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Microphase Separation of Block Copolymer
Thin Films

Jilin Zhang, Xinhong Yu, Ping Yang, Juan Peng, Chunxia Luo,
Weihuan Huang, Yanchun Han*

Today, high-ordered micro- and nano-patterned surfaces are widely used in many areas, such
as in the preparation of super-thin dielectric films, photonic crystals, antireflective films,
super-non-wetting surfaces, bio-compatible surfaces and microelectric devices. Considering
the critical fabrication conditions and the irreducible high cost of the photolithography
technique in patterning nano-scale structures (<100nm), the development of other micro-
and nano-patterning techniques that can be used to fabricate long-range ordered features —
especially nanoscale arrays — is a promising subject in surface science. In contrast to the
traditional photolithography patterning technique, block copolymers can spontaneously
phase separate into arrays of periodic patterns with length-scales of 10-50 nm, which provides
an efficient pathway to pattern nanoscale features. Today, preparing long-range ordered
arrays by block copolymer microphase separation is one of the most promising techniques for
the fabrication of nanoscale arrays, not only being
a simple process but also having a lower cost than
traditional methods. In this feature article, we
first summarize the many techniques developed
to induce ordering in the microphase separation
of the block copolymer thin films. Then, evolution,
order—order transitions and reversible switching
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great interest in many areas, as they can be applied as
catalysts, photonic band-gap materials, optical stop-bands,
sensors, microreactors, combinatorial arrays, microelec-
tromechanical systems (MEMS), and microanalytical sys-
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However, the cost for these improvements and the critical
fabrication conditions restrict growth unavoidably, espe-
cially in patterning nanofeatures. Given current under-
standing, it is not anticipated that state-of-the-art 193 nm
immersion lithography can be extended beyond the 22 nm
node.*# Thus, prospective replacement technologies —
such as extreme UV lithography and nano-imprint
lithography — have emerged. These alternatives still face
some significant technical hurdles and so it is difficult to
predict their future in the fabrication of micro-/nano-
devices.

Microphase separation of block copolymers (BCPs) can, in
principle, provide arrays of periodic patterns with length-
scales of 10-50 nm, via a simple and low-cost process.” In
contrast to the traditional lithography technique, micro-
phase separation of the BCP thin films has two main
advantages. Firstly, it is easier on the fabrication process
equipment, and also more robust since the patterned
polymer surfaces can be used as models to pattern other
organic and inorganic surfaces, which cannot be patterned
directly in the fabrication of micro-optoelectronic devices.
Secondly, phase-separated polymer surfaces have many
special applications in multi-disciplinary research, such as
organic/bio-molecule purification, separation and adsorp-
tion by porous polymer films[®! drug portability and
delivery,V and low-dielectric-constant microelectric
devices,® etc. Therefore, polymer phase separation is
considered to be a promising pathway towards micro-
fabrication of specific size and surface compositional
patterns in polymer science. In this feature article, we will
summarize the progress of designing well-ordered micro-
phase separation features in BCP thin films, which is a
simple and convenient technique in the fabrication of
nanoscale arrays.

Usually, microphase separation features of the BCP thin
films depend on some traditional parameters, such as
segregation strength (xN),°*® film thickness (d),*”
annealing temperature (T)*® and substrate (Sub),*” etc.
However, the nanofeatures controlled by these traditional
parameters are usually lacking of good order, which
restricts their applications in patterning. Therefore, obtain-
ing high-ordered microphase separation arrays is the most
important issue in researching BCP microphase separation.
In the following section, we will summarize some
orientation techniques, which are promising for the
achievement of high-ordered nano-features.

Ordered Engineering of Microphase
Separation of BCP Thin Films
Thermal Annealing and Temperature Gradient

In a disordered BCP system, when the segregation strength
(xN) is above ~10.5 — a critical value for BCPs — the
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disordered system tends to phase-separate into an
“ordered” state.*>2°) This transition is termed an order—
disorder transition (ODT), and the transition temperature at
which point this phase transition occurs is designated the
order—disorder transition temperature (T4). For a given BCP
system, since x is dependent on the temperature and
gradually decreases with the external temperature (7),
thermal-annealing is efficient in inducing the microphase
separation of BCPs.

In a BCP thin film, the microphase separation feature is
strictly governed by the film thickness (d) during the
thermal annealing. Limary and Green!*®! researched
a series of symmetric polystyrene-block-poly(methyl
methacrylate) (PS-b-PMMA) thin films having different
thickness and microphase separation above Ty They
found films dewetted on the silicon substrate, and formed
bi-continuous spinodal-like patterns when the film thick-
ness was below 3.5 nm (d < 3.5 nm). With the film thickness
increasing to the range of 3.5nm <d < 7nm (d;), discrete
holes appeared randomly throughout the film. When the
film thickness increased tothe range 7nm < d < 35 nm (dy),
autophobic behavior occurred in the film, whereby the
top layer of thickness (d — d;) dewetted a dense “brush” of
ordered copolymer of height d; anchored to the silicon
substrate. Figure 1 shows the final surface features as
a function of the initial film thickness after thermo-
annealing,*®! which includes a bi-continuous spinodal
pattern (dp<d <19nm), discrete holes (19nm <d <dy),
and stable smooth films when d exceeds 35 nm.

From Limary and Green’s point-to-point research,*® the
relationship between BCP microdomains and the film
thickness was discovered in part, when the thin films were
annealed above T4. However, the microphase separation of
BCP thin films is a complex phenomenon and the relevant
parameter space is rather large, including the chain length,
etc. To avoid the hard process of fabricating a large number
of different BCP films with different thicknesses, Smith
et all? ingeniously prepared a series of grad-thick
symmetric PS-b-PMMA thin films with varying molecular
mass (M) (Figure 2, top), and thermo-annealed the samples
in a temperature gradient, which was orthogonal to the
thickness-gradient direction (Figure 2, bottom). In contrast
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temperature above the T4. The topography of the films prior to annealing is flat."®! Copyright 1999 American Chemical Society. Reproduced

I Figure 1. Surface feature as a function of initial film thicknesses in PS-b-PMMA diblock copolymer. These films were annealed at 170 °C, a
with permission.

to the microdomains at the different
points, a series of relationships between
microphase separation features and the
film thickness (d), annealing temperature
(7), annealing time (t) and the molecular
mass (M) were discovered, which might
be incorporated into a proposed theory of
pattern formation in generic lamellae-
forming films.

