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a  b  s  t  r  a  c  t

Patterning  strategies  based  on  directed  self-assembly  (DSA)  of block  copolymers,  as  one  of
the most  appealing  next-generation  lithography  techniques,  have  attracted  abiding  inter-
est. DSA  aims  at  fabricating  defect-free  geometrically  simple  patterns  on large  scales  or
irregular  device-oriented  structures.  Successful  application  of DSA  requires  to  control  and
optimize  multiple  process  parameters  related  to  the bulk  morphology  of the  block  copoly-
mer, its interaction  with  the  chemical  or topographical  guiding  pattern,  and  the  kinetics  of
structure  formation.  Most  studies  have  focused  on  validating  DSA  patterning  techniques
using  PS-b-PMMA  block  copolymers  as a prototypical  material.  As the  development  of  DSA
techniques  advances,  recent  efforts  have  been  devoted  to  extending  the  materials  selection
in order  to  fabricate  more  complex  geometric  patterns  or patterns  with  smaller  character-
istic dimensions.  How  to  select  appropriate  polymer  materials  in  a vast  parameter  space  is

a  critical  but  also  challenging  step.  In this  review,  we  discuss  recent  progress  in  the  research
of DSA  of  block  copolymers  focusing  on three  aspects:  (i)  screening  the block  copolymer
materials,  (ii) controlling  the  film  properties,  and  (iii)  tailoring  the phase  separation  kinetics.

© 2015  Elsevier  Ltd.  All  rights  reserved.
ontents

1. Introduction  . .  . . . .  .  . .  .  . .  .  . . .  .  . . .  . . .  .  . . .  . . .  .  .  . .  . . . . . . . . . . . . . . . .  . . . .  .  . . . . .  . . .  .  . . . . .  . . .  . . . .  . . . . . . .  .  . .  . . . .  .  . . . . .  . . .  . .  .  . . .  . . . . .  . . . .  .  .  .  . . . .  . . 00
2. Materials  selection:  Screening  molecular  architectures  .  . .  . .  .  . . .  .  .  . .  . . .  . . . . . . .  . . .  . . . . . .  . . . . . . .  . . . . . . . .  . . . . . . .  . . .  . . .  . . . .  . . . . . .  .  . .  .  . . . . 00

2.1.  AB  diblock  and  ABA  triblock  copolymers  .  .  .  .  .  . .  . .  .  . . . . . .  .  . . . .  .  . . . . .  .  . .  .  . . . .  . . . . . . . .  . . .  . . . . . . .  . . . . . . . .  . . . . .  . .  .  . . .  .  .  . . .  .  .  . . . .  .  . . 00
2.2.  Multiblock  copolymers  . . .  . . .  . . .  . . .  .  . . .  .  .  . . .  . . . .  . . .  .  . . . . . . .  . . . . . . .  . . . .  . . .  . . .  . . . . . . .  . . .  . . .  . .  . . . . . .  . . . . .  . .  .  . . . .  .  . .  .  .  . . . . . . . . . .  .  . . 00
Please cite this article in press as: Li W,  Müller M.  Directe
topographical guiding patterns: Optimizing molecular archite
(2015), http://dx.doi.org/10.1016/j.progpolymsci.2015.10.008

2.3.  Blending  and  supramolecular  polymer  materials  . .  . . . . . .  .  .  

3. Control  film  properties  . . .  .  . . . . . .  .  . . .  .  . . . .  . .  . . . . . . . .  . . . .  . . .  .  .  . . . . .  .  .  

4.  Process-directed  self-assembly:  tailoring  the kinetics  of  structure

∗ Corresponding author at: Georg-August University, Institute for Theoretical P
∗∗ Corresponding author.

E-mail addresses: weihuali@fudan.edu.cn (W.  Li), mmueller@theorie.physik.u

http://dx.doi.org/10.1016/j.progpolymsci.2015.10.008
079-6700/© 2015 Elsevier Ltd. All rights reserved.
d self-assembly of block copolymers by chemical or
cture, thin-film properties, and kinetics. Prog Polym Sci

. . . . . . .  . .  . . .  . . .  . . . . . .  .  .  . . . .  . .  .  . . .  . . . . .  . . . . . . .  .  . .  . . .  .  . . . . . . .  .  . .  .  .  .  .  . 00

. . .  .  .  . . .  . . . . . . .  . .  .  . .  .  . . . . . .  . . .  .  . . . .  .  . . .  . . . .  .  . . . . . . .  . . . . .  . . . . .  . .  .  .  .  .  00
 formation  . . . . .  .  . . . . . .  . . .  . . . . .  . . . . . . .  .  . . . . . . .  . . .  .  . . . . .  .  .  . . .  .  . . . . . 00

hysics, 37077 Gottingen, Germany.

ni-goettingen.de (M.  Müller).

dx.doi.org/10.1016/j.progpolymsci.2015.10.008
dx.doi.org/10.1016/j.progpolymsci.2015.10.008
http://www.sciencedirect.com/science/journal/00796700
http://www.elsevier.com/locate/ppolysci
mailto:weihuali@fudan.edu.cn
mailto:mmueller@theorie.physik.uni-goettingen.de
dx.doi.org/10.1016/j.progpolymsci.2015.10.008


G Model
 ARTICLE IN PRESSJPPS-956; No. of Pages 29

2 W.  Li, M. Müller / Progress in Polymer Science xxx (2015) xxx–xxx

4.1. Surface-directed  spinodal  structure  formation.  . . . .  . . .  . . .  . . . .  . . .  . . . .  . . . . . . .  . .  .  . . .  .  .  . .  . . .  . .  . . . . . . . . . . . . .  .  . . .  . . . . . . .  . . . .  . . .  .  . . . .00
4.2. Nucleation  induced  defect-free  domain  patterns  . . . .  .  . . . . . .  .  . . . .  . .  .  . . . . .  .  . . .  . . . . .  . .  . . .  . . .  . .  . . .  . . . .  . . . . . .  .  . . . . . . .  .  .  . . . . .  . . .  .  .  .  00

5. Perspectives  . .  . . . .  . .  .  . . .  .  . . .  .  . . .  . . .  . . . .  . . . .  . . .  .  . . .  .  . . . . . . .  .  . . .  . . .  . . . .  . .  .  .  . .  .  . .  . . .  .  . . . . . .  . . .  . . . .  . . . . . . .  .  . . . . . .  .  . . . .  . . .  .  . . . . . . . .  .  . .  . . . . . . 00
Acknowledgments  .  . . .  .  . . . . . . . . . .  .  . . .  .  . . .  .  . . . . . . . . . . . . . .  . . . .  .  . . . . .  .  .  . . .  . . . . . . .  . .  . . .  .  . . . . . . . . . .  . . .  .  .  . .  .  . . . .  . . .  . . . . .  . .  . . . .  . . . . . . . .  . . .  .  .  .  00
References  . . . . .  . .  .  . .  .  . . .  .  . . . .  . . . .  .  . . .  .  . . . . . .  . . . . . . . . . . . .  . . . . . . .  . . . . .  . .  .  . . . .  . .  . . . . . .  .  . . .  . . . . .  . .  . . .  . . .  . . . . .  . . . .  . . . . . .  . . . . . . . .  .  .  . .  .  .  .  . . . .  .  00

1. Introduction

Directed self-assembly (DSA) of block copolymers has
attracted continuously increasing interest during the past
twenty years because it combines the advantages of the
traditional lithography and the self-assembly ability of
spontaneously forming sub-30 nm nanostructures [1–4].
Therefore it is currently regarded as one of the most appeal-
ing next-generation lithography techniques [5–18]. Since
a number of excellent, recent reviews have discussed dif-
ferent aspects of DSA [5–11,19], we only consider the
structure formation of block copolymer materials in thin
films that is steered by short-ranged chemical or topo-
graphical guiding patterns on the substrate. Specifically, we
focus on three, important aspects of DSA: screening copoly-
mer  materials, optimizing film properties, and tailoring the
self-assembly kinetics.

The self-assembly of block copolymers in bulk or in
thin films supported by a uniform substrate rarely leads
to the desired, perfectly ordered structures. Although such
structures represent the thermodynamic equilibrium, the
system is readily trapped kinetically into one of a multitude
of metastable defective morphologies of the free-energy
landscape [16,19–23]. Usually these metastable morpholo-
gies are long-lived relative to experimentally accessible
time. Consequently, various external fields, including long-
range fields (electric, magnetic or shear) and short-range
fields (i.e., topographic or chemical surface patterns), have
been devised to guide the self-assembly of block copoly-
mers to form desired nanostructures. Long-range fields,
e.g. shear [10,24–33] and electric fields [34–44], aim at
controlling the overall orientation of structures on large
length scales. It remains, however, a challenge to fulfill
the stringent requirements on defect densities and pre-
cise registration with external device components required
by semiconductor industries. Alternatively, short-range
guiding fields, i.e. chemical (chemoepitaxy) [14,17,45,46]
or topographical (graphoepitaxy) [16,20,47–49] guiding
patterns on the substrate, have been demonstrated to
achieve structures satisfying the demands of semiconduc-
tor applications. Moreover, DSA employing chemoepitaxial
or graphoepitaxial techniques can be applied to fabri-
cate not only large-scale, defect-free, geometrically simple
patterns but also device-oriented, irregular or aperiodic
structures that differ from the bulk phases of block copoly-
mers, e.g. structures that resemble integrated circuits
[15,18,49–56].

The fundamental idea of DSA is to encode the short-scale
part of pattern information into the molecular architecture
of block copolymers; in turn, the lithographically pre-

copolymer, which is composed of two chemically differ-
ent, linear, flexible chain molecules that are joined at
their ends by covalent bonds. The phase behavior of AB
diblock copolymer is dictated by two  parameters: the
volume fraction f of A block and the degree of incom-
patibility �N between the two  blocks, where � denotes
the Flory–Huggins interaction parameter and N is the
total number of segments. By varying f from symmetric
to asymmetric, AB diblock copolymers can self-assemble
into a sequence of ordered phases, encompassing lamellar,
gyroid or Fddd network, hexagonally-arranged cylindri-
cal, and body-centered-cubic (bcc) spherical phases in
the bulk [57–59]. Among these phases, the lamellar and
cylindrical phases have been frequently and successfully
utilized to fabricate large-scale geometrically simple stripe
patterns (lines and spaces) [14,17,45,46] and hexagonal
cylinder patterns (a triangular lattice of standing cylinders)
[16,17,60], respectively. Intuitively, the guiding patterns
are designed to have similar symmetries and commensu-
rate periods as the domain structures of block copolymers.
In particular, the guiding pattern can have an integer mul-
tiple of periods to the domain period of the bulk phase in
order to enable a density multiplication [16,17,45,60–62],
which is useful to reduce the manufacturing cost of the
guiding pattern. In contrast, for the alternative task to fab-
ricate device-oriented irregular structures, the design of
guiding patterns becomes much more challenging. Besides
trial-and-error approaches, computer simulations have
been employed to optimize the guiding patterns by solving
the self-assembling structures on various guiding patterns
with appropriate theoretical models, such as the self-
consistent field theory (SCFT) [54] and the time-dependent
Ginzburg–Landau theory (TDGL) of the Ohta–Kawasaki free
energy functional [55]. Compared with the first task, most
of the research aiming at fabricating irregular structures
has been carried out only with AB diblock copolymers and
mixtures with their respective homopolymers, and hence
is still in the infancy stage. Additional details can be found
in recent reviews [5–11,19].

Intrinsically, cylinder-forming AB diblock copolymers
self-assemble so that the cylinders are arranged on a tri-
angular lattice. In semiconductor applications, however,
a square arrangement of cylinders would be more con-
venient [63,64]. Even imposing a strong external field,
e.g. laterally square confinement, it remains difficult to
achieve a square pattern with cylinder-forming AB diblock
copolymer [64,65]. An promising approach consists in
replacing linear AB block copolymers with other copoly-
mer  architectures that form an ordered phase of tetragonal
symmetry, such as symmetric ABC linear triblock copoly-
Please cite this article in press as: Li W,  Müller M.  Direct
topographical guiding patterns: Optimizing molecular archite
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pared guiding pattern only directs the orientation on larger
scales and controls the registration of block copolymer
structures with external boundaries. The most extensively
studied block copolymer in DSA is the simplest AB diblock
mers whose equilibrium phase diagram comprises a phase
ed self-assembly of block copolymers by chemical or
cture, thin-film properties, and kinetics. Prog Polym Sci

of alternatively arranged A and C cylinders on a tetragonal
lattice [1,66,67]. Alternatively, supramolecular architec-
tures (in conjunction with chemical guiding patterns) can

dx.doi.org/10.1016/j.progpolymsci.2015.10.008


 ING Model
J

 Polymer

b
v
i
t
t
o

e
c
r
h
a
s
d
h
e
H
d
t
a
p
m
m
d
e
t
l
h
o
n
n
a
s
M
p
c
n
t
e
s
t
I
t
t
p
t
o

b
i
i
b
e
f
s
s
t
r
i
b
f

ARTICLEPPS-956; No. of Pages 29

W.  Li, M. Müller / Progress in

e employed to fabricate square tic-tac-toe structures with
arious dimensions [68]. These examples demonstrate that
t is necessary to turn to more complex molecular architec-
ures of block copolymers in order to enrich the structure
ypes generated by DSA and thus to widen the applications
f DSA.

