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The surface interaction between substrates and block copolymers is one of the most important factors
that control the alignment of self-assembled domains under thin film confinement. Most previous
studies simply modeled substrates modified by grafting polymers as a hard wall with a specified
surface energy, leading to an incomplete understanding of the role of grafted polymers. In this study,
we propose a general model of surface interactions where the role of grafted polymers is decomposed
into two independent contributions: the surface preference and the surface softness. Based on this
model, we perform a numerical analysis of the stability competition between perpendicular and
parallel lamellae of symmetric diblock copolymers on substrates modified by homopolymers using
self-consistent field theory. The effects of the surface preference and the surface softness on the
alignment of lamellar domains are carefully examined. A phase diagram of the alignment in the
plane of the surface preference parameter and the surface softness parameter is constructed, which
reveals a considerable parameter window for preparing stable perpendicular lamellae even on highly
preferential substrates. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4968599]

I. INTRODUCTION

Over the last few decades, the microelectronic indus-
try achieved remarkable advancement due to the increasing
ability to manufacture high-resolution patterns on the sub-
strates of electronic materials. However, photolithography,
the traditional methodology is quite expensive to produce
features down to 20 nm.1 In recent years, block copoly-
mers emerge as a promising alternative2 because of the rich-
ness of self-assembled morphologies3–5 and the character-
istic domain size of these structures which typically falls
into the interesting sub-40 nm region. In particular, lamellar
structures, despite its simplicity, have attracted great atten-
tion for their ability to produce desired patterns such as iso-
lated lines, periodic lines, and T-junctions.6,7 Directed self-
assembly (DSA) of block copolymers in thin films is currently
the main tool for the implementation of block copolymer
lithography.

By confining diblock copolymers (dBCPs) in thin films,
self-assembled lamellae may appear with their surface normal
either parallel or perpendicular to the normal of the substrate
surface. Perpendicular lamellae (L⊥) are more useful in most
applications while unfortunately parallel lamellae (L‖) usu-
ally prevail as revealed by early experiments.8–11 Therefore
much effort has been devoted to understanding the orientation
of the lamellar structure in thin films.12–17 It has been found
that film thickness and surface properties are two most impor-
tant factors to determine the orientation of lamellae.18,19 When
the film thickness is commensurate to the period of lamellae
in the bulk, the parallel orientation is more favorable. Thus a

a)Author to whom correspondence should be addressed. Electronic mail:
lyx@fudan.edu.cn

naive idea for obtaining L⊥ would be to make the film thick-
ness incommensurate to the bulk period which frustrates L‖ .
However, in practice this idea often fails because most of the
common substrates exhibit an energetic preference for one of
the components of dBCP. And it has already been shown that
for bare substrates the energetic preference can compensate
the frustration effect of incommensurate film thickness, which
makes L‖ more preferable again.20–23

To eliminate the influence of the surface preference of
substrates, previous efforts have been focusing on devising
neutral surfaces through modifying substrate surfaces. A pop-
ular and effective way to do so is grafting polymers onto
substrates. Mansky et al.12,24 first demonstrated the surface-
control ability of grafting PS-r-PMMA copolymers by tuning
its compositions and a neutral surface regime has been iden-
tified where L⊥ can be effectively prepared. Later on there
have been numerous experimental attempts to control domain
orientation on either homogeneous or chemically patterned
substrates.14,17,22,23,25–34 In these studies, the design of neutral
surfaces is mainly guided by the surface energy. The role of
grafted polymers is often simply considered as modifying the
surface energy of the underlying solid substrate. However, it
is found that this understanding is incomplete35,36 and a fun-
damental understanding of the role of grafted polymers is in
demand.37

