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Developing Anisotropy in Self-Assembled Block
Copolymers: Methods, Properties, and Applications

Mark Robertson, Qingya Zhou, Changhuai Ye,* and Zhe Qiang*

Block copolymers (BCPs) self-assembly has continually attracted interest as a
means to provide bottom-up control over nanostructures. While various
methods have been demonstrated for efficiently ordering BCP nanodomains,
most of them do not generically afford control of nanostructural orientation.
For many applications of BCPs, such as energy storage, microelectronics, and
separation membranes, alignment of nanodomains is a key requirement for
enabling their practical use or enhancing materials performance. This review
focuses on summarizing research progress on the development of anisotropy
in BCP systems, covering a variety of topics from established aligning
techniques, resultant material properties, and the associated applications.
Specifically, the significance of aligning nanostructures and the anisotropic
properties of BCPs is discussed and highlighted by demonstrating a few
promising applications. Finally, the challenges and outlook are presented to
further implement aligned BCPs into practical nanotechnological applications,

[14-16] 17,18]

lithography, nanoimprinting|
photolithography,1?)  and  ion-beam
etching,!??2] are able to produce precisely
defined nanopatterns at a high resolution.
However, they may require high costs and
strict operation conditions, and could often
be limited to relatively low throughput
production.[??] Alternatively, the “bottom-
up” approach provides facile access to
construct nanostructures over a large area,
by self-organization of building blocks with
typical characteristic pattern size ranging
from few hundreds of nanometers down
to the size of a molecule.?*2%] Additionally,
approaches such as photolithography can
also be applied in “bottom-up” assembly to
grow polymer chains from the substrate.[?”!

where exciting opportunities exist.

1. Introduction

The ability to generate periodic nanostructures with exact
control over morphology, size, and functionality is key to
various nanotechnology applications,!'®l which has attracted
numerous research efforts in both industry and academia
over the past few decades. The most common approaches
to attain ordered nanoscale features involve “top-down” and
“bottom-up” methods. In the first case, lithographic tech-
niques are commonly used to selectively remove base ma-
terials by exposure to photons, electrons, ions, or chemi-
cal reactions in order to produce desired nanostructures.*1°]
These methods, including e-beam lithography, '’ dip-pen
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While the resulting morphology assem-

bled from self-assembly based method

is typically “polycrystalline,” containing

multiple defects and grain boundaries over

large ensembles, the “bottom-up” strategy
offers unique advantages of low-cost processing conditions and
high potential of scalability, which is particularly attractive for ap-
plications where cheap and quick manufacturing is desired and
a small density of defects and/or pattern size variation could be
acceptable.

The block copolymer (BCP) is a canonical system for “bottom-
up” assembly, 2 consisting of two or more chemically dissim-
ilar segments that are covalently linked. The immiscibility be-
tween different blocks can drive the spontaneous microphase
separation process on a length scale that directly corresponds
with the size of the polymer chains.?*3¢1 The expected mor-
phologies for a classical diblock copolymer system as a func-
tion of constituent volume fraction are depicted in Figure 1, in-
cluding lamellae (L), gyroids (G), cylinders (C), and spheres (S),
where the majority constituent forms a matrix around the mi-
nority domains of the BCP system. For triblock copolymers, they
can exhibit similar morphologies as the conventional diblock
copolymer, while complex morphologies, such as gyroids, be-
come more accessible.l*”] Early studies also found that the intro-
duction of a third chemically distinct block to the conventional
diblock copolymer system results in an even richer phase dia-
gram with additional accessible morphologies, including coax-
ial cylinders, cylinder-ring phases, and concentric spherical do-
mains in a body-centered cubic structure.*®! The additional mor-
phologies and manipulation of the phase diagram present in tri-
block copolymer systems make them potentially more appealing
for various applications than their diblock counterparts.

© 2021 Wiley-VCH GmbH
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Figure 1. lllustrations of the typical morphologies that can be obtained from a diblock copolymer system. When both blocks are present in equal volume
fractions, lamellae (L) are present. Upon increasing the volume fraction of one of the blocks, the system can transition to gyroids (G), cylinders (C), and
spheres (S) with the continuous phase consisting of the block with the larger volume fraction. Reproduced with permission.[3¢] Copyright 2008, Elsevier.

When a block copolymer is at equilibrium, its minimum free
energy conformation is determined by enthalpic and entropic
contributions from local mixing. The thermodynamically favor-
able structure of a BCP at a given temperature is determined
by the minimum Gibbs free energy, which consists of enthalpic
contributions which are negative based upon incompatibility,
and temperature-dependent entropic contributions that repre-
sent conformational freedom of the molecules in the system. The
enthalpic contributions to Gibbs’ free energy scale with the Flory-
Huggins parameter, y, and inversely with the degree of polymer-
ization, N, respectively.’’3%! The product of these two parame-
ters (y N), often referred to as BCP segregation force, needs to be
at least larger than 10.495 for a symmetric diblock copolymer to
produce ordered nanodomains.*! Another critical parameter for
determining BCP morphology is the chemical composition, rep-
resented by the volume fraction of the constituent blocks (f).[*0*2]
A linear diblock copolymer with segments of comparable vol-
ume fractions typically exhibits a lamellar morphology, while in-
creasing asymmetry of chemical composition can lead to phase
transitions to other morphologies such as gyroids, cylinders, and
spheres.[***4] The accessible size of these features is directly re-
lated with the y of BCP systems, in which a higher y leads to a
lower number of repeat units that are required to achieve suffi-
cient segregation force to induce spontaneous phase separation
in the system. Through engineering and system design of high-
x block copolymers, feature sizes smaller than 3 nm have been
achieved.[*”] Moreover, y N also determines the order-to-disorder
transition temperature (To ) of a BCP system. As y is inversely
proportional to temperature, segregation force decreases as tem-
perature increases. As a result, BCP systems with higher yN
could exhibit higher T,,; and require higher amounts of energy
to effectively screen unfavorable interactions between the blocks
and induce disorder.

Moreover, many studies indicate that polydispersity plays an
important role in the determination of final BCP morpholo-
gies. Generally, polydispersity in BCP systems can increase the
sizes of the assembled microdomains and may result in mor-
phologies different from BCPs of equivalent molecular weights
and compositions.**¥! Bicontinuous morphologies have been
exhibited by these polydisperse systems, highlighting that the
interplay between polymer chains of differing lengths can re-
sult in phase behaviors that may be distinct from conventional
monodisperse systems.[*"] A broader polydispersity may also lead
to the shift from the expected phase diagram of triblock copoly-
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Figure 2. TEM images of a roll-cast polystyrene-block-polybutadiene-
block-polystyrene (PS-b-PI-b-PS) BCP A) before and B) after thermally an-
nealing above the glass transition temperatures of all constituents. Repro-
duced with permission.l”?l Copyright 1997, Elsevier.

mers, while also enhancing the thermal stability of the ordered
domains.[

Initial theoretical and experimental investigations have been
largely focused on linear diblock and triblock copolymers,>1-8]
the most established systems of BCP self-assembly. The advances
in polymer chemistry now enable higher complexity in chemical
composition (e.g., multiblock copolymers) and chain architecture
(e.g., cyclic copolymers and bottlebrush copolymers) to provide
additional opportunities to access many complex BCP morpholo-
gies such as A15 phase, Frank-Kasper phase, ¢ phase, and other
quasicrystal phases, or obtain hierarchical nanostructure at mul-
tiple length scales.[>%] These discoveries bring a host of new
and exciting opportunities for potential BCP applications led by
broadening the landscape of their attainable structures.

While final equilibrium structure can be predicted by thermo-
dynamics theory, the actual BCP morphology is often processing
pathway-dependent because self-assembly is a stochastic process
and can be highly nonergodic.**%7!l Even for neat diblock
copolymers, a relatively simple system, the attainable nanostruc-
ture is determined by rich competition between thermodynamic
and kinetic factors. A highly nonequilibrium state of a BCP
can often be kinetically trapped during processing and an addi-
tional annealing step is generally required. The improvement of
long-range ordering and annihilation of defects is important for
mitigating adverse effects on material performance associated
with poorly ordered nanostructures.l’>”’’1 As shown in Figure 2,
thermal annealing is a common approach for ordering BCP
nanostructures by heating the BCP above their glass transition
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Figure 3. The use of block copolymer assembled structures can provide
various opportunities for the development of nanotechnologies that range
from filtration membranes to optical materials.

temperature (T,) of all components in order to provide sufficient
chain mobility to achieve equilibrated morphologies.”?) The
initial film in Figure 2 consists of many structural defects, which
can be annihilated after a thermal annealing step.

While effective, thermal annealing sometimes could require
long annealing times (hours or days) for the BCP to reach mod-
est ordering and can be constrained by a narrow window of ap-
plicable processing temperatures due to polymer thermal stabil-
ity or its intrinsic slow/hindered ordering dynamics.l”®”°! To ad-
dress these challenges, a diversity of annealing approaches has
been demonstrated to enhance the ordering kinetics of BCPs in
order to accelerate the self-assembly process.[**8!] Solvent vapor
annealing (SVA) in particular is one of the most widely utilized
methods as an effective alternate for improving long-range or-
dering of BCP films within hours or minutes, in which sorp-
tion of solvent imparts chain mobility through swelling of the
BCP domains, and screens unfavorable interactions between dis-
tinct segments.®2-%8 This methodology also enables manipu-
lation of nanostructural orientation by varying processing pa-
rameters such as solvent selection and vapor removal rate,#-21
which will be discussed in detail in the next section. Readers
who are interested in other emerging methods for rapid order-
ing of block copolymers, such as thermal-assisted solvent vapor
annealing,*%! direct solvent immersion annealing,!°*% mi-
crowave annealing,[*?*71%1 and laser annealing,[1921%] can be di-
rected to an excellent review by Majewski and Yager for relevant
fundamentals of BCP ordering kinetics with different annealing
approaches.[®]

The advantages of bottom-up control over order, including low
manufacturing costs and widely tunable morphologies, render
BCPs to be critical structure-directing agents for a wide array
of nanotechnology applications (Figure 3).31%1%7] For example,
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selective removal of a minority domain from a BCP matrix by
ultraviolet oxidation, plasma etching, or acid/solvent wash, can
produce porous membranes for gas or liquid separation!!%-115];
controlled transportation of species (e.g., ion, electron and small
molecules) in one of the nanodomains in BCPs can be achieved
when strongly preferred interactions exist due to distinct material
chemistry from different blocks which is useful for water remedi-
ation, and energy generation/storage applications!"¢12¢]; incor-
poration of dopants, such as nanoparticles and drugs, into BCP
domains also introduces additional functionality into systems
for enabling more diverse applications including, but not lim-
ited to, photonics and biomedicine.['?-13°] Furthermore, method-
ologies for converting and/or replicating BCP morphologies to
functional inorganic materials with nearly perfect pattern trans-
fer have been established in industrial applications for manufac-
turing electronic and magnetic devices.['*¢1391 All of these ex-
amples demonstrate the enormous promise of BCPs, but the
realization of their full potential still requires many essential
steps. One central challenge is associated with the ability to pro-
vide macroscopic control of nanoscale orientation, as in many
of the aforementioned applications the performance of these
nanomaterials is very sensitive to the degree of long-range or-
dering and/or alignment.[?>1#-1%2] For instance, stringent con-
trol of long-range registry in BCP thin films is a necessity for
their potential applications in microelectronic devices.?!"1*3] For
other applications associated with transport phenomena, align-
ment of nanodomains can minimize the tortuosity of pathways
in order to facilitate species transporting along the conduct-
ing (aligned) direction.'"*+#7] Furthermore, BCPs with unidi-
rectional nanostructures often exhibit enhanced material prop-
erties along the alignment direction compared to their random-
oriented analogues.[1814]