The fast development of modern synthesis techniques
nables the generation of a variety of complex (multi)block
opolymers and hence opens opportunities for DSA to fab-
icate geometrically complex structures. At the same time,
owever, there is a big challenge for DSA to tailor the
rchitecture of copolymer materials for specific targeted
tructures [4]. On one hand, one needs to explore the phase
iagrams in the bulk for candidate block copolymers. SCFT
as been developed as one of the most efficient methods for
xploring phase diagrams of block copolymers [57,69–71].
owever, the calculation capability strongly relies on the
imension of parameter space. For two component sys-
ems, e.g. AB or symmetric ABA block copolymers, there
re only two parameters and an exhaustive exploration of
arameter space is computationally affordable. When one
ore component is introduced, e.g. ABC triblock copoly-
er, the parameter space is enlarged to at least five

imensions, �AB, �BC, �AC, fA and fB, and thus a systematic
xploration of the entire parameter space is a formidable
ask [59,67,72–74]. Importantly, the self-assembly of ABC
inear [1,66,75–80] or star [81–84] triblock copolymers
as been intensively studied by both experiment and the-
ry, and as a consequence, a large number of intriguing
anostructures have been discovered including tetrago-
al A/C cylinders, A/C spheres alternatively arranged on

 CsCl crystal lattice [67,72], supercylinders decorated by
ingle/double/triple helices [73], and knitting patterns [74].
oreover, recently Xie et al. have proposed a useful design

rinciple for rationalizing the formation of sphere and
ylinder phases in ABC multiblock terpolymers [85]. This
ew concept allowed them to fabricate desired nanostruc-
ures via the self-assembly of multiblock terpolymers by
xploiting universal design principles to rationally encode
tructural information into the macromolecular architec-
ure instead of exploring the entire parameter space.
ncorporating these design principles into DSA promises
o open avenues for fabricating complex periodic struc-
ures. The challenge consists in generalizing these design
rinciples from bulk phases to geometrically confined sys-
ems, i.e. thin films, topographically structured substrates
r contact holes, and chemically patterned surfaces.

In addition to the molecular architectures, the phase
ehavior of block copolymers can be modified by blend-

ng distinct polymers together. Addition of homopolymers
nto block copolymers not only tunes the domain sizes
y swelling corresponding domains but also alters the
quilibrium phase by modifying the effective volume
ractions [86–90]. Moreover, homopolymers have been
uccessfully employed to act as “defectants” (similar as
urfactant stabilizing interfaces by reducing interfacial
ension, “defectants” facilitate the stability of defects by
Please cite this article in press as: Li W,  Müller M.  Directe
topographical guiding patterns: Optimizing molecular archite
(2015), http://dx.doi.org/10.1016/j.progpolymsci.2015.10.008

eleasing stress around defects) [68] in DSA to stabilize
rregular structures. These additives segregate to non-
ulk-like regions with high strain thereby lowering their
ree energy [15,19,50]. Blending block copolymers with
 PRESS
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various molecular weights, volume fractions, or molecular
architectures, additionally provides a convenient way to
fabricate new structures by altering e.g. the intrinsic inter-
facial curvature or characteristic length scale without the
need of synthesizing new materials.

The phase behavior of block copolymers in thin films
even overlying on a uniform substrate is very different from
that in the bulk because the space symmetry of ordered
phases is often broken by the presence of two  surfaces. For
example, the three-dimensional (3D) phases of AB diblock
copolymers – bcc sphere and gyroid structures – cannot
form in thin films when the thickness amounts to only a
few domain periods; instead they usually transform into
hexagonally close-packed sphere layers and perforated
lamellae, respectively [91–93]. Only in a special case of two
neutral surfaces, free-standing lamellae or cylinders, which
inherit the characteristic feature of the bulk phases, can
be formed. Otherwise, when one or two  surfaces is prefer-
ential to one of components, the phase behavior becomes
more complicated [94]. The confinement effect of thin
film is able to induce order–order transitions (OOT). For
instance, cylinder-forming diblock copolymer in thin films
can self-assemble into parallel lamellar layers or perforated
lamellae [93]. To control film properties, i.e. film thickness
and surface interactions with each component, is a critical
step for tailoring the formation of structures in DSA.

Besides the equilibrium thermodynamic properties, the
kinetics of self-assembly plays a crucial role for the fabrica-
tion of desired structures by DSA. Usually, phase separation
of block copolymers under typical processing conditions,
solvent casting, thermal tempering or solvent annealing,
initially proceeds via a spinodal mechanism. It has been
proposed that most defects are created during this ini-
tial stage of structure formation because their excess free
energy is too large for them to form by thermal fluctua-
tions in a defect-free morphology [95,96]. To control the
self-assembling kinetics via guiding patterns (e.g. via het-
erogeneous nucleation from a metastable disordered phase
[97] or surface-directed spinodal structure formation [98])
offers opportunities to reduce the probability of defect
formation and avoid grain formation. Moreover, temporal
control of thermodynamic process parameters like pres-
sure, temperature or solvent contents also opens avenues
for tailoring the initial unstable state such that the spon-
taneous structure formation becomes trapped in a useful,
novel metastable morphology instead of the equilibrium
morphology [99].

In this review, we discuss strategies to fabricate tailored
structures by directed self-assembly (DSA) of block copoly-
mers. Since various directing techniques, distinguished by
the preparation methods of guiding patterns, have recently
been reviewed [10–12], we focus on additional key char-
acteristics including (1) screening copolymer materials, (2)
controlling thin-film properties, and (3) manipulating the
kinetics of self-assembly. In order to achieve defect-free
DSA of complex structures, these different aspects have to
be optimized simultaneously. In Section 2, we  discuss the
d self-assembly of block copolymers by chemical or
cture, thin-film properties, and kinetics. Prog Polym Sci

distinct features of equilibrium self-assembled structures
in various copolymer systems and highlight their relevance
to applications in DSA. In Section 3, we  focus on confine-
ment effects, i.e. film thickness and surface interactions. In

dx.doi.org/10.1016/j.progpolymsci.2015.10.008
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Fig. 1. Schematic representation of directed self-assembly of symmetric block copolymers on chemically patterned surfaces. (a) A self-assembled monolayer
(SAM)  of PETS is deposited on a silicon wafer. (b) Photoresist is spin-coated on the SAM-covered substrate, and (c) patterned by EUV-IL with alternating
lines  and spaces of period Ls . (d) The topographic pattern of the photoresist is converted to a chemical pattern on the SAM surface by irradiating the sample
with  soft X-rays in the presence of oxygen. (e) The photoresist is subsequently removed with repeated solvent washes. (f) A symmetric, lamella-forming

ce and (
MMA  b
om the N
PS-b-PMMA  copolymer of period L0 is spin-coated onto the patterned surfa
Chemically modified regions of the surface are preferentially wetted by P
the  two blocks. Ref. [14], Copyright 2003. Reproduced with permission fr

Section 4, we present some aspects of the kinetics of self-
assembly in the context of DSA. Section 5 concludes our
review with a brief perspective.

2. Materials selection: Screening molecular
architectures

2.1. AB diblock and ABA triblock copolymers

Both chemoepitaxy and graphoepitaxy techniques of
DSA have been well developed and validated with both
lamellar-forming and cylinder-forming AB diblock copoly-
mers, especially with the standard model of diblock copoly-
mer, polystyrene-block-polymethylmethacrylate (PS-b-
PMMA) [14,15,46,50,100–103]. Fig. 1 illustrates the
prototypical technique of chemoepitaxy for fabricat-
ing large-scale defect-free stripe patterns. It consists of
two steps: fabrication of the chemical pattern on the
supporting substrate using extreme ultraviolet interfer-
ometric lithography or e-beam lithography, and spin-
coating lamella-forming PS-b-PMMA  onto the chemically
patterned substrate with a precisely controlled film thick-
ness [14]. In the first step, the properties of the chemical
pattern, i.e. the period, the width of the wetting stripe, and
the contrast in interfacial energies between the blocks and
the stripe domains of the chemical substrate pattern play
a critical role for the directing quality of the chemical pat-
tern and its ability to register the block copolymer stripes.
Usually, the period of the pattern Ls and the width of the
wetting stripe W are optimized to be Ls ≈ L0 and W = 1/2L0,
respectively, where L0 is the domain period of the per-
pendicular lamellar morphology in a thin film on top of
a uniform substrate [101]. It has been demonstrated that
a larger contrast of interfacial interactions gives rise to a
stronger directing ability [104]. In the second step, the film
thickness is controlled by the speed of spin coating.

Using optimal values of Ls = L0 and W = 1/2L0, numerous
Please cite this article in press as: Li W,  Müller M.  Direct
topographical guiding patterns: Optimizing molecular archite
(2015), http://dx.doi.org/10.1016/j.progpolymsci.2015.10.008

experiments and simulations have demonstrated that
chemically patterned substrates are capable to guide
lamella-forming diblock copolymers to form defect-free
stripes [14,101,104,105]. A small deviation of the two
g) annealed, resulting in surface-directed block copolymer morphologies.
locks, whereas unmodified regions do not exhibit a preference for any of

ature Publishing Group.

feature sizes from their optimal values, especially of the
pattern period, can decrease the directing ability of guiding
pattern, and results in the occurrence of defects that are
detrimental to semiconductor applications. Kim et al. have
investigated the influence of pattern period on the direc-
ting quality of chemical pattern to the self-assembly of
symmetric PS-b-PMMA  copolymers with L0 = 48 nm (Fig. 2)
[14]. With Ls = 47.5 nm, Ls ∼= L0, block copolymer lamellar
domains are perfectly aligned and registered by the guiding
pattern on the substrate (Fig. 2(b)). When Ls is decreased
by 5%, i.e. Ls = 45 nm (Fig. 2(a)), the lamellar domains are
compressed in order to replicate the guiding stripes. The
registration degree is dictated by the competition between
the free-energy penalty of domain compression and the
benefit in interfacial energy with the guiding pattern. In
Fig. 2(a), most part of the lamellar structure is registered but
a certain concentration of dislocation pairs is present. In the
space between pairs of dislocations, the domain stress is
effectively released because of the reduced domain density.

In the opposite case, for Ls > L0, the imperfection comes
up in distinct mechanisms during the ordering of lamel-
lar domains. When the incommensurability is small, e.g.
Ls = 50 nm (see Fig. 2(c)), a defect-free and registered lamel-
lar pattern is still obtained but the internal AB interfaces
exhibit undulations along the stripe direction. These buck-
ling effects are characteristic for stretched smectic phases
[106]. As the deviation Ls/L0 increases, e.g. Ls = 52.5 nm and
55 nm (cf. Fig. 2(d) and (e)), the lamellar domains no longer
register perfectly with the guiding pattern. These experi-
mental results on pure diblock copolymers conclude that
the perfect epitaxial assembly on this chemically patterned
surface occurs only if Ls is close to L0.

Importantly, the directing quality of the chemical guid-
ing pattern is also related to the contrast in interfacial
energy of the patterned surface. Edwards et al. [104]
implemented an approach to create the chemical patterns,
which is proceeded via etching one layer of grafted PS-
ed self-assembly of block copolymers by chemical or
cture, thin-film properties, and kinetics. Prog Polym Sci

r-PMMA  random copolymer brushes into equally spaced
stripes intervened by oxidized (polar) surface area, which
is strongly preferential to the PMMA  block of the copoly-
mer. The interfacial interaction of the brush-grafting stripe

dx.doi.org/10.1016/j.progpolymsci.2015.10.008
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Fig. 2. Top-down SEM images and corresponding Fourier transform anal-
ysis of PS-b-PMMA  copolymer films (L0 = 48 nm,  film thickness of 60 nm)
on  chemically patterned surfaces. The pattern periods, Ls , are (a) 45; (b)
47.5; (c) 50; (d) 52.5; and (e) 55 nm.  The area of each SEM image corre-
sponds to a 3 �m × 3 �m region of block copolymer domains. Ref. [14],
Copyright 2003. Reproduced with permission from the Nature Publishing
Group.
 PRESS
 Science xxx (2015) xxx–xxx 5

is controlled by the composition of the random copolymer,
which is varied from 50:50 (neutral) to 100:0 (PS pref-
erential). For each composition of the random copolymer
brush, they studied the self-assembly of block copolymer
domains on the underlying surface pattern with vari-
ous periods, Ls = 40 nm,  42.5 nm,  45 nm,  47.5 nm,  50 nm,
and 52.5 nm (Fig. 3). Block copolymer domains on the
substrate patterned with the PS-r-PMMA  50:50 brushes
only show registration and order approaching perfec-
tion when Ls ∼= L0 = 48 nm.  Even in this optimal case there
remains a considerable density of dislocation defects after
a long time of annealing. As the deviation of Ls from
L0 increases, the order becomes increasingly worse with
unregistered lamellae appearing at Ls = 45 nm and 50 nm.
When Ls = 42.5 nm and 52.5 nm,  areas with unaligned
lamellae are significantly increased and at Ls = 40 nm no
noticeable order with respect to the surface pattern is
present. As the PS content in the PS-r-PMMA  brushes is
increased, the directing ability of the surface pattern is
improved significantly, and accordingly the tolerance to
the incommensurability of Ls and L0 is increased. For the
surface patterned by the pure PS brushes, the perfect epi-
taxial assembly is observed with a wide range of the pattern
period 45 nm ≤ Ls ≤ 52.5 nm,  and only an extremely low
density of dislocation defects is present with Ls = 42.5 nm
[104]. This study directly reveals that larger contrast in
the interfacial energy enhances the directing ability of the
chemical pattern and increases the window of permissi-
ble deviations between the periodicity, Ls of the chemical
pattern and the bulk domain period, L0, without losing the
ability of defect-free assembly and registration.