Early theoretical and numerical studies modeled both
bare substrates and polymer-grafted substrates as hard
walls.18–21,38–41 The strong-segregation theory (SST) analy-
sis,18–20 which models substrates as hard walls with zero thick-
ness (the hard-wall model), predicts that L‖ and L⊥ are equally
stable on neutral surfaces when the film thickness is com-
mensurate to the lamellar period in the bulk. Such prediction
is inconsistent with the experimental observations.42,43 The
self-consistent field theory (SCFT) studies,20,40 which adopt
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the “masking” technique to model the wall-dBCP interfaces
(the mask model), reveal that there is actually an energy gap
between L⊥ and L‖ on neutral surfaces. Obviously, the extra
stability of L⊥ is introduced by the mask. A following work
by Meng and Wang40 clarified that the mask brings two extra
effects, namely, the “surface-induced compatibilization” and
“surface-induced entropy loss,” where the former is mainly
responsible for the stabilization of L⊥. However, the mask
is chosen merely based on numerical considerations, which
renders its predictions being only qualitative.

More recently, Trombly et al.35,36 demonstrated that the
stabilization of L⊥ is even pronounced by explicitly represent-
ing the grafted random copolymers in their SCFT calculations.
This work shows that both the hard-wall model and the mask
model oversimplify the surface interactions between grafted
polymers and dBCPs. To fully capture the role of grafted
polymers, it is important to consider them explicitly. In par-
ticular, it is found that unlike the mask which is fixed, the
grafted polymers are able to rearrange its density distribu-
tion in response to the self-assembly of dBCP. This additional
freedom of grafted polymers introduces extra softness to the
confining wall. Albert and Epps44 used “soft confinement” to
refer to the confining wall formed by air (corresponding to the
“free surface”). It is natural to generalize this term to all con-
fining walls that act as a soft potential in contrast to the “hard
confinement” coined by Meng and Wang.40 Previous studies
on the soft confinement though very limited only considered
the case of constant surface softness.35,36,45 Moreover, there is
no attempt to identify a parameter to characterize the degree
of surface softness.

In this study, we propose a general model of surface
interactions for the soft confinement system where both the
surface preference and the surface softness are considered
explicitly. In this way, we can tune the surface preference and
the surface softness separately. To demonstrate the feasibility
of our model, we explore the stability competition between
L‖ and L⊥ of dBCP on substrates modified by homopolymers
which are explicitly described in SCFT calculations. The role
of grafted homopolymers is then systematically examined by
varying either the surface preference or the surface softness. In
addition, a phase diagram of the alignment of self-assembled
domains as a function of both parameters can be constructed
accordingly, which clearly reveals the effects of the surface
softness on the alignment.

II. NUMERICAL METHODS

We model the self-assembly of symmetric dBCP under
soft confinement by a numerical SCFT method with an explicit
representation of the grafted homopolymers. Both grafted
polymer chain and the dBCP chain consist of N monomers
with identical volume v0 = ρ

−1
0 and length b. All spatial quan-

tities are rescaled by the non-perturbed radius of gyration Rg

= b
√

N/6. In all SCFT calculations, the Flory-Huggins inter-
action parameters of dBCP (χABN) and the grafting density
(σN/ρ0) are fixed at 20 and 1, respectively.

The modified diffusion equations in SCFT are solved by
a highly efficient fourth-order exponential time differencing
Runge-Kutta method (ETDRK4).46 In the normal direction

of substrates (z direction) Chebyshev collocation is used to
resolve the interface near the wall, while Fourier spectral
collocation is used along the lateral direction (x direction).
This particular choice of the discrete grid retains the spec-
tral accuracy of pseudospectral SCFT calculations involving
non-periodic boundary conditions that are introduced by con-
finement. The accuracy of computed free energies is 10−6 or
better with at most 128 grid points along the z direction and
the spacing of grid points along the x direction fixed at 0.125.
In comparison, a conventional approach which adopts Fourier
spectral collocation for both x and z directions requires at least
2048 grid points along the z direction to reduce the error of
the calculated free energies to 10−5. Further details of formu-
lation and implementation can be found in the supplementary
material.