Self-assembly of BCPs from conventional methods does not
generically afford such long-range control of nanostructural ori-
entation, and therefore numerous research efforts have been
dedicated to this area.[’3*1¢] These efforts include the use of
theory and molecular simulation approaches,!*”1*8] paired with
developing advanced processing techniques and in situ charac-
terization techniques to explore assembly dynamics and path-
way toward producing highly aligned BCPs. While several excel-
lent contributions have already discussed directed self-assembly
(DSA) of polymers within the scope of assembly physics and
instrumentation in great detail 30105159131 our goal here is to
describe the physical phenomena and mechanisms of each ex-
perimental approach for BCP alignment, and more importantly
to highlight the significance of the structure—property relation-
ship in anisotropic block copolymers and their relevant applica-
tions. Herein, we first review the established aligning techniques
for bulk BCP (or thick films, where thickness is at least 1 pm),
which are typically assisted with the application of an external
force or field, followed by introducing additional methods that
are available for thin film systems (Note: here we define thin
film as thickness less than 1 pm), where confinement and inter-
faces could play vital roles in manipulating BCP phase behaviors.
Each method is briefly discussed with the aim of providing read-
ers a sufficient working knowledge for conducting experimen-
tal investigations and understanding the corresponding mech-
anisms of BCP alignment. While programming polymer chain

© 2021 Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

{M}gggulor

Rapid Communications

www.advancedsciencenews.com

old _
conductive g\ ; el

silver

www.mrc-journal.de

L7

Figure 4. Schematicillustration of a generalized method for applying electric fields to block copolymer systems. Inset a-i) illustrate the effect of annealing
time on a PS-b-PHEMA-b-PMMA BCP in the presence of saturated chloroform vapor and a 15 V pm! electric field. As the system is annealed, the BCP
domains transition from disordered to highly oriented at longer exposure times. Reproduced with permission.l'7°l Copyright 2009, American Chemical
Society.

architecture and chemical composition could also provide a crit-
ical mechanism to enable orientation control of BCP nanostruc-
ture, especially in thin films,[1**17] the progress in this research
and related methodologies are not extensively discussed in this
review. We also highlight some examples of BCP systems where
the alignment of the nanostructure is of paramount importance
for developing anisotropic properties with directional enhance-
ment. The structure—property relationship of these macroscopi-
cally aligned BCP systems is then further elaborated by demon-
strating their particular applications in nanotechnology such as
filtration membranes, solid polymer electrolytes, and templates
for inorganic materials. With plentiful research articles available
in this field, we apologize in advance if some important contri-
butions are missing due to our inadvertence or space constraints.
Finally, we provide a brief perspective on current challenges that
need to be addressed for enabling broader practical applications
of anisotropic BCP materials and the opportunities to further ad-
vance this research area.

2. Established Methods for Aligning BCP in Bulk
and Thin Films

In this section, we will discuss the approaches that have been
developed for aligning BCP nanostructures. Specifically, Sec-
tions 2.1-2.3 describe the use of electric, magnetic, and shear
fields, respectively, to produce anisotropic nanopatterns, while
Section 2.4 outlines the use of light and optically active moieties
in BCPs. Sections 2.5 and 2.6 primarily focus on BCP thin films
and cover the ability to direct the self-assembly of BCPs using
physically or chemically patterned substrates, as well as through
engineering the polymer—substrate and polymer-air interfaces.
Section 2.7 focuses on the development of techniques that are
based on localized heating or deposition. Section 2.8 summa-
rizes the efforts of using combined methods for aligning BCPs.
These sections represent a broad range of effective and promising
approaches to efficiently align BCPs to produce unidirectional
nanopatterns.
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2.1. Electric Field

Electric fields have been used to produce macroscopically aligned
BCPs with nanodomains oriented parallel to the field lines
in both bulk and thin-film geometries by taking advantage of
the differences in dielectric permittivity of chemically distinct
segments.['71172] The dielectric contrast of the block copolymer
constituents drives the orientation of the nanodomains parallel to
the applied electric field to minimize free energy. The difference
in dielectric constant between the blocks facilitates the electric
field-induced orientation, indicating that this technique is more
efficient for BCP systems with high dielectric contrasts. Gener-
ally, the application of an electric field favors phase separation
through increasing the immiscibility between the BCP segments.
Additionally, electric fields can increase domain spacings, alter
the Typr of the BCP systems, and shift phase diagrams to dif-
ferent concentrations.['1173-177] This technique can be employed
in a variety of systems that include solutions, bulk samples, and
thin films. Direct-current (DC) is primarily employed for both in-
plane and out-of-plane alignment of BCP nanostructures, while
alternating-current (AC) can also be used when field alterna-
tion is faster than ion response.['”8] Figure 4 shows the scheme
of a typical set-up where a block copolymer thin film is sand-
wiched between two electrodes. In this study, the alignment of a
chloroform vapor-swollen polystyrene-block-poly(2-hydroxyethyl
methacrylate)-block-poly(methyl methacrylate) (PS-b-PHEMA-b-
PMMA) BCP upon the application of an electric field was moni-
tored. The as-cast BCP film exhibited a poorly ordered morphol-
ogy, which gradually becomes more aligned as the film is swollen
and the electric field is applied with increasing annealing time.
This work demonstrated that improving the ordering of the BCP
films occurred in two distinct stages where at earlier times, the
annihilation of ring-like and open-end defects dominated the or-
dering process. At higher degrees of alignment and longer times
of exposure to the applied electric field, the nanostructural align-
ment is established through the removal of classic topological
defects such as disclinations or dislocations. Commonly, these

© 2021 Wiley-VCH GmbH
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Figure 5. Generalized schematic of different orientation mechanisms in electric field alignment of block copolymer systems. Selective disordering (SD)
is accomplished by systems close to their order-to-disorder transition. Poorly aligned lamellae are disintegrated by the electric field and oriented in-plane
with the electric field. Nucleation and growth (NG) is a result of layer instabilities nucleating the growth of lamellae, which propagates throughout
the system. In systems with highly dissimilar chemical segments, alignment is achieved through a rotation of grains (RG) mechanism. The established
grains rotate and align through the annihilation of defects in the ordered structure. Reproduced with permission.l'73] Copyright 2013, American Chemical

Society.

structures must be quenched or kinetically trapped prior to the
removal of the applied field to ensure the maintenance of the de-
veloped nanostructure.

The application of an electric field to induce ordering in a BCP
can follow multiple different mechanisms depending on the seg-
regation strength between the BCP segments, as well as the op-
eration conditions of the alignment (Figure 5). For BCPs near
their ODT, the application of electric field orders the BCP do-
mains through a mechanism of “selective disordering” where
domains oriented in-line with the electric field are unaffected,
and defects are annihilated. When an electric field is applied to
BCPs away from their ODT, randomly oriented grains of a BCP
are initially nucleated and grown until a critical grain size is
reached for triggering the reorientation of grains along the field
direction, often associated with sufficient energy penalty and gov-
erned by the rule of minimizing the orientation-dependent field
energy. 180184

For strongly segregated BCPs, rotation of grains dominates
the aligning process and with the decrease of segregation
force, the “nucleation and growth” mechanism becomes more
favored.['8518¢] The driving force for this process is from local di-

electric anisotropy, which is proportional to % E?, where Ace is
the dielectric constant difference between two blocks, < € > is the
mean dielectric constant, and Eis the field strength.['8718] There-
fore, a higher contrast in dielectric permittivity of different BCP
segments and a stronger field (need to be careful to avoid dielec-
tric breakdown) are generally desired, especially for overcoming
the affinity of BCPs to surfaces in thin-film systems. Moreover,
the inclusion of ion-containing dopants into BCP nanodomains
could be useful to enhance the degree of alignment and aligning
kinetics by improving the dielectric permittivity contrast.[18-191]
Typical field strengths for electric field-induced alignment
are on the order of 10’ V m? and BCP films need to be ei-
ther annealed above the glass transition temperatures of all
blocks or in a solvent-swollen state in order to obtain suffi-
cient chain mobility for ordering and alignment.[179:182:192-194]
Many conventional BCPs have been successfully aligned by
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electric field, including polystyrene-block-polymethyl methacry-
late  (PS-b-PMMA),[1%72001  polystyrene-block-polyisoprene
(PS-b-P1),1176:188.201.202] - nolystyrene-block-polylactic acid  (PS-
b-PLA),[2032041 - polystyrene-block-poly(4-vinyl pyridine) (PS-b-
P2VP),[199:205.206] a5 well as other sophisticated systems such as
rod-coil BCPs and BCP nanocomposites.?-21%1 To highlight
some recent work for BCP alignment using E-field, Kim et al.
demonstrated the use of patternable graphene electrodes to
induce patterned ordering of symmetric PS-b-PMMA thin
films through the application of DC voltages. The BCP was
thermally annealed, accompanied with a 25 V pm'! electric field.
This technique, along with blending short-chain polymers to
enhance the polymer diffusivity, resulted in rapid ordering and
aligning over large areas.['®2] More recently, this method was
extended to a poly(methyl methacrylate)-block-polyacrylonitrile
(PMMA-b-PAN) thin-film system where graphene electrodes
were lithographically patterned on a substrate, and the PMMA-
b-PAN was assembled within the patterns upon exposure to
electric fields.[?'"] The assembled domains were then employed
as carbon nanowire precursors for potential applications as gas
sensors. Ryu et al. demonstrated successful ordering of high-y
fluoroacrylic BCP thin films through the application of an
electric field.[?'?] Due to the high mismatch in surface energies
of the polystyrene and poly(2,2,2-trifluoroethyl acrylate) blocks,
both polymer—substrate and polymer-air interface of the BCP
films were engineered to be neutral to the BCP constituents, a
concept that will be discussed in further detail in Section 2.6,
allowing for domains aligned perpendicular to the substrate.
Thermal annealing and a direct current potential of 25 V pm'!
allowed for rapid alignment (=5 min) due to the high dielectric
contrast between the two constituents. Overall, the electric field
alighment method provides an attractive tool for aligning BCPs
due to its high availability and low cost of required instrumen-
tation, namely a low barrier for conducting experiments, but
the risk of dielectric breakdown and the requirement of high
field strengths may hinder its ability to be widely employed as a
highly industrially relevant process.

© 2021 Wiley-VCH GmbH
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Figure 6. Image of a low-intensity magnetic field apparatus where two permanent magnets are placed on either side of the sample stage which can
be cooled to pass the BCP sample through its ODT. A,C) A neat PEO-PMA liquid crystalline block copolymer under high intensity (6 T) before and
after alignment, respectively. Similarly, B,D) The poly(ethylene oxide)-block-poly(methyl acrylate) (PEO-b-PMA) liquid crystal BCP with the inclusion of
mesogens to assist the magnetic field alignment before and after alignment in a 1T field. Reproduced with permission.[21#] Copyright 2017, National

Academy of Sciences.

2.2. Magnetic Field

Many parallels can be drawn between electric field and magnetic
field alignment of BCPs as both approaches require originating
energetic bias from the anisotropy between different blocks in or-
der to produce the preferred alignment of nanostructures parallel
to the field. The driving force to induce macroscopic alignment
in a magnetic field is the angle-dependent magnetostatic energy,
resulting from the differences in the magnetic susceptibility of
the BCP structures.[?!3214] This relationship can be described as:

F(0, B) = _A;;BZ <3c05229 - 1> (1)
0
Ay = |)(\| _)(L’ ()

where B is the strength of magnetic field; Ay represents dif-
ferences in magnetic susceptibility along the parallel and per-
pendicular directions with respect to the field lines; 6 is the an-
gle difference between the field and y,, and y, is the vacuum
permeability.!>] This approach is particularly attractive for bulk
systems that include liquid crystalline BCPs[?1222] and rod-coil
BCPs,[22224] gince these materials intrinsically compose rigid
moieties (such as aromatic mesogens) that impart relatively high
magnetic anisotropy at the microdomain level. This can lead to
nearly two orders of magnitude enhancement in magnetic prop-
erty contrast compared with conventional coil-coil BCPs (from
~107% to ~107°, dimensionless units).!?!¢22>226] In general, mag-
netic fields can be applied to samples with arbitrary shape since
there is no requirement for direct contact between sample and in-
strument. A representative example apparatus that applies mag-
netic fields to bulk BCP samples is shown in Figure 6.1'* This
apparatus used low-cost, permanent magnets to provide a field
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strength to align the nanostructures of liquid crystal BCPs that
are parallel to the applied magnetic field.

