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Self-assembled nanostructures of diblock
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Abstract

To mitigate the interface energies of block copolymers with high interaction parameters, a topcoat strategy has been experi-
mentally proposed to produce perpendicular oriented domains on a length scale of sub-10 nm. However, the origin of perpen-
dicular oriented domains and the effect of topcoats on the self-assembled nanostructures remain to be uncovered. Herein, we
use the dynamic self-consistent field theory to explore the self-assembly behaviors of symmetric block copolymer films under
homopolymer topcoats. It is clearly demonstrated that the introduction of homopolymer topcoats enables a wide formation
range of perpendicular oriented lamellae, originating from the fluctuating diblock copolymer/homopolymer interfaces in the
process of in-plane microphase separation of block copolymer films. Our simulation results also demonstrate that the formation
range of perpendicular oriented lamellae can be tuned by changing the wetting properties of homopolymer topcoats and the
thickness of block copolymer films, but is weakly dependent upon the chain length of homopolymers. Our theoretical findings
have wide implications for understanding the formation of perpendicular oriented domains of block copolymer films, which are
important for the rational design of self-assembled nanostructures with new horizons for block copolymer lithography.
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INTRODUCTION topcoats are composed of homopolymers with preferential wet-
ting towards one of the blocks or random copolymers with non-
preferential wetting towards the template-guided copolymers. It
was experimentally revealed that perpendicular nanostructures
are found for the nonpreferential wetting topcoats, whereas
mixed perpendicular and parallel oriented nanostructures are
observed for the preferential wetting topcoats. In comparison
with diblock copolymers confined between hard surfaces, one
of the important distinctions is that diblock copolymer films
under polymer topcoats can adjust locally their height.?’~3* Con-
sequently, novel self-assembled nanostructures and self-
assembly behaviors can emerge that are not identified in systems
of diblock copolymers confined between two hard walls. How-
ever, it is still difficult to directly visualize the inner component
and morphological evolution of self-assembled nanostructures
in experiments, which hinders the rational construction of per-
pendicular domains for lithographic applications.

Computational modeling provides direct information of self-
assembled nanostructures throughout the polymer films and thereby
complements and strengthens experimental observations. 3¢ Cur-
rently, theoretical studies of diblock copolymer films under polymer

Over the past decade, thin films of block copolymers have
attracted considerable interest in the semiconductor industry
because of their ability to self-assemble into periodic
nanostructures,’® which are promising for integration into the
next-generation lithography technologies. Such technologies
require effective control over the formation of perpendicular ori-
ented domains for the purpose of achieving high-aspect-ratio
images in pattern transfer steps. In diblock copolymer films, the
orientation of self-assembled nanostructures is primarily influ-
enced by the surface energies at the respective interfaces and
the film thickness relative to the natural periodicity. Especially,
theory and experiments have demonstrated that the perpendicu-
lar orientation of self-assembled nanostructures becomes favor-
able when the diblock copolymers are confined between two
neutral surfaces.”' In order to achieve the sub-10 nm technolog-
ical node in the semiconductor industry, diblock copolymer films
with high Flory-Huggins interaction parameters of distinct blocks
should be used in the process of directed self-assembly.’*'® How-
ever, for most diblock copolymers, the constituent blocks have
considerably dissimilar surface energies, which impede the
achievement of perpendicular domains throughout the thin films.
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topcoats are limited and focus on the simulations of equilibrium
nanostructures.'®*"*” For instance, on the basis of modified self-
consistent field theory, a coarse-grained model was developed to
probe the self-assembled nanostructures of diblock copolymers
under homopolymer topcoats3’ By searching in the parameter
spaces of polymeric materials, the conditions of achieving the per-
pendicular domains are identified in a much wider range. Neverthe-
less, the fundamental principles of self-assembly behaviors, that is,
the origin of perpendicular domains forming in a wide range and
the effect of homopolymer topcoats on the morphological evolution,
remain to be uncovered.