In practice, a large tolerance to incommensurability
between the period of the guiding pattern and the domain
period of block copolymers is important for DSA, in par-
ticular, for the fabrication of device-oriented irregular
structures, where the block copolymer domains have to
form a variety of structures with different feature sizes
[50]. For example, for a set of equally spaced bends with
a pitch of Ls and a given angle of �, the widest span at the
bend corners is Ls/ sin

(
�/2

)
which exceeds Ls by 40%. With

the symmetric diblock copolymers, the work by Edwards
et al. indicates that a period incommensurability within
±10% can be tolerated by the chemoepitaxial lithography
leading to the defect-free lamellar pattern, which limits
the application of AB diblock copolymers in the fabrica-
tion of irregular patterns [104]. One way to overcome this
limitation consists in adding defectants – homopolymers
[15] or nanoparticles [108] – to the block copolymer that
locally swell the structure and allow for an adjustment of
the domain spacing.

Recently, Ji et al. demonstrated that an ABA triblock
copolymer tolerates a larger mismatch of the dimension
of chemoepitaxial guiding patterns and the bulk copoly-
mer  periodicity than an AB diblock copolymer [107]. In
the view of molecular architecture, symmetric ABA triblock
copolymer can be conceived as a joint of two  equivalent
AB diblock copolymers at the ends of B blocks. Although
d self-assembly of block copolymers by chemical or
cture, thin-film properties, and kinetics. Prog Polym Sci

ABA triblock copolymers self-assemble into a similar set
of ordered phases and have similar phase diagrams as
the corresponding AB diblock copolymers, the connec-
tion imparts ABA triblock copolymer with distinguished

dx.doi.org/10.1016/j.progpolymsci.2015.10.008
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properties [109]. ABA triblock copolymers exhibit a slightly
lower �NODT than the corresponding AB diblock copoly-
mer  with half the molecular weight NAB = N/2. The most
prominent difference is that the central B blocks of the
ABA triblock copolymer can form two distinct configu-
rations: a bridge configuration, where the two  A blocks,
Please cite this article in press as: Li W,  Müller M.  Direct
topographical guiding patterns: Optimizing molecular archite
(2015), http://dx.doi.org/10.1016/j.progpolymsci.2015.10.008

are located in apposite domains and a loop configuration,
the two A blocks are located on the same side of the AB
interface.

Fig. 3. SEM images of the surface-directed morphologies of lamella-forming bloc
variety of pattern periods Ls (40 nm < Ls < 52.5 nm)  and composition of the random
depict areas of 2 �m square. Ref. [104], Copyright 2004. Reproduced with permis
 PRESS
 Science xxx (2015) xxx–xxx

On one hand, the presence of bridges in ABA triblock
copolymers significantly enhances the mechanical prop-
erties of their phase-separated structures. The ratio of
loops and bridges varies with the domain spacing. Upon
increasing the lamellar spacing from Ls = L0 to Ls = 1.5L0 the
bridging ratio decreases from 41% to 17%. The compres-
ed self-assembly of block copolymers by chemical or
cture, thin-film properties, and kinetics. Prog Polym Sci

sion modulus of the lamellar phase of triblocks, however,
is very similar to that of the corresponding diblock system
and free-energy dependence of stretching and compression

k copolymer films (L0 = 48 nm) on chemically patterned substrates with a
-copolymer brush used to create the chemical pattern. The micrographs

sion from the American Chemical Society.

dx.doi.org/10.1016/j.progpolymsci.2015.10.008
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F  kg mol−1) triblock copolymer thin films on chemical patterns with periods of
4 ns expand up to 55% (80 nm)  and contract less 13% (45 nm) on chemical patterns
i m the American Chemical Society.
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Fig. 5. Top-down SEM images of thin films of PMMA-b-PS-b-PMMA
(Mn = 52–94–52 kg mol−1) triblock copolymers and PS-b-PMMA

−1
ig. 4. Top-down SEM images of PMMA-b-PS-b-PMMA  (Mn = 52–94–52
5–110 nm with a 5 nm increment. PMMA-b-PS-b-PMMA  lamellar domai

n  thin films. Ref. [107], Copyright 2012. Reproduced with permission fro

s nearly symmetric. On the other hand, loops do not
ontribute to the intrinsic curvature of the AB interfaces
110,111] whereas the two shorter A blocks bend the inter-
al AB interface toward the B domain in order to enlarge
he available volume and reduce the stretching of the end
locks [19,112]. Therefore, in contrast to the corresponding
ymmetric AB diblock copolymers, interfaces in the compo-
itionally symmetric triblock copolymer system possess a
pontaneous curvature. The consequences of this effect can
e clearly seen in Fig. 4 where one exclusively observes bro-
en domains of the middle B block but not of the A domains
ormed by the end blocks on top of chemical substrate pat-
erns with Ls/L0 > 1.

Ji  et al. have studied the self-assembly of lamella-
orming PMMA-b-PS-b-PMMA  triblock copolymers
Mn = 52–94–52 kg mol−1) with a domain period of
0 = 51.5 nm on chemically patterned surfaces composed
f alternating patterned PS brushes and silicon oxide
tripes, with a variety of periods from Ls = 45 nm to 110 nm
Fig. 4) [107]. They have observed defect-free lamellar
atterns with Ls = 50–80 nm,  and these experimental
bservation have been additionally corroborated by
oarse-grained simulations. Moreover, Ji et al. have also
nvestigated the self-assembly of ABA triblock copolymers
n chemical patterns comprised of equally spaced bends
see Fig. 5) with three bending angles 135◦, 90◦, and 45◦,
Please cite this article in press as: Li W,  Müller M.  Directed self-assembly of block copolymers by chemical or
topographical guiding patterns: Optimizing molecular architecture, thin-film properties, and kinetics. Prog Polym Sci
(2015), http://dx.doi.org/10.1016/j.progpolymsci.2015.10.008

espectively [107]. ABA triblock copolymers perfectly
eplicated the chemical substrate pattern for bend angles
f 135◦ and 90◦, and defects occurred at the bending
orners for the smallest angle of 45◦. In marked contrast,

(Mn = 52–52 kg mol ) diblock copolymers and images from MC
simulations of the triblock copolymers on chemical patterns with 45, 90,
and 135◦ bend geometries. Ref. [107], Copyright 2012. Reproduced with
permission from the American Chemical Society.

dx.doi.org/10.1016/j.progpolymsci.2015.10.008
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pure AB block copolymer exhibits perfect registration only
for the largest angle of 135◦ on top of similar chemical
patterns.

In brief, DSA of pure AB diblock copolymers is able to
replicate structures that closely match the symmetry and
length scale of bulk morphologies, i.e., lines and spaces for
lamellar-forming diblocks. The tolerance with respect to a
mismatch between the symmetry or dimension of the guid-
ing patterns and the equilibrium bulk morphology of the
block copolymer is quite limited. This tolerance can be aug-
mented by increasing the contrast in interfacial energies
of the guiding pattern or using more complex copoly-
mer  materials (e.g. ABA triblock copolymers or blends).
The latter finding suggests that small change to molecular
architecture may  give rise to significant differences in DSA
performance. Thus, optimizing the molecular architecture
(e.g. using multiblock copolymers) one might improve DSA
and widen its application perspectives.

2.2. Multiblock copolymers

Other geometrically simple patterns targeted by DSA
are 2D hexagonal structures formed by perpendicularly
standing cylinders or single-layer thick spheres of composi-
tionally asymmetric diblock copolymers. These structures
find applications in fabricating quantum dot arrays for
lasers [113] or high-density magnetic domains for storage
media [114–116]. Both chemoepitaxy [17,60,102] as well
as graphoepitaxy [16,20,47,48,117,118] techniques have
been developed to fabricate defect-free hexagonal cylin-
der domains. However, square arrays, instead of hexagonal
arrays, are more compatible with semiconductor inte-
grated circuit design standards. The fabrication of square
arrays, which are not an equilibrium phase of AB diblock
copolymers or even other known AB-type block copoly-
mers, such as ABA triblock or ABn miktoarm copolymers
[109,119,120], is a challenge.

Various approaches have been attempted to gener-
ate a square array of patterns with asymmetric diblock
copolymers [63–65,121–123]. Hur et al. have conducted
numerical two-dimensional (2D) SCFT calculations on
the self-assembly of AB diblock copolymers or copoly-
mer/homopolymer blends laterally confined in square
wells aiming to obtain square lattices of standing-up cylin-
ders [64]. Using pure diblock copolymers, a square 3 × 3
lattice of nine cylinders has been stabilized by using a slow
thermal annealing process and optimizing the confining
conditions of the square well, e.g. the surface interactions
and the well size. This observation was confirmed by sub-
sequent cell dynamic simulations: the 3 × 3 square array
of cylinders is produced, while the 4 × 4 array becomes
twisted [64,123]. This finding suggests that larger square
lattice cannot be achieved by graphoepitaxy of diblock
copolymer systems. The reason is that the tetragonal struc-
ture benefits from confinement geometry and only for a
relatively small system this square-favoring surface free
energy can compensate the bulk free-energy difference
Please cite this article in press as: Li W,  Müller M.  Direct
topographical guiding patterns: Optimizing molecular archite
(2015), http://dx.doi.org/10.1016/j.progpolymsci.2015.10.008

between the square structure and the hexagonal pack-
ing that corresponds to the equilibrium structure without
confinement. A 4 × 4 square lattice of sixteen cylinders
can be formed in a mixture of the copolymer with a
 PRESS
 Science xxx (2015) xxx–xxx

homopolymer that is comprised of the same segments as
the majority component of the diblock copolymer if the
composition of the blend and the length ratio of homopoly-
mer  to copolymer are optimized. In the blends, the
homopolymer of the majority component non-uniformly
distributes and segregates to regions that otherwise would
be filled by highly stretched coronal blocks of the copoly-
mers. This balance between the loss of translational
entropy of the homopolymers and the conformational
stretching entropy of the majority block decreases the total
free-energy excess of the square structure. As the size of
square well increases, the bulk preference for hexagonal
order becomes dominant over the wall-induced preference
of the tetragonal order, and drives the cylinder domains
to form twisted hexagonal arrays. The 4 × 4 square lattice
however is still much smaller than hexagonal arrays, which
can be formed by AB diblock copolymers laterally confined
in hexagonal wells [117].

Although the square lattice of cylinders is not achievable
in unconfined pure AB diblock copolymers, it can be derived
from the bcc spherical phase because the (1 0 0) plane of
the bcc lattice exhibits tetragonal symmetry [122,124,125].
Ji et al. has demonstrated a new strategy based on this
idea to fabricate square patterns from the self-assembly
of sphere-forming diblock copolymers in thin films [122].
The critical issue is how to maintain the bulk bcc struc-
tures in thin films. The hexagonally close-packed (hcp)
array is the preferred sphere packing of block copoly-
mers in thin films with the preferential wetting of one of
the blocks of the copolymer at the substrate and the free
surface, whereas this structure transforms into the face-
centered orthorhombic phase approaching the bcc phase
with the (1 1 0) plane parallel to the substrate as the num-
ber of sphere layers in the film is increased from 5 to 23
[92,126]. Therefore block copolymer thin films with pref-
erential surfaces are not suitable for this task. Instead,
the self-assembly of sphere-forming block copolymers in
thin films with neutral/non-preferential surfaces will meet
the requirement for forming multiple layer bcc structures
with the (1 0 0) plane at the surfaces if the film thickness
is appropriate. Ji et al. have obtained bcc structures self-
assembled from sphere-forming block copolymers in thin
films with commensurate film thicknesses, nL0, where n is
an integer and L0 is the dimension of the bcc unit cell in the
bulk [122]. These bcc structures are constituted of 2n − 1
layers of spheres plus two  layers of half-spheres located
on the two  non-preferential surfaces, where each layer of
spheres exhibits a consistent square array. With the opti-
mized film thickness and surface interactions, defect-free
square patterns have been achieved by the directed self-
assembly of sphere-forming block copolymers on top of
square chemical patterns with periods 0.9L0 ≤ Ls ≤ 1.1L0.
In addition, the perfect epitaxial assembly has also been
demonstrated on rectangular spot patterns fabricating the
corresponding rectangularly arranged spheres in the (1 0 0)
plane.