Furthermore, temperature-gradient
heating (also called “zone heating”) can
be employed to orient the microdomains
of the BCP thin films, which was firstly
performed by Hashimoto et al.?2?*] They
achieved the orientation of the lamellar
microdomains in a PS-block-poly(iso-
prene) (PS-b-PI) BCP thick film via anneal-
ing in a temperature gradient. Subse-
quently, Berry et al®*! applied a
temperature gradient to anneal thin
films of PS-b-PMMA. Their results showed
that the defect density of the cylindrical
microdomains in PS-b-PMMA thin films
decreased significantly with decreasing
velocity under a given temperature
and temperature gradient (Figure 3).
Recently, Hashimoto et al.?*! applied a
moving temperature gradient field to the
BCP, forming a hexagonally-packed
cylindrical (hex-cyl) microdomain which
developed into unique columnar grains
macroscopically extended along the gra-
dient axis. They found both the cylinder

axis and the (100) plane of the hex-cyl
Figure 2. Top: Optical micrograph obtained from a block copolymer thin film gradient  microdomain were normal to the gradi-
that varies from 2.5 Lo to 3.5 Lo, where Lo is a lamellar period. Arrows designate the . .
. : : . ent axis, and the rotational angle of the
approximate locations of: A) 53nm film, and, B) 8onm film along this continuous ] . .
morphology variation. Bottom: a temperature (T) gradient orthogonal to the thickness- cylinder around the gr'acpent axis was
gradient PS-b-PMMA film.2") Copyright 2007 American Chemical Society. Reproduced ~ fixed. However, by tilting the glass
with permission. substrate at an angle of 45° with the
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Figure 3. AFM phase images and cylinder orientation maps of PS-b-PMMA thin films annealed with push velocities of a) 100, b) 40, ) 5, and,
d) 1um-s7.124! Copyright 2007 American Chemical Society. Reproduced with permission.

respect to the gradient direction, the moving temperature
gradient itself could create the columnar grain feature
without any dependence on the glass surface-induced
ordering effect, which meant the moving temperature
gradient field became the dominant effect over those of the
glass surface-induced field.*®! At present, temperature-
gradient annealing remains a potential technique to create
highly ordered microdomains over a large area, which is
deeply, but not solely, governed by the uniformity and the
gradient value of the applied temperature gradient and the
annealing time.

Solvent-Vapor Annealing

Thermal annealing is a common method used to induce
microphase separation in BCP thin films when the
molecular mass of the BCPis not excessively high. However,
if the polymerization degree (N) of the BCP is too large, the
order—disorder transition temperature (Tg) increases
greatly. Thus, the thermal annealing method is not as
efficient for a high molecular weight BCP as on a lower
molecular weight counterpart. At this time, solvent-vapor
annealing has been proven in experiments to be another
efficient method to induce microphase separation with
long-range order in BCP thin films.[?’~¢! For example, Kim
et al*®! annealed PS-block-poly(ethylene oxide) (PEO) thin
films in an atmosphere containing benzene vapor for 48 h,
which greatly reduced the formation of defects and yielded
arrays of cylindrical microdomains with long-range lateral
order in the film.
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When an amorphous BCP thin film is exposed to a solvent
vapor, the surface absorbs a monolayer of solvent
molecules, which changes the film boundary condition in
the air. Moreover, each solvent vapor has a different
selectivity to the segments of the BCPs; correspondingly,
the microphase separation features are strictly dependent
on the selectivity of the solvent vapors. For example, Peng
et al®”! studied the microdomains of symmetric PS-b-
PMMA thin films after annealing the films in several
solvent vapors having different selectivities (Figure 4).
Upon neutral tetrahydrofuran (THF) vapor annealing, in
which PS and PMMA showed an equal degree of swelling,
the film showed terraced features (surface-parallel lamel-
lae). Upon PS-selective CS, vapor annealing, the PMMA
block formed aggregates, while the PS block surrounded the
PMMA aggregates as a shield to avoid the unfavorable
PMMA-solvent contact. Finally, upon strong PMMA-
selective acetone vapor annealing, the strong tendency of
acetone molecules to swell the PMMA blocks yielded the
uprising of the PMMA blocks and destabilized the film to the
point of dewetting. The uprising PMMA block perforated
the upper PS-rich layer at the nanoscale and migrated to the
surface in a hexagonal array, as a response to the acetone
attraction. As is well know, the thin-film morphology is
determined to a large extent by the competition between
the mobilities of the PS and PMMA blocks, which are
influenced by the degree of swelling of the polymer films. In
the case of a higher PMMA degree of swelling, the driving
force that attracts the PMMA block upward is stronger.
Therefore, the PMMA block perforates the PS-rich layer
directly and migrates to the surface, resulting in a
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Figure 4. AFM images of symmetrical PS-b-PMMA film morphology after annealing in different solvent vapors.37 Copyright 2006 American

Institute of Physics. Reproduced with permission.

hexagonal array of depressions. On the other hand, in the
case of a lower PMMA degree of swelling, the attraction of
PMMA by acetone vapor is relatively weaker and therefore
the aggregation of PS blocks dominates. The PS blocks
aggregate to form spherical cores to avoid the contact to
acetone, and the PMMA blocks form a layer around the PS
cores, resulting in an array of spheres.