III. RESULTS AND DISCUSSION
A. Model of surface interactions

For substrates grafted by homopolymers, the interactions
between substrates and dBCP are characterized by two Flory-
Huggins interaction parameters: χACN and χBCN . Here the
underlying substrates are assumed to be neutral to the grafted
homopolymers and the dBCPs. It is common to define a surface
preference parameter as the difference of interactions,

δ ≡
1
2
| χACN − χBCN |. (1)

The remaining degree of freedom can be naturally assigned
to the surface softness parameter, which is defined as the total
interactions between substrates and dBCPs,

γ ≡
1
2

(χACN + χBCN) . (2)

The role of grafted homopolymers can now be described by δ
and γ.

In Secs. III B–III D we will discuss these two parame-
ters on the alignment of self-assembled domains in detail. It
should be pointed out that the definition of the surface soft-
ness parameter does not take into account the grafting density
and the chain length of the grafted homopolymers since these
factors are independent variables which should be considered
separately. In this study, we focus on the effect of the sur-
face softness and keep both the grafting density and the chain
length of the homopolymer fixed. It is also worth noting that
this model of surface interactions can be generalized to the 3D
confinement where the confining wall consists of solvents or
air47,48 by simply replacing the interaction parameters between
grafted polymers and dBCPs with those between solvents and
dBCPs.

B. Surface softness of the confining wall

The influence of the softness of the confining wall can
be investigated by setting δ = 0 which isolates the effect of
the surface preference. In this situation, the confining wall
is effectively neutral to dBCP because the grafted polymers
identically repel A and B monomers of dBCP. The calcu-
lated morphologies of L‖ and L⊥ are quite similar to those
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FIG. 1. Morphologies of perpendicular
lamellae on the substrates modified by
homopolymers with δ = 0 and γ = 0 (top
row), γ = 20 (bottom row). The columns
from left to right are the density distri-
butions of A component of the dBCP, the
grafted homopolymers, and its chain ends,
respectively.

reported by Trombly and co-workers35,36 but quite differ-
ent from those under hard confinement calculated by SCFT
using the “masking” technique.20 Figure 1 gives two exam-
ples of the L⊥ morphology for different surface softness. The
morphological differences between soft confinement and hard
confinement mainly exhibit near the confining wall. The dif-
ferences are illustrated more clearly in Figure 2 by plotting
the density distributions of the homopolymer-grafted layers.
The density of grafted homopolymers contacting L‖ phase
under soft confinement (middle image in the inset of Figure
2) is homogeneous along the lateral dimension. At first look,
it seems the same as that under hard confinement which is
also homogeneous along the lateral dimension (right image
in the inset of Figure 2). However, they are quite different as

FIG. 2. Density distributions of the neutral confining wall (δ = 0) along the
normal of substrates. The lateral density distributions have been averaged out.
The lower set of three curves is for γ = 0 while the upper set is for γ = 20.
The blue, red, and black curves represent the density distributions in L⊥, L‖ ,
and the new hard confinement model as defined in the text, respectively. The
three morphologies in the inset from left to right correspond to the blue, red,
and black curves in the lower set, respectively.

revealed by plotting density profiles of the brush layers along
the normal direction. The density of the grafted homopoly-
mers decreases more slowly whenever brush chains touch the
interfaces of A-rich and B-rich domains which indicates the
enrichment of C monomers at the interfaces. It suggests that
the aggregation of C monomers at A-B interfaces will lower
the free energy of the system. For the same reason, in L⊥
case the density of grafted homopolymers develops inhomo-
geneity along the lateral dimension (left image in the inset of
Figure 2, also see the top row of Figure 1) due to the direct
contact of the homopolymer-grafted layer with A-B inter-
faces. Obviously, it is more easier for L⊥ system to enrich C
monomers at A-B interfaces than L‖ system because C chains
have to protrude either A-rich or B-rich domains to arrive A-B
interfaces in L‖ system. Below we try to understand the sig-
nificance of this difference acting on the stability competition
between L‖ and L⊥.