Since the strategies of fabricating square patterns via
ed self-assembly of block copolymers by chemical or
cture, thin-film properties, and kinetics. Prog Polym Sci

the self-assembly of AB diblock copolymers exhibit some
disadvantages, i.e., that only limited size of square arrays
is achievable by graphoepitaxy and stringent conditions
of film thickness and surface preference are required for

dx.doi.org/10.1016/j.progpolymsci.2015.10.008
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he formation of square array of semi-spheres in thin
lms. Therefore, block copolymers with a more complex
olecular architecture, which are able to form the cylin-

er phase with the tetragonal symmetry in the bulk, may
ffer alternatives. When one chemically distinct C block is
dded onto AB diblock copolymer, ABC triblock terpoly-
ers are produced. Compared with AB diblock copolymers,
BC triblock terpolymers have more variables controlling

heir phase behavior, including variable molecular archi-
ectures (e.g. linear and star), three interaction parameters
�ABN, �ACN, and �BCN), and two independent volume
ractions (fA, fB, with fC = 1 − fA − fB). Accordingly, ABC tri-
lock terpolymers can self-assemble into a huge number
f fascinating periodic phases [1]. Abiding experimen-
al and theoretical studies have focused on exploring of
ntriguing ordered structures formed in triblock terpoly-

ers [66,67,72–80]. Even for linear triblock terpolymers,
n addition to the core–shell phases that exhibit similar
pace symmetries as those formed in AB diblock copoly-
ers, there are many other distinct phases, which are

ategorized into two types according to the arrangement
f interfaces, i.e. non-frustrated (alternative) phases and
rustrated phases where the formation of A/C interfaces
rustrates the block sequence of the polymer chain [72].
xample of non-frustrated phases formed by ABC terpoly-
ers [66,67,75] include the A/C alternative spherical phase,
here A and C spheres are arranged on the CsCl crystal

attice with the central majority block, B, filling the inter-
titial space. In the A/C alternative cylinder phase, A and

 cylinders form an alternating checkerboard pattern in a
atrix of the B block. A number of attractive frustrated

hases include 2D knitting patterns [74] and a variety of
upercylinder phases where each cylinder is decorated by
istinctive substructures, e.g. spheres, perforated lamellae,
nd single/double/triple helices [73].

From the point of view of block copolymer lithography,
he A/C cylinder phase formed by ABC linear triblock ter-
olymers or equivalent block copolymer materials, which
onsists of independent square array of A or C cylinders
hile the two alternating square arrays co-form a unique

quare lattice with a square root of two times smaller
eriod, is particularly suitable for fabricating square
atterns. Early in 1992, the square array of cylinder phase
as observed with polyisoprene-b-poly(2-vinylpyridine)-
olystyrene (PI-b-P2VP-b-PS) by Mogi et al. [66], and it
as also achieved in a blend system of AB and B′C diblock

opolymers in which the B and B′ blocks interact by finely
uned hydrogen bonding by Tang et al (see Fig. 6) [121].
n recent years, a sequence of experiments by the research
roup of Ross have been devoted to develop strategies
iming at manufacturing defect-free square domain
atterns from the directed self-assembly of ABC linear
riblock terpolymers. Chuang et al. first templated the
elf-assembly of a PI-b-PS-b-PFS (polyferrocenylsilane) tri-
lock terpolymers/PS homopolymer blend, which exhibits

 wider process window for forming square patterns
onsisting of alternating PI and PFS cylinders oriented
Please cite this article in press as: Li W,  Müller M.  Directe
topographical guiding patterns: Optimizing molecular archite
(2015), http://dx.doi.org/10.1016/j.progpolymsci.2015.10.008

erpendicular to the substrate within a PS matrix than the
ure triblock terpolymer, by trenches with untreated and
S-brush grafted wall surfaces, respectively [127]. Well
riented and ordered square arrays of PFS cylinders with
 PRESS
 Science xxx (2015) xxx–xxx 9

90◦ and 45◦ orientations of the lattice vector with respect
to the trench edge are achieved in the trenches with the
two  surface conditions, respectively. In this templated
self-assembly, the film thickness plays a critical role. Films
are rather thin and their thickness is finely tuned, whereas
a larger film thickness leads to the formation of in-plane
cylinders.

In a subsequent work, Ross and coworkers utilized addi-
tional strategies to improve the ordering of square cylinder
patterns formed by triblock terpolymer/homopolymer
blend and applied an optimized combinatorial strategy
to the directed self-assembly on two distinct patterned
substrates: rectangular sidewalls and periodic nanoposts
[128]. In order to orient the PI or PFS cylinders perpendic-
ular to the substrate in thin films, the substrate is grafted
with a brush layer that chemically differs from all three
blocks of the triblock terpolymer aiming at producing a
non-preferential surface for all three blocks. Moreover, the
polymer film is solvent annealed in a vapor with a fine-
tuned swelling ratio that modulates the chain mobility
and interaction parameters. Under these tailored condi-
tions, highly ordered square arrays of cylinders standing
on homogeneously P2VP- or PEO-brushes grafted sub-
strates are fabricated with average grain sizes larger than a
micrometer. Afterwards, the well ordered square patterns
are registered by the rectangular sidewalls and periodic
nanoposts, where the well surfaces and the bottom sub-
strate are independently chemically functionalized in order
to improve the registration quality (see Fig. 7). Single-
grain square patterns with an excessively low density of
defects are produced on the two  patterned substrates.
These studies demonstrate the application potential of
copolymer architectures beyond AB diblock copolymers in
DSA.

Defects in square patterns, which are fabricated by
DSA of ABC triblock terpolymers confined by rectan-
gular sidewalls, are more pronounced at the corners
of the cage because a corner frustrates the forma-
tion of bridge between neighboring A and C cylinders.
This problem does not occur in hexagonal patterns
formed by the self-assembly of AB diblock copolymers in
hexagonal wells [117,118], and it can be circumvented
by using AB-type copolymers, whose molecular architec-
ture has been purposely designed as to yield a stable
cylinder phase with square symmetry in the bulk. For
instance, SCFT calculations predict that AB-type block
copolymers with a pitchfork-like dendritic architecture
self-assemble into such a phase of square symmetry [129].
Since modern synthesis techniques rapidly develop, a large
multitude of multiblock copolymers with increasingly
complex architectures, including two-component AB-type
and three-component ABC-type terpolymers [4,130,131],
have been synthesized. These diverse architectures sig-
nificantly enrich the self-assembly structures of block
copolymers. To date, SCFT calculations have predicted
that morphologies, which are only metastable in AB
diblock or ABA triblock copolymers, become stable in
d self-assembly of block copolymers by chemical or
cture, thin-film properties, and kinetics. Prog Polym Sci

AB two-component copolymers with designed architec-
tures, including the A15 and � spherical phases in ABn

star copolymers [119,120] and the perforated lamellar
phase in ABn and comb copolymers [132]. These types of

dx.doi.org/10.1016/j.progpolymsci.2015.10.008
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copolymer materials offers an appealing prospect for fab-
ricating device-oriented structures.

However, it is impracticable to search for a desired
ordered phase by simply exploring the vast architecture
pool that indeed consists of infinite number of candidate
architectures with varying block numbers and topologies.
Without any valid guiding principle, the self-assembly
of block copolymers with a variety of architectures may
become only a Pandora’s box. Spherical phases formed
in block copolymers resemble the space symmetries as
atomic crystals, e.g. single-component crystals of fcc, bcc,
and A15 self-assembled by two-component copolymers,
and binary crystals of CsCl self-assembled by ABC linear
triblock terpolymers. However, significantly fewer types of
crystal structures have been observed in sphere-forming
block copolymers than in atomic crystals. In particular, the
only stable binary spherical phases formed by ABC linear
triblock terpolymers is the CsCl-type, whereas there is a
large number of binary atomic crystals, e.g. tens of binary
ionic crystals. Very recently, Xie et al. have proposed a
useful guiding principle of the molecular design of multi-
block terpolymers for stabilizing distinct stable binary
crystal spherical phases. Abiding by this design principle,
Please cite this article in press as: Li W,  Müller M.  Direct
topographical guiding patterns: Optimizing molecular archite
(2015), http://dx.doi.org/10.1016/j.progpolymsci.2015.10.008

B1AB2CB3 pentablock or AB2CB3 tetrablock terpolymers
are designed, where A and C blocks independently form
spheres acting as artificial macromolecular atoms,  AMAs in

Fig. 6. (a) Supramolecular blend of PEO-b-P(S-r-4HS) (A–B) and P(S-r-4VP)-b-PM
hydrogen bonding interactions. (b) TEM image and associated Fourier transform (in
in  (a). (c) A cartoon illustrates proposed chain packings. Ref. [121], Copyright 200
 PRESS
 Science xxx (2015) xxx–xxx

a matrix of B blocks. The effective bond length and average
magnitude of coordinate numbers (CNs) of AMAs are tuned
by the relative length of the middle B2 block to the fixed
total B composition, and the asymmetry of CNs between
A and C AMAs is tuned by the molecular asymmetry regu-
lated by the relative length between two terminal B blocks
(Fig. 8). Along the first path, the pentablock terpolymer
B1AB2CB1 is symmetric and hence forms the binary crystal
phases of equal CNs. As the relative length of the middle B2
block decreases, the distance of A/C spheres (or the dimen-
sion of the unit cell), i.e. the effective bond length, has to be
reduced in order to release the stretching of the B2 block.
Because of the fixed composition of the three B blocks, the
sphere size decreases as the decrease of the bond length,
and in turn, it induces the A/B or B/C interfacial energy to be
raised, if the crystal lattice is maintained. When the penalty
of interfacial energy becomes disastrously high, it will drive
the crystal lattice to transfer into a new one with a lower
CN which is favorable to form larger spherical domains.
Accordingly, a sequence of stable crystal phases, from CsCl
(CN = 8), NaCl (CN = 6), ZnS (CN = 4), to �-BN (CN = 3), is
predicted with the self-assembly of B1AB2CB3 pentablock
terpolymers when gradually reducing the relative length
ed self-assembly of block copolymers by chemical or
cture, thin-film properties, and kinetics. Prog Polym Sci

of the middle B2block while fixing the total B composition.
Whereas along the other paths, the terpolymer

molecules, AB2CB3 tetrablock or B1AB2CB3 pentablock

MA (B′–C) diblock copolymers that the B and B’ blocks have controllable
set) of a solvent-annealed blend film of supramolecular block copolymers
8. Reproduced with permission from AAAS.

dx.doi.org/10.1016/j.progpolymsci.2015.10.008
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Fig. 7. Left column: Highly ordered square arrays formed from the directed self-assembly of PI-b-PS-b-PFS triblock terpolymer films by rectangular
sidewalls. (a) Schematic of a square array of microdomain triblock terpolymer films within a topographical template with preferential PFS brush coated
sidewalls and non-preferential PEO brush coated horizontal surfaces. (b) and (c) SEM images of oxidized PFS domains in (b) 1.5 �m and 2 �m × 3 �m and
(c)  0.5 �m,  1 �m,  and 1.5 �m × 4 �m templates. Right column: (a) Schematic and (b and c) SEM images of ordered square arrays formed on a sparse 2D
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attice of nanoposts (b) 88 nm × 132 nm single posts and (c) 44 nm spacin
ith  a PEO brush layer and the post sidewalls are coated with PFS brush l
hemical Society.

ith nonequal terminal B blocks, become asymmetric,
nd thus self-assemble into binary crystal phases with
nequal CNs where the asymmetry of CNs is determined
y the asymmetric degree of the molecules but the aver-
ge magnitude of CNs, CN, is determined by the relative
ength of the middle B2 block. Many stable binary crys-
al phases, e.g. A1B2 (CN = 8), Li3Bi (CN = 7), CaF2 (CN =
6/3), Nb3Sn(A15) (CN = 6), TiO2 (CN = 4), ReO3 (CN = 3),
nd ˛-Al2O3 (CN = 24/5), are predicted by SCFT calcu-
ations. In addition, a lot of novel ordered non-spherical
hases are explored, e.g. helical supercylinder phases and
ierarchical gyroid phases. In particular, there are a vari-
ty of cylinder (2D crystal) phases with plane symmetries,
4mm, p3m1, p6mm,  and c2mm (there are two distinct
hases with the same plane symmetry, p4mm or p6mm),
Please cite this article in press as: Li W,  Müller M.  Directe
topographical guiding patterns: Optimizing molecular archite
(2015), http://dx.doi.org/10.1016/j.progpolymsci.2015.10.008

hich are applicable in the patterning technique of DSA.
This theoretical study serves as a good starting point

or the establishment of a platform for the fabrication
f desired structures via designed block copolymers
e posts (brighter dots). Similarly, The substrate surface is functionalized
. [128], Copyright 2011. Reproduced with permission from the American

abiding by valid design principles. Of course, the guiding
principle to tune the effective bond length and CNs in
binary crystal phases is not the only one, and more useful
design principles can be inferred from systematically
exploring and rationalizing the intriguing multitude of
bulk structures that simple two-component AB copolymer
materials can form when one allows for blending or
alternative chain topologies, (i) control of the spontaneous
curvature of internal interfaces by molecular architecture
[111,112,119,120], (ii) mitigation of packing frustration
by polydispersity [133–136]. For example, branching
feature in ABn star copolymers increases the tendency
of forming curvature toward A domains in order to
maximize the entropy of chain configurations, and hence
expands the phase region of spheres toward the direction
d self-assembly of block copolymers by chemical or
cture, thin-film properties, and kinetics. Prog Polym Sci

of the symmetric composition, where the A15 and �
phases become stable instead of the classical bcc phase
[119,120]. Combining these rational guiding principles
enables the self-assembly of designed block copolymers

dx.doi.org/10.1016/j.progpolymsci.2015.10.008
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Fig. 8. Design principle of multiblock terpolymers for binary soft mesocrystals. (a) Artificial macromolecular “atoms” (AMAs) self-assembled by linear
ABC  triblock copolymers pack into the CsCl crystal lattice. (b) AMAs formed by multiblock terpolymers can be programmed to assemble into a variety of

ee possi
 relative
emical S
crystallographic arrangements by tailoring the polymer architectures. Thr
magnitude and asymmetry of coordination numbers (CNs) by tuning the
[85], Copyright 2014. Reproduced with permission from the American Ch

into desired structures, and thus widens the application
spectrum of block copolymers in the DSA patterning
technique.