Orientation of Microphase Separation by Control of
Crystallization

Crystallization can induce the orientation of micro-
domains in semi-crystalline BCPs, which is usually
combined with other techniques, such as oscillatory shear,
wetting—dewetting, and epitaxy, etc.?8 For example, in
semi-crystalline BCPs, oscillatory shear can induce the
molecule chain orientation of the confined crystals in the
BCP microdomains.[*7#*! Cheng et al. studied the oscilla-
tory shear induced orientation of the crystalline PEO block,
forming microphase separated lamellar,**! cylindrical'?!
and hexagonally perforated arrays*=°! in PS-h-PEO BCP
systems. They found the chain orientation of the PEO block
depends on the crystallization rate (or crystallization
temperature); that is, with a fast crystallization rate (low
crystallization temperature), the orientation was random;
otherwise, the chain axis of the PEO block was configured
parallel to the surface normal of the microphase-separated
domains when the crystallization rate was slow (e.g,
crystallization during high-temperature annealing).
Wetting—dewetting of BCP thin films can be used
to influence the microdomain orientation when also
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combined with crystallization in semi-crystalline
BCPs.“*47] For crystal growth rates higher than 1nm-s—*
in a microphase-separated structure, a lamellar micro-
domain structure perpendicular to a non-crystalline
silicone oxide substrate was found in a thin film of
hydrogenated polybutadiene (PB) (amorphous)/PEO
(semi-crystalline) BCP”! (Figure 5, left). Moreover, the
crystallization of the PEO block occurred at wetting—
dewetting boundaries, such as three-phase contact lines
generating lateral alignment of the perpendicular lamellae
over a short distance.

Epitaxy, which is defined as the growth of a crystal of one
phase on the surface of that of another phase in one or more
strictly defined crystallographic orientations, can also be
used to influence the microdomain orientation when
combined with crystallization in semi-crystalline
BCPs.*87°% In epitaxial growth, a crystallizable solvent,
such as benzoic acid, serves as a solvent for a semi-
crystalline BCP when the temperature is above the melting
point (T,,) of the solvent and becomes a substrate onto
which the crystallizable block can orient when the block is
cooled below the solvent’s melting point. Using epitaxy to
control the spatial and orientational order of BCP micro-
domains was initially introduced by de Rosa et al. They used
epitaxy to control the molecular and micro-domain
orientation of a poly(ethylene)-block-poly(ethylene propy-
lene)-block-polyethylene (PE/PEP/PE) semi-crystalline tri-
BCP thin filmP* (Figure 5, right). In order to apply this
technique to BCPs, the semi-crystalline BCPs need to have at
least one crystalline block capable of interacting with the
solvent crystalline surface. At this time, epitaxy between a
crystalline block and a crystalline substrate has been shown
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Figure 5. Left: AFM phase images from thin di-BCP films crystallized at different temperatures. The size of the images is 400 x 400 nm?.47]
Copyright 1999 American Physical Society. Reproduced with permission. Top right: Schematic model showing the crystalline and amorphous
microdomains in the PE/PEP/PE block copolymer epitaxially crystallized onto BA. Epitaxial relationship shows the relative orientation of the
polyethylene lamellae on the benzoic acid. (100)PE//(001)BA, cPE//aBA and bPE//bBA. Bottom right: TEM (110) dark field image of a thin film
of PE/PEP/PE BCP epitaxially crystallized onto BA crystal. The bright regions correspond to the crystalline PE lamellae in the Bragg
condition.’” Copyright 2000 American Chemical Society. Reproduced with permission.

to be an excellent approach to form highly aligned edge-on
crystalline lamellae in both lamellar and cylindrical micro-
domains formed from semi-crystalline BCPs.

Orientation of Microphase Separation by Template
Guiding

Graphoepitaxy

Graphoepitaxy (also called template guiding), which
supplies a topographic confinement to the BCP thin films,
is a simple and convenient method to induce well-ordered
microphase separation features. Kramer et all®?! first
performed this technique by using topographically pat-
terned substrates, which were fabricated by photolitho-
graphy and chemical etching. Recently, it has been found
that the wetting properties of the bottom and sidewalls of
the trench, trough or well can govern the alignment
orientation of the lamellar micro-domains in microphase
separation. For example, Park et al.l** found that when the
bottom surface of the trench was neutral to both PS and
PMMA micro-domains, in addition to a sidewall which was
selective to one of the blocks, a parallel orientation of
lamellar micro-domains could form on the selective side-
wall surface, while a neutral sidewall gave a perpendicular
orientation (Figure 6, top left). Cheng et al.®* documented
that this parallel orientation of lamellar microdomains to
the sidewalls can also be achieved under non-equilibrium
conditions, by using a BCP hybrid containing an organo-
silicate. Very recently, Park et al.®*! used two levels of
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topographical guiding patterns to register the microdo-
mains of PS-b-PMMA lamella and found that the film
thickness at the vertical face of the guiding patterns was the
key parameter for ordered structures, while the difference
between surface tensions of the two blocks provided an
energetic mechanism for precise registration of the
lamellae (Figure 6, top right).

Besides controlling the selectivity of sidewalls, pre-
patterned substrates can also induce well-ordered micro-
domains. Kim et al.l*® recently observed that perpendicular
lamellae orient across the lines, yielding a crossbar
nanostructure with self-assembled lamellae of approxi-
mately 20nm half-pitched by using a grating of lines
produced lithographically on a substrate. Since this
perpendicular lamella alignment is energetically invariant
to translation of the microdomains parallel to the ridges,
precise registration of the microdomains relative to the
guiding patterns is difficult (Figure 6, bottom left).

These microphase separation features prepared via
template guiding can be used to array metals or semi-
conductors. Recently, Jeong et al.l>”) used the soft graphoe-
pitaxy method to prepare a serious of ordered sub-30 nm
scale microphase separation morphologies (surface per-
pendicular or parallel lamellar or cylinder, vertical hex-
agonal cylinder and concentric cylinder) by self-assembling
PS-b-PMMA thin films under a disposable topographic
confinement. The ordered microphase separation features
provided an efficient and scalable route to various
functional nanostructures, such as metal and semi-
conductor nanowire arrays (Figure 6, bottom right).