The aim of the work reported here was to investigate the com-
plex and interesting self-assembly behaviors of diblock copoly-

The system considered here contains np and ny monodisperse
AB diblock copolymers and homopolymers (designated as H) in
a volume V, which are confined between two impenetrable hard
walls (W). The field-theoretic equations of the confined system
are constructed using the standard Gaussian-chain model with
the Flory—Huggins-type interaction parameters y,;, which describe
the strength of interactions between dissimilar I- and J-type beads
(land J = A, B, H and W). The chain lengths of AB diblock copoly-
mer and homopolymer are denoted by N and Ny = aN beads,
respectively. The volume fraction of A blocks in the diblock copol-
ymers is represented by f. The volume fraction of diblock copoly-
mers in the system is given by c. The free energy functional
F (in units of thermal energy kgT) per chain is written as?!

1 1 K 1—c
F= de" {EZI;&JIIJN(/’I(/’J_ZILUHOI+Zlﬂflt\$\|la)N‘pI(/)W+§ (Zip—1)? }—anAB—T'nQH (1)

mer films under homopolymer topcoats. More specifically, using
the dynamic self-consistent field theory (DSCFT),*4~*° we address
the effect of homopolymer topcoats on the formation of self-
assembled nanostructures of symmetric diblock copolymers.
From the morphological evolution of self-assembled nanostruc-
tures, we find a wide formation range of perpendicular oriented
domains originating from the fluctuating interfaces in the process
of in-plane microphase separation, which are strongly dependent
upon the wetting properties of the homopolymers and the thick-
ness of the diblock copolymer films.

MODEL AND METHODS

In the experiments, the topcoat layers are composed of homopol-
ymers or random copolymers to weaken the preferential wetting
towards the diblock copolymers.'®?> An advantage of this strat-
egy is that the topcoats can be easily removed after the self-
assembly of the diblock copolymers, because the macrophase-
separated state of diblock copolymer/homopolymer mixtures
can be preserved. In order to model such an experimental system,
we consider a homopolymer topcoat placed on top of a diblock
copolymer film, which is schematically illustrated in Fig. 1.

Homopolymer topcoat I

T L«
X Diblock copolymer film ’ll l

4
Yy

Figure 1. Schematic illustration of the self-assembly system considered.
Diblock copolymer films under homopolymer topcoats are confined
between two hard walls. Note that the top wall is used to model the free
surface with homopolymers exposed to air in experiments. The thickness
of diblock copolymers is denoted by h. The total thickness of diblock
copolymer/homopolymer mixtures is represented by L,.

where Qpg represents the normalized single-chain partition
function for the diblock copolymers (homopolymers). The exter-
nal potential fields w, acting on the diblock copolymers are bijec-
tively related to the given density fields by the density functional
@ilw)]. k is the Helfand-type coefficient, which assigns a finite com-
pressibility to the system. The third term on the right-hand side of
Eqn (1) represents the contribution of walls via a short-range

potential field ¢\. The magnitude )(,t\(,p indicates the strength of
interactions between the I-type beads and the top (bottom) walls.

The structural evolution of the multicomponent system is
described by the Cahn-Hilliard-Cook equations,*®*?™** where
the density fields ¢(r, t) at position r and time t are chosen as
order parameters. The set of quantities obey the following diffu-
sion equation:

%{’O=M|V~¢|(r,t)V/4|(")+'7|(r,t) (2)

where M, are the mobility coefficients of I-type blocks. The intrin-
sic chemical potentials y, are calculated from the functional deriv-
ative u(r) = 6Flp|l/6¢. n are the Gaussian thermal noises
satisfying the fluctuation-dissipation relationship.