Magnetic field alignment is the most effective when the BCP
sample is cooled across the order—disorder transition tempera-
ture (Topr) Within the presence of the field, as opposed to the
isothermal process at a temperature below Ty, which is at-
tributed to the enhanced ordering kinetics from higher thermal
energy and lower viscosity of the polymer matrix.'* Pioneer-
ing efforts of magnetic field aligning BCP nanodomains in bulk
systems usually demand high field strength (at least 2 T, and in
most cases it varies from 4 T to 6 T) using superconducting mag-
nets, which potentially constrains its widespread applications in
other research labs and industry.?””] As demonstrated in Fig-
ure 6, cooperative assembly of BCPs with labile mesogens in the
system is able to address this limitation, which only requires a
low-intensity magnetic field for producing highly aligned BCP
nanostructures due to reduced polymer viscosity and enhanced
magnetostatic energy from mesogenic additives.?'*] This study
employed mesogenic additives into a poly(ethylene oxide)-block-
poly(methyl acrylate) (PEO-b-PMA) BCP in order to enhance the
alignment through low-intensity magnetic fields. The BCP sam-
ples containing mesogens exhibit similar degrees of ordering in
low-intensity fields (Figure 6B,D) compared to the pristine BCP
ina 6 T field (Figure 6A,C). This strategy was also demonstrated
to be generalizable to other BCP systems,[?2-232] which signifi-
cantly broadens the applicability of magnetic field alignment to a
wide variety of functional polymer materials.

In a recent work, Guiver et al. developed electrolyte mem-
branes with proton-conducting channels through the magnetic
field-assisted assembly of a bulk polymer containing phos-
photungstic acid. The paramagnetic complex was successfully
aligned by magnetic field, providing stable proton channels that
exhibited higher performance than commercial membranes.!?**]
Similarly, Matos et al. employed electric and magnetic fields

© 2021 Wiley-VCH GmbH
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separately during casting of commercial Nafion membranes to
induce structural alignment for enhancing performance. Both
methods provided the orientation of ion-containing domains,
and the magnetic field-aligned systems exhibited much higher
performance and proton conductivity than random-oriented
counterparts.**] Chan et al. aligned metallo-supramolecular
poly(3-hexylthiophene)-block-poly(ethylene oxide) (P3HT-b-PEO)
BCP thick films using a 9 T magnetic field.[?*] These special-
ized BCPs bound by zinc complexation formed well-ordered do-
mains upon casting. The PEO domains could be selectively re-
moved to produce functional, ordered P3HT nanofibers. Further-
more, it is worthwhile to point out a recent study successfully
produced a nearly single-crystal texture of BCP over a large area
(> lemf?l) by employing two modes of directed self-assembly,
involving physical confinement and magnetic field.?*¢] The per-
fectly aligned BCP nanodomains from such potentially scalable
approaches provide great opportunities for advancing future nan-
otechnology.

2.3. Shear Field

Shear aligning was first incepted in the 1970s by Willmouth
et al.[?¥] which has now been applied in various BCP melts
and concentrated solutions with different morphologies includ-
ing lamellae,[9238-24] cylinders,|2*5-1) and spheres.[252-2¢] Shear
alignment has also been employed to align complex BCP ar-
chitectures, such as bottlebrushes, through the application of
large amplitude shear.[®”! The primary underlying mechanism
for shear alignment can be attributed to the desire of differ-
ent segments, containing distinct mechanical and/or viscoelas-
tic properties, to collectively avoid domain mixing and minimize
viscous dissipation and entropy loss during chain stretching and
deformation. The response of a BCP to shear force, such as the
timescale of aligning process and degree of alignment, can be
dependent on several parameters including polymer chain archi-
tecture, molecular weight, processing temperature, shear rate or
frequency, and the amplitude of deformation.[69:251:256:258-261]

Shear force can be imposed on a BCP using a relatively simple
set-up without involving specialized equipment and high cost.
Many commercial instruments such as rheometers and extrud-
ers are often used by confining BCP melt within two parallel sur-
faces and then displacing one surface relative to the other for im-
posing shear with controlled strain amplitude, shear stress, and
deformation timescale.[?622631 A similar method that uses roll-
casting is developed to align highly concentrated BCP solutions
upon solvent evaporation.[?** In general, BCP nanodomains are
commonly aligned parallel to the velocity direction of the shear
(or normal to the shear direction for lamellae), however when
very high strain rates are imposed, the transverse arrangements
of nanostructure can be formed due to the extensive polymer
chain elongation in the shear direction.[?®-2¢’] For shear align-
ing BCP thin films, required stress is often applied by flow-
ing a highly viscous silicone oil or using a crosslinked elas-
tomeric PDMS cap in contact with the film surface.[243.257:268269]
(Figure 7).

A generalized set-up for shear aligning uses mechanical rub-
bing of a PDMS pad across a BCP thin film surface. This simple
and cost-effective technique enables nanostructural orientation
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Shear stress

| PDMS
~~ BCPs film

Figure 7. Generalized schematic of employing shear stress provided by a
PDMS pad (mechanical rubbing, or expansion and contraction induced by
heating or solvent vapor) on the surface of a BCP film to induce alignment.
Reproduced with permission.[26°] Copyright 2018, American Chemical So-
ciety.

along the shear direction. Alternatively, local thermal or solvent
expansion of a PDMS cap by a spatial sharp temperature gradient
or gradient contraction of the PDMS cap from a solvent swollen
state can also effectively transduce shear force on BCP thin
films in order to produce highly aligned nanodomains.!?’0-273]
As shown in Figure 8, alignment of BCP domains can be locally
controlled through adhering a PDMS pad to a BCP film surface,
and subsequently swelling the system with solvent vapor. This
work found that the contraction of a PDMS pad upon solvent re-
moval resulted in a shear force that was responsible for inducing
alignment in the BCP domains. While this technique is simple
and efficient for achieving alignment over large areas, it can be
limited to ultrathin BCP films (i.e., monolayer) as the influence
of the shear force dissipates in regions of the film closer to the
substrate,[2®] leading to limited orientation in structures near the
polymer—substrate interface. More recently, the concept of shear-
aligning was paired with laser zone annealing to provide ordering
over large areas (>2 cm?). PDMS pads were adhered to BCP films
prior to laser annealing which, upon exposure to thermal gradi-
ents from the laser annealing process, produced shear forces re-
sponsible for aligning the BCP domains.['%]

Notably, the case studies discussed here do not often quantify
the applied shear stress and its effect on the orientation of the
BCP domains. Register et al. systematically studied the effect of
varying shear stress and polymer characteristics on the progres-
sion of alignment in cylinder forming PS-b-PHMA thin films.[2>"]
It was determined that the requisite shear stress to induce align-
ment increases linearly with molecular weight of the BCP con-
stituents and decreases with film thickness until the films were
roughly five domains thick.

Key advantages of the shear alignment process include its
versatility and simplicity to macroscopically align BCP domains
without any particular requirement for polymer chemistry, sam-
ple geometry, and instrument set-up, which makes it attractive
and valuable for scale-up. As examples of the versatility of shear
alignment, more complex systems than the conventional diblock
and triblock copolymers, such as bottlebrush block copolymers,
have been aligned through the application of a shear force. Rza-
yev et al. demonstrated the fabrication of nanoporous materials
derived from a cylinder forming PS-b-PLA BCP. After the appli-
cation of macroscopic shear by passing the bulk polymer through
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Figure 8. lllustration of soft shear alignment of a model block copolymer induced through the solvent swelling and contraction of a PDMS pad. The
PDMS pad is placed on top of the BCP film, swollen during solvent vapor annealing, then contracts upon removal of solvent. This contraction induces
a shearing force, aligning the BCP domains. Reproduced with permission.[273] Copyright 2014, American Chemical Society.

a channel die, the BCP melt exhibits a highly ordered structure
which can be further processed towards a functional material.[?¢]
Similarly, Watkins et al. utilized controlled oscillatory shear to
provide highly ordered lamellar PS-b-PEO BCPs. This technique
was demonstrated to order the BCP nanostructure over large
sample volumes on the order of mm? in bulk samples.”] Ad-
ditionally, recent work has demonstrated that shear rolling can
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be used to produce uniform, perpendicular nanostructures over
large areas (4 in diameter) at time scales as short as 1 min.
This indicates the commercial viability of this simple, power-
ful technique.l?””] However, it is generally hard to achieve ideal,
defect-free patterns from shear alignment due to the presence
of their characteristic undulations within BCP morphology. Fur-
thermore, the shear alignment method has not demonstrated
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its ability to consistently produce vertically aligned nanodomains
throughout the entire film thickness.

2.4. Optical Alignment

Photoalignment of BCP thin films, triggered by directional ex-
citation of molecules from linear polarized light, has become
a rising interest in the past decade due to its unique ability
to noninvasively manipulate nanopatterns by simply control-
ling the optical pathway (i.e., exposing selective regions to the
light).[?8] Since alignment originates from the change in polar-
ity of nanodomains induced by trans-to-cis isomerization upon
illumination, this approach requires the incorporation of photo-
responsive units such as azobenzene groups into polymers for
triggering the anisotropic photoexcitation.[?°282] Advances in
material chemistry/synthetic approaches for enabling the photo-
alignment of BCPs are essential but will not be explicitly dis-
cussed in this article. Interested readers can find several excel-
lent reviews by Seki et al. for fundamentals of the synthetic as-
pect of this technique.?#3>2%*] While the mechanism of how BCP
nanostructure is macroscopically aligned through controlling lo-
cal molecular motions is still not completely understood, an in
situ study revealed a possible three-stage process from an in-
duction period for forming subdomains to multiscale aligning
events, in which each stage is proposed as a result of different
degrees of irradiation. At low amounts of irradiation, azoben-
zene mesogens isomerize to the less energetically favored cis-
state until this transformation plateaus. In the second stage,
the cis-isomerized azobenzene moieties undergo a highly co-
operative alignment process with the BCPs where ordered do-
mains can realigned through a nucleation and growth mecha-
nism. Stage three involves the fusion of domains to grow the
aligned grains.!?®>] This hypothesis was supported by the observa-
tion of a rapid BCP domain spacing shrinkage upon illumination
due to the softening of the azobenzene matrix.