DOI: 10.1002/marc.200900541
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Figure 6. Top left: Lamellar microdomains of PS-b-PMMA on topographically patterened substrates. a) Gold (PS selective) sidewalls and
neutral bottom, b) SiO, substrate, and, c) neutral sidewalls and bottom.s3! Copyright 2007 Wiley-VCH Verlag GmbH & Co. KGaA.
Reproduced with permission. Bottom left: SEM image of the lamellae on a substrate containing corrugated patterns. The horizontal and
vertical lines are lamellae and substrate corrugation from e-beam lithography, respectively.5®! Copyright 2008 Institute of Physics.
Reproduced with permission. Top right: AFM images and Monte Carlo simulations of lamellae-forming block copolymer thin films on a
substrate similar to the experiment.l55) Copyright 2009 American Chemical Society. Reproduced with permission. Bottom right: SEM images

of oriented microdomains by soft graphoepitaxy.5”! Copyright 2009 American Chemical Society. Reproduced with permission.

Directional Casting

Guiding the direction of solvent evaporation would lead the
solvent tohave an orienting flow within a droplet of the BCP
solutions, due to convection;*®°%) the BCP depositing from
the droplet will then tend to phase-separate in an oriented
manner. Therefore, directional casting is also an efficient
technique to create ordered BCP microdomains. Kimura
et all®® obtained highly oriented arrays of cylindrical
microdomains of PS-b-PB by using the flow of a pinned
solution droplet on a tilted substrate coupled with solvent
evaporation. Due to a strong “bottom-to-top” directional
flow of the solvent, the microphase separation of PS-b-PB is
highly oriented, and the ordered feature is over tens of
microns (Figure 7, left). Subsequently, Tang et al.l®*) evolved
this technique by using a flat nozzle (equipping a syringe)
onto a moving substrate. By controlling the substrate’s
moving speed and the evaporation temperature, poly(n-
butyl acrylate)-block-polyacrylonitrile (PBA-b-PAN) di-BCP
could not only have an oriented microphase separation
feature, but also various film thicknesses from 100 nm to
1pm (Figure 7, right). Besides the film thickness, the size
and the separation distance of the oriented micro-domains
are also controllable in this technique. Kim et al[®%
produced highly ordered arrays of cylindrical micro-
domains in a PS-b-PEO BCP thin film by using unidirectional
solvent evaporation, from which a directed feature in the
film was produced. They found the size and separation
distance of the microdomains were controllable by using
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the co-solvents, which evidently extended the flexibility of
the process.

Chemical Pattern Guiding

Similar to physical template guiding (graphoepitaxy),
chemical template guiding is another efficient approach
to align BCP microdomains: BCP microdomains can be
oriented via control of the chemical heterogeneity on the
substrate. Intheory, awell guided alignment would suggest
the length scale of the surface chemistry heterogeneity
would be approximate to that of the micro-domain
periodicity. In experiments, Rockford et all®®! used a
chemically striped (oxide and metal) substrate, on which
the stripe width was comparable to the size of a polymer
molecule. They distinctly observed that the alignment
degree of micro-domains was a function of the degree of
commensurability (§: the ratio of the BCP period in the bulk
to the substrate structure period). It was found that the
lamellae were oriented normally to the substrate surface
and directed by the underlying strips on the heterogeneous
surface.

Performed with extreme UV interferometric lithography
(EUV-IL), chemical template guiding can be used to prepare
long-range defect-free BCP nano-features. Nealey et al.[*4¢%]
achieved long-range defect-free alignments of PS-b-PMMA
lamellar micro-domains by using the directed self-assem-
bly technique combined with EUV-IL. In their experiments,
the patterns of chemical contrast were prepared in two
steps: i) preparation of a thin monolayer of polymer brush
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Figure 7. Left: AFM image of the oriented PS-b-PB feature by directional evaporation; Insert: schematic diagrams of a block copolymer
solution droplet drying on a tilted substrate where the solution is pinned to the substrate. A directional convection (arrow direction) is in the
droplet during evaporation.°® Copyright 2003 American Chemical Society. Reproduced with permission. Right: Schematic diagrams and
AFM images of long-range order in thin films of PBA-b-PAN block copolymers prepared by zone-casting.[6‘] Copyright 2005 American

Chemical Society. Reproduced with permission.

on the substrate, and, ii) use of EUV-IL to form the chemical
pattern (Figure 8, left). When the periodicity of the chemical
patterns on the substrate matched that of the lamellar
microdomains of the BCPs, the microphase separation
feature was highly oriented and defect-free. This method
can provide precise control of microdomains on surfaces
even for complex pattern geometries containing bends, T-
junctions and jogs (Figure 8, top right). A technique recently
developed by Cheng et all®®lin preparing complex patterns
is considered to be one of the most hopeful methods in
preparing defect-free nanofeatures. They used sparse
chemical patterns to achieve defect-free alignment of PS-
b-PMMA lamellae, from which it was possible to double,
triple and quadruple the frequencies of surface chemical
patterns using BCPs. Since the methods could afford
frequency multiplication and supply sharp chemical
contrast in the nanoscale features of the BCP’s self-
assembly, directed self-assembly was brought one step
closer to practical application (Figure 8, bottom right).
However, chemical patterns guiding is same as for
graphoepitaxy, which still depends on photolithography.