In order to mimic the experimental setup, the initial state of
DSCFT simulations consists of two domains: one is the
homopolymer-rich domain in the upper region of the simulation
boxes, and the other is the domain of uniformly distributed
diblock copolymers close to the bottom wall.2” The diblock copol-
ymers are assumed to be symmetric and the Flory—-Huggins inter-
action parameter yagN is fixed at 20.0. The Helfand-type
coefficient « has a value of 200. For these choices of parameters,
the natural periodicity of lamellae is determined as Lo ~ 4.0Rq
(where Ry is the ideal gyration radius of diblock copolymer
chains). The total thickness L, of diblock copolymer film and
homopolymer topcoat is set as 6.0Ry. The thickness of diblock
copolymer film is set as h = 2L,/3 = 4.0Rg, which is commensurate
with the natural periodicity of lamellae. The top wall exhibits a
preference for the homopolymer topcoat (yh,N=xt,N=2.0
and yf,,N=0.0). The bottom wall is neutral with the diblock copol-
ymers (y2yN=x3,N=0.0 and x5, N=2.0). The use of this initial
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state and the settings of interaction parameters facilitate the for-
mation of a macrophase-separated state.

We perform the numerical simulations in three-dimensional
boxes under the no-flux boundary condition in the x direction
and the periodic boundary conditions in the y and z directions.
In order to ensure the simulation boxes are large enough, the
dimensions of boxes in the y and z directions are set as ca
48.0Ry x 48.0Ry, which are discretized by 192 x 192 lattices. The
dimension of boxes in the x direction is discretized by 48 lattices.
The discrete time in Eqn (2) is set as At = 0.1z, where 7 is the time
unit in the simulations. To accomplish the computational task, the
GPGPU (General-Purpose Graphics Processing Unit) using NVI-
DIA® CUDA™ architecture is adopted to accelerate the numerical
calculations of DSCFT equations of polymeric fluids.*®

RESULTS AND DISCUSSION

Previous works have demonstrated that the incorporation of
homopolymers plays an important role in determining the micro-
phase separation of diblock copolymers.*’**® However, a distinct
feature of the self-assembly of diblock copolymer films under
homopolymer topcoats is the existence of incompatible diblock
copolymer/homopolymer interfaces to expand the formation
range of perpendicular oriented domains for lithographic pattern-
ing applications. Below, using the DSCFT simulations, we go
beyond past studies and carry out a kinetic study of the self-
assembly of diblock copolymer films under the homopolymer
topcoats, which are confined between hard walls. We examine
the effects of material characteristics including the degree of
incompatibility, the chain length and the film thickness, and delin-
eate the conditions for the perpendicular oriented domains.

In the topcoat strategy, homopolymers are placed on top of
diblock copolymer films. The preference of diblock copolymers
is described by the combined Flory-Huggins interaction parame-
ters yiyN instead of y,wN. The initial thickness of diblock copoly-
mer films is set as the commensurate value h = L, = 4.0R,. To
balance the mixing entropy gain of homopolymer chains and
the computational cost, the chain length of homopolymers is cho-
sen as Ny = 0.3N. Figure 2(a) illustrates the self-assembled nanos-
tructures of diblock copolymers under the homopolymer
topcoats. The DSCFT simulations are performed in the large-cell
simulation boxes, but only a portion of the boxes are shown for
clarity. The insets depict the averaged density distributions of
diblock copolymers and homopolymers along the x direction.
The average density is defined as ¢,(x)=2 ,¢(x,y.z)/N,N; ,
where N, and N, are, respectively, the lattice numbers in the
y and z directions. By changing the interaction parameters
between the diblock copolymers and the homopolymers, a set
of self-assembled nanostructures are identified and classified into
four categories: perpendicular oriented lamellae (L,), parallel ori-
ented lamellae (L), nonbulk nanostructures (L,, combination of
perforated layers and perpendicular lamellae) and dissolved
nanostructures (Ly, penetration of homopolymers into diblock
copolymer films).