One may notice that the “mask” in our hard confinement
shown in Figure 2 is much wider than that of the previous hard
confinement as defined by mathematical functions. Indeed, we
have devised a new hard confinement model whose masks are
the density distributions of the grafted homopolymers calcu-
lated from the same system as the soft confinement by setting
χABN = 0 but keeping γ and δ unchanged. In this way the
ambiguity of the choice of the mask is removed. Furthermore,
it allows us to break the softness of the confinement into two
contributions: the “immersion effect” and the “rearrangement
effect.” The immersion effect describes the ability of grafted
homopolymer chains to penetrate into dBCP domains thus
control the width of interfaces between the homopolymer-
grafted layer and dBCP domains. This effect is essentially the
same as the influence of interfacial interactions upon the inter-
faces between A-rich and B-rich domains in the self-assembly
of dBCP. Thus it can be fully characterized by the surface
energies between C homopolymers and A/B homopolymers.
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Within the specially designed hard confinement model, only
immersion effect is retained so that we can study it separately.
As shown in Figure 2, by increasing γ from 0 to 20, the density
distribution of the grafted homopolymers becomes sharper.
Therefore, our hard confinement model at large γ mimics the
conventional hard confinement model where the confining wall
is modeled by a mask which is usually quite sharp. Further-
more, we expect that it will eventually approach SST where
the confining wall is modeled by a hard wall with zero thick-
ness in the limit of γ → ∞. Consequently, the softness of the
confinement can be tuned continuously by increasing γ from 0
to∞: the larger the γ, the harder the confinement. In this sense,
the conventional hard confinement can be viewed as a confine-
ment model whose softness is not infinite like the bare hard
wall in SST but can be associated with a finite γ determined by
the width and shape of its mask. Thus our new hard confine-
ment model provides a coherent understanding of the role of
the mask.

A similar model to the above hard confinement model
has been studied by Perera et al.49 However, in their study
the grafted polymers are implicitly modeled by a mask just
like the conventional mask model. The degree of interpene-
tration between grafted polymers and self-assembled domains
is controlled by the width of the mask. They found that the
interpenetration of grafted polymers into the self-assembled
domains is responsible for the deformation of domains near
substrates as observed in their experiments. In their model,
the rearrangement effect is ignored and the immersion effect
is only studied in a qualitative way because the width of the
mask is chosen arbitrarily.

As compared to the new hard confinement model, soft
confinement introduces an additional effect, the rearrangement
effect, that enables the grafted homopolymers rearrange its
density distribution in accordance with the self-assembly of
dBCP. This additional effect is responsible for the difference
of morphologies between L‖ and L⊥ as mentioned above. And
it further smoothes the density profile of the homopolymer-
grafted layer as can be seen in Figure 2 by comparing density
profiles between the soft confinement and hard confinement.
For the strong repulsion between the grafted homopolymers
and dBCP (e.g., γ = 20), the difference of density profiles
between L‖ and L⊥ is insignificant indicating that the rear-
rangement effect is negligible in this situation. However, as
we soften the confinement by decreasing γ, the rearrange-
ment effect becomes more and more important. For example,
the density profiles significantly deviate each other between
L‖ and L⊥ at γ = 0. This rearrangement effect modifies the
stability competition between L‖ and L⊥ in a very subtle
manner.

The stability of L‖ and L⊥ is usually quantified by the
difference of the free energy per unit area between L‖ and
L⊥: ∆F =

(
F‖ − F⊥

)
d/CVkBT (d should be replaced by an

effective film thickness φ̄ABd for hard confinement) where
C = ρ0R3

g/N is a dimensionless density of dBCP under con-
finement.20,39,50 A positive∆F indicates that L⊥ is more stable,
and vice versa. In general,∆F is an oscillatory curve as a func-
tion of film thickness. A typical plot of this curve is given in the
supplementary material. The minima of the∆F ∼ d curve occur
whenever the film thickness is commensurate to the lamellar

period in the bulk. Remarkably, all these minimum values,
∆Fc= ∆F(dc) with dc being the commensurate film thickness,
are equal. Thus it serves as an excellent measure of stability of
L‖ and L⊥ without considering the effect of film thickness. To
study the influence of the softness of the confining wall on the
stability of L‖ and L⊥, we plot ∆Fc as a function of γ in Figure
3(a). We notice that ∆Fc is always positive, which reproduces
the well-known result that L⊥ is more stable than L‖ even on
neutral polymer-grafted surfaces. A more interesting obser-
vation is that both curves of soft confinement and new hard
confinement are nonmonotonic. The stability of L⊥ is max-
imized at some optimum softness. Moreover, the additional
rearrangement effect in soft confinement shifts the maximum
of the ∆Fc ∼ γ curve to a larger γ. This shift has a remark-
able consequence that it allows harder confinement to produce
stable L⊥.

