regular

triangular system is just the smallest multiples of 60°; compared to hexagonal

system, 120°, it has strong confining effect and thus has higher tolerance to the size
incommensurability.

3.2 Spacing of dislocations

Based on the concept of heterogeneous nucleation [36], different boundary
conditions acted as nucleating agents and can be introduced, such as the corners and
sides of different geometric confinements. The defect-free hexagonal patterns can
be realized. However, due to the common irregular structures in the semiconductor
industry, the same attention should be paid to the defect as to ordered structures in
block copolymers.

The large-scale regular/irregular soft crystal structures formed from DSA of
block copolymers are fundamentally different from those conventional crystals.
The defects or dislocations in this soft crystal may have distinctive features as to
those in hard crystals. But we might study and understand some property of soft
matter with the help of classical nucleation theory. According to classical nucleation
theory, the average distance between dislocations is related to the mismatched angle
between neighboring domain grains. As shown in Figure 4a, taking two hexagons,
the axis of one hexagon is horizontal, and the other one is tilted θ relative to the
horizontal axis. In this way, the two domain grains are at a mismatched angle of θ,

resulting in defects when θ is not multiples of 60°. Intuitively, different angles
correspond to different overlap areas of two hexagons; thus we first investigate the
overlapping area for convenience. In Figure 4a, the shaded area APRQA is one-
sixth of the whole overlap areas, and the area is expressed as

SOL ¼ 6S1 ¼ 6

ðxQ

0
yAQdxþ

ðxR

xQ

yCDdxþ
ðxP

xR

yBEdx�
ð0

xP

yAPdx

 !

(8)

Figure 4.
(a) Schematic representation of overlapping region of two hexagons. The axis of one hexagon is horizontal, and
the other is tilted θ relative to the horizontal axis, and the shaded area marks one-sixth of the overlap area.
(b) The overlap area varies with mismatched angle θ of the two hexagons.
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where yAQ , yCD, yBE, yAP are functional expressions for line AQ, CD, BE, and AP

in coordinate system. The coordinate system is established as follows: the center of
the hexagons is the origin, the horizontal right direction is the positive direction
of the x-axis, and the vertical upward direction is the positive direction of the y-axis.

Specifically, yAQ ¼ 3 sec π
6 þ θ
� �

� tan π
6 þ θ


 �

x, yCD ¼ � cot π
6 þ θ
� �

xþ sin θþ
cot π

6 þ θ
� �

cos θ, yBE ¼ �
ffiffiffi

3
p

xþ
ffiffiffi

3
p

, yAP ¼ 2�
ffiffiffi

3
p� �

x, and the side length of

hexagons is formally fixed as L0. The results are shown in Figure 4b.
Figure 4b shows the relationship between the overlap area and mismatched

angle. When θ ! 0, the two hexagons coincide each other, so the overlap area is
maximized. In another words, the mismatch degree is zero at θ ! 0, so there are no
defects in sample. As θ increases, the overlap area gradually decreases, and the

minimum value is reached when θ ¼ 30°. In this process, the mismatch degree
increases gradually and finally reaches the maximum, which means that the number
of defects also increase, that is, the dislocations arrange from sparse distribution to

the closest arrangement. In contrast, the overlap area increases again after θ ¼ 30°,

until θ ¼ 60°. This law is similar to that of the distance between defects in hard
crystals.

In order to validate this relationship, we propose a model in which two domain
grains are induced by two pairs of double-spot potential. The schematic is shown in
Figure 5. Using the double-spot potential as the nucleation agents, the domain grain
with definite orientation can be produced. In Figure 5, each pair of the double well
is tilted θ

2 relative to the horizontal axis; thus the angle between the two domain
grains induced by them is θ. The two grains start to grow from double well and will

meet in the middle of the two wells (y ¼ Ly

2 ) and finally get a number of five-seven

dislocations if the mismatched angle will not be multiples of 60°. By examining the
distance of dislocations produced by this model, the relationship between
mismatched angle θ and average spacing of dislocations dDL will be calculated
quantitatively. The morphological snapshots of five-seven dislocations at different
mismatched angle θ are presented in Figure 6.