Figure 2(b) summarizes the self-assembled nanostructures of
diblock copolymer films under the homopolymer topcoats in
terms of the interaction parameters yN/y agN between the I-type
blocks and homopolymers. In general, the self-assembled nano-
patterns obtained from the large-cell simulations of DSCFT consist
of many defective nanostructures in spite of the long-time calcu-
lations. Such kinetically trapped states plotted in Fig. 2(b) are the
long-lived nanopatterns in the large-cell DSCFT simulations. Note
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Figure 2. (a) Self-assembled nanostructures of diblock copolymer films
under homopolymer topcoats: perpendicular lamellae (L), nonbulk struc-
tures (L), parallel lamellae (L) and dissolved structures (Ly). The A-/B-/H-
rich domains and bottom walls are represented by the yellow/red/green
and black colors, respectively. Only 1/9 portion of large-cell simulation
boxes is shown. Insets display the averaged densities of diblock copoly-
mers (@.g) and homopolymers () along the x direction. (b) Long-lived
nanostructures of diblock copolymer films with respect to the Flory-
Huggins interaction parameters y auN/y asN and yguN/y agN. Each point cor-
responds to a simulation result. The solid line represents the predicted
boundary of Eqn (5) with the fitting parameters ¢ = 1.0 and § = 0.2. The
dashed line corresponds to the case of ¢ = 1.0 and 6 = 0.

that the diagram is symmetric with respect to the dashed line
xauN/yagN = yeuN/yagN and only the lower panel is plotted.
Around the dashed line, the diblock copolymer films self-
assemble into perpendicular oriented lamellae, because the inter-
facial energy between the homopolymers and each block is simi-
lar. Deviation from the dashed line implies the case of asymmetric
interactions, leading to the preferential wetting of one of the
blocks. The nanostructures transit from perpendicular oriented
lamellae to nonbulk nanostructures, which are the combination
of perforated layers at the diblock copolymer/homopolymer
interfaces with the perpendicular lamellae emerging from the
bottom walls. Moving further away from the dashed line, parallel
oriented lamellae are observed owing to the strongly preferential
wetting of the blocks. From the density distributions in the L,, L,
and L nanostructures (insets of Fig. 2(a)), the homopolymers are
excluded from the diblock copolymer films due to their strong
incompatibility. However, in the case of weak incompatibility,
the homopolymers mix with one or both of the blocks, thereby
considerably altering the internal structures. Because of the pene-
tration of homopolymers into the diblock copolymer films, such
dissolved nanostructures not discussed below will lead to diffi-
culty in the removal of homopolymer topcoats for lithographic
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applications. It should be pointed out that the topcoat strategy
can be integrated with directed self-assembly (e.g. utilization of
chemical or topographical templates) to achieve defect-free
lamellae with perpendicular orientation.?®

In the diblock copolymers confined between the commensu-
rate hard walls, perpendicular oriented lamellae are formed under
the condition of yauN/yasN = yeuN/xagN (highlighted by the
dashed line in Fig. 2(b)). The introduction of homopolymer top-
coats expands the formation range of perpendicular oriented
lamellae (solid line in Fig. 2(b)) and even changes the self-
assembled nanostructures of diblock copolymer films
(e.g. nonbulk and dissolved nanostructures shown in Fig. 2(a)).3”
To understand the intriguing behaviors of multicomponent sys-
tems, we further probe the morphological evolution of self-
assembled nanostructures of diblock copolymer films, which is
difficult to resolve from experimental observations and equilib-
rium simulations.

Figures 3-6 depict the morphological evolution of self-
assembled nanostructures of diblock copolymer films under the
homopolymer topcoats for given Flory-Huggins interaction
parameters. For clarity, we only show the self-assembled nanos-
tructures below the diblock copolymer/homopolymer interfaces
defined as @a + @g = @y along the x direction, which are shown
in panel (a) of each figure. Correspondingly, the density field
@aily, 2) and the film height hy(y, 2) of diblock copolymers at the
interfaces are plotted in panels (b) and (c), respectively, of each
figure. It should be pointed out that the film height of diblock
copolymers at the interfaces is slightly larger than the setting
value h = 4.0R4 due to our artificial definition of diblock copoly-
mer/homopolymer interfaces.