To understand the dependence of the stability of L⊥ on
the softness of the confining wall and the existence of an opti-
mum softness which maximizes the stability of L⊥, it is helpful
to analyze the free energy contributions under the new hard
confinement which excludes the rearrangement effect. Using
the same partition scheme in the work of Matsen and Gar-
diner,51 we split the free energy into the energetic and entropic
contributions. The entropic contributions are further decom-
posed into translational and configurational parts. Explicit
expressions of these free energy contributions are provided
in the supplementary material. The differences of these free
energy contributions between L‖ and L⊥ as functions of γ

FIG. 3. (a) The difference of free energy between L‖ and L⊥ at commensurate
film thickness (∆Fc) as a function of γ on the neutral confining wall (δ = 0).
(b) Energetic and entropic contributions of ∆Fc in (a). The contributions from
the translational entropy (−∆St) and from the configurational entropy (−∆Sc)
adds up to the total entropic contribution (−∆S).
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are presented in Figure 3(b). The difference of the enthalpy,
∆E = E ‖dc − E⊥dc, is always positive indicates that the ener-
getic effect favors L⊥. This effect is already termed as “surface-
induced compatibilization” by Meng and Wang,40 i.e., the
decrease of the density of dBCP in the A-B interfacial region
due to the immersion of grafted homopolymers reduces the
repulsion between A and B monomers. As A-B interfaces con-
tribute most of the A-B repulsion, the morphology with more
A-B interfaces contacting with the confining wall is favorable,
which is L⊥ in our case. In the limit of SST (γ → ∞), surface-
induced compatibilization vanishes because C monomers can
no longer penetrate into A-B interfaces. Thus there is no dif-
ference of enthalpy between L‖ and L⊥, i.e., ∆E = 0. For large
and moderate γ, the surface-induced compatibilization mainly
presents in L⊥ because the relative narrow distribution of the
grafting layer cannot reach the A-B interface in L‖ . In this
regime, as γ decreases, the immersion of grafted homopoly-
mer chains into A-B interfaces becomes easier, which enlarges
∆E. The decrease of ∆E at very small γ is due to the fact that
the density distribution of the grafted polymers becomes so
wide that grafted polymer chains can eventually protrude the
entire A or B-rich domain to interact with A-B interfaces of
L‖ . Meanwhile, an additional A-B interface emerges in the
vicinity of the confining wall in the regime of small γ (shown
in the supplementary material). These new features emerging
only at small γ introduce the surface-induced compatibiliza-
tion into L‖ , which compensates its effect in L⊥. This effect
enhances more rapidly in L‖ as γ decreases, leading to the
decrease of ∆E.

The translational entropy is characterized by the density
distribution of joint monomers which joins A and B blocks of
dBCP. It also favors L⊥ as can be seen in Figure 3. For bulk
lamellae, joint monomers are mostly distributed at A-B inter-
faces. The distribution of joint monomers in L‖ is hardly altered
by the confining wall because A-B interfaces of L‖ are far
from the wall. But in L⊥ things are quite different: part of joint
monomers within A-B interfaces gains freedom to migrate to
the interfaces of grafted polymers and A/B domains due to the
immersion of grafted polymers into A-B interfaces. This redis-
tribution of joint monomers increases the translational entropy.
Hence the difference of the free energy contribution from the
translational entropy defined by −∆St = −S ‖t dc + S⊥t dc is pos-
itive. Since the redistribution of joint monomers is closely
related to the surface-induced compatibilization,−∆St exhibits
a similar dependence on γ. On the other hand, the configura-
tional entropy which prefers the enrichment of chain ends of
dBCP favors L‖ because it has larger interfaces of C and A/B
domains than those of L⊥. The overall entropic contribution
favors L⊥ in large and moderate γ regimes and favors L‖ at
small γ, attributing to the fact that the translational entropy
dominates at large γ while the configurational entropy domi-
nates at small γ. In total, however, we observe that the entropic
contribution plays a minor role in determining the overall
behavior of ∆Fc because the curve of ∆E already resembles
that of ∆Fc.