2.3. Blending and supramolecular polymer materials

Blending different polymer molecules is a convenient
strategy for designing polymer materials with distinct
properties that cannot be achieved by the corresponding
pure components. In microphase-separating copolymer
systems, blending can modify multiple properties – (i)
domain dimension (i.e., by swelling), (ii) average volume
fraction of A and B segment species (i.e., effective compo-
sition, f, of the corresponding pure copolymer system), and
(iii) molecular weight polydispersity – and thus vary the
phase behavior, e.g. stabilizing novel ordered phase or even
lead to macrophase separation.

One of the most intensively studied blends is simply pre-
pared by mixing a diblock copolymer with its constitutive
homopolymers. The phase behavior of this ternary blend,
which has been studied by SCFT [87–89,109], simulations
Please cite this article in press as: Li W,  Müller M.  Direct
topographical guiding patterns: Optimizing molecular archite
(2015), http://dx.doi.org/10.1016/j.progpolymsci.2015.10.008

[90,137], and experiments [86,138–143], is complicated
because of the interplay between macro- and microphase
separation and the importance of fluctuation effects.
AB diblock copolymers act as compatibilizer and their
ble paths are demonstrated to design series of mesocrystals with varying
 lengths among B blocks while keeping the total B component fixed. Ref.
ociety.

addition to immiscible A and B homopolymer blends can
generate a stable macroscopically homogeneous mixture
at low incompatibility. At higher �N, the ternary blend
conceptually mimics the behavior of the well-known
mixture of oil, water, and amphiphilic surfactant, and it is
able to form an intriguing microemulsion-like morphology
comprised of undulating interfaces. Thermal fluctuations
give rise to this disordered morphology that forms for
thermodynamic parameters where the bending rigidity
and tension of the copolymer-ladder AB interfaces nearly
vanishes [109,111]. The distance between interfaces
diverges in an unbinding transition [87]. Within mean-
field theory this region corresponds to the vicinity of a
Lifshitz point whereas fluctuations result in the formation
of a bicontinuous microemulsions [86,90,144]. This struc-
ture is believed to exhibit unique and useful mechanical,
electrical, optical, or barrier properties.

If only a small amount of homopolymers is added to a
block copolymer melt, the domain dimension and effec-
tive composition will be modified by selectively swelling
domains that prefer the homopolymers [89,107,145–147].
ed self-assembly of block copolymers by chemical or
cture, thin-film properties, and kinetics. Prog Polym Sci

As synthesizing block copolymers with various precise
compositions aiming at forming desired ordered phases
is difficult and costly, adding homopolymers is an inex-
pensive strategy to control the effective composition and

dx.doi.org/10.1016/j.progpolymsci.2015.10.008
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omain size within a limited range. As discussed in the
revious subsection, PS homopolymers are added into the
I-b-PS-b-PFS triblock terpolymers to facilitate the forma-
ion of the square cylinder phase [127,128]. The work by
toykovich et al. reveals that the directed self-assembly
f ternary blends of diblock/homopolymers on chemically
atterned substrates has an improved tolerance toward a
ismatch between the characteristic dimension of guiding

attern and bulk periodicity of copolymer systems [145].
ayashida et al. have successfully demonstrated the forma-

ion of a variety of polygonal tiling patterns by blending a
mall amount of A or B homopolymers into ABC star-shaped
erpolymers to tune the compositions [147].

In the self-assembly of pure AB diblock copolymers, two
mportant competing factors dictate the domain geome-
ries of ordered phases, i.e. the average mean curvature and
he standard deviation of mean curvature that minimize
he interfacial tension and the packing frustration of poly-

er  chains, respectively [58,148]. Especially, in complex
hases such as the perforated lamellar (PL), the bicontin-
ous gyroid, or the diamond phase, some macromolecules
xcessively stretch to fill space uniformly, and the second
actor becomes more pronounced leading to more stable
yroid phase rather than the PL and diamond phases. The
ddition of homopolymers to the majority domain of the
L phase and to the minority domain of the diamond phase
educes this excessive stretching, i.e. mitigates the pack-
ng frustration of polymer chains, thereby stabilizing the
orresponding phases [89,146,148–150].

Additionally, similar to surfactants that enrich at
nterfaces and thereby lowering the interfacial tension
15,50,107], homopolymer additive plays a critical role act-
ng as “defectants” [68] in stabilizing non-bulk structures
n pure block copolymer systems by preferentially aggre-
ating at high-stress regions and hence lowering the excess
ree energy. For instance, the addition of homopolymers to
ulk copolymer systems can alter the probability of defect
tructures (e.g. by lowering the cost of grain boundaries)
151].

The defectant property of homopolymers has been
articularly useful for the fabrication of irregular or
periodic structures, where domain features are usually
ighly nonuniform [15,50]. Increased packing frustration
f copolymer chains in highly nonuniform domains may
mpede perfect DSA into irregular structures. In bend struc-
ures, noticeable imperfections are present at small angles
cf. panels corresponding to 90◦ and 45◦ in Fig. 5) [107].
hese imperfections can be reduced or even eliminated
y blending certain amounts of corresponding A and B
omopolymers into the copolymer material. Experiments
nd simulations have proven the success of this strategy
y directing the self-assembly of a PS/PMMA/PS-b-PMMA
ernary blend guided on chemically patterned substrate
50] into a set of device-oriented structures like isolated
nd nested jogs as well as arrays of T-junctions.

When aiming at replicating different, spatially extended
atterns on the same waiver (e.g. structures that resem-
Please cite this article in press as: Li W,  Müller M.  Directe
topographical guiding patterns: Optimizing molecular archite
(2015), http://dx.doi.org/10.1016/j.progpolymsci.2015.10.008

le electronic circuits) each pattern requires its own
oncentration and molecular architecture of “defectants”.
lthough a “defectant” mixture may  be able to replicate

 mixed patterns in equilibrium, this strategy relies on
 PRESS
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the slow sorting of “defectants” to the respective patterns.
If the concomitant time scale of diffusive sorting were
longer than the time scale of spontaneous self-assembly,
many defects would form during the initial stages of struc-
ture formation and the elimination of these defects is
a protracted process. Supramolecular polymer materials,
in which bonds form and break reversibly, mitigate this
challenge because they constitute universal “defectants”
[68]. The supramolecular material rapidly adopts to the
DSA guiding pattern by locally and reversibly generating
the “right defectant mix” that allows the copolymer self-
assembly to form irregular structures. This local response
has two advantages: First, one does not need to finely
tune the molecular characteristics of the defectant mix, e.g.
the composition or molecular weight of the homopolymer
additives. Second, it does not rely on the slow, diffusive
sorting of the “defectants” to their respective patterns but
they are generated in place.

Polymeric supramolecules formed by complexing block
copolymers with specific functional groups via special
chemical interactions provide a powerful platform to
fabricate hierarchical nanostructures with several length
scales that allow straightforward tailoring of hierar-
chical order–disorder and order–order transitions and
the concurrent tuning of functional properties [152].
Fig. 9 presents such a molecular complexation, PS-b-P4VP
(MSA)1.0(PDP)1.0, which is built up by stoichiometri-
cally protonating the minority block P4VP with methane
sulfonic acid (MSA) to form P4VP(MSA)1.0, and then com-
plexing pentadecylphenol (PDP) to it by hydrogen bonding.
At a low temperature, T < TODTC

≈ 110 ◦C, the full com-
plexation of both MSA  and PDP to P4VP leads to the
volume fraction of the complexed block fP4VP(MSA)1.0PDP1.0

=
0.40, and hence the block copolymers self-assemble into a
hierarchical lamellar structures with two distinct length
scales, where there is sub-lamellar domains with a small
period Lc ≈ 4.8 nm aligned perpendicularly to the major
PS layers that are formed by the further microphase sep-
aration between the subgroups PDP and the backbones
P4VP(MSA)1.0 (see Fig. 9(A)). As the hydrogen bond-
ing in the complexation PS-b-P4VP (MSA)1.0(PDP)1.0 is
sensitive to temperature, the hierarchical lamellar struc-
ture in Fig. 9(A) transfers to the normal lamellar layers
in Fig. 9(B) when the second complex layer structure
undergoes an ODT at TOCTC

= 100 ◦C,. When increasing
temperature further to be above 150 ◦C, an interesting
order–order transition from the lamellar phase to the
hexagonal cylinder phase in Fig. 9(C) is occurred because
dissociated PDP molecules become miscible with PS at
increased temperatures and thus their diffusion into the
majority PS domains reduces the volume fraction of the
P4VP-contained domains. Accordingly, the temperature
response of the phase behavior directly tunes the func-
tional properties, e.g. the conductivity which is mainly
contributed by the backbone block P4VP(MSA)1.0. In the
hierarchical lamellae, the conducting nanoscale slabs are
separated by insulating PS and PDP domains, and there-
d self-assembly of block copolymers by chemical or
cture, thin-film properties, and kinetics. Prog Polym Sci

fore the macroscopic conductivity is small because of the
high anisotropic alignment in bulk morphologies. The ODT
inside the P4VP-containing layers results in an order of
magnitude increase in conductivity because disordered

dx.doi.org/10.1016/j.progpolymsci.2015.10.008
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Fig. 9. Schematic illustration of the self-organized structures of
supramolecular diblock copolymers PS-b-P4VP(MSA)1.0(PDP)1.0. (A) Hier-
archical lamellar morphologies composed of major PS layers and
composite layers consisting of alternating minor layers of P4VP(MSA)1.0

and PDP for T < TODTC . (B) Simple lamellar morphologies composed of
alternating PS and disordered P4VP(MSA)1.0(PDP)1.0 lamellae for TODTC <

T  < TOOTC . (C) Hexagonal cylinders with disordered P4VP(MSA)1.0(PDPx)
(with x � 1) cylinders within the mixing PS-PDP matrix for TODTb

< T . Ref.
[152], Copyright 1998. Reproduced with permission from AAAS.

lamellar morphologies exhibit near bicontinuous network
structures [22,23]. Finally, above the OOT leading to the
cylinder phase, the conductivity drops down because the
connection of bulk cylinder morphologies is worse than
that of bulk lamellar morphologies.

An alternative supramolecular architecture are quasi-
block copolymers that consist of AB diblock copolymers
and supramolecular B segments. The latter can reversibly
bond to any B terminus on the copolymers or B oligomers.
Please cite this article in press as: Li W,  Müller M.  Direct
topographical guiding patterns: Optimizing molecular archite
(2015), http://dx.doi.org/10.1016/j.progpolymsci.2015.10.008

Thus, a polydisperse blend of B homopolymers, AB diblock
molecules, and ABA triblock copolymers is formed [153]. As
illustrated in Fig. 10 such a single copolymer material repli-
cates different irregular patterns without defects like, e.g.
 PRESS
 Science xxx (2015) xxx–xxx

perpendicularly crossing lines (square, tic-tac-toe pattern)
that differ by up to 50% in their periodicity. Such a pattern
poses a DSA challenge for several reasons: (1) Structures
of square symmetry are found in the bulk of the mate-
rial, (2) the continuous matrix phase (lines) is formed by
the minority component, and (3) the line-crossing gives
rise to significant packing frustration because the distance
between the internal AB interfaces varies. The local adjust-
ment of the stoichiometry of the material is critical for
successful DSA. For the specific example, the composition
of the quasi-block copolymer material is 90% triblocks, 5%
diblocks, and 5% homopolymers. Unexpectedly, the pat-
tern with the larger feature size contains shorter ABA
triblocks than the small-scale structure because the shorter
copolymers locally swell of line-crossings [68]. This sys-
tem constitutes also another illustration of a complex,
two-component macromolecular architecture capable of
forming a structure with square symmetry.

3. Control film properties

Spin-coating block copolymers into thin films is a fun-
damental step for many practical applications such as DSA
patterning techniques. Accordingly, the equilibrium phase
behavior of block copolymers confined into thin films has
been extensively studied by experiment, simulation, and
theory [6,91,93,154–164].

Spin-coated films are bounded on one side by air
or vapor, i.e., the top surface is deformable. For lying
structures, e.g. lamellar sheets or cylinders oriented par-
allel to the surfaces, experiments observe the formation
of terraces [154,165]. The top film surface is not flat
but, instead, the system laterally separates into extended,
macroscopic areas of different thickness (“islands” and
“holes”). “Islands” and “holes” laterally coexists and the
corresponding film thickness adjusts accordingly (approx-
imately to multiples of the bulk periodicity).

For quasi-two-dimensional structures, which are uni-
form across the film thickness (e.g. standing lamellae or
cylinders that are most relevant for DSA), the film remains
laterally homogeneous on macroscopic scales and the local
deformability of the free surface is less important because
the free energy of the internal AB interfaces of low-� mix-
tures is typically an order of magnitude smaller than the
surface tension between polymer and vapor.