When the homopolymer topcoats are neutral (Fig. 3), small
domains are initially formed in the diblock copolymer films
(t = 307). The domains mutually coalesce into the larger grains
of perpendicular oriented lamellae with a large number of defects
(t = 1507 and 10007). Although the structural evolution is similar

to the case of symmetric diblock copolymers confined between
hard walls,*® there are some salient features of microphase sepa-
ration of diblock copolymer films under the homopolymer top-
coats. In the layer close to the interface, there is some moderate
microphase separation causing small variation in film height
hi(y, 2), as illustrated in Figs 3(b) and (c). As the assembly time pro-
gresses, the interfaces can adapt their shape to the energetically
and entropically most preferred structures. As a result, the diblock
copolymer films show a local height modulation. Finally, the
diblock copolymer films self-assemble into perpendicular ori-
ented lamellae with the fluctuations of film height at the assembly
time t = 10 000z.

As the interaction parameters become asymmetric (e.g. yanN/
xasN = 2.00 and yguN/yagN = 1.75), a different scenario of mor-
phological evolution is identified in Fig. 4. The diblock copolymer
films initially undergo vertical stratification to form a flat, homog-
enous B-rich layer (t = 307), due to the preferential attractions
between the B blocks and the homopolymers. Then, this flat layer
begins to break up (e.g. t = 1507z and 1000z), implying the occur-
rence of in-plane microphase separation at the interfaces.>%>'
Concurrently, the diblock copolymers self-assemble into small
domains in the inner films. The fluctuation amplitude of film
height becomes large. With an increase of the simulation time,
the perpendicular oriented lamellae are finally achieved and the
diblock copolymer/homopolymer interfaces become rough.

When the asymmetry of interaction parameters is further
increased, the break-up of flat B-rich layers is observed in the ini-
tial stage due to the in-plane microphase separation (Fig. 5;
parameter settings of yauN/yasN = 2.00 and ygyN/yasN = 1.50).
However, the coupled roughening is more marked in comparison
with the case of Fig. 4. In particular, due to the higher selectivity of
homopolymer topcoats, the B-rich domains are more dominant
than the A-rich domains at the interfaces. With an increase of
the simulation time, the short A-rich domains coalesce into long
ones dispersed in the continuous B-rich domains at the interfaces.

. i
':5 %)..@74% I 0.05

Figure 3. (a) Morphological evolution of perpendicular lamellar nanostructures of diblock copolymer film under homopolymer topcoat. The Flory-
Huggins interaction parameters are set as yauN/yasN = 2.00 and yguN/yagN = 2.00. Only the A- and B-rich domains are shown in the snapshots.
(b) Top-down view of density field distribution of A blocks at the diblock copolymer/homopolymer interface. (c) Top-down view of film height of diblock
copolymers at the interface.
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Figure 4. (a) Morphological evolution of perpendicular lamellar nanostructures of diblock copolymer film under homopolymer topcoat. The Flory—
Huggins interaction parameters are set as yauN/yagN = 2.00 and yguN/yasN = 1.75. (b) Top-down view of density field distribution of A blocks at the
diblock copolymer/homopolymer interface. (c) Top-down view of film height of diblock copolymers at the interface.
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Figure 5. (a) Morphological evolution of nonbulk nanostructures of diblock copolymer film under homopolymer topcoat. The Flory-Huggins interaction
parameters are set as yauN/yagN = 2.00 and yguN/yagN = 1.50. (b) Top-down view of density field distribution of A blocks at the diblock copolymer/homo-
polymer interface. (c) Top-down view of film height of diblock copolymers at the interface.

As a result, the diblock copolymer films self-assemble into non-
bulk nanostructures with larger fluctuations of film height, which
are the combination of perforated layers at the interfaces with the
perpendicular lamellae emerging from the bottom walls.

The extreme asymmetry of interaction parameters (Fig. 6;
parameter settings of yanN/yagN = 2.00 and yguN/yasN = 0.50)
results in the formation of B-rich layer near the interfaces due to
the strong selectivity of homopolymer topcoats. However, the
domains of diblock copolymers near the bottom walls retain a ver-
tical orientation due to the neutral walls. With an increase of the
simulation time, the B-rich layer serves as a template to reorganize

the nanostructures and finally favors the formation of layers
parallel to the walls. It should be noted that the fluctuations
of film height are small in comparison with those in other
nanostructures.