C. Surface preference of the confining wall

In our system, the surface preference of the confining wall
arises whenever grafted homopolymers interact with A and B

blocks of dBCP differently. A natural measure of this differ-
ence is δ as previously defined. The influence of δ on the
stability of L‖ and L⊥ can be studied by fixing γ. One should
note that the domain of δ is restricted by γ as 0 ≤ δ ≤ γ. In
Figure 4 we plot∆Fc as a function of δ at γ = 10. We observe a
continuous transition from L‖ to L⊥ at δ = 2.15 as δ decreases.

To demonstrate that the homopolymer-grafted confine-
ment is a general model for soft confinement, we show
how to map the copolymer-grafted confinement developed by
Trombly et al.35,36 to our model. In their work, the surface
preference is controlled by varying the volume fraction of A
monomers in grafted copolymers (fA) and the Flory parame-
ter (χABN) is fixed at 20. When fA is equal to 1, the grafted
copolymer reduces to A homopolymer which is identical to
our model with γ = 10 and δ = 10. Another limit fA = 0.5
creates effectively neutral surfaces which should correspond to
our model with δ = 0. If we further assume that the softness of
the confining wall is invariant with fA and the relation between
fA and δ is linear, we can establish a mapping: γ = χABN/2
and δ = χABN |fA − 0.5|. To verify this mapping, data points
reported by Trombly et al.35,36 are replotted in Figure 4. Those
data points associated with λ = 0 almost coincide with the
solid curve computed from our model. Here λ is a parameter
that quantifies the “blockiness” of the random copolymer. The
limit λ = 0 describes an ideal random copolymer which min-
imizes the “chemical templating effect.”35,36 The deviation of
data points with λ = 0.9 evidently can be attributed to the
chemical templating effect.

D. Phase diagram of L‖ and L⊥
Phase diagrams of L‖ and L⊥ in the plane of δ ∼ φ̄ABd/Db

are presented in Figure 5, where Db is the lamellar period in
the bulk. The phase diagram computed by SST corresponds to
the case of γ → ∞ which is a well known result.20,21 As we
introduce softness into the confinement, the phase boundary is
entirely pushed to higher δ. Two important consequences are
worth noting: (i) a considerable window of stable L⊥ develops

FIG. 4. The free energy difference at commensurate film thickness as a func-
tion of surface preference. The solid line corresponds to our homopolymer-
grafted system, while symbols represent data reported in Refs. 35 and 36. The
δ values of the symbols are mapped from the references by using the relation
δ = χABN |fA − 0.5 |. The λ parameter characterizes the randomness of the
grafted copolymers. λ = 0 corresponds to a perfect random copolymer while
λ = 0.9 corresponds to a random copolymer with the long sequence of A or
B components.
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for all film thicknesses (0 6 δ 6 2.15); (ii) a film thickness
window for stable L⊥ exists for highly selective confining walls
(e.g., 0.64< φ̄ABd/Db < 0.76 for δ = 10). Note that the com-
position of grafted homopolymers is the same as that of one
block of dBCPs when δ = 10 and χABN = 20. Therefore
our model suggests that it is possible to use homopolymers
instead of more popular choice of random copolymers in
some region of the film thickness to prepare L⊥. In fact, Guo
and co-workers52 have demonstrated experimentally that PS
instead of PS-r-PMMA can be used to modify substrates to
prepare perpendicular lamellae of PS-b-PMMA. They found
that the film thickness window for perpendicular orientation
is 0.58−0.95 which is reasonably close to our calculated win-
dow. The difference can be attributed to the fact that the chain
length of the grafted homopolymer, the grafting density, and
χABN are not exactly matched between our simulations and
their experiments.