In addition to the geometry of confinement, the interac-
tion energy of the polymer components with the confining
surfaces is crucial. In addition to the surface interactions,
which are also present for mixtures of small molecules,
there are additional entropic effects associated with the
orientation of the extended macromolecules and the
enrichment of chain ends in the narrow interface between
the supporting substrate or vapor and the polymer melt
[155,156,159]. These subtle entropic contributions to the
free energy of the confined system may  affect the ori-
entation of the structures [166]. Note that geometric
confinement and surface interactions do not only dictate
ed self-assembly of block copolymers by chemical or
cture, thin-film properties, and kinetics. Prog Polym Sci

the equilibrium thermodynamic properties but addition-
ally exert a pronounced influence on the spinodal kinetics
during the initial stages of structure formation [98] (cf. Sec-
tion 4).

dx.doi.org/10.1016/j.progpolymsci.2015.10.008
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Even the phase diagram of a deceptively simple diblock
opolymer in a thin film is determined by a multitude
f variables that include the two standard parameters,
N and f, characterizing the equilibrium bulk behavior
ithin mean-field-approximation, and at least three addi-

ional parameters parameterizing the confinement—the
lm thickness and the difference of surface tensions
etween the two components of the copolymer and the top
f the film (air or vacuum) or the bottom substrate. As the
omponents of copolymer are increased, e.g. ABC triblock
erpolymers, or more additional molecules are incorpo-
ated, e.g. solvents or homopolymers, the parameter space
apidly expands.

In addition to the molecular architecture also the
Please cite this article in press as: Li W,  Müller M.  Directe
topographical guiding patterns: Optimizing molecular archite
(2015), http://dx.doi.org/10.1016/j.progpolymsci.2015.10.008

eometry of confinement can we tailored. The structures
hat form in a wedge-shaped confinement are illustrated
n Fig. 11. Another popular geometry are cylindrical

ig. 10. DSA of quasi-block copolymers on a tic-tac-toe structure comprised of
ithout defects (left image), while the kinetics of structure formation of a polydisp

n  two defects that are highlighted by ellipses in the right panel. The bottom figure
n  the quasi-block copolymer on a substrate without pattern and two square patte

ith  permission from the American Physical Society.
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nanopores, which are relevant to the fabrication of contact-
hole in semi-conductor industry and that give rise to a
fascinatingly rich set of morphologies [167–169].

The stability of copolymer structures is determined by
the combined effect of all factors—geometry and length
scale of the copolymer bulk structure that is encoded
in its molecular architecture, geometry of the confine-
ment and interactions with the film surfaces. Aiming
at fabricating targeted structures, one has to simulta-
neously optimize all these variables—this remains a big
challenge for experiments alone. Usually the block copoly-
mer  phase behavior serves as the principal guide for
experiments to fabricate desired structures. A variety of
theoretical approaches have been employed to explore
d self-assembly of block copolymers by chemical or
cture, thin-film properties, and kinetics. Prog Polym Sci

the phase behavior of distinct block copolymer materials
in thin films, including coarse–grained Monte Carlo (MC)
simulations[91,95,170–173], dynamic density functional

 two  periodicities. The quasi-block copolymer results in a morphology
erse blend of identical but frozen distribution of macromolecules results

 depicts the length distribution of homopolymers, diblocks and triblocks
rns with different periodicities, L0. Ref. [68], Copyright 2010. Reproduced
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theory (DDFT) [162,174,175], single-chain-in-mean-field
(SCMF) simulations [176–178], and SCFT [93,94,144,156].
Computer simulations and calculations are instrumental
to explore the parameter space. Moreover, optimization
strategies based on DDFT or SCFT have been utilized to
reconstruct the three-dimensional volume structure from
experimentally available two-dimensional surface infor-
mation [179].

One of the important applications consists in fabricat-
ing free-standing lamellar stripes or hexagonal cylinders
by the self-assembly of block copolymer thin films
[14,15,180,181]. For controlling the orientation of domains,
surface interactions and film thickness play a critical role. In
principle, diblock copolymers in thin films with two neutral
surfaces are able to self-assemble into perpendicular mor-
phologies regardless of film thickness [156,159]. As long as
there is only a small preference of the surface interactions,
the competition between the perpendicular structures and
others is dictated by the interplay of the surface interac-
tions and the film thickness, which may  frustrate laying
structures. Large preferences of surface interactions, how-
ever, significantly reduce the phase region of perpendicular
phases with respect to film thickness [159,162,174,175].
In experiments, neutral substrates can be prepared by
chemical functionalizations [180,181], e.g. grafting ran-
dom copolymer brushes that are composed of the same
segment species as the block copolymers [180], whereas
there is usually no simple strategy for neutralizing the
free top surface except for replacing the surrounding air
with an appropriate solvent vapor or vacuum. Thus block
copolymers that contain the blocks with near equal surface
Please cite this article in press as: Li W,  Müller M.  Direct
topographical guiding patterns: Optimizing molecular archite
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tensions with respect to air – like the model diblock copoly-
mer  PS-b-PMMA  – are particularly popular. More recently,
top coats have been devised to neutralize the preference of
the top surface for high-� materials [182,183].

Fig. 11. (a and b) Tapping mode scanning force microscopy images of thin PS-b-
chloroform vapor. The surface is everywhere covered with an about 10-nm-thick P
PB  layer. Contour lines calculated from the corresponding height images are supe
of  an A3B12A3 triblock copolymer film in one large simulation box of [352 × 32
surfaces to the B component. Ref. [162], Copyright 2002. Reproduced with permi
 PRESS
 Science xxx (2015) xxx–xxx

In contrast to neutral surfaces, preferential surfaces
can alter the phase behaviors of block copolymer thin
films more seriously not only breaking the translational
symmetry normal to the surfaces but also changing the
space symmetry by surface wetting and surface-induced
ordering [93,94,162]. Already in the simple case that
both preferential surfaces are homogeneous and identical,
non-bulk structures can be readily formed. For example,
varying the film thickness and surface preferences of a
film of cylinder-forming copolymers, one observes spheres,
perforated lamellae, and lamellae in addition to cylin-
der phases with various orientations in experiments and
simulations [91,162]. Interestingly, experiments and con-
comitant DDFT simulations observe distinct morphologies
in a single film of cylinder-forming ABA triblock copolymers
with gradually varying film thickness (at steps between
terraces) (see Fig. 11) [162]. Recently, SCFT calculations
explored the phase diagram of AB diblock copolymer films
confined by identical, B-attracting surfaces as a function
of copolymer composition and film thickness (see Fig. 12)
[93]. Twenty ordered morphologies are considered in this
phase diagram. Increasing the copolymer composition, one
observes a bulk-like sequence of equilibrium structures
and the comparison to the bulk phase diagram highlights
the impact of confinement on the OOTs. For instance, per-
forated lamellae are present not only in the region of the
bulk gyroid phase but also in that of the bulk cylinder and
bulk lamellar phases. As discussed in Section 2 an even
richer behavior can be anticipated from more complex
block copolymer architectures or in mixtures.

In DSA applications the surfaces are laterally inho-
ed self-assembly of block copolymers by chemical or
cture, thin-film properties, and kinetics. Prog Polym Sci

mogeneous in order to guide the structure formation of
the copolymer material. Ideally, the lateral symmetry and
length scale of the guiding pattern and the bulk morphol-
ogy coincide [101] (see Section 2 for further discussion) or

PB-b-PS triblock copolymer films on silicon substrates after annealing in
B layer. Bright (dark) corresponds to PS (PB) microdomians below the top

rimposed. (c) Schematic height profile of films in (a and b). (d) Simulation
 × H(x)] grid points with increasing film thickness H(x) and preferential
ssion from the American Physical Society.
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Fig. 12. (a) Phase diagram of AB diblock copolymer thin films of fixed
�N = 20 with respect to the volume fraction of the A block and the film
thickness, w, in units of Rg . Both surfaces have intermediate strength of
attractive interactions to the B blocks. The dots are calculated phase tran-
sition points by SCFT, while curves are guides to the eye, indicating the
phase boundaries. The dashed lines indicate the bulk phase transitions of
AB  diblock copolymers between sphere and cylinder, cylinder and gyroid,
and gyroid and lamella. (b) Density isosurface plots of morphologies in
the  phase diagram. When fA < 0.5, the isosurfaces of the A component are
plotted in red color, and otherwise, the isosurfaces of the B component
are plotted in green color. Ref. [93], Copyright 2013. Reproduced with
permission from the American Chemical Society. (For interpretation of
t
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state mimicking the experimental disordered morphology
he references to color in this figure legend, the reader is referred to the
eb version of this article.)

lternatively the period of the guiding pattern is an integer
ultiple of the periodicity of the copolymer structure, i.e.,

he sparse guiding pattern dictates orientation and regis-
ration whereas the self-assembling material “fills-in” the
mall-scale structure (density multiplication [17]).

Differences between the bulk structure of the copoly-
er  material and the guiding pattern are required to direct

he self-assembly into complex, device-oriented patterns
hat resemble integrated circuit layouts (cf. Section 2).
Please cite this article in press as: Li W,  Müller M.  Directe
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f, however, the symmetry or length scale of the guiding
attern substantially deviates from the bulk morphology
f the block copolymer material, the contact of the bulk
 PRESS
 Science xxx (2015) xxx–xxx 17

material with a topographically or chemically structured
surface results in the surface reconstruction of the copoly-
mer  structure. Since the free-energy differences between
candidate copolymer structures are only a small fraction
of the thermal energy scale kBT per molecule, the geome-
try of and interaction with the guiding surface exert a great
influence on the soft, copolymer material and, in contrast to
crystalline atomistic solid, in which the reconstructed zone
extends many nanometer away from the guiding pattern
often propagating throughout the entire film thickness. An
example of such a surface reconstruction at a patterned sur-
face is depicted in Fig. 13, where a lamella-forming block
copolymer is in contact with a guiding substrate that is
comprised of a square array of spots that preferentially
attract one component. The interplay between the lamellar
bulk structure and the square guiding pattern gives rise to
a complex, bicontinuous morphology in the thin film.

This example illustrates the challenge of designing
guiding patterns for non-bulk structures, in particular, if
one additionally requires the guiding pattern be sparse.
Recently Hannon et al. have developed numerical opti-
mization techniques to design guiding patterns composed
of aperiodic arrays of nanoposts using a computational
inverse design algorithm in conjunction with SCFT [54] and
Qin et al. have devised a computational evolutionary strat-
egy based on the time-dependent Ginzburg–Landau theory
to design guiding patterns for irregular structure [55] and
density multiplication [186]. In addition to these sophisti-
cated numerical methods also physical guiding principles
that underlie the surface reconstruction of periodic struc-
tures at patterned surfaces will contribute to a rational
design of DSA patterns.

4. Process-directed self-assembly: tailoring the
kinetics of structure formation

The discussion of the screening for suitable block
copolymer materials and the precise control of film
properties for the fabrication of desired structures have
been based on equilibrium considerations, however, the
kinetics of structure formation and, more generally, the
processing of the material (e.g. by solvent treatment
or thermal annealing protocols) are equally important
[19,98,187–191].

For example, in Section 2.1, the similarity of thermo-
dynamics and compression modulus of the triblock and
corresponding diblock systems suggests that the signif-
icantly larger tolerance window from −13% to +55% in
comparison with that of ±10% observed in AB diblock
copolymers is not related to the equilibrium thermody-
namics of the lamellar structure but rather a consequence
of the kinetics. Indeed, the kinetics of structure for-
mation in the triblock system is significantly slower
than in diblocks. Additionally, simulations found that the
systems assembled from two different starting configu-
rations – a fingerprint morphology initially formed on
the homogeneous neutral substrate and the disordered
d self-assembly of block copolymers by chemical or
cture, thin-film properties, and kinetics. Prog Polym Sci

before quenching – resulted in defect-free assembly only
within the range 0.9 L0 ≤ LS ≤ 1.2L0 in the former case but
defect-free assembly was achieved for 0.9 L0 ≤ LS ≤ 1.5L0 in

dx.doi.org/10.1016/j.progpolymsci.2015.10.008
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Fig. 13. (a) Surface reconstruction in a blend of lamella-forming PS-b-
PMMA copolymer with corresponding homopolymers on a square array
of  spots (with radius R = 0.2 L0 and distance � = 1.12 L0 cf. inset). In the sim-
ulation snapshot the PMMA domain has been removed and the internal
PS-b-PMMA  interface is shown in blue color. The bottom substrate is black
and the PS-rich necks that emerge from the quadratically perforated layer
at  the substrate and reach the top surface are presented in yellow color.
Ref. [184], Copyright 2006. Adapted with permission from the American
Physical Society; (b) Probability distribution of the number of neighbors
in  a Voronoi analysis of the experimentally accessible structure at the
top surface of the film. The shaded columns show experimental results
whereas the data obtained by single-chain-in-mean-field simulations are
presented by open bars. The “error bar” of the experimental results repre-
sents the variations that correspond to the size of the simulation cell. Ref.