Below, we introduce two variables to quantify the self-assembly
kinetics of diblock copolymer films under the homopolymer top-
coats. One is the standard deviation of A-block density @, ; at the

12
interfaces S; defined as SD ¢, = (sl Js,dr ((pA,i—(ﬁAli)z) (@, is the

average value of g, ; at the interfaces S;), which gives a measure of
in-plane degree of segregation of diblock copolymers. The other
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Figure 6. (a) Morphological evolution of parallel nanostructures of diblock copolymer film under homopolymer topcoat. The Flory-Huggins interaction
parameters are set as y anN/yagN = 2.00 and yguN/y agN = 0.50. (b) Top-down view of density field distribution of A blocks at the diblock copolymer/homo-
polymer interface. (c) Top-down view of film height of block copolymers at the interface.

is the standard deviation of film height h; defined as SD
172

hi= (slifsidr (hi—fn)z) / (h; is the average value of h;), which gives
a measure of the degree of roughness of block copolymer/homo-
polymer interfaces.

Figure 7 shows the standard deviation of A-block density @a;
and film thickness h; at the interfaces as a function of the assem-
bly time t. In the early stage (t < 307), the standard deviation of A-
block density ¢a,; at the interfaces shows a slight increase after
quenching from the homogeneous states. The corresponding
fluctuations of film height h; are small. Around the time t = 30z,
the in-plane microphase separation at the interfaces results in lat-
eral inhomogeneity, corresponding to a sharp increase of SD @a.
After the in-plane microphase separation at the interfaces (around
the time t = 1507), the diblock copolymer films become rough,
corresponding to a sharp increase of SD h;. Around the time
t = 1000z, the in-plane microphase separation is mostly com-
pleted and SD h; reaches a maximum value. In the later stage,
the whole nanostructures become steady and gradually adjust
themselves to relax the nonflat interfaces, leading to a decrease
of SD h;. Finally, the self-assembled nanostructures contain many
defects in spite of long-time simulations and SD h; reaches a pla-
teau value.

From Fig. 7, one can deduce an important outcome that the
interaction parameter ygyN/y agN plays an important role in the reg-
ulation of microphase separation behaviors of diblock copolymer
films. As yguN/yasN is close to yauN/yagN = 2.00 (e.g. yguN/
xasN > 1.50), in-plane microphase separation at the interfaces
takes place, resulting in the perpendicular orientation of lamellae
and the fluctuations of film height. When the interaction parame-
ters are strongly asymmetric (e.g. yguN/yasN = 0.50), the wetting
property of A-blocks induces the formation of flat, B-rich layers at
the interfaces, where the in-plane microphase separation of block
copolymers and the fluctuations of film height cannot be observed.

We also perform large-cell DSCFT simulations of diblock copoly-
mer films (yayN/yasN = 2.00 and yguN/yagN = 1.75), whose initial

configurations are the defect-free lamellae with perpendicular ori-
entation. The dashed lines in Figs 7(a) and (b) represent the stan-
dard deviations of A-block density ¢a; and film height h; at the
interfaces, respectively. In comparison with the homogeneous ini-
tial configurations, SD h; has a smaller value. However, the fluctu-
ation of film height at the diblock copolymer/homopolymer
interfaces is also observed in the case of defect-free lamellae.
Therefore, the asymmetric interaction parameters between the
diblock copolymers and homopolymers can lead to the rough-
ness of thin films, but the long-lived defects further increase the
fluctuations of film height.