More interestingly, the combination effect of γ and δ can
be investigated by drawing phase diagrams in the plane of these
two parameters as shown in Figure 6(a). For each film thick-
ness, L‖ and L⊥ are separated by a smooth phase boundary
whose starting point locates at the diagonal line δ = γ, corre-
sponding to the strongest surface preference that is allowed for
producing stable L⊥, while the other end goes to infinity. When
the effective film thickness is commensurate to the lamellar
period in the bulk (φ̄ABd/Db = 1), the phase boundary is a
monotonic curve. Although decreasing slowly, it is expected
that it will eventually go to 0 in the limit of γ → ∞, i.e., SST.
However, for a finite γ, i.e., under soft confinement, there is
a considerable δ window to stabilize L⊥ over L‖ . This has an
important implication that in experiments it is not necessary
to devise perfect neutral surfaces in order to produce stable L⊥
even when the film thickness happens to be commensurate to
Db. In addition, softening the confining wall, such as choos-
ing a homopolymer that weakly interacts with dBCP, will help
widen the δ window for L⊥.

When the film thickness strongly deviates the commen-
surate value, e.g., φ̄ABd/Db = 0.75 in Figure 6(a), the stable
region for L⊥ enlarges significantly because L‖ is further frus-
trated under such strong confinement. We observe two notable
differences from the commensurate case. One is the phase

FIG. 5. Phase diagrams of L‖ and L⊥ in the plane of φ̄ABd/Db and δ. The
phase boundary computed by SST corresponds to the case of a pure hard wall
(γ → ∞), while that computed by SCFT is for the case of a soft wall (γ = 10).

boundary at large γ increases instead of decrease, which poten-
tially allows L⊥ to appear at arbitrary large δ. In other words,
the effort to devise neutral or weakly preferential surfaces is
not necessary in such an incommensurate situation. The other
notable difference is that the phase boundary is nonmonotonic
and it creates a reentry behavior of L⊥. As can be seen in
Figure 6(a), when 14.32 < γ < 18.58, by increasing δ from
0 to γ, L⊥ is first stable followed by L‖ and then becomes
stable again. This reentry of L⊥ may account for many coun-
terintuitive behaviors of the self-assembly of dBCP under soft
confinement in this weak surface preference regime.23

Interestingly, when the film thickness slightly deviates the
commensurate value, e.g., φ̄ABd/Db = 0.9 in Figure 6(a),
the phase boundary changes a little near the diagonal line
but it changes significantly away from the line in compari-
son with the phase boundary for φ̄ABd/Db = 1. The two phase
boundaries even intersect at about γ = 6. To illustrate this
nontrivial phenomenon, we plot a phase diagram of L‖ and
L⊥ in the plane of 1 − φ̄ABd/Db and δ as shown in Figure
6(b). In this diagram we have set δ = γ such that it tracks
the phase transition along the diagonal line in Figure 6(a). It
can be seen that the phase boundary changes slowly as the film