Orientation of Microphase Separation Induced by an
External Field

Shear

In BCP thin films, a preferential orientation direction of the
nanostructure can spontaneously form below the Ty
Without any boundary confinements or external field
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guide, this spontaneous orientation is undetermined and
occurs randomly — since the system is isotropic — from
which BCPs tend to phase separate into a microscale
multigrain structure with a nanoscale periodicity.
Although such a multigrain structure has isotropic proper-
ties macroscopically, this feature is still far away from
application because of the low order at the microscale.
However, by using shear to break the system isotropic
property, BCPs can phase separate in orientation, which
exhibits a surprising variety of phase separation features in
the BCP bulkl®”®® (Figure 9, left). Furthermore, the
microdomains of the BCP thin films can also be oriented
by shearing. For example, Angelescu et all®® aligned
cylindrical PS microdomains in a PS-b-poly(ethylene-alt-
propylene) (PS-b-PEP) di-BCP thin film under the shear of a
poly(dimethylsiloxane) (PDMS) pad at 100 °C, where the
film thickness was 50 nm. Figure 9 (right) shows atomic
force microscopy (AFM) images of the BCP microdomains
aligned by shearing. Besides orienting microdomains of the
BCP thin films, strong shear can also induce a phase
transition in the BCP microdomains. Hong et al..”%! recently
applied strong shear to sphere-forming PS-b-PI thin films,
and found that the strong shear could both generate
orientational order and induce a feature transition from the
spherical phase to the cylindrical phase at high stress. In
their experiments, they also found that, the more asym-
metric di-BCP was sheared, the higher stress was required
for the phase transition. When the stress was below the
critical value of the phase transition, the shear simply
distorted the hexagonal lattice formed by the spherical

DOI: 10.1002/marc.200900541



Microphase Separation of Block Copolymer Thin Films

TIPS brush

IPS domain of blend
[T0Oxygenated brush IPMMA domain of blend

[ Photoresist []Si substrate

Macromolecular
Rapid Communications

Figure 8. Left: Schematic of the use of chemically nanopatterned surfaces to direct the self-assembly of ternary blends in linear and bend
geometries.[®s! Copyright 2005 American Association for the Advancement of Science. Reproduced with permission. Top right: SEM images
of angled lamellae in a ternary PS-b-PMMA/PS/PMMA blend.!%s! Copyright 2005 American Association for the Advancement of Science.
Reproduced with permission. Bottom right: SEM micrograph of self-assembly feature by chemical guiding patterns.[®! Copyright 2008

Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.

phase. Recently, Jung et al.”Y also found that shear could
also induce crystallization and orient crystals in semi-
crystalline and ferroelectric BCPs. In their experiments, they
employed a static shear to control both molecular and
microstructural orientation of semi-crystalline and ferro-
electric  poly(vinylidene fluoride-co-trifluoroethylene)
(PVDF-TrFE) thin films. They found a sheared film exhibited
a monolithic single-crystal-like texture, and the approxi-
mately 25nm thick crystalline lamellae were oriented
almost perpendicular to the shear direction in the film. In

Pressure
¥ 4

- G

—a

Displacement

Static Shear

summary, shear is a simple and efficient method to orient
the microdomains of the BCP thin films; however, the low
uniformity of the shearing force is the bottleneck to achieve
long-range high-ordered microdomains.

Electric Field

In contrast to the temperature gradient and shearing force,
the electric field is a simple and more controllable external
field, which can also be used to orient the microdomains of
BCPs.l”?! Russell et al. found that BCPs with high contrast in

with permission. Right: AFM images of a PS-b-Pl copolymer sample aligned by shearing with a PDMS pad. The arrow indicates the shearing

I Figure 9. Left: Schematics of static shearing a polymer thin film by a PDMS pad.™ Copyright 2009 American Chemical Society. Reproduced

direction. Scale bar represents 250 nm.[®! Copyright 2004 Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.
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Figure 10. Left: TEM images of a PS-PMMA cylinder phase near an electrode in the presence of an applied electric filed (top, 37kV-cm™) and
in the absence of an applied electric field (bottom). The scale bar represents 500 nm.[73! Copyright 1996 American Association for the
Advancement of Science. Reproduced with permission. Middle top: Reversible lamellar structure of PS-b-PI controlled by an electric field.[’
Copyright 2007 Nature. Reproduced with permission. Middle bottom: Orientational order in a block copolymer via a gradient electric
field.l7s! Copyright 2008 American Chemical Society. Reproduced with permission. Right: Time dependence of the lamellar distance of
aligned lamellae with increasing (top) and decreasing (bottom) electric-field strength.l74 Copyright 2007 Nature. Reproduced with

permission.

dielectric permittivity between the two blocks could be
aligned (when the polymer is fluid) in a large electric field
(typically tens or hundreds of kV - cm~*).[”%! Figure 10 (left)
shows the alignment of PMMA cylinders in PS-PMMA along
electric field lines radiating in-plane from an electrode,
contrasted to the case where no electric field was applied.
This technique supplies an easy pathway to orient the
microdomains of BCPs. Schmidt et al.l’# took advantage of
electric fields to reversibly tune the nanolamellar structure
of PS-b-PI di-BCP with high accuracy (as much as 6% in a
completely reversible way on a timescale of the order of
several milliseconds) (Figure 10, top middle). They found
that the lamellar distance decreased as the chain con-
formation entropy increased when the lamellar structure
was aligned parallel to the field direction because the
electric field counteracted the stretching induced by the
microphase separation. On the other hand, the lamellar
spacing increased and the conformational entropy
decreased when the lamellae were oriented perpendicular
to the electric-field direction. The switching time of the
process is considerably smaller than 45 ms (Figure 10, right).
Since the gradient electric field can be employed to
investigate the minimum field strength at which the
microdomains orient in the applied field; recently, Ols-
zowka et all”! demonstrated a combinatorial approach.
They used a gradient electric field in one experiment to
investigate how strong an electric field should be used to
align a given BCP system. They also found”® that, by
increasing the dielectric contrast of the polymer blocks, a
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reduced threshold field strength and an improved orienta-
tion of the lamellae could be achieved (Figure 10, bottom
middle).