[185], Copyright 2006. Adapted with permission from John Wiley & Sons
Inc.  (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

the latter case. Interestingly, the free energy of the defective
structure obtained with the initial fingerprint configuration
is even lower than that of the perfectly registered lamel-
lar structure when LS > 1.2L0 indicating that the defect-free
structures assembled from the disordered state are only
Please cite this article in press as: Li W,  Müller M.  Direct
topographical guiding patterns: Optimizing molecular archite
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metastable configurations [107].
In practical applications, thin films are routinely pre-

pared by spin coating or solvent casting a mixture of
copolymer and solvent onto a substrate. This process
 PRESS
 Science xxx (2015) xxx–xxx

involves rapid (uncontrolled) solvent evaporation and,
additionally, strong external fields (e.g. centrifugal forces
or flow). As a result, it is very poorly understood. Quali-
tatively, the solvent evaporates and the concentration of
the non-volatile polymer increases. In the simplest case,
the co-solvent for the components of the block copolymer
dilutes the repulsive interactions between unlike polymer
blocks [192]. As the solvent evaporates, the thermody-
namic driving force for microphase separation, quantified
by the parameter �N, increases and, if the solvent con-
centration is sufficiently small, structure formation will
begin. Importantly, the solvent also often acts as a plasti-
cizer significantly speeding up the single-chain dynamics.
These initial stages of microphase separation are critical
because they have a significant influence on the mor-
phologies during the further annealing steps and up to the
final structures. Importantly, the final structures observed
in experiments and simulations often do not correspond
to complete thermal equilibrium but rather constitute
metastable states in a complex, rugged free-energy land-
scape [95].

For instance, in order to remove defects that have
formed during the initial stages of structure formation,
the solvent-cast film is placed in an annealing chamber
filled with solvent vapor. Tuning the evaporation rate
by varying the vapor pressure one can control the ori-
entation of morphologies [187,193–195]. Perpendicular
or parallel cylinders have been experimentally observed
in cylinder-forming block copolymer films using solvent
annealing with controlled evaporation rates. However,
no consistent picture of evaporation-induced ordering in
block copolymer systems has been reached by experi-
ments. Solvent evaporation from one-component polymer
films has been studied by simulations and focused on
the formation of a dense polymer layer (skin) at the free
surface of the film [176,196] and the role of the glass
transition [197]. Recently, Paradiso et al. have studied
the ordering process of cylinder-forming block copoly-
mer  films during solvent evaporation using dynamic
SCFT [190]. They find that the orientation of cylinders
is controlled by the coupling effect of the evaporation
rate and the effective segregation degree. Perpendicularly
oriented structures tend to form under modest evapo-
ration rates and relatively weak segregation strengths.
Coarse-grained particle simulations have investigated the
interplay between solvent-dependent incompatibility and
single-chain dynamics on defect removal during solvent
annealing [191]. This study also suggested that a two-stage
solvent-annealing process might be advantageous for a
controlled and reproducible structure formation because
the first stage, at high solvent concentration, erases the
structures in the as-cast film created by uncontrolled rapid
solvent evaporation.

Temperature also has a pronounced influence on the
kinetics of structure formation. Most notably, the single-
chain dynamics critically depends on the distance from the
glass transition temperature, Tg and increasing the tem-
ed self-assembly of block copolymers by chemical or
cture, thin-film properties, and kinetics. Prog Polym Sci

perature above Tg while simultaneously avoiding thermal
degradation of polymer materials significantly accelerates
the structure formation [198]. Such a thermal treatment
can be conveniently incorporated into semiconductor
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Fig. 14. Top-down images of structure evolution of a symmetric diblock copolymer on a L/S guiding pattern at �N = 30 obtained by simulations. The lateral
system extensions are Ly = Lz = 10 L0 and the guiding pattern consists of strongly preferential, alternating A and B-attractive stripes of widths W/L0 = 1/2.
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isordered state, �N = 0. Ref. [207], Copyright 2015. Reproduced with per

ndustry production schemes. For some copolymer mate-
ials the Flory–Huggins parameter exhibits a sufficiently
trong temperature dependence so that thermal annealing
lso significantly alters the thermodynamic conditions and

 temperature increase may  even bring the system into the
isordered phase.

.1. Surface-directed spinodal structure formation

Since the transition between the disordered state and
rdered morphologies in pure diblock copolymers is only

 very weak first-order transition in the bulk [199,200],
he disordered state typically becomes unstable by low-
ring the temperature below the ODT temperature or
educing the solvent contents, and the spinodal kinetics
f phase separation starts. On a non-patterned substrate,
omposition fluctuations with a wavelength comparable
o the periodicity in the vicinity of the ODT spontaneously
row. At the end of this spinodal microphase separa-
ion, the composition attains its saturation values in the
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lock copolymer domains but the structure is riddled with
efects. In an intermediate stage of ordering, defects anni-
ilate and larger grains with a specific orientation and

ow defect-density form. Grains of different orientations
re � denotes the time a polymer diffuses a distance of its size Re0 in the
 from the Institute of Physics.

are separated by grain boundaries where defects are pre-
dominantly localized. In the final stage of ordering in the
bulk or on a laterally uniform substrate, the grain struc-
ture coarsens via grain boundary motion. This universal
mechanism has been studied by experiment, simulation,
and theory [201–206].

In DSA, the film geometry – thickness or graphoepi-
taxial confinement – or the chemical guiding pattern in
chemoepitaxy directs the spontaneous structure forma-
tion: (1) The guiding pattern determines the large-scale
orientation and registration of the copolymer structure,
thereby eliminating the last stage of the bulk ordering
process—grain coarsening. (2) A judicious design of the
guiding pattern directs the surface-directed spinodal struc-
ture formation. This initial stage is particularly important
because the early morphology templates the structure of
the later stages and can even lead to the formation of
metastable structures instead of equilibrium structures.
The importance of this surface-directed spinodal structure
formation can be illustrated by the simple example of a
d self-assembly of block copolymers by chemical or
cture, thin-film properties, and kinetics. Prog Polym Sci

lamella-forming copolymer on a guiding pattern that is
comprised of lines and spaces (L/S) (cf. Fig. 14). Eventually,
defect-free, registered, standing lamellae are formed [98],
which correspond to the equilibrium structure.
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Fig. 15. Contour plots of the composition for the system in Fig. 14,
obtained by averaging along the L/S pattern and over 10 independent sim-

ulations. The panels correspond to times t/� = 0.11, 0.22, 0.34, 0.45, 0.56,
0.67, and 0.9 from top to bottom. Ref. [207], Copyright 2015. Reproduced
with permission from the Institute of Physics.

In the example presented in Figs. 14 and 15, the spacing
of the bulk lamellar structure at �N = 30 perfectly matches
the dimension of the guiding pattern on the substrate, and
the film thickness D = (3/4)L0 maximally frustrates lying
lamellae. Nevertheless standing lamellae will not form
immediately (cf. Fig. 14). Instead the surface-directed spin-
odal structure formation will give rise to a checkerboard
pattern [208,209] that is clearly visible in the laterally aver-
aged composition profiles depicted in Fig. 15. Within a
fraction of the single-chain relaxation time �, the copoly-
mer  structure replicates the guiding pattern at the bottom
substrate of the film. On the top surface, in turn, a stripe
structure also forms. This top stripe structure, however,
has a weaker composition contrast and, importantly, it is
shifted with respect to the guiding pattern by half a period.
Thus, at the end of spinodal microphase separation, there
are two lamellar grains – a registered one at the bottom
substrate and a misaligned, shifted one at the top surface –
that are separated by a horizontal grain boundary.

As the structure formation proceeds, this grain bound-
ary moves upwards, i.e., the thickness of the aligned bottom
grain grows and the top grain becomes thinner. As the top
grain thins, the lamellar domains break up, giving rise to
lines of dots (cf. Fig. 14 that are also observed in exper-
iments [98]. Thus the DSA in a thin film on a patterned
substrate does not proceed via lateral defect motion but
via perpendicular grain-boundary motion.

This ordering process can be conceived as complete
wetting. The two grains correspond to two coexisting
phases – here, grains/phases only differ by their alignment
– and the patterned substrate prefers the aligned grain. This
preference is strong enough to induce a thick “wetting”
layer of the preferred grain at the substrate.
Please cite this article in press as: Li W,  Müller M.  Direct
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Such a horizontal grain boundary can be stabilized in
a thin film with two apposing patterned substrates. A
particularly simple situation arises if the two patterned sur-
faces consists of the same stripe pattern that are rotated
 PRESS
 Science xxx (2015) xxx–xxx

against each other by a twist angle �. In this case, a hor-
izontal, twist grain boundary is formed. The morphology
of lamella-forming block copolymers between two ortho-
gonal,  ̨ = 90◦, chemically nano-patterned striped surfaces
has been studied experimentally and such a set-up is
instrumental to control the three-dimensional structure in
a thin film [210].

The preference of the guiding pattern, �N, and the
tension (free energy per area, �gb) of the grain bound-
ary dictate whether the registered and aligned grain wets
the substrate and the ordered structure will propagate
from the substrate into the film. In a thin film with two
apposing stripe patterns, the grain boundary will be delo-
calized in the middle of the film if both substrates prefer
a thick aligned grain. If, however, the anchoring of the
orientation and registration at the guiding substrate is
only weak, the grain boundary will be localized either
at the top or the bottom substrate, i.e., it is localized
at the confining boundaries. These two  states are illus-
trated in Fig. 16. The transition between these two states is
the interface-localization–delocalization transition, and it
is intimately related to the wetting transition [212,213].
Besides small film thickness corrections, it occurs when
the surface free-energy difference of the aligned and

misaligned grain 	�∼�N  × kBT
√

N/R2
e0 is equal to the

twist-angle-dependent grain-boundary tension �gb [211].
Altering the geometric characteristics – twist angle, film

thickness and mismatch between the pattern period and
the bulk lamellar spacing – one can exert exquisite control
over the position of the grain boundary and thereby control
the three-dimensional morphology. As illustrated in Fig. 15,
it is important for DSA applications that the strength of the
guiding pattern is strong enough to be in the delocalized
state for the horizontal grain boundary, which forms in the
course of surface-directed spinodal structure formation, be
vertically pushed out of the film.

If the two-dimensional guiding pattern does not exactly
match the bulk structure in its length scale or if the guid-
ing pattern is sparse, localized defects will form in the
course of structure formation. Thermodynamically, defects
are local, metastable deviations from the perfectly ordered
structure. At intermediate segregation, the excess free
energy of defects 	Fdefect, is much larger than the ther-
mal  energy scale kBT [95]. Thus these defects cannot be
regarded as thermal equilibrium fluctuations around a per-
fectly ordered structure. This fact, 	F > 20kBT, is important
for DSA because it asserts that the equilibrium density
of defects is vanishingly small. However, the observation
of defects in experiments, in turn, indicates that they are
formed in the initial course of structure formation.

Defects interact via the long-range distortions of struc-
ture, and these strain-mediated interactions [214] give
rise to lateral motion of defects at intermediate stages of
ordering. A prototypical class of defects are dislocations.
For a more detailed discussion of defects and their rel-
evance to DSA we  refer the reader to a recent review
[19]. Dislocations attract each other if their Burgers vec-
tors point in opposite directions. If defects collide, they
ed self-assembly of block copolymers by chemical or
cture, thin-film properties, and kinetics. Prog Polym Sci

either annihilate or form a metastable tight dislocation pair.
In the latter case, the structure formation is trapped in a
long-lived metastable state. A rare thermal fluctuation is
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Fig. 16. Interface localization–delocalization transition of a horizontal twist grain boundary in a copolymer film between two  stripe-patterned surfaces
that  are rotated against each other by a twist angle ˛. The images present contour plots of the time-averaged composition of the localized and delocalized
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eeded to escape this metastable structure. Since, for large
ncompatibilities, �N, or long polymer chains, N, the over-
ll collective free-energy scale in copolymer materials is
uch larger than kBT, not only the excess free energy of a

efect but also the free-energy barrier that characterizes
ts metastability is large, and the elimination of defects is
rotracted as evidenced by the long thermal annealing pro-
ocols employed in experiments, which exceed by far the
ingle-chain relaxation time, �.

Recent theoretical studies investigated the pathway
long which defects are removed and revealed that the free
nergy barrier 	Fb of defects decreases as the incompati-
ility �N decreases [96,133,215]. Interestingly, the barrier
f removing a pair of dislocations in a lamellar stripe pat-
ern vanishes at an incompatibility, �N*, higher than the
DT, �NODT = 10.5 [96]. In the window of incompatibilities,
NODT <�N < �N*, defects are not metastable and sponta-
eously transform into a defect-free stripe pattern. At �N*,
owever, the excess free energy of a defect is much higher
han kBT, i.e., defects spontaneously annihilate and are
ot created by thermal fluctuations [96]. These thermody-
amic conditions are ideally suited for DSA.

A detailed study of the mechanism of defect annihilation
eveals that the pathway of removing a bound disloca-
ion pair does proceed via the perpendicular motion of
n interface that is the local analog of the perpendicu-
ar motion of the grain boundary during surface-directed
pinodal structure formation (cf. Fig. 15) or the interface
ocalization–delocalization transition (cf. Fig. 16). In accord

ith the wetting interpretation, the limiting incompatibil-
ty �N* increases with the strength of the guiding pattern,
hereby increasing the process window of DSA and accel-
rating the ordering process.