As illustrated above, our simulations indicate that there are two
factors for the achievement of perpendicular oriented lamellae.
One is the interfacial energies of different polymers (shown in
Fig. 2). The other is the roughening of free diblock copolymer/
homopolymer interfaces (shown in Figs 3-7). Here, we propose
a simple theoretical model considering the above factors to
obtain the necessary conditions for stable lamellae with perpen-
dicular orientation.'®*”3” This simple model only considers the
contribution of interfacial energies of different components, and
neglects the contribution of chain configurations. It is assumed
that the self-assembly of symmetric diblock copolymers takes
place between the substrates and the homopolymer topcoats.
The averaged thickness of diblock copolymer films is commensu-
rate with the natural periodicity L, of lamellae, but the local height
of diblock copolymer films can be adjusted. We consider a half
unit cell of lateral size, i.e. Lo/2 X Ly. y); represents a measure of
the interface energies between the |- and J-type components
(land J = A, B and H). The values of y|; are estimated using the
Helfand-Tagami relation between the interfacial energies and
the Flory-Huggins interaction parameters,* i.e. y;cc\/x|;/6.

Because of the narrow region of nonbulk nanostructures (Fig. 2),
we only consider two candidate nanostructures of diblock copol-
ymer films: parallel lamellae (Fig. 8(a)) and perpendicular lamellae
with roughness (Fig. 8(b)). As shown in Figs 6 and 7, the fluctua-
tions of film height for the parallel lamellae can be neglected.

Polym Int 2020; 69: 728-736

© 2020 Society of Chemical Industry

wileyonlinelibrary.com/journal/pi



http://wileyonlinelibrary.com/journal/pi

@)
SClI

WWW.S0Ci.org

Slietal.

(a)
0.20
e T TN
0.15 |
=
S om0}
8
9]
0.05 —O— XuN/xasN=175
. O XBuN/XapN=1.50
P ) —xp— XuN/xapN=0.50
0.00 SR AR . o OO o
1 10 100 1000 10000
t’t
(b)
e XguN/XasN = 2.00
0.03 Q= XBuN/XagN =175
el XBuN/ XN = 1.50
Siﬂ 0.02 =V XouN/xasN =050
<
S
©n 01 f
0.00 M V o
1 10 100 1000 10000
t/t

Figure 7. Standard deviation of (a) A-block density @4 ; and (b) film height
h; at the interfaces as a function of assembly time t for the diblock copol-
ymer films under homopolymer topcoats for interaction parameters ygpN/
xasN = 2.00, 1.75, 1.50 and 0.50. The interaction parameter yauN/yagN is
fixed at 2.00. In each plot, the dashed line represents the standard devia-
tion for the large-cell simulations starting from the initial configurations
of defect-free lamellae with perpendicular orientation. The parameter set-
tingS are ZAHN/XABN =2.00 and ){BHN/XABN =1.75.

The relative free energy of parallel lamellae (per area Lo?) is
given by

1
Af =57An +7n8 (3)

for the case of ygy < yan. For the perpendicular lamellae with
roughness (Figs 3, 4 and 7), we assume that the B blocks are pre-
ferred to the homopolymer topcoats. As a result, the B-rich
domains partially overlap the A-rich domains near the diblock
copolymer/homopolymer interfaces, which is schematically illus-
trated in Fig. 8(b). The interfacial areas between different compo-
nents are denoted by k;S, k,S and ksS, where the prefactor k, is
used to describe the roughening of interfaces and S is the cross-
section area of unit cell. The relative free energy of perpendicular
lamellae with roughness is written as

Afy =kiyay+kaygy +kayap (4)

under the condition of k; < k; and k3 = 1. Note that the perfectly
perpendicular lamellae correspond to the case of k; = k, = 1/4
and k3 = 1.

(a) (b)

Figure 8. Schematic illustrations of (a) parallel and (b) perpendicular
lamellae considered in the theoretical analysis. The A- and B-rich domains
and the homopolymer topcoats are represented by the yellow, red and
green colors, respectively. For the perpendicular lamellae with roughness,
the interfacial areas between different components are denoted by k;S,
k,S and ksS.