Orientation direction of BCP nanodomains after photoalign-
ment is usually perpendicular to the plane wave’s electric field
vector, E, of linearly polarized light, while in some cases it could
also be sensitive to the film thickness. Early work demonstrated
a critical film thickness for controlling the alignment direction
of a BCP consisting of polyethylene oxide and polymethacry-
late with azobenzene units decorated side chains.[?®] When the
BCP film thickness is above 70 nm, out-of-plane orientation
is achieved for cylindrical domains and decreasing film thick-
ness below a threshold thickness of several tens of nanome-
ters leads to a change in alignment to the in-plane direction. Yu
et al. performed a series of systematic investigations to under-
stand the impact of many processing parameters such as light
intensity, film thickness, and polymer molecular weight of a
model diblock copolymer on the alignment direction.[?®”] Tt was
found that increasing light intensity greatly reduced the required
amount of illumination time to produce a phase/orientation tran-
sition in BCP films. However, photothermal degradation could
occur at elevated intensities (>100 mW cm?). This work also
observed that at film thicknesses less than 80 nm, phase tran-
sitions occurred in less than 2 s throughout the film, but at
shorter exposure times or for thicker films, the induced order-
ing began to attenuate closer to the film-substrate interface. Ad-
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ditionally, BCP with higher molecular weight could result in
higher viscosities and inhibiting the photoinduced alignment
of their nanodomains. Recent work demonstrated photoalign-
ment through the development of liquid crystal BCPs bound by
halogen bonding. This supramolecular liquid crystal BCP is able
to produce highly ordered nanostructures that were susceptible
to photo-alignment/photo-reorientation.[?®®] In another seminal
work, azobenzene and siloxane copolymers were used to induce
assembly through exposure to linearly and circularly polarized
light. The difference in polarization resulted in distinct morpho-
logical characteristics and could be performed at room temper-
ature without necessitating plasticization or additives.[?® Since
this method mainly requires light and specialized photorespon-
sive groups on polymer chains, we believe there are many oppor-
tunities to combine this method with other aligning techniques
to achieve highly ordered structures over large areas, or possi-
bly selectively pattern/orient BCP morphologies at different re-
gions. For example, applying a photomask to a BCP film during
annealing could allow for long-range order to be established in
the film, while illuminating exposed regions could result in al-
tered orientations of the BCP domains for simple methods of
developing patterned morphologies. In addition, the light regula-
tion of nanostructures shows its capability to easily pattern, align,
and rewrite BCP nanostructures over a local area,!?32%! which is
very important for many BCP applications such as for templating
synthesis of nanoparticles and producing hierarchical patterns of
functional materials.

2.5. Directed Self-Assembly

Directed self-assembly (DSA) integrates “top-down” and
“bottom-up” approaches for producing highly aligned nanopat-
terns by utilizing prepatterned substrates to guide microdomain
formation of BCP thin films as shown in (Figure 9).[21-2%] Ag
this is one of the most well-developed fields in BCP nanos-
tructure alignment, a number of excellent reviews already have
comprehensive discussion focusing on this area.[19>160163] Here,
we will only succinctly discuss the physical (graphoepitaxy) and
chemical (chemoepitaxy) patterning of substrates to induce
nanostructural alignment in BCP systems.

Two main DSA techniques are graphoepitaxy and chemoepi-
taxy, which involve topographical and chemical patterning of a
substrate surface to direct the orientation of BCP self-assembled
nanostructures, respectively.'®] Rectangular trenches are most
commonly used in graphoepitaxy, in which preferential wetting
of a BCP component with side walls enforces BCP nanodomains
to align along the trenches, leading to effective density multiplica-
tion of original patterns when there is commensurability between
the BCP domain size and trench width.[?°7:28] Many studies also
utilized more geometrically complex patterns on substrates, such
as 2D postarrays, for controlling both in-plane and out-of-plane
orientation of BCP nanopatterns through manipulating the dis-
tance between the periodic posts.[2*3%] Russell et al. employed
faceted surfaces of commercially available sapphire for gener-
ating hexagonally packed cylindrical domains (3 nm in diame-
ter) that are normal to the film surface with perfect orientational
order over large areas.**!l The effectiveness of graphoepitaxy is
generally dependent on many important parameters including
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Figure 9. Scheme depicting the use of chemically patterned substrates to direct the self-assembly of BCPs. The top row represents patterned substrates
where the different colored regions depict chemical patterns that are preferred by one of the blocks of a BCP. The second row of images demonstrates
the effect of the chemical patterns, showing the BCP domains preferentially assembling on their respective regions of the chemical pattern. The third
and fourth rows show how portions of the BCP domains can be selectively removed in order to provide materials for further applications. Reproduced

with permission.[2%6] Copyright 2007, American Chemical Society.

the commensurability of BCP domain size and substrate pat-
tern lateral dimensions, the interfacial interactions of the BCP
segments with the substrate, substrate surface roughness, and
film thickness.3*23%] Furthermore, modifying patterned sub-
strate surfaces with random copolymers can establish neutral lay-
ers for encouraging vertically aligned BCP domains through the
film thickness direction.>®! As opposed to graphoepitaxy, which
uses physical confinement to induce alignment, the chemo-
epitaxy method takes the advantage of surface energy contrast
from chemical heterogeneity of the substrate to register direc-
tional BCP nanodomains.*"”:3%] By lithographically patterning
grafted polymer chains or monolayers on the surface, one par-
ticular BCP component can be thermodynamically favored to as-
semble on top of the chemically modified regions.3%-310]
Pioneering work in this area demonstrates the ability to
control BCP domain alignment using heterogenous inorganic
surfaces.’!!l Nealey et al. have successfully employed advanced
lithographic processes to produce well-defined chemical patterns
for aligning cylindrical and lamella-forming BCPs.3%312] The
resulting BCP morphology from DSA methods is sensitive to
the substrate pattern size relative to its BCP domain period-
icity. For example, perpendicularly oriented BCP lamellae are
formed when these two values are very close.[39:311:313-316] Simjlar
to graphoepitaxy, preferential chemical stripes can also be placed
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at varying distances equal to integer multiples of the natural size
of the domains, thus allowing the domains to align in between
the trenches on the substrate.[156:296.317.318]

Compared with other aligning techniques, DSA provides ex-
traordinary ability to induce exquisite control of BCP nanostruc-
ture orientation in thin films for achieving nearly single-crystal
texture, but it also requires expensive instruments and a sophisti-
cated fabrication process. The development of this field has been
highly relevant with the microelectronic industry as a device-
oriented manufacturing process due to its advantages of den-
sity multiplications for reducing electron beam lithography write
time and pattern rectification for improving line edge roughness
of resulting patterns.[1%0:319320] There are also several other im-
portant aspects for implementing BCP DSA techniques for the
nanopatterning industry such as pattern transfer, BCP etching
contrast, and servo formation that are not covered in this review
but interested readers can refer to excellent reviews from other
research groups.!1>%321:322]

It is important to note that while most alignhment techniques
are focused on planar geometries, work has been done to inves-
tigate alignment techniques of BCP samples of arbitrary shape.
Kim et al. presented a technique centered around chemically
modified graphene to direct the self-assembly of PS-b-PMMA
thin films.323324 Through casting graphene oxide monolayers,
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followed by subsequent thermal reduction to graphene, a neutral
surface is provided and the BCP is directed to assemble into
perpendicular domains. BCPs of both lamellar and cylindrical
morphologies were demonstrated to be applicable to this tech-
nique, providing ordered structures, which could be further
useful in BCP nanolithography.

2.6. Interfacial Engineering

Engineering interfacial energies of polymer thin films, at both
the air-polymer interface and polymer—substrate interface, en-
ables the production of highly oriented BCP nanodomains in
the direction perpendicular to the substrate.??°] Similar to di-
rected self-assembly, both physical confinement and chemical in-
teractions determine the final morphology of the ordered BCP
domains. When a neutral layer is established on the polymer-
substrate interface, no preferential wetting behaviors from dis-
tinct BCP segments exist, and thus, in most cases, leads to out-
of-plane oriented domains since all blocks want to be present at
the interface.’-32% The modification of substrate surface energy
to create such neutral layer can be achieved by using random
copolymer brushes that are either crosslinked,>3*-33*! covalently
grafted,33+3%] or physically adsorbed on the substrate.[***] Addi-
tionally, the composition of the neutral layer does not need to
strictly match with the BCP chemistry, as homopolymer,36:3%7]
random copolymer,334341 graphene, 324341 teflon,**2] and poly-
dopamine all demonstrate the ability to produce a neutral layer
for yielding vertically aligned BCP thin films.3*33* Utilizing a
self-assembled BCP monolayer that is chemically or physically at-
tached to the substrate surface is also an effective strategy to pro-
vide a neutral wetting layer.>*®) While controlling the polymer-
substrate interfacial energy produces aligned domains, this in-
fluence usually only dominates at the bottom few layers of the
BCP film and can dissipate away from the substrate, resulting in
aloss of alignment near the air-polymer interface.**3] Therefore,
producing a neutral air—polymer interface is essential to gener-
ate highly aligned vertical domains through the entire film thick-
ness. Thermal annealing of PS-b-PMMA thin films within a spe-
cific temperature window has been extensively studied for achiev-
ing this neutrality since the surface energy difference between PS
and PMMA domains vanishes at high temperatures.[100:331:345.346]
Alternatively, solvent vapor annealing of BCP thin films at opti-
mized processing conditions, such as selected vapor pressures,
can produce a neutral free surface.[38:90:91:326.347.348] Since the neu-
tral surface is only present during processing in the aforemen-
tioned methods, many methods often require a sequential step of
rapid cooling or fast solvent removal to kinetically trap oriented
BCP domains.[°0:92.100.167.349-351] Byrthermore, the effectiveness of
these methods is largely dependent on polymer chemistry and
can be challenged when a BCP consists of segments with large
differences in surface energy.

Introduction of a top-coating layer to manipulate the air—
polymer interface is another generalizable approach, which typ-
ically uses a polymer film that is neutral, or very weakly prefer-
ential, to the blocks of the BCP film. As demonstrated in Fig-
ure 10, the nonpreferential interactions of the blocks at the air—
polymer interface allow for the perpendicular domains to prop-
agate throughout the thickness of the film.[***357] However, the
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Figure 10. Schematic demonstration of the effect A) a top-coat layer on B)
a BCP film nanostructure. The AFM image of a BCP film depicts perpen-
dicularly aligned cylinders in portions of the film covered with the top-coat,
and parallel alignment in regions that were exposed during solvent anneal-
ing. Reproduced with permission.[*>7] Copyright 2015, Wiley-VCH GmbH.

top-coating layer must be sufficiently thin, or be able to be re-
moved from the surface of the thin film without causing dam-
age in order to preserve intended material functionality. These
topcoats are often spin-coated directly on the surface of the thin
film but can also be deposited from the vapor phase.[325-328.354357]
Nealey et al. demonstrated using initiated chemical vapor deposi-
tion (iCVD) to graft a topcoat onto the BCP-free surface through
film exposure to monomer vapor and initiator in a vacuum cham-
ber with thermally initiated free-radical polymerization.[**8] The
resulting topcoat layer on the BCP film was neutral to both blocks
and allows for through-film thickness orientation of the BCP do-
mains upon thermal annealing. Furthermore, this top-coating
strategy can be achieved by the inclusion of polymeric additives
into a BCP thin film, in which the additives can segregate to the
top of BCP film and balance the surface tensions after annealing
for generating highly oriented out-of-plane nanodomains. -3¢}
The interfacial engineering method can often be combined with
other methods such as DSA for producing large-area vertically
oriented domains with single-crystal texture.

2.7. Zone Casting/Deposition/Annealing

Zone casting, originally developed to align small molecule crys-
tallites in thin films,3¢1362] can be performed by supplying a so-
lution of BCP molecules through a nozzle onto a moving sub-
strate in a continuous manner. As the solvent evaporates, or-
dered BCP domains are able to orient perpendicularly to the sub-
strate and/or the direction of motion. Kowalewski et al. inves-
tigated the development of long-range ordered block copolymer
films through zone-casting. Using a model lamellae-forming di-
block copolymer poly(butyl acrylate)-block-polyacrylonitrile (PBA-
b-PAN), films were cast through a nozzle onto the substrate that
was moving at a constant rate (Figure 11). The nanostructures of
deposited films exhibited a high degree of orientation (perpen-
dicular to the substrate) across the entire sample, and the mech-
anism of forming perpendicular domains with respect to the flow
direction is due to BCPs being driven to align along the solvent
evaporation front.*®* Further experiments demonstrated the po-
tential for implementation of zone-casting to commercially vi-
able processes. The aligned PAN domains of the BCP films were
stabilized at elevated temperatures and carbonized, resulting in
mesoporous carbon films through converting aligned PAN do-
mains to carbonaceous materials and complete removal of PBA
domains via thermal decomposition. Subsequent work extends
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Figure 11. Schematic representation of zone casting where polymer solution is fed into a nozzle and cast onto a substrate. Lamellar domains are oriented
perpendicularly to the substrate. In this work, the well-ordered nanostructures of a PAN-b-PBA BCP before and after carbonization of the PAN block are
depicted in the AFM images. Reproduced with permission.[363] Copyright 2005, American Chemical Society.

this method to cylinder forming BCPs, showing the zone casted
films contain vertically aligned domains and the grain size in-
creases with decreasing substrate velocity.[3**!