FIG. 6. (a) Phase diagram in the plane of δ and γ computed by SCFT. Note
that several phase diagrams with different effective film thicknesses have been
superimposed in the same δ ∼ γ plane. For each phase boundary, the regions
above and below it correspond to L‖ and L⊥ phase regions, respectively. The
dashed line represents the phase diagram of the random-copolymer-grafted
model.35 The thin solid line (δ = γ) is the upper bound for all phase diagrams
enforcing the restriction δ ≤ γ. (b) Phase diagram in the plane of φ̄ABd/Db
and δ where we set γ = δ which corresponds to the thin solid line in (a). The
inset magnifies the region around the minimum of the phase boundary.
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thickness deviates from its commensurate value in the range of
0.85 ≤ φ̄ABd/Db ≤ 1, which means the starting points of phase
boundaries for these film thicknesses in Figure 6(a) are close
to each other. Moreover, the inset of Figure 6(b) clearly shows
that a minimum is present in the phase boundary at 0.0585
(film thickness is 0.9415). Around this minimum, the phase
transition value of δ for the incommensurate film thickness
is smaller than that for the commensurate thickness. Corre-
spondingly, the starting point of the phase boundary for the
incommensurate film thickness in Figure 6(a) will be below
that for the commensurate film thickness. This will eventu-
ally lead to the intersection between the phase boundaries of
these two film thicknesses. We can understand this intriguing
phenomenon by noticing that in this range of the film thick-
ness, the corresponding value of δ as well as γ never exceeds
5. For such small γ as discussed in Sec. III B, the modified
substrate is so soft that the grafted homopolymers can pene-
trate into the interfaces of A-rich and B-rich domains of L‖ .
Consequently this interpenetration weakens the incompatible
interactions between A and B components in the A-B inter-
faces. This effect then compensates the frustration of L‖ arising
from the deviation of the film thickness from the commensu-
rate value. Such a delicate balance between the effects of the
interpenetration and the frustration leads to almost a flat phase
boundary in Figure 6(b) for those weakly incommensurate film
thicknesses.

For the copolymer-grafted confinement model in the work
of Trombly et al.,35,36 the phase diagram degenerates into a
vertical line shown as a dashed line in Figure 6(a) since in this
system γ is fixed at χABN/2. In this respect, the homopolymer-
grafted confinement is superior to the specific copolymer-
grafted confinement because it has a larger parameter space to
tune in order to stabilize L⊥. However, we are aware of that the
parameter space of the copolymer-grafted confinement model
can be expanded by removing the restriction on using identi-
cal components in both grafted copolymers and dBCPs. The
introduction of the γ parameter enables us to understand the
role of grafted polymers whose composition is dissimilar to
that of dBCPs. Allowing the composition being different is
sometimes important for experimental studies. For example,
Keen et al.53 reported a study of controlling the alignment
of a high-χ material (PS-b-PDLA) on substrates modified
by PS-r-PMMA. In their case, it is impossible to generate
random copolymers from styrene and lactide, which forces
them to use PS-r-PMMA instead of PS-r-PDLA as grafted
polymers.

IV. CONCLUSIONS

In summary, the stability competition between L‖ and
L⊥ under soft confinement has been demonstrated using
SCFT calculations. The soft confinement using homopolymer-
grafted confining walls allows us to divide the surface interac-
tion into two independent contributions: the surface softness
(γ) and the surface preference (δ). With this separation, we
elucidate the connection among bare hard wall confinement
(SST), hard confinement modeled by the “masking” tech-
nique, and soft confinement. Soft confinement reduces to the
mask hard confinement at large γ (ignoring the negligible

rearrangement effect) and to the SST hard confinement in the
limit of γ→∞. It is also possible to map the soft confinement
model using ideal random copolymer-grafted substrates onto
our model by establishing a linear relation between fA and
δ, both controlling the surface preference in its correspond-
ing model. Hence we believe that this separation of surface
interactions into two independent parts is universal as long as
no internal phase separation occurs across the confining wall
itself.

Based on this model of surface interactions, we show that
the homopolymer-grafted confinement is indeed a versatile
platform for creating stable L⊥ that should be seriously con-
sidered in experiments and industrial applications. By varying
the surface softness and the surface preference of the confining
wall, we identify a reasonable window of L⊥ in the phase dia-
gram of the alignment of self-assembled domains even when
the confining wall is highly selective to one of blocks of the
dBCP. It thus brings more options in devising substrates that
favor L⊥ by tweaking other properties of substrates that are
hopefully easier to control such as the composition, length,
and/or grafting density of grafted homopolymers.

SUPPLEMENTARY MATERIAL

See supplementary material for the formulation and
implementation of numerical SCFT method, the formulation
of SST, the difference of the free energy as a function of the film
thickness, and the distribution of joint monomers of parallel
lamellae.
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