As a nucleation agent, the double-spot potential spaced at equal distance L0 as
shown in Figure 5 can orient the induced ordered domains. Therefore, we put a
potential field with the following form around double spots [23]:

Figure 5.
Schematic of the setup for preparation of two domain grains. The nucleation agent is composed of two pairs of
double-well potentials, of which each pair is tilted θ

2
relative to the horizontal axis.
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Hext rð Þ ¼ �V0

2
tanh

� r� Rnj j þ σ

λ

� �

þ 1

� �

(9)

for r� Rnj j≤ 2σ and otherwise Hext rð Þ ¼ 0. The strength of field V0 ¼ 0:04 denotes
that the spot potential is preferential to minor component A block. Rn indicates
the coordinate of spot potential n, and σ ¼ 0:15L0 is the radial size of well, and
λ ¼ 0:5 gives the steepness of potential well.

In Figure 6, we select square confinement with fixed boundary conditions, and
the size of sample is 50L0 � 50L0. The centers of two double-spot potentials are set

at center in the x direction, symmetric with respect to ¼ Ly

2 , that is,
Lx

2 ;
Ly

6

 �

and

Lx

2 ;
5Ly

6

 �

; thus they can induce two pieces of ordered domain grains which meet at
Ly

2

due to the symmetry. When the two grains have different orientations, a few five-

seven dislocations are formed at
Ly

2 .
Because the above setup can be used to investigate the defect distribution under

continuous change of mismatched angles, we only give eight typical morphological

snapshots of five-seven dislocations at θ ¼ 5, 10, 12, 15, 18, 20, 25, 30°in Figure 6a–h.

It is worthy noted that when θ ¼ 0°, an ordered structure is obtained because of same
orientations for two grains induced by the two double-spot potentials. It also indicates

the spacing of dislocations dDL ! ∞ when θ ¼ 0°. With the increase of the
mismatched angle θ, more and more dislocations are formed where the domain grains
meet. Accordingly, the spacing of dislocations is decreasing, and the dislocations are

arranged more and more closely, as shown in Figure 6a–g. When θ ¼ 30°, the
distance of dislocations is minimized, and the five-seven dislocations are end-to-end
(Figure 6h). This result is consistent with that of Figure 4. So, the relationship for
spacing of dislocations in hard materials may hold for this system whose units are soft
deformable domains and are very distinguishable from atoms. Here is the relationship
between mismatched angle and distance of dislocations [16, 36, 42–45],

Figure 6.
Morphological snapshots of five-seven defect pattern at different mismatched angle θ of two domain grains.
From (a) to (h), θ ¼ 5, 10, 12, 15, 18, 20, 25, 30°: We fixed the size of sample 50L0 � 50L0 and the position

of the two double-spot wells that are selected at Lx

2
;
Ly

6

 �

and Lx

2
;
5Ly

6

 �

, respectively. The marked in red (c), (e),

(d), and (h) represent that AB/C blend is under the regular pentagonal (corner- and side-induced), octagonal,
and square confinements.
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dDL∝
a0

2 sin θ
2

� � (10)

where a0 is the lattice constant and in this soft crystal system a0 ¼ L0.
Although the above discussions focus on the properties of dislocations, they also

provide us with a new idea that dislocations are controllable with heterogeneous
nucleation technique. One on hand, nucleation agents with desired positions and
uniform orientation can make single-crystal pattern efficiently because of no defect
occurring at this condition. On the other hand, by tailoring the positions and
orientations of nucleation agents, we can program the defect patterns in soft crys-
tals and obtain the devise-oriented irregular structures which might have potential
applications in metamaterials, semiconductor industry, etc.