Zone annealing is another method that requires localized heat-
ing for providing alignment of BCP domains that was first estab-
lished in the field of metallurgy for crystal-forming materials.3%]
Briefly, the BCP domain alignment from zone annealing is ac-
complished by applying a moving thermal gradient across a BCP
film where alignment occurs along the planar front of the cool-
ing thermal gradient.[1°7:3¢6-368] Traditional zone annealing is car-
ried out above the Ty of the BCP system, but cold zone an-
nealing, CZA, is performed in the temperature range between
the T, of all segments and Topy of BCPs. Karim et al. demon-
strated the successful use of CZA to enable cylinders to be per-
pendicularly aligned to the substrate in PS-b-PMMA films.[3%]
The CZA technique provided control over the perpendicular ori-
entation of the cylindrical domains and the aligned films exhib-
ited grain sizes of up to 1 pm. Importantly, this work employed a
“sharp” temperature gradient with a 45 K difference between the
heating and cold sections on the substrate, which is largely re-
sponsible for the control over domain order. In later works, CZA
was used to align the systems composed of BCPs/surfactants
and oligomeric resol matrices.[*’*37!l Using poly(ethylene oxide)-
block-poly(propylene oxide)-block-poly(ethylene oxide) (PEO-b-
PPO-b-PEO) triblock copolymers, the characteristics of the BCP
nanostructure was tuned by manipulating the moving velocity
of the thermal gradient. It was determined that at low velocities,
the cylinder forming BCPs were aligned perpendicular to the di-
rection of the moving thermal gradient. Upon increasing the ve-
locity, the orientation of the BCP cylinders abruptly changed to
parallel to the movement direction, which was attributed to the
development of shear forces from the flow caused by motion of
thermal gradients. This work also elucidated the effect of BCP
chemistry and composition on the degree of alignment induced
through CZA. Specifically, increasing the molecular weight of
BCPs, and consequently their viscosity, leads to more hinderance
to perfectly align nanostructures.

Electrospray deposition is an important continuous process-
ing method for locally producing aligned BCP thin films on a
substrate.[32374 A dilute BCP solution is subjected to high volt-
ages in a capillary and upon exiting the capillary, the shear stress
produced by the electric field causes the solution to elongate and
form a jet, which subsequently breaks down into droplets and
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are deposited onto the substrate and heated to allow polymers
to equilibrate.37337°] Optimizing different processing parame-
ters for the electrospray deposition of BCP films is important
to achieve high degree of orientation, including solvent choice,
substrate temperature, BCP—substrate interactions, and the in-
duced flow rate of the solution.[2373] Specifically, previous work
demonstrated this technique can be used to kinetically trap ver-
tically aligned BCP cylinders before allowing them to equilibrate
to their preferred state, parallel to the substrate, which removes
the requirement for substrate neutralization treatments prior to
deposition.37° Out-of-plane aligned cylinders were achieved by
manipulating solvent conditions, as well as the collection dis-
tance of the substrate from the nozzle. Generally, solutions con-
taining more volatile solvents can exhibit a higher dependence
on the collection distances for producing highly aligned cylin-
ders along the out-of-plane direction. This is due to the require-
ment of a small amount of residual solvent in the deposited films
to provide chain mobility for orienting the BCP domains. Zone
casting/deposition represents a promising strategy for address-
ing pressing needs for directly achieving aligned BCP nanostruc-
tures via rational design of a film deposition process and could
be potentially applied to different BCP chemistry/compositions.
This continuous fabrication method is also highly beneficial from
an industrial production perspective. Future work to rationalize
these approaches to a broader selection of BCP systems would
allow further exploration of on-demand alignment control over
nanostructured thin films with tailorable composition and struc-
tures.

2.8. Combined Techniques for BCP Alignment

As previously discussed, a wide variety of techniques have been
developed for aligning BCP domains across many systems. In
order to fully leverage the power of these techniques, work has
been done to combine multiple of these approaches to further en-
hance alignment in BCP systems. Most often, these approaches
involve directed self-assembly of BCP systems through physi-
cal confinement, while using various other techniques to fur-
ther facilitate alignment of the assembled domains. For instance,
Nealey et al. aligned PS-b-PMMA thin films using chemically al-
tered, topographically patterned substrates. By coating grooved
substrates with a surface-neutralizing random copolymer brush,
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highly ordered, perpendicular lamellar domains were achieved
which could be applied to further lithographic applications.>”’]
Russell et al. demonstrated a simple and versatile approach which
incorporated graphoepitaxy and solvent vapor annealing in order
to align PS-b-P2VP thin films.”8] Patterns were generated into
various substrates by simply dragging a poly(tetrafluoroethylene)
(PTFE) block across the surface of the substrate above the PTFE
melting temperature. A highly ordered pattern of PTFE was
then transferred to the substrate through friction to provide to-
pographic confinement and induce alignment in the cast BCP
films. After casting, the BCP films were swelled with solvent va-
por, and ordering was enhanced, compared to samples cast on
substrates without the PTFE pattern. This work provides a sim-
ple, cost-effective method to develop anisotropic BCP films on
various substrates.

More complex approaches, such as electric field alignment,
have also been demonstrated as compatible with graphoepitaxy.
PS-b-PI BCP thin films were aligned within a fabricated mesh
of interconnected nanoconfined channels, facilitated through the
application of an electric field.”°! Electric field-aligned sam-
ples exhibited single-orientation domains of the cylinder form-
ing BCP. When quadrupolar electrodes were used to apply the
electric field, the orientation of the sample could be readily
switched between the possible structures. Ross et al. demon-
strated a similar technique to align PS-b-PDMS BCPs which were
confined within topographical trenches, swelled with solvent va-
por, and subsequently aligned through the application of an elec-
tric field.[*®] By manipulating the size of the confining trenches,
and the direction of the applied electric field, the ordered cylindri-
cal domains could be controllably oriented in various directions
parallel to the substrate. An important note found by this work
regarding the combination of these two techniques is that at nar-
row trench widths and short annealing times, mass transport of
the polymer from the trench wall competes with the electric field,
resulting in reduced degrees of alignment.

Various unique thermal techniques have also been used to
further facilitate BCP alignment under physical confinement.
Berggren et al. found that a thermally induced shear stress cre-
ated through differences in thermal expansion of a BCP film, the
substrate, and a rigid inorganic topcoat, could successfully ori-
ent domains of the BCP.[*¥!) This was accomplished by control-
lably cracking an SiO, topcoat on the surface of a PS-b-PDMS
film which resulted in rapid ordering of the cylindrical struc-
tures in less than a minute of processing time. Importantly, these
combinations of techniques could provide highly valuable insight
into the development of practices to fabricate highly aligned BCP
structures.

3. Anisotropic Properties from Alignment

The alignment of BCPs that are composed of blocks with dis-
tinct physical characteristics can lead to directional dependencies
in many material properties, such as chain diffusivity, rheologi-
cal and mechanical properties, and ionic/electrical conductivity.
This section will highlight the development of anisotropic mate-
rial properties from BCP nanostructural alignment. Understand-
ing structure-property relations of these aligned BCPs is impor-
tant for their implementation in many practical applications that
will be discussed in Section 4.

Macromol. Rapid Commun. 2021, 2100300

2100300 (13 of 32)

www.mrc-journal.de

3.1. Anisotropic Diffusion

The diffusivity of an individual BCP chain along the mi-
crodomains (D,,,) and across the microdomains interface (D,,,,)
can be substantially different when the nanostructure is aligned.
For the self-diffusion behaviors of a diblock copolymer (i.e., AB-
type), the A segments need to overcome a thermodynamic bar-
rier that is exponentially dependent on y N for diffusing through
the B-rich microdomains. Therefore, the diffusivity across the
microdomain interface in a BCP follows a hindered diffusion
mechanism.[*¥] For unentangled BCPs, polymer chains can dif-
fuse along the microdomain interface without the occurrence of
significant mixing between A and B blocks, however for entan-
gled BCPs, these chains have to follow a reptation process to dif-
fuse along the interface, forcing the mixing of A and B blocks at
the interface. As a result, the degree of entanglement plays a crit-
ical role on determining the anisotropic self-diffusion of polymer
chains in aligned BCP systems.*3]

In general, the anisotropy in the diffusion coefficient of poly-
mer chains along and across the microdomain interface de-
creases when polymer chains are more entangled. This is be-
cause the polymer chain entanglement makes it more difficult
for molecules to "reptate” through the matrix without mixing dif-
ferent blocks, which often leads to low (or even undetectable)
anisotropy of diffusivity in aligned BCPs.*3*3%] For example,
Lodge et al. measured the anisotropic diffusivity of both en-
tangled and unentangled BCPs thick films (0.6 mm), aligned
through the application of an oscillatory shear field parallel to the
surface of the film, that contains the same chemical composition
and macroscopically aligned lamellar domains by forced Rayleigh
scattering.*®**¥’] The anisotropy in diffusivity (D,,,/Dper,) of
highly entangled and lamellar-forming poly(ethylene propylene)-
block-poly(ethylene) (PEP-b-PE) is < 3 at temperatures below the
Topr-22* Compared to entangled polymers, diffusion perpendic-
ular to the microdomain interface is much more retarded as op-
posed to diffusion along the alignment direction for unentangled
polymers, which increases as a function of y. The anisotropy in
diffusivity for an unentangled PS-b-PI is approximately 40 °C at
90 °C, which is significantly larger than that of the entangled BCP
counterparts. The anisotropy of diffusivity decreases to approxi-
mately 4 at an elevated temperature of 110 °C, due to a substan-
tially decreased segmental friction factor of PS when the tempera-
ture is above its T,. In seminal works, the anisotropic diffusion of
unentangled poly(ethylene-co-propylene-block-dimethyl siloxane)
(PEP-b-PDMS) was investigated.’383#9] The PEP-b-PDMS BCPs
bulk samples were aligned by thermal annealing to produce ori-
ented polycrystalline structures and diffusion coefficients were
extracted through the nonexponentiality of signal decay during
pulsed field gradient NMR experiments. As a result, the evolu-
tion of anisotropic diffusion in the BCP systems was investigated
as a function of temperature, and consequently the degree of the
alignment of the BCP domains. For a cylinder forming BCP, a de-
crease in Dy, /D,,,, Was observed monotonously with increasing
temperature (Figure 12), indicating a loss of anisotropy of the sys-
tem as the aligned domains become disordered.*®! The diffusiv-
ity along the cylinder interface is approximately 60 times higher
than cross the microdomain interface at 60 °C, below the T,y of
the BCP. When temperatures are above the T, of the system,
Do/ Dyerp decreases to approximately 5.
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Figure 12. A demonstration of the evolution of anisotropic diffusion in a
cylinder forming PEP-b-PDMS BCP as the sample becomes more ordered
below its Topr. With decreasing temperature, the BCP domains become
more aligned, resulting in increased anisotropy of diffusion. Reproduced

with permission.[*39] Copyright 1999, American Chemical Society.

The use of pulsed field gradient NMR to quantify self-diffusion
behaviors of BCPs was also extended to both lamellae and sphere-
forming PEP-b-PDMS BCPs.3%] Additionally, a large anisotropic
diffusivity factor of 83 is found in unentangled poly(ethylene
oxide)-block-polyethylethylene (PEO-b-PEE) with aligned cylindri-
cal morphology,3! corresponding to the high enthalpic penalty
of removing PEO segments from ordered cylinders to insert into
another.