Magnetic Field

We have summarized that applying an external electric
field is a simple and controllable way to induce the
orientation of the micro-domains in the BCP thin films.
However, a crucial problem — the dielectric breakdown
problem — cannot be avoided in this method, which
distinctly limits the applicability of the electric field for
orienting the microdomains of a BCP film, and causes a
limitation to the maximal field power. However, besides
electric fields, similar effects are anticipated for magnetic
fields. In an electric field, the spatial modulation of
the dielectric constant determines the free energy of the
system, while the magnetic permeability determines the
free energy in case of using a magnetic field. Without
dielectric breakdown concern, the magnetic field has
superiority in application — the film thickness must not
necessarily be thin.l”®! Sakurai et al.[”®! conducted thermal
annealing in the presence of a 30 T magnetic field to
polystyrene-block-poly(ethylene-butylene)-block-polystyrene
(SEBS) thin films with thickness ranging from 20 to 300 nm.
Cylindrical microdomains were obtained for the freely-
annealed sample without any preferential orientation, as
observed in Figure 11. However, with thermal annealing (at
180 °C for 3—-5 h) in the presence of the magnetic field, the
film re-self-assembled, and the cylindrical microdomains

DOI: 10.1002/marc.200900541
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Figure 11. AFM images of a 20nm thick film annealed at 180 °C for 12h in the absence of the 30 T magnetic field: a) phase image,
b) corresponding height image, c) 20 nm thick film, annealed for 3 h in horizontal magnetic field, d) 20 nm thick film, annealed for 3h in
vertical magnetic field, e) 60 nm thick film, annealed for 5 h in horizontal magnetic field, and, f) 300 nm thick film, annealed for 5 h in vertical

magnetic field.”! Copyright 2008 Elsevier. Reproduced with permission.

were oriented according to the magnetic field direction.
They also found that the orientation degree distinctly
depended on the comparability between film thickness and
the diameter of the cylinder diameter (13 nm). Moreover, a
preferential orientation of the cylinders parallel to the
direction of the applied magnetic field was also found when
the magnetic field was parallel to the substrate (Figure 11c).
However, the panel does not contain a patch of the
homeotropic orientation of cylinders, although a reorient-
ing cylinder was detected by a perpendicular magnetic field
(Figure 11d). The authors believed the film thickness to be
toothinto overcome the surface affirmative interaction due
to a spatial confinement in thin films (the film thickness
could induce physical constraints on the formation and the
orientation of the microdomains).l”®!

Evolution, Order—Order Transition and
Reversible Switching of Microdomains by
Solvent-Vapor-Annealing

Thanks to the rapid growth in smart device applications
over recent decades, various efforts have been made
towards the development of intelligent surfaces, on which
surface features, such as wettability or adhesion, are
controllable and responsive to environmental conditions,
such as pH, temperature, light and the presence of a specific
chemical substrate. Herein, we will summarize progress
towards fabricating intelligent BCP films, on which

microdomains can continuously evolve, transit, or rever-
sibly switch among ordered features by solvent-vapor-
annealing.

Evolution of the Microdomains by Solvent-Vapor-
Annealing

During the solvent-vapor-annealing process, many well-
ordered metastable microphase separation features can be
observed and the microdomains evolve continuously with
the annealing time (t),[”~7%), since the degree of diffusion of
the solvents in the film and the movements of polymer
molecules are time-dependent. For example, when two PS-
b-PMMA thin films pf the same composition were annealed
in acetone vapor at different pressures, two series of
microdomains were observed, clearly functions of the
annealing time (¢).”7”) In a high or low vapor pressure, both
nanoporous and nanoprotuberant structures disappeared,
and a series of different microdomains formed depending
ontheannealing time, including well-ordered hexagonally-
packed nanocylinders, highly ordered nanoscopic spheres
or stripes, and a novel so-called flower-like pattern, which
was comprised of six PS spheres, each sphere belonging to
three “flowers”. Finally, both films showed stripe features
but of different sizes (Figure 12, top).”® This feature
evolutionis due to the high attraction between acetone and
the PMMA block. In acetone vapor, the enriched PMMA
phase onthe substrate tends tomove tothe film surface. The
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Figure 12. Feature evolution of PS-b-PMMA microphase separation in solvent vapor annealing with various annealing time. Top: AFM images
of symmetrical PS-b-PMMA film morphology evolution under high and low acetone vapor pressure.l”778! Copyright 2005 Wiley-VCH Verlag
GmbH & Co. KGaA. Reproduced with permission. Bottom: AFM images of symmetrical PS-b-PMMA film morphology evolution under
chloroform vapor.l7?! Copyright 2004 American Chemical Society. Reproduced with permission.

amount of PMMA phase on the surface increased and
connected gradually to form stripes.

Similar feature evolution was also observed when the
thin PS-b-PMMA film was annealed in chloroform vapor, a
selective solvent to the PMMA block, where the film
thickness was less than L,.”®) With increasing annealing
timeinasaturated chloroform vapor, a series of microphase
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separation features developed from a disordered micro-
structure, to well-ordered hexagonally-packed nanocylin-
ders, to a mixed morphology containing nanocylinders and
stripes, to stripes and, finally, switching back to the flat
surface (Figure 12, bottom). It is reasonable to consider that,
after being spin-coated onto the wafer substrate, the PMMA
block dominated the substrate and the PS block formed a

DOI: 10.1002/marc.200900541
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continuous layer at the film—air interface. Since the PMMA
block is more soluble in chloroform, there is a strong
attractiveinteraction between the polymer and the solvent,
and the net interaction between the polymer segments is
repulsive. As the result, the coiled chains started to swell as
soon as they came into contact with the solvent molecules.
Elevated solvent treatment time increased the diffusivity of
the polymer component in the thin film. Given enough
annealing time under conditions of relatively high
diffusivity, the films would adopt their thermodynamically
stable states. Shorter annealing times effectively freeze in
some metastable features. With increasing treatment time,
more and more PMMA segments occupied the film surface.
Therefore, well-ordered hexagonally-packed nanocylinders
could be obtained at a certain annealing time.