If the perpendicular lamellae are stable, their free energy should
be less than that of parallel ones. Thus, by comparing the relative
free energy of perpendicular and parallel lamellae described in
Eqgns (3) and (4), the condition for achieving the vertical domains

is written as
N N
AN XY o ()
XN XnsN

where o= (%—kz)/h and é = (ks — 1)/k,. This expression can be
used to generate the stability boundary of self-assembled nanos-
tructures of diblock copolymer films under the homopolymer top-
coats. As shown in Fig. 2(b), the boundary of parallel lamellae and
perpendicular ones with roughness is indicated by the solid line,
which uses the fitting parameters ¢ = 1.0 and § = 0.2 of Egn (5).
In the case of perfectly perpendicular lamellag, the fitting param-
eters have the values of 6= 1.0 and § = 0. The boundary of parallel
and perfectly perpendicular lamellae is represented by the
dashed line. The theoretical analysis further demonstrates that
the formation range of perpendicular lamellae can be further
expanded in the system of diblock copolymer films under the
homopolymer topcoats, originating from the roughness of free
interfaces. It should be pointed out that our simulation findings
and theoretical predictions are consistent with the results for
diblock copolymers on rough substrates.>>>*

When the diblock copolymer films are exposed to the homopol-
ymer topcoats, their interfaces are regarded as free surfaces and
the films can adjust their height locally. The behaviors of the sys-
tems not only depend on the Flory-Huggins interaction parame-
ters of block copolymers and homopolymers, but also have a tight
relation with the mismatch of natural periodicity with the thick-
ness of diblock copolymer films. Figure 9(a) shows the effect of
film thickness on the self-assembled nanostructures of diblock
copolymer films under the homopolymer topcoats. As the film
thickness becomes incommensurate (i.e. the value of h deviates
from the natural periodicity Lo = 4.0R,), the range of ygiN/yasN
leading to the formation of perpendicular lamellae becomes
broad, implying that the properties of diblock copolymer/
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Figure 9. Effects of (a) thickness of diblock copolymer films and
(b) length of homopolymer chains on the self-assembled nanostructures.
The representations of symbols are the same as those of Fig. 2. In (a), the
thickness ratio of diblock copolymer films and diblock copolymer/homo-
polymer films is fixed at h/L, = 2/3. In (b), a represents the length ratio
of homopolymer to diblock copolymer chains. The thickness of diblock
copolymer film is chosen as h = 4.0R,. The interaction parameter is set
as ){AHN/)(ABN = 2.00.

homopolymer interfaces can be further extended away from the
neutral region. It should be mentioned that the thick diblock
copolymer films mainly self-assembly into the nonbulk
nanostructures.

In the topcoat strategy, the chain length of homopolymers is a
tunable parameter to control the self-assembly behaviors of
diblock copolymer films. Figure 9(b) illustrates the effect of chain
length Ny = alN of homopolymers on the self-assembled nanos-
tructures of diblock copolymer films. Under the condition of
Ny = 0.3N, the chain length of homopolymers has a slight effect
on the formation range of perpendicular lamellae due to the weak
penetration of homopolymers into the diblock copolymer films.
As the homopolymer chains become short, the homopolymers
penetrate into the diblock copolymer films to gain mixing
entropy. As a result, the diblock copolymer films self-assemble
into nonbulk or dissolved nanostructures (designated as L4 in
Fig. 9(b)) instead of perpendicular lamellae.

CONCLUSIONS

We extend the DSCFT to model the self-assembly behaviors of
block copolymer films under homopolymer topcoats. This model

enables us to capture the morphological evolution of self-
assembled nanostructures. Using the large-cell simulations of this
model, we corroborate the findings that perpendicular oriented
lamellae are achieved by virtue of the topcoat strategy for the
block copolymer films, and their formation range is exceptionally
expanded in comparison with the case of block copolymers con-
fined between hard walls. Through analyzing the morphological
evolution of self-assembled nanostructures, it is found that the
in-plane microphase separation of block copolymer films at the
block copolymer/homopolymer interfaces induces fluctuations
of film height, which result in a wide formation range of perpen-
dicular oriented lamellae. On the basis of these findings, we fur-
ther build upon a simple theoretical model to obtain the
necessary conditions for self-assembled nanostructures with per-
pendicular orientations. The large-cell simulations also reveal the
importance of parameter choices for achieving perpendicular ori-
ented nanostructures of block copolymers.
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