The degree of alignment in BCPs is a critical factor for de-
termining the diffusivity of polymer chains in different direc-
tions and their associated anisotropic factor. Cavicchi and Lodge
measured the diffusion coefficient of an entangled PEP-b-PDMS
along (D,,) and across (D,,,) the cylindrical domains with
varying degrees of macroscopic alignment of minority PDMS
phase (second-order orientation factor F, changes from 0.07 to
0.72).3821 Figure 13 depicts the effect of alignment on theoreti-
cal and experimental diffusivity values in the PEP-b-PDMS. In
all cases, D,,,/D,e,, is larger than 1. The D,,,, decreases signifi-
cantly as the degree of alignment improves, while D, is almost
independent on the degree of alignment. Therefore, the appar-
ent anisotropic diffusivity increases as the degree of alignment
in BPCs improves.

Moreover, the diffusivity of aligned BCPs also varies in dif-
ferent directions relative to the orientation direction. The an-
gular dependent diffusion coefficients in an aligned BCP can
be estimated by Equation 3, confirmed by the experiment
results*?]

D (¢)=D

= Dy, sin” (¢) + D,,,cos” (¢) (3)

This equation depicts the angular dependence of overall poly-
mer diffusion properties as a function of the diffusion coeffi-
cients across the microdomain interface, along the microdomain
interface, and the orientation angle. As the angle difference in-
creases, the anisotropy of the system decreases, resulting in a
lower effective diffusion coefficient of the system.
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Figure 13. The effect of the degree of alignment (F,) on the theoretical
(open markers) and experimental (closed markers) diffusivity values for
diffusion parallel (squares) and perpendicular (circles) to the BCP domain
interface. F, is calculated as a function of the SAXS intensity profiles of
the PEP-b-PDMS BCP. Reproduced with permission.[332] Copyright 2004,
American Chemical Society.

3.2. Rheological and Mechanical Properties

Mechanical and rheological properties are key parameters that
must be considered to implement BCPs into applications such
as tissue engineering,?23% fuel cells,?%l and water filtra-
tion membranes.3%% Previous results have demonstrated that
aligned BCPs can exhibit anisotropic viscoelastic behaviors.[*!]
For example, Luo and Yang investigated the rheological prop-
erties of a symmetric diblock copolymer with aligned lamel-
lar layers under a simple shear flow using the time-dependent
Ginzburg-Landau method.*"?) In their model, the parallel align-
ment of lamellae is defined as when the lamellar normal is par-
allel to the velocity gradient direction, and perpendicular align-
ment is defined as when the lamellar normal is parallel to the
vortex direction (transverse). After lamellar domains are oriented
by the shear force, they found maximum shear stress becomes
larger for the aligned samples, which increases with the increase
of yN of BCP systems. In general, both degree of alignment
and orientation direction can determine the rheological proper-
ties of BCP matrix. Such anisotropic rheological properties in
aligned BCPs were also confirmed by many experimental inves-
tigations. For an unentangled shear-aligned PS-b-P1,** distinct
differences have been demonstrated in the rheological behav-
iors between the disordered and aligned lamellar states. Gener-
ally, the introduction of aligned domains can induce reductions
in both viscosity and compliance when compared to disordered
or poorly ordered systems. The storage and loss moduli, as well
as the compliance of the highly aligned BCP sample, were in
agreement with calculations from the Rouse model. This result
demonstrates that under these conditions, molecular relaxation
is the slowest mode of relaxation in the aligned samples, indi-
cating very limited contribution from large concentration fluctu-
ations due to polymer chains continuously attempting to equili-
brate that has been observed in disordered samples. Moreover,
Noda et al. studied the shear-rate dependence of N, (first normal
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stress difference) of PS-b-PI in a concentrated solution, where
the alignment is in situ formed during the measurement (shear-
induced alignment). When the alignment is weak, N; was pro-
portional to shear rate y at low shear rate region, and increas-
ing the degree of alignment at higher shear rate leads to N, be-
ing proportional to 72.1404405] These results demonstrate the im-
pact of microdomain alignment on the shear rate dependence
of normal stress differences in BCP systems. Wilhelm et al. em-
ployed a combination of in-situ rheology and small-angle X-ray
scattering to investigate polymer rheological and structural re-
sponses to various strain amplitudes of oscillatory shear using
PS-b-PI as a model system.**®] Azimuthally averaged SAXS pat-
terns and G” measurements throughout the course of the experi-
ments demonstrated that, for low strain amplitudes, the standard
deviation of the first-order scattered reflections and loss moduli
of the samples decayed exponentially upon aligning, indicating
the development of shear aligned domains. However, the align-
ment was much less stable when larger strain amplitudes were
applied, evidenced by an initial decrease in loss moduli at short
time scales, but a disrupted exponential decay as the aligned do-
mains deteriorated.

The mechanical properties of BCPs are also dependent on
the degree of ordering and alignment of nanodomains. In some
cases, BCPs with slightly improved ordering may result in a sig-
nificant difference in their derived mechanical properties.[*07-40]
For instance, at least 50% increase of elastic modulus, 30% in-
crease in fracture strength, and a decrease of onset fracture strain
were observed in cylinder-forming poly(butylnorbornene)-block-
poly(hydroxyhexafluoroisopropyl norbornene) thin films, with
domain spacings of 47.2 nm, when their long-range ordering
of nanostructures are developed by SVA.[*1] Furthermore, when
BCPs nanodomains are globally aligned, highly anisotropic me-
chanical properties can be developed, such as modulus and small
strain responses. Early work on understanding the anisotropy
in mechanical properties of highly aligned BCP have been pri-
marily focused on thermoplastic elastomers.[*1'=*13] Most of these
systems are commercially available, containing a hard glassy do-
main (PS, minority phase) and a soft rubbery matrix (majority
phase). The minority domains of these BCPs can be aligned by
several conventional processing methods, such as using shear
force from extrusion and injection molding,**15) often result-
ing in pronounced differences in mechanical properties in the
directions parallel and perpendicular to the axis of induced shear.

In the early 1970s, Arridge and Folkes investigated the angular-
dependent Young’s modulus of a unidirectionally aligned PS-
b-PB-b-PS triblock copolymer containing hexagonally packed
polystyrene cylinders as a minority phase.[*®/ The Young’s mod-
ulus along the orientation direction is significantly higher than
that of perpendicular to the orientation direction of the nan-
odomains, which decreases rapidly as the angular difference (op-
posed to the alignment direction) increases from 0° to 45° and
then remains nearly constant. Similar anisotropic mechanical
properties were demonstrated for glassy BCPs that have rub-
bery domains as a minority phase. For example, PS-b-PDMS thin
films with the aligned cylindrical structure were aligned by us-
ing cold zone annealing-soft shear method,!*”! and their angular
dependent mechanical properties are characterized by wrinkling
methods.[*1##21] As shown in Figure 14, the modulus of the PS-b-
PDMS is directly dependent upon the angle of the applied strain.
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Figure 14. The effect of the angle of applied strain with respect to the ori-
ented domains of a cylinder-forming PS-b-PDMS BCP on the BCP film
modulus demonstrating increased modulus along the orientation direc-
tion of the cylinders. The moduli of the films were determined using estab-
lished surface wrinkling methods. Reproduced with permission.l4”] Copy-
right 2013, American Chemical Society.

When the strain is along the aligned cylinders, the modulus ex-
hibits a maximum at approximately 2.2 GPa which decreases sig-
nificantly as the strain direction is altered to be perpendicular to
the aligned cylinders. The dashed line in Figure 14 is a theoretical
prediction for the modulus of the film at varying angles, when the
systems are perfectly aligned. At high angles, the data is in good
agreement with the model, but deviates at low angles, which this
discrepancy is as a result of the film not being perfectly aligned
(orientation factor = 0.85).

Additionally, this work indicated that the mechanical proper-
ties of the BCP film were directly determined by the degree of
global order of the BCP domains. The modulus in the direction
parallel to the oriented cylindrical domains increases as the de-
gree of orientation improves, while the modulus in the direction
perpendicular to the cylinder orientation direction is much less
dependent with the degree of microdomains orientation. More-
over, the angular dependent modulus for the best aligned PS-b-
PDMS thin film can be successfully described by the classical
composite theory for aligned systems, such as fiber-reinforced

systems and drawn semi-crystalline polymers,[*7422423] yging the

following equations,

1/E, = 2L sin‘g+ (28,5 + S4,) sin*fcos’0 + L osto (4)
Eqy, E

Sy (1 +fI>DMs) / [(1 _ﬁ’DMS) GPS] (5)

=513 =013/ Eqp (©)

where Gy is the shear modulus of PS phase and v,; is Poisson’s
ratio. The classical composite theory for the aligned system can
also be generalized to other BCPs with other morphologies, such
as lamellae-forming PS-b-PB-b-PS triblock copolymers.[*24+26]
The mechanical properties of BCPs with aligned double gyroid
phase can also exhibit large anisotropy, as evidenced by the
modulus along the oriented [111] direction of gyroid structure
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in PS-b-PI-b-PS being approximately five times higher than that
of transverse to this direction.[*!?] In this work, the authors
attributed the higher yield stresses along this axis to the nanos-
tructure, rather than the volume fraction of the glassy block in
the BCP. Alterations in the SAXS patterns upon the onset of
necking suggest that the three-dimensionally interconnected
domains deform synergistically along multiple planes to pro-
vide improved mechanical properties. Furthermore, stretching
parallel to the [111] direction can result in the formation and
propagation of a distinct neck in BCP films while stretching in
the transverse direction to [111] only leads to diffused yielding
without the formation of a distinct neck.

It has been shown that blending BCPs composed of aligned
domains with homopolymers can impart improved mechan-
ical properties of the BCP into the behavior of the entire
composite. Through multilayer coextrusion and alignment of
poly(methyl methacrylate-b-butyl acrylate-b-methyl methacrylate)
(PMA-b-PBA-b-PMA) and PMMA, alternating layers with distinct
components were fabricated.*””] These systems demonstrated
approximately 20 times higher fracture toughness than pristine
PMMA films, and roughly five times greater toughness than con-
ventionally extruded BCP/homopolymer blends where the align-
ment of nanodomains is absent, demonstrating the toughening
effect from domain orientation. The effect of the alignment of
BCP domains on mechanical properties has also been investi-
gated in other BCP systems. For example, Picken et al. demon-
strated this concept through spinning fibers of poly(p-phenylene
terephthalamide)-block-poly(amide 6,6) BCPs.[*8] The increase of
draw ratio results in enhanced the moduli of fibers due to the
alignment of polyamide segments within the BCPs through the
production of the fibers.

3.3. Anisotropic lonic/Electrical Conductivity

A key application for nanostructured BCPs is their use for ion-
conducting membranes in many energy applications such as bat-
teries and fuel cells.[*?*432] Briefly, these BCPs are often com-
posed of microchannels for desired ion transport and glassy
domains for the enhancement of mechanical integrity. The ef-
fect of different BCP domain morphologies of fabricated ion-
conducting membranes has been demonstrated to affect the
transport properties of the systems. For example, Balsara et al.
investigated the effect of different morphologies on the trans-
port of bis(trifluoromethane)sulfonimide lithium (LiTFSI) salt
ions in polystyrene-block-poly(ethylene oxide) (PS-b-PEO) BCPs,
where the PS segments acted as glassy mechanical supports and
PEO domains facilitated ion transport.[***] This work demon-
strated that morphologies containing 3D ion-conducting path-
ways (gyroids, cylinders, and spheres with PEO as the majority
domain) greatly outperformed lamellar and other morphologies
where the PEO domains are not interconnected, which was also
confirmed by simulation studies from Hall et al.l'*’] Notably, this
work also determined the effects of tortuosity in different mor-
phologies on the ion conduction. When ion conduction pathways
are established as the majority phase in a gyroid morphology, the
lowest tortuosity and highest performance of the 3D phases are
achieved. In general, improving the degree of alignment and or-
dering in BCPs can significantly enhance the transport behaviors
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Figure 15. A) Schematic of ordered PS-b-PEO lamellae with LiTFSI in-
cluded in the PEO domains. The provided axes can be used to demon-
strate the orientation of diffusion vectors where x and y represent dif-
fusion through the lamellae, and the z axis represents diffusion across
the lamellar domains. B) Depiction of the effect of defect size on the
morphology factor (fymr) as calculated through NMR. Reproduced with
permission.l*31 Copyright 2018, American Chemical Society.

of different species within the nanochannels, thus controlling
their macroscopic properties.[****3] In addition to the nanos-
tructure ordering, the alignment of microdomains in BCP mem-
branes often triggers anisotropic ion/proton diffusion behaviors,
and optimizing the alignment degree could further enhance the
conductivity of these BCP membranes by minimizing the pres-
ence of defects and/or structural tortuosity.