Insummary, the solvent annealing time is a key factor for
the evolution of microphase-separated morphology, which
can be changed from a disordered state to a nanoscale
depression morphology and, finally, to strips.

The film thickness can also govern the microdomain
evolution in solvent-vapor-annealing. For example, when a
symmetric PS-b-PMMA thin film is annealed in chloroform
or acetone vapors (selective solvents to the PMMA block),
well-ordered hexagonally-packed nanocylinders can form
by microphase separation. However, this feature is strictly
confined by the film thickness.” Figure 13 shows the
microdomain evolution of symmetric PS-b-PMMA thin
films in response to the different film thickness when the
films were exposed in chloroform vapor for 60 h, where the
film thickness was controlled by spin-coating BCP solutions
having different concentrations (at the same spin-coating
speed, concentrations of 0.4, 0.6, 0.8 and 1 wt.-% correspond
to film thicknesses of 19, 26, 38 and 54 nm, respectively.).
Well-ordered hexagonally-packed nanocylinders were
obtained when the film thicknesses was 19, 26 and
38 nm, less than 1/2Ly. In a PMMA-selective solvent vapor,
the PMMA block has a high mobility, and can reconstruct
itself easily. Surface-perpendicular PMMA protrusions of
approximately Ly/2 in width perforate the PS layer in
response to the chloroform or acetone attraction. When the
film thickness is less than 1/2L,, well-ordered hexagonally
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packed nanocylinders tend to minimize the total energy.
Otherwise, when the film thickness is larger than 1/2L,,
the film has athicker PSlayer at the top; the elongated stripe
domains that are so-called perpendicular lamella are
perpendicular to the substrate. In summary, if the BCP
film thickness is less than the threshold film thickness T
(1/2Ly is around 45 nm in ref. [64]), the films exhibit surface-
parallel or surface-perpendicular morphology. Otherwise,
the films exhibit the unconventional morphology of well-
ordered hexagonally packed cylinders.

Order-Order Transition in Tri-Block Copolymer
(Tri-BCP) Thin Films

In contrast to di-BCPs, tri-BCPs can show much more
complicated and richer microphase separation features
during annealing in solvent vapors.®®#1 Therefore, the
order—order transition (OOT) of tri-BCP thin film is certainly
of interest especially when undergoing the transition from
the gyroid (G) phase to the other adjacent phases because of
the potential application in designing smart features.
However, the phase-to-phase transitions have been little
studied since Krausch et al.®?! observed the co-existence of
gyroid (112)[G(112)] and cylinder (001) [C (001)] in PS-block-
poly(2-vinylpyridine)-block-poly(tert-butyl methacrylate)
(SBV) tri-BCP thin film annealed in chloroform vapor. Due
to the solvent vapors used to induce the OOT process in the
thin SBV tri-BCP film not being neutral, we believed until
recently that the observed OOT processes — in the sequence
cylinder (C) <> sphere in ‘diblock gyroid’ (sdG) <> sphere in
lamella (sL) < sphere (S) — were driven by the different
affinity among the solvent molecules and the three
compositions. The epitaxial OOT process in the sequence
of C (001) < G (111) < dG (211)« sdG (110)9 05 <> sdG
(110)g.1g75 < sL (001) <= S in thin SBV tri-BCP film has been
induced in a saturated benzene vapor at room temperature
(Figure 14),1®3] which was driven by the different affinity
between the solvent molecules and the three blocks. We
found sdG (111) could epitaxially grow from C (001) on
the film surface, while the lamella formed from gyroid with

nm = an 000 frm) mnz

I Figure 13. AFM images of symmetrical PS-b-PMMA films with different film thickness annealing in chloroform vapor for 60 h.I7?] Copyright

2004 American Chemical Society. Reproduced with permission.
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Figure 14. AFM images of the surface morphology evolution of the thin SBV film on the silicon substrate treated in benzene vapor at room
temperature for different time: a) o, b) 3, ¢) 18, d) 24, €) 48, f) 58, g) 72, h) 100, i) 132, j) 168 h. a’—j’ are the corresponding phase images of a—j,
respectively. The insets in b, d, e, g are the 2D-Fourier transform patterns of the corresponding AFM topography images, respectively.[®3]
Copyright 2009 Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.

the epitaxial relation of sdG (110)g1g75 <> sL (001) due to
their total surface areas being nearly equal to each other.
Finally, only the P2VP spheres remained in the film because
the S and B blocks became compatible with the decrease of
the copolymer concentration.

Macromol. Rapid Commun. 2010, 31, 591-608
© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Among C, sdG, and sL phases, PB has the smallest
surface area in C phase and the largest surface area in L
phase, where the surface areas of P2VP are almost fixed. We
believe this is due to the preferential contact between
benzene molecules and the PS blocks, which tended to
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separate PS and the other two blocks. Therefore, the
interface area between PS and the other two blocks
decreases via annealing the film in benzene vapor.
Accordingly, C phase forms the smallest surface area of
the PB blocks initially. Furthermore, with the increasing
diffusion of solvent molecules, the sdG phase gradually
emerges on the surface because the interface between PS
and PB blocks weakens under the interaction between the
solvent and the PB phase.