The detailed properties of defects are determined by a
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ombination of thermodynamics and geometry – includ-
ng commensurability between the pattern period and the
omain spacing, contrast in interfacial tensions of the adja-
ent stripes of chemical patterns to distinct blocks, film
ist angles  ̨ = 90o (m ≥ 0) and 28◦ , respectively. The positions of the twist
d by a plane. The green surfaces depicts the internal AB interfaces of the
rmission from the American Physical Society.

thickness, and molecular architecture of copolymers. The
relation between defect stability and wetting phenomena
for bound dislocation pairs, however, suggests a rather
universal mechanism and it is of interest to explore its
applicability to other structures, e.g. triangular patterns of
cylinders.

4.2. Nucleation induced defect-free domain patterns

Avoiding the occurrence of defects at the initial stage
by tailoring the kinetic process provides an ideal strategy
of fabricating defect-free patterns without a long period of
defect annihilation. As alternative to surface-directed spin-
odal ordering, this basic idea can be realized via classic
nucleation process that leads to epitaxial growth of sin-
gle crystals from a metastable disordered phase (gas or
liquid state), or of ordered structure of lower space sym-
metry from that of higher space symmetry. Specifically,
the ordered phases of block copolymers exhibit similar
characteristics as crystals, and therefore the concept of
nucleation also holds for spatially modulated structures
of block copolymers. For example, there is a first-order
transition between the spherical phase and the disordered
phase in the phase diagram of diblock copolymers [57].
Considering the effect of thermal fluctuations, even ODT
between the symmetric lamellar phase and the disordered
phase is first-order [200] albeit very weakly. When the dis-
ordered phase becomes metastable, the ordered spherical
phase emerges via nucleation from the metastable disor-
dered phase via a thermally activated process. Hashimoto
et al. have observed the formation of isolated lamellar
grains nucleated from the disordered state with a near
symmetric PS-b-PI diblock copolymer [216], and they have
also verified the nucleation process by the TDGL simula-
d self-assembly of block copolymers by chemical or
cture, thin-film properties, and kinetics. Prog Polym Sci

tion based on the Swift–Hohenberg free energy functional
[217].

The free energy barrier 	Fb of forming a critical nucleus
of the stable structure is determined by the bulk free
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energy difference and the interfacial energy between the
stable crystal phase and the disordered phase. According
to classical nucleation theory, the nucleation rate, defined
by the probability of having one nucleation event in a
unit volume per unit time, is proportional to the expo-
nential term exp(−	Fb/kBT). Typically, nucleation events
occur at a random position and at a random time. When
	Fb is smaller than or comparable to thermal fluctua-
tion energy kBT, small fluctuations spontaneously grow
and form ordered domains everywhere, i.e., structure for-
mation proceeds via spinodal microphase-separation. In
the absence of guiding patterns, structures formed via this
spinodal mechanism often lack long-range order because
thermal fluctuations at different positions simultaneously
form multiple grains that do not have coherent locations
and orientations. When the free energy barrier, 	Fb, is
increased to be significantly higher than kBT, nucleation
becomes a rare event, and the reduced nucleation rate
leads to the formation of structures composed of a small
number of spatially extended grains. Thus, the density of
defects that are chiefly located at grain boundaries is sig-
nificantly lowered. This rational argument suggests that we
can reduce the defect density by decreasing the nucleation
rate and thus forming fewer but larger grains. However, a
lower nucleation rate, in turn, requires a longer incubation
time that is required for a nucleation event to occur in a
given sample. Therefore, structures on a macroscopic scale
formed via spontaneous nucleation and growth are usually
polycrystalline because it is unusually difficult and imprac-
tical to reduce the nucleation to a level where only a single
nucleation event occurs in a macroscopic sample.

The nucleation in the absence of guiding patterns ran-
domly occurs with a spatially uniform rate and is referred
to as homogeneous nucleation. Homogeneous nucleation
is hardly applicable to DSA because the time and location
of nucleation events are random. Besides the activation
of thermal fluctuation in homogeneous nucleation, exter-
nal media, e.g. inclusions and specific boundaries, can
be utilized to trigger nucleation events that are referred
to as heterogeneous nucleation. In contrast to homoge-
neous nucleation, heterogeneous nucleation events can be
controlled in time and space. Based on controllable hetero-
geneous nucleation, Xie et al. have proposed a new strategy
to fabricate defect-free hexagonal cylinder patterns, and
have demonstrated the feasibility of this strategy with
sphere-forming block copolymer/homopolymer blends
using TDGL simulations [97].

There are a number of critical conditions in the new
strategy: (i) coexistence of stable ordered phase and
metastable disordered phase, (ii) tunable nucleation rate
that the stable ordered phase is nucleated from the
metastable disordered phase, (iii) controllable heteroge-
neous nucleation leading to the formation of multiple
ordered grains with unique orientation and commensurate
locations. The intrinsic feature of the first-order transition
between the ordered spherical phase and the disordered
phase in compositionally asymmetric diblock copolymers
Please cite this article in press as: Li W,  Müller M.  Direct
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ensures the coexistence of the stable spherical phase and
the metastable disordered phase. As the metastability
region of the disordered phase with respect to the tempera-
ture for a specific copolymer is limited in the phase diagram
 PRESS
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of neat diblock copolymers [218], the AB diblock copoly-
mer/C homopolymer blend, in which A block is minority
and C homopolymer is B-selective, is used instead. In the
binary blends, the composition of C homopolymer 
̄C is var-
ied to regulate the stability of the disordered phase and thus
to control the nucleation rate (Fig. 17). In 2D simulations,
spherical and cylindrical domains are indistinguishable. In
fact, perpendicular cylinders can be formed in thin films of
sphere-forming block copolymers when the two  surfaces
are neutral and the film thickness is significantly smaller
than the domain spacing [219,220]. As decreasing the com-
position of C, the nucleation rate related to the number of
grains formed at the initial stage decreases, and concomi-
tantly the incubation time increases. Accordingly, the order
of cylinder patterns is gradually improved as decreasing
the composition of C homopolymers. Note that, although
there is only single nucleated grain in the entire sample
when 
̄C = 0.03, it is not guaranteed that one, and only
one, nucleation event will occur in a much larger sample
with a macroscopic size. Nevertheless, it is unfeasible to
obtain a single nucleated grain that grows up to occupy
the entire sample and thus to form defect-free domain
patterns.

Sparsely periodic spot arrays of chemical patterns on
substrates are able to act as the nucleation agents simulta-
neously inducing heterogeneous nucleation event on each
nucleus. Fig. 18(a) indicates that each nucleation agent,
formed by a potential well attracting to the minority block,
induces a cylinder of the minority blocks at the loca-
tion of the nucleation agent as soon as the potential is
switched on [97]. Each induced cylinder can then act as
the core of the nucleus, thus eliminating the incubation
time and successfully activating the nucleation growth.
During the growth course, there is no spontaneous nuclea-
tion event occurred indicating that the nucleation rate is
low enough to suppress homogeneous nucleation. Domain
grains nucleated from the periodic array of potential spots
exhibit random orientations due to the isotropic nature of
the circularly symmetric nucleation agent, and therefore
they still form polycrystalline domain structures at the end
of the growth process because of their mismatched ori-
entations (Fig. 18(b)). In order to take advantage of the
full potential of multiple nucleation agents, it is essential
to design an anisotropic unit of nucleation agent that is
capable of controlling both the position and orientation of
an ordered domain grain. As a demonstration, the simple
double-spot potential on a sparsely periodic array has the
capability to induce one nucleus at a given position and
with a given orientation (Fig. 18(c)). Therefore the array
of induced domain grains are coherent in that their pos-
itions are commensurate with the ordered block copolymer
phase and their orientations are uniform. The growth of
these coherent grains leads to the formation of a defect-
free pattern. Here the period of the nucleation-agent array
can be as large as tens of times of the domain spacing,
exhibiting a density multiplication much higher than the
reported limit, 25 [16,61]. Furthermore, it has been demon-
ed self-assembly of block copolymers by chemical or
cture, thin-film properties, and kinetics. Prog Polym Sci

strated that the six corners of a hexagonal well are able to
act as nucleation agents triggering nucleation events whose
growth leads to perfectly ordered hexagonal patterns in the
entire well [221].
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Fig. 17. Density configurations of A blocks for various homopolymer compositions of 
̄C at the initial nucleating stage (left column) and at the late stage
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The patterning approach via heterogeneous nucleation
nduced by multiple nucleation agents is versatile due
o a vast classical nucleation knowledge. For instance, a

ultitude of types of nucleation agents can be chosen,
0 and (b) t = 20,000 for 
̄C = 0.050; (c) t = 30,000 and (d) t = 90,000 for
right column, their orientational order is indicated by the bottom color
7], Copyright 2013. Reproduced from the Royal Society of Chemistry. (For
d to the web version of this article.)
d self-assembly of block copolymers by chemical or
cture, thin-film properties, and kinetics. Prog Polym Sci

such as sidewall surfaces and geometrical corners in topo-
graphical patterns. Furthermore, the idea of fabricating
defect-free patterns on large scale via nucleation pro-
cess is not limited to the case of a stable ordered phase
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Fig. 18. Snapshots of density configurations of morphologies formed by the heterogeneous nucleation process that proceeds via the induced nucleation of
the  stable ordered cylinder phase from the metastable disordered state by the sparsely period array of potential spots. The concentration of homopolymers
is  set as 
̄C = 0.03 leading to a reasonable low nucleation rate that is able to suppress homogeneous spontaneous nucleation events during the growth
period  of the induced nucleation grains. (a) and (b) The unit of nucleation agent is acted by the circularly symmetric spot inducing nucleated domains with

logy. (c
erent n
2013. R
random orientations and hence still resulting in a polycrystalline morpho
a  separation equal to the domain spacing of the bulk cylinder phase. Coh
Potential spots are highlighted by black filled circles. Ref. [97], Copyright 

nucleated from a metastable disordered phase, while it
can be extended to more general situations, i.e. a stable
ordered phase nucleated from another metastable ordered
phase. In experiments, Sota et al. have prepared large-
scale ordered morphologies of bcc spheres via nucleating
sphere domains from highly aligned hexagonal cylinders,
and the nucleation process is triggered by a temperature
jump [222]. Therefore the introduction of heterogeneous
nucleation concept might open a new perspective for the
patterning technique of DSA.

5. Perspectives

Directed self-assembly of block copolymers (DSA) on
patterned substrates has attracted abiding theoretical and
experimental interest for its perspective as one of the
most promising patterning techniques at the nanoscale.
Please cite this article in press as: Li W,  Müller M.  Direct
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As a consequence, great efforts have been directed to
systematically develop experimental protocols as well as
an understanding of the underlying physics. Using the
model diblock copolymer, PS-b-PMMA, previous studies
) and (d) The unit of nucleation agent is replaced with double spots with
ucleation grains are induced giving rise to defect-free cylinder patterns.
eproduced from the Royal Society of Chemistry.

demonstrated the successful fabrication of defect-free pat-
terns of lines and spaces or triangular arrangement of
cylinders via chemoepitaxy or graphoepitaxy, and even
irregular device-oriented structures have been replicated.

To address requirements for potential applications in
nanotechnology, efforts are directed to fabricate nano-
structure with smaller characteristic dimension or more
complex structures. In this review we have discussed three
aspects that may  contribute to the development of nano
patterning techniques: (i) optimizing the equilibrium ther-
modynamic properties of DSA materials by selecting the
molecular architecture like ABA triblock copolymers, to
ABC linear or star triblock terpolymers, and even to more
complex multiblock copolymers (ii) controlling the film
properties such as film thickness as well as geometry of
guiding pattern and surface interactions, and (iii) tailoring
the kinetics of structure formation.
ed self-assembly of block copolymers by chemical or
cture, thin-film properties, and kinetics. Prog Polym Sci

Additional open questions include inter alia:

(i) Further miniaturization of structures implies that
guiding patterns will be sparse or will have larger
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dimensions than the structure formed by the copoly-
mer  (density multiplication). In this case the guiding
pattern merely directs the large scale orientation
and registration. For the experimental fabrication of
defect-free stripe pattern by lamella-forming block
copolymers on chemical patterns the highest density
multiplication is 4 [45], and it does not exceed 25
for the fabrication of hexagonal cylinder patterns via
graphoepitaxy [16]. Additional progress, however, is
required to fully exploit this concept and to achieve
larger factors of density multiplication.

(ii) Metastable structures are typically formed in the
course of block copolymer self-assembly. The single-
chain dynamics of macromolecular materials and the
large free-energy scale of systems with a large degree
of polymerization imparts a protracted lifetime onto
these metastable state such that they can be eas-
ily trapped and stabilized. Tailoring the kinetics of
structure formation by guiding patterns on the film
substrate or temporal variations of the thermody-
namic process conditions (e.g. temperature or solvent
pressure) offers ample opportunities to direct the
kinetics of microphase separation, which have only
recently been exploited.

iii) In the practical application of fabricating integrated
circuit layouts, different geometric structure are usu-
ally demanded, e.g. structures that consists of domains
of dot arrays and lines-and-space patterns. The char-
acteristics of block copolymer materials dictates that
microphase separated structures are dense, periodic
structures whose domain dimension and geome-
try is on the same order of magnitude as the
molecular dimensions (e.g. end-to-end distance, Re0).
Hierarchical structure formation comprised of con-
trolled macrophase separation of a macromolecular
blends guided by substrate patterns and subsequent
microphase separation might offer an approach for
fabricating structures with large areas of different
small-scale structures.
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