The anisotropic ion diffusion in PS-b-PEO containing LiTFSI
with macroscopic aligned lamellar structure was investigated by
pulsed-field gradient NMR as shown in Figure 15.*!] A morphol-
ogy factor (fyur ) is used to estimate the anisotropic ion transport,
which is defined as

D.,+D,+D, ;
four = R (7)

XX

where D, and D, are the diffusion coefficients parallel to the
lamellae plane, and D,, is the diffusion coefficient normal to
the lamellae plane. fig equals to 2/3 for a perfectly aligned
lamellar structure in a BCP membrane assuming ions could
not diffuse through the PS phase while f,;z equal to 1 repre-
sents a completely isotropic BCP matrix. The experimental re-
sults show the diffusion coefficient parallel to the lamellae (D,,,,)
is an order of magnitude larger than that perpendicular to the
lamellae direction (D,,,) at low salt concentrations. The differ-
ence between D, and D,,,, becomes less pronounced as the
salt concentration increases. Correspondently, fyr is approxi-
mately 2/3 for PS-b-PEO/LIiTFSI at low salt concentration and
increases to approximately 0.8 at high salt concentration due
to more defects formed in lamellar domains induced by high
salt content, leading to possible ion transportation across neigh-
boring domains. Similarly, the anisotropic proton conductiv-
ity of poly(styrenesulfonate)-block-polymethylbutylene films with
aligned lamellar structure was studied using a variety of differ-
ent established techniques.'??! The flow and electric field aligned
lamellar domains resulted in the highest proton conductivities
normal to the plane of the film which is important for many prac-
tical applications.

Anisotropic ionic conductivity can also be developed in
BCP membranes with aligned cylindrical domains. Iyoda
et al. fabricated PEO-b-PMA/lithium trifluoromethanesulfonate
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Figure 16. The electrical conductivity of 120:1 molar ratio PEO:Li+ BCP
aligned in 5 T magnetic field parallel and perpendicular to the plane of ori-
entation, as well as randomly oriented BCP domains. The conductivity per-
pendicular to the alignment direction exhibits hindered mobility across the
domain interfaces, while the conductivity parallel to the orientation of the
BCP domains is facilitated by transport of the ions through the conduct-
ing channels. Reproduced with permission.l"*°l Copyright 2010, American
Chemical Society.

(LiCF,SO,) membranes with vertically aligned cylinders by a
thermal annealing method, where the oriented PEO cylinder
domains serve as channels for ion transport.*?! In this study,
the ionic conductivity along the oriented cylinder axes is ob-
served to be much higher than that across the cylinder ori-
entation direction at different Li* contents in PEO domains.
A high anisotropy in ionic conductivity of 450 was found for
the aligned BCP electrolytes with a PEO:Li* molar ratio of
20:1. The anisotropy in ionic conductivity decreases signifi-
cantly to 40 as this ratio decreases to 4:1 due to disturb-
ing the ordering and alignment in BCP nanostructures from
high salt concentration. Moreover, Osuji et al. macroscopically
aligned, lithium perchlorate (LiClO,) doped, cylinder-forming
poly(ethylene oxide)-block-poly(6-(4-cyanobiphenyl-4-yloxy)hexyl
methacrylate) (PEO-b-PMA/CB) by magnetic field and investi-
gated the effect of alignment on the ionic conductivity of these
polymeric membranes.'*! The conductivity along the cylinder
alignment direction exhibits an almost 10 fold increase com-
pared to that of unaligned BCPs, while the conductivity across
the aligned cylinder axis direction is approximately one magni-
tude lower than that of unaligned samples at room temperature,
as shown in Figure 16. These results suggest that the high degree
of alignment enhances the ability to direct the transport of ions
along the aligned channels. Additionally, model systems of lamel-
lar and cylinder forming oligo(ethylene glycol) alkyl ether surfac-
tants were studied in order to systematically assess the anisotropy
in transport properties of these mesophases. The mesophases
were aligned through the application of a magnetic field, and
the conductivity was investigated parallel and perpendicular to
the plane of alignment. Interestingly, the results were different
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from commonly accepted models for uniaxial systems with con-
ductivity enhancements that were significantly higher than the
predicted values for cylindrical and lamellar systems, suggesting
that theoretical predictions may not consider some practical vari-
ables such as disruptions of connectivity and domains that are
not infinitely long that can significantly contribute to ionic con-
ductivity.

Study also investigated a BCP system derived from inherently
electrically conductive polymers.*%] The polymer system used a
conjugated constituent, poly(3-hexylthiophene) (P3HT), to con-
duct electric charge in tandem with commonly used PEO to
conduct ionic charge when mixed with LiTFSI salt. The thick
film samples assembled into lamellar domains which became
disordered at elevated temperatures and exhibited lower con-
ductivities compared to the ordered counterparts. While the
P3HT-PEO system exhibited lower ionic conductivities com-
pared to PEO/LiTFSI mixtures due to the presence of the non-
ionically conductive P3HT constituent, the BCP is able to con-
duct electronic and ionic charges simultaneously. Furthermore,
polyelectrolyte systems are generally difficult to align. How-
ever, Nealey et al. have employed a method to convert P2VP
constituents of a block copolymer film to anionic 2-vinyl n-
methylpyridinium groups in situ to provide perpendicularly ori-
ented lamellae that yielded excellent ionic conductivity.'?! Sim-
ilarly, block copolymer lithography has been used to synthesize
anionic and cationic polymer brushes which take on the ordered
nanostructure of the BCP template. This method provided poly-
electrolyte brushes with desired orientations which exhibited en-
hanced ionic conductivities.[*!]

4. Applications of Aligned BCPs

The ability of BCPs to produce nanostructures with defined ori-
entation enables them to be useful for many nanotechnologi-
cal applications. As previously discussed, the alignment of mi-
crodomains gives rise to various enhanced physical properties
that can directly benefit different applications, including but not
limited to, nanolithography, patterning, the development of func-
tional porous structures, and filtration membranes. It is worth
noting the ion-conduction membranes also represent a large ap-
plication space for BCPs but will not be included in this section
considering they have been discussed at length in the previous
section.

4.1. Nanolithography for Microelectronics Fabrication

As discussed earlier, DSA of BCP thin films into ordered and pe-
riodic nanodomains provide a great opportunity as patterning
templates for large-scale and low-cost nanolithography for mi-
croelectronics fabrication.[**?) In the 1990s, Thomas et al. sug-
gested the possibility of using monolayer BCPs with 2D or-
dered spherical structure or perpendicularly aligned cylinder
structure for lithographic-based patternings.[**}] Since then, nu-
merous research works about BCP lithography have been re-
ported over the past decades with the aim to provide alterna-
tive and promising patterning technologies to complement con-
ventional optical lithography, highlighted by several excellent
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reviews.[28:291-295:444-448] Ty 3 typical nanolithography process us-

ing BCPs as templates, a BCP thin film is first aligned to ob-
tain patterned nanofeatures using various annealing strategies as
described in the previous section. Subsequently, these nanopat-
terns can be replicated on a solid substrate by a variety of pat-
tern transfer methods, including dry etching, wet etching, and
ion beam etching. To facilitate the transfer of nanopatterns, one
of the blocks of the BCP should be selectively etched while the
remaining portion can act as an etching mask to replicate the pat-
tern on a solid substrate.*??] Several BCPs, such as PS-b-PB, PS-
b-P1, PS-b-PMMA, PS-b-P4VP, and PS-b-PDMS, with highly or-
dered structures, have been demonstrated as effective patterning
templates for BCP-based lithography technologies.[#43449-455] Ad.
ditionally, sequential infiltration synthesis (SIS) has been demon-
strated as a versatile method for the production of large-area
ordered inorganic nanopatterns from polymer templates.[*>64>7]
This technique involves the selective infiltration of inorganic pre-
cursors into a domain of the BCP system, followed by subse-
quent synthesis of the inorganic material. The polymer tem-
plate can be removed to result in patterned inorganic materi-
als with desired properties for use in various microelectronic
applications.

BCP lithography enables the construction of densely packed
inorganic nanolines or nanodots for integrated circuits and func-
tional nanodevice applications. Early work from Adamson et al.
demonstrated the fabrication of hexagonally packed spherical
nanoholes and nanodots on silicon nitride substrates using PS-
b-PB as the template.[*?] Using a similar strategy/concept, vari-
ous inorganic nanodots or nanowires can be fabricated on semi-
conducting substrates to construct different functional devices,
such as metal oxide semiconductor capacitors, ! flash mem-
ory transistors,[#4] field effect transistors,!*61#62] biosensors,
and gas sensors.3162450463] For example, Gosele et al. fabricated
ordered Si nanorods with a highly uniform diameter of 15 nm
through BCP lithography method, as shown in Figure 17.[44
Specifically in this work, a cylinder-forming PS-b-PMMA thin
film (thickness: 35 nm) was first aligned perpendicular to the
substrate driven by establishing a neutral air-polymer interface.
Subsequently, the PMMA matrix was selectively removed by UV
exposure to produce a PS nanodots mask. The nanopattern of
ruthenium tetroxide-stained PS nanodots was transferred to the
underlying silicon nitride (Si;N,) by reactive ion etching (RIE)
method. Finally, ordered Si nanorods were obtained by remov-
ing Si;N, nanorods through the additional RIE step using hydro-
bromic acid (HBr). Moreover, Ross et al. demonstrated the fab-
rication of a wide variety of different metallic nanowire arrays,
such as Ti, W, Co, Ta, Ni, and Pt, using aligned PS-b-PDMS as
the templating agent.[*®%]

High density sub-10 nm nanopatterns for BCP lithography
were developed to manufacture ultrahigh density electronic de-
vices in microelectronics industry,[*¢] typically using low molec-
ular weight and high y block copolymers since the domain size of
a BCP is proportional to y/N?/* when it is strongly segregated
(¥ N >> 10).[45467468]5557 Rogg et al. fabricated field-effect tran-
sistors based on sub-10 nm graphene nanoribbon arrays using
PS-b-PDMS (y = 0.11)1*%] as the lithography mask.l*®”) Nealey
et al. fabricated sub-10 nm alumina patterns using directed self-
assembled P2VP-b-PS-b-P2VP (y = 0.40) triblock copolymer pat-
tern as lithography mask.[>*® Overall, these examples show the

Macromol. Rapid Commun. 2021, 2100300

2100300 (18 of 32)

www.mrc-journal.de

|
CHF, + Ar
v

HBr

d)

Figure 17. lllustration of processing steps for developing Si nanorods
through BCP lithography. Panel A) depicts a Si;N, coated silicon substrate
with a thin PS-b-PMMA film. B) The cylindrical PS domains are ordered
perpendicular to the substrate, forming nanodots upon removal of the
PMMA matrix. C) The patterned nanodots are transferred to the Si;N,
layer through RIE which act as a mask during. D) Si nanowire fabrication.
Reproduced with permission.[*64] Copyright 2007, American Chemical So-
ciety.

promise of aligned BCP as a facile template to develop high-
density nanopatterns of various inorganic materials, which is im-
portant for their further use in microelectronics applications.