The epitaxial phase transition [C (001) <> sdG (111)]is due
to the formation of one fivefold junction that pinches off,
breaking a cylinder and leaving a threefold junction. Given
the increasing interaction between benzene molecules and
the PB phase, the effective fraction of PB molecules
improves distinctly. The packing chains generate an
unstable void in the middle of the PB domains. To avoid
unstable void formation, PB chains stretch to fill the space,
and sphere in lamella (sL) phase forms. Since the interaction
between the top surface of the SBV film and the
surrounding solvent vapor was much stronger than that
between the SBV film and the underlying substrate (silicon,
mica or carbon-coated mica), the transition from gyroid
symmetry to lamella was more dependent on the benzene
vapor. However, when the film was annealed in a saturated
CS, vapor, a strong selective solvent to PS and P2VP blocks,
the different OOT process with, specifically hexagonally-
arranged core—shell cylinder and double-hexagonally-
arranged-dots, could be observed when the film thickness
was around 44, 123 and 223 nm. When the film thickness
was decreasedto 13 nm, the ordered structure was absentin
the SBV thin film.[® Moreover, the controllable OOT
process of SBV thin film could be induced in solvents
by blending SBV with homo-PS.®*) When the fraction of
homo-PS was less than 10wt.-%, the OOT sequence
‘C—sdG—sL—¢S was observed,
whereas PS domain area at the surface
improved. However, when the fraction of
homo-PS was in the range 10-30 wt.-%,
this was replaced by a different OOT
process: ‘hexagonally-arranged core—
shell cylinder’ to ‘sphere in lamel-
la —double spheres’. In summary, in
contrast to the pure SBV thin films
annealed in benzene vapors, the blend-
ingthin films have totally different phase
behaviors, which are strictly governed by
the added home-PS fraction, that is, the
effective volume fraction of the PS phase.
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surface morphology or composition is reversibly stimuli-
responsive to the environmental variations. Recently, Peng
et al.[® found reversible switching microdomains could be
achieved by annealing BCP thin films in solvent vapors. The
microdomains of a PS-b-PMMA thin film exhibited surface
reorganization in response to selective solvent annealing
(Figure 15).2¢! After annealing in acetone vapor at high
pressure for 5h, the PS-b-PMMA thin film can phase-
separate into a well-ordered hexagonally-packed nanopor-
ous structure. However, after exposing the treated film to
CS, vapor — a selective solvent to the PS block but a poor
solvent to the PMMA block — for 80 min, the nanoporous
microdomains changed to an ordered hexagonally-packed
nanoprotuberant structure.

Figure 15 shows the reversible switching of microdo-
mains on annealing PS-b-PMMA film in different selective
solvent vapors. This morphology switching is caused by the
different behaviors of the PS and PMMA chains in their
selective solvent vapors. Upon annealing in acetone vapor
for different times, both PS and PMMA blocks are present at
the depressions or striped film surface. After annealing in
CS, vapor, the PMMA block migrates to the film/solvent
interface, and forms aggregates with neighboring PMMA
block to avoid contact with the solvent. On the other hand,
the PS block is swollen by CS, and migrates to the film/
solvent interface to form a shield around the PMMA
aggregates. Both effects lead to an opposite movement
between the two blocks, and the top part of the film will be
dominated by PS chains and turn hydrophobic. Thus,
eventually an ordered hexagonally-packed nanoprotuber-
ant feature forms in the film. However, after annealing the
film again in acetone vapor, the morphology reversibly
switches back to the original state. It was found the
evolution time of the switching process from the nanopor-

CS, for 80 min S5

CS;
Substrate Acetone Substrate

Reversible Switching Microdomains
by Solvent-Vapor-Annealing

=rvMmMa [l = Ps

. o Figure 15. AFM and schematic images of symmetrical PS-b-PMMA film morphology
Reversible switching surfaces have also switching in acetone and CS, vapors.[®! Copyright 2004 American Institute of Physics.

attracted great interest. In these, the

Macromol. Rapid Commun. 2010, 31, 591-608
© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

{ % Macromolecular

Reproduced with permission.
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ous feature to the nanoprotuberant one was faster than
that of the reverse process.

The different evolution time is believed to occur for the
followingreason: in CS, vapor, both components are present
at the surface, and CS, vapor penetrates and swells the PS
domains; however, in acetone vapor, there is no direct
contact between the lower PMMA aggregates and the
acetone vapor, so the solvent molecules must diffuse
through the upper PS domains to reach the interior PMMA
aggregates, which delays the evolution process. Having such
asensitive reversible switching-property in morphology and
wettability, the BCP film is an excellent candidate for
fabricating smart surfaces and designing chemical sensors.

Conclusion

Today, micro/nano-patterned surfaces are widely used in
many areas, such as in preparation of super-thin dielectric
films, photonic crystals, antireflective films, super-non-
wetting surfaces, bio-compatible surfaces, etc. Developing
micro/nano-patterning techniques is a promising subject
in surface science. Since photolithography can supply high
resolution and long-range ordered features, it has been
widely used in the fabrication of electric devices. However,
the irreducible high cost and the rigorous fabrication
conditions required are leading to rapid growth in
alternative techniques, especially in pattering nano-scale
devices. Therefore, BCP microphase separation, which can
supply 10-50 nm patterns, has been identified as a way to
pattern nanostructured polymer surfaces. Meanwhile, the
patterned surfaces can also be used as a pre-patterned
template for lithography.

In contrast to traditional lithography, microphase
separation of BCP thin films is lower cost, easier with
respect to fabrication, and can achieve complex, special
surface compositions and nanoscale patterns. However,
achieving long-range ordered arrays is the main challenge
for this technique. As discussed in this paper, although
chemical guiding patterns can now achieve some long-
range ordered arrays, the pre-patterned substrates also
depend on the lithography technique.[**™®! Therefore,
several other techniques have been developed, but these
are still immature as illustrated by the breakdown problem
in electric field induced methods, low uniformity of the
temperature gradient, shear force, etc. Recently, Han
et all®”) achieved a relative long-range ordered array by
critically controlling the fraction of each block, the
annealing temperature, the film thickness and the sub-
strate (Figure 16), which is a great beginning from which to
achievelong-range ordered arrays. Moreover, polymer films
with switchable surface compositions or morphologies
have been considered for use as smart surfaces, which can
be widely used to fabricate intelligent optical/electric/bio-
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microphase separation of PS-b-PMMA thin film.57 Copyright

I Figure 16. SEM image of relative long-range ordered arrays from
2009 American Chemical Society. Reproduced with permission.

chips and devices. In conclusion, stimuli-responsive micro-
phase separation in BCP thin films is also an efficient
technique in patterning smart features.
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