3.3 Defect patterns

As well as we known, a significant feature of soft matter is sensitively responsive
to thermal fluctuations as well as external fields. In these systems, the contribution
of entropy is not negligible and even more important than the contribution of
enthalpy. Therefore, the probability of formation of defects increases dramatically
because of the responsiveness to thermal fluctuations. Conversely, the opportuni-
ties to design soft crystals are offered, such as fabrication of large-scale order
structures and devise-oriented irregular structures, because of their sensitive
responsiveness to external fields.

In Section 3.2, we have already discussed the properties of dislocations in detail
and have proposed a feasible technique to obtain the desired pattern by controlling
the nucleation process. The technique is originated from the concept of heteroge-
neous nucleation. Using this method, we give a design scheme to implement a
defect pattern of “NXU” which is abbreviation for Ningxia University.

We choose the size of the two-dimensional sample as 120L0 � 40L0 with fixed
boundary conditions. Many nuclei composed of the double-spot potential are put in
designed positions and orientations. The parameters are the same as in Section 3.2.

Figure 7.
Snapshots of distribution of 12 nuclei which composed of the double-spot potential. The size of sample is
120L0 � 40L0.

Figure 8.
Snapshots of defect pattern “NXU” formed via heterogeneous nucleation process originated from Figure 7.
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Specifically, the positions and orientations of nuclei are shown in Figure 7. For
convenience, we only selected two double-spot orientations that were standing at

0and 90° to the horizontal direction. This means that the grains induced by them
either would be commensurate with each other (θ ¼ 0) and formed an ordered

structure or produce the densest defects (θ ¼ 30°) when they meet.
The final defect pattern induced by the nucleus agent distributed in Figure 7 is

shown in Figure 8. As we expected, the desired pattern “NXU” is obtained. It
proves the feasibility of the technique for producing desired patterns via a hetero-
geneous nucleation process in block copolymers. In principle, most of the irregular
patterns at the nanoscale can be obtained by this method.

4. Conclusions

In block copolymers, as a typical system of soft matter, the kinetic and thermo-
dynamic behaviors are sensitively responsive to thermal fluctuations and external
fields. The pattern self-assembled by block copolymers is inevitable to face this
problem. In order to produce desired pattern, an effective technique of DSA via
heterogeneous nucleation is adopted to investigate the behaviors of self-assembly.
Two potential applications are considered by the method in this chapter. One is the
phase-ordering process, and the other is the defect pattern design. The corresponding
process of thin films of binary blend, AB diblock copolymer, and C homopolymer is
simulated using the CDS based on the TDGL, demonstrating the feasibility and
practicality of heterogeneous nucleation in fabrication of desired nanoscale patterns.

Because there are many factors that affect the self-assembly process, the phase-
ordering process is very important in the sample preparation of lithography tech-
niques. By adjusting the heterogeneous nucleation process, the path of phase-
ordering kinetics from a metastable disordered phase to ordered phase is easier to
achieve. We choose two angle-matched confinements, lateral triangular and hexag-
onal confinements, whose sides and corners are acted as nucleation agents, to
demonstrate the phase-ordering process. Especially, the annealing process for a
small number of defects was also recorded. It may be useful for the preparation of
large-scale ordered structures.

On the contrary, irregular structures with various defect patterns in the semi-
conductor industry have received little attention. However, the study for defect in
soft matter is of great significance both theoretically and experimentally, because of
so many distinctive features for soft matter as to those in hard crystals. We gave a
robust model which composed of many double-spot potentials with controllable
position and orientation, to investigate the relationship between defect spacing and
mismatched angle. Additionally, as an example, the design of defect pattern of
“NXU” for abbreviation of Ningxia University is proposed.

With the development of DSA techniques via heterogeneous nucleation process,
various defect-free patterns on large scales or irregular device-oriented structures are
technically easy to implement. In order to obtain more complex structures or struc-
tures with smaller characteristic dimensions, more efforts should devote to optimiz-
ing the properties and extending the choice of materials in theory and experiment.
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