4.2. Nanotemplates for Constructing 3D Nanopatterns

In recent years, aligned BCP nanopatterns have been utilized to
effectively construct multilayer or 3D structures of well-aligned
inorganic arrays for a variety of applications such as resistors,
biosensors, and electrocatalysts, 1074494704731 fyrther extending
their use in patterning-based nanotechnology. Yager et al. fab-
ricated large-area nanomesh wire arrays with controllable size,
symmetry, and compositions using aligned PS-b-P2VP patterns
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Figure 18. SEM micrographs of inorganic nanomeshes fabricated using unidirectionally aligned PS-b-P2VP BCP templates. The BCPs were aligned
through a combination of soft shear and laser zone annealing and subsequently converted to inorganic patterns which enabled additional depositions
of BCP films to form nanomeshes with varying orientations and compositions. Reproduced with permission.[474] Copyright 2015, Springer Nature.

as templates.[*’*] Specifically, a PS-b-P2VP monolayer with cylin-
der structure was first aligned by laser zone annealing with
soft shear. Subsequently, the aligned P2VP microdomains were
converted into metal nanowires using metal salt complexation
followed by the removal of polymer components using oxy-
gen plasma etching. Nanomesh structures of metal nanowires
were obtained by converting the aligned PS-b-P2VP thin films
into nanowires through the sequential layer by layer stacking
method (Figure 18). Similarly, Vogt et al. fabricated a 3D sil-
ica nanomesh by stacking two different layers of unidirection-
ally aligned cylinder forming PS-b-PDMS nanotemplates and
followed by ultraviolet-zone exposure and calcination in air at
high temperature to remove organic components.l*”®] Very re-
cently, Deng et al. developed a general strategy to construct 3D
multilayer-crossed metal oxide nanowire arrays, such as Si-doped
metastable e-phase WO;, through co-assembly of PEO-b-PS and
polyoxometallates followed by the calcination induced structure
transformation. The 3D multilayer-structured metal oxide semi-
conducting material exhibits not only ultrahigh sensitivity and
fast response-recovery dynamics, but also excellent selectivity,
rendering it to be an excellent candidate as acetone sensors.[*’%]

In addition to homogeneous 3D nanostructures, structural
complexity and chemical diversity of nanostructures can be
derived through BCP nanopatterning approaches, which are
promising for advanced electronics, electrocatalysts, and pho-
tonics applications.[*7#°] Kim et al. demonstrated the fabrica-
tion of highly aligned and chemically heterogeneous nanowire
arrays with controlled metallic components at desired locations
using aligned PS-b-P2VP as template.[*8"] Reversible metal ion
loading resulted in metal ion complexation within the BCP nan-
odomains. The spatial control of these domains was achieved
through the application of patterned masks to provide areas of se-
lective chemical segmentation. The alignment of BCP domains
provides an important foundation to construct complex 3D struc-
tures by providing facile access via bottom-up assembly.

4.3. Deriving Functional Inorganic Porous Materials

Porous carbon materials have attracted much attention due
to their excellent properties for various applications, such as
energy storage electrodes,!*81*¥* supercapacitors,/*5¥’] and
separations.[*84] The properties of porous carbon materials
are significantly affected by pore structures, such as pore size,
pore connectivity, and ordering of pores.[*84491-493] Tt is impor-
tant to note that while most BCP patterning applications in-
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volve films with thicknesses that correspond to 1-2 layers of
BCP domains, the development of porous materials is often ac-
complished in films 100 nm to micrometer thicknesses. Aligned
mesoporous carbon materials can be fabricated by using BCPs
as soft templates.[****%] In this process, carbon precursors, such
as phenolic resins, are typically selectively swelling in the con-
tinuous phase of BCPs and a wide variety of BCP systems have
been used as structural directing agents.[*7%1 After BCP as-
sembly, the precursor matrix can be crosslinked, and then ex-
posed to elevated temperatures (>350 °C) to remove the organic
template.’*?) PS-b-P4VP has been used as a structural directing
agent through casting BCP/resorcinol-formaldehyde resin pre-
cursor composites. The system was annealed using solvent an-
nealing, and the resin precursor infiltrated the majority P4VP
phase of the BCP system. This alignment technique allowed
for resin to be crosslinked around the cylinders formed by the
PS domains, resulting in pores that are perpendicularly aligned
to the substrate upon carbonization.?%! The alignment of BCP
templated carbon precursors can be further enhanced by vari-
ous annealing process.[*’%371] For instance, Sakurai et al. demon-
strated the use of compressional flow in a cylindrical BCP sys-
tem to achieve superior orientations of nanostructures.>*! Ad-
ditionally, Pluronic surfactants and resol carbon precursors have
been aligned by simply applying air flow to the surface of the
system.>%] Manipulating variables like the airflow velocity and
precursor concentration resulted in high degrees of orientation,
highlighting the potential of this technique to be applied to large-
scale production processes. Using solvent vapor annealing with
shear method, mesoporous carbon films with aligned cylindri-
cal structures can be prepared. These samples exhibit anisotropic
electrical conductivity with approximately 40% enhancement of
conductivity in parallel direction compared to that of perpendic-
ular direction.[’#] Moreover, Kim et al. fabricated highly aligned
N-doped carbon nanowire arrays by thermal carbonization of
aligned PAN domains using PMMA-b-PAN.?'! The aligned car-
bon nanowire array exhibits a much superior NO, sensitivity
compared to that of a randomly aligned carbon array.

In addition to the production of porous carbons, soft-
templating using BCPs as structural directing agents can be
employed in the development of other highly ordered meso-
porous inorganics, such as metal oxides. Early work in this
technique involved assembling Pluronic surfactants with var-
ious metal salts with subsequent calcination steps to remove
the block copolymer template, resulting in a porous metal
oxide matrix.’%! This technique is highly generalizable to a
variety of metal oxides,[*°-1% but the precursors, namely metal
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chlorides, could react violently with alcohols used in processing
solutions. Similarly, other approaches have been demonstrated
to produce mesoporous metal oxides under more mild reaction
conditions.1'15] However, most examples in the literature
associated with the topic are focused on improving the degree of
ordering in the developed nanostructures and control over align-
ment has been rarely demonstrated. Controlling the alignment
of these systems could present a large amount of potential in
the development of functional inorganics with complex patterns
and geometries for various applications.

4.4, Filtration Membranes

Self-assembled BCP thin films have been extensively reported
as separation membranes due to wide tunability in mor-
phology, chemistry/chemical composition, functionality, and
potential for large-scale manufacturing.’'6201 Well-defined,
monodisperse nanopores can be derived by selectively etch-
ing or swelling the vertically aligned domains in BCPs, en-
abling porous membranes with excellent capability for the size-
selective separation. Common methods to create these pores in-
clude phase inversion,®2522] selective swelling,**!°%] chemical
etching,3%°24] and ultraviolet ozone exposure.>?’! The narrow
pore size distribution of these BCP-derived membranes provides
advantages of high selectivity and high pore densities for en-
abling a high flux.>?°! Therefore, nearly one order of magni-
tude increase in water permeability can be achieved by using
isoporous BCP membranes for ultrafiltration applications com-
pared to commercial membranes with similar pore sizes.[*?’] For
these filtration relevant applications, development of perpendic-
ularly aligned domains throughout the entire film thickness is
essential. Leveraging the approaches that are discussed in Sec-
tion 2, a variety of reports have demonstrated the capability of
fabricating filtration membranes from aligned BCP systems. For
example, Kim et al. fabricated PS-b-MMA thin film with vertically
aligned nanopores for efficient filtration of viruses with ultrahigh
selectivity and flux.[1%528] The developed membranes have exhib-
ited cylindrical pores with diameters of roughly 15 nm. The size
and structure of these pores allowed for high sensitivity to human
rhinovirus, responsible for the common cold, rejecting all virion
based on size exclusion principles which was evidenced by plaque
assays. Russell et al. demonstrated the excellent size selectivity
of membranes with high rejection of Au nanoparticles can be
achieved from using aligned nanoporous PS-b-PMMA thin films
as ultrafiltration membranes.l*?}] The membrane with a pore di-
ameter of 17.5 nm, rejected roughly 87% of 20 nm gold nanopar-
ticles. Upon swelling with acetic acid, the membrane was able to
reject 100% of the gold nanoparticles in the process stream which
was determined through UV-vis experiments. Cussler et al. fab-
ricated nanoporous PS-b-PLA BCP thin films with an approxi-
mately 24 nm monodisperse pores for efficient ultrafiltration.!>8!
While the fabricated membranes exhibited a sharper rejection
behavior than many other membranes developed using similar
techniques, it suffered from low flux, possibly attributed to the
presence of mixed cylindrical morphologies hindering the flow.
Furthermore, many BCPs contain efficient reactive handles
for post-modification so that the selectivity and flux of mem-
branes can be readily tuned.’*®=%!] For example, Abetz et al.
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demonstrated the tunability of size selectivity of isoporous
membranes derived from polystyrene-block-poly(2-hydroxyethyl
methacrylate) through a chemical post-modification by urethane-
based chemistry followed by a thermal annealing process.>*!
The resultant membranes show a significant improvement in re-
tention of various investigated proteins. Further work involved
the fabrication of PS-b-P4VP based membranes with tunable wa-
ter flux by functionalizing membranes with temperature and pH-
responsive polymers, such as poly(N-isopropylacrylamide) (pNI-
PAM) or pNIPAM-NH, >3l In this study, the researchers devel-
oped membranes with tunable fluxes across a pH range from
3.2-4.7. Additionally, the double stimuli-responsive membranes
demonstrated easily tunable flux upon exposure to temperatures
varying from 0-50 °C, making them potentially applicable to
biomolecule separations. In addition to these ultrafiltration appli-
cations, aligned BCP thin films can be also used as pervaporation
membranes and membranes for water remediation.[+10:525:533.534]
In an effort to separate organic molecules with 1-2 nm lat-
eral dimensions, a customized triblock copolymer membrane
was developed that underwent post-functionalization to provide
unparalleled separation selectivity based on charge of the pore
interfaces.[>**l The BCP membrane was prepared through phase
inversion and then postfunctionalized with gas-surface interface
interactions to provide both negatively and positively charged
pores. The charged pores were demonstrated to selectively re-
ject charged dyes in mixtures of positive, negative, and neutral
species, all less than 1.5 nm in diameter. Similarly, BCP mem-
branes fabricated through phase inversion method were used to
investigate the effect of hydrophobicity of solketal methacrylate
units on the membrane performance.>*¢ The results of this work
confirmed that inducing hydrophilicity in the fabricated mem-
branes leads to the decreased fouling, evidenced by lower reten-
tion of proteins during adsorption experiments. As evidenced by
many instances in literature, BCPs provide a platform for func-
tional porous membranes with tunable characteristics that show
promise in many applications.

5. Challenges and Outlook

Macroscopic alignment of BCP nanostructure apparently offers
massive potential for designing nanomaterials with anisotropic
properties for the advancement of nanotechnology, but these op-
timized BCP systems to date still have been limited in practice.
The gap between academic research and industrial relevant ap-
plications suggests several critical challenges still remain unre-
solved despite the varying degrees of success obtained from the
rich development of BCP self-assembly. Here, we provide some
of our perspectives by identifying three key directions for com-
pelling new and interdisciplinary researchers into this arena in
order to further expand the role of macroscopically aligned BCPs
in practical applications.

5.1. Scalability
As with many other nanotechnologies, translation of bench-top

experiments to scalable production is always a key difficulty.
Many reported methods exhibit a high sensitivity to processing
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conditions including temperature, humidity, and sample thick-
ness. Therefore, scaling-up existing BCP aligning approaches
needs to be carefully designed in order to warrant high repeatabil-
ity and minimize batch-to-batch variation of material quality. In
this regard, continuous fabrication/processing methods are usu-
ally preferred, such as roll-to-roll (R2R) manufacturing, which
has potential to meet the industrial production volume. Several
methodologies introduced in the previous content can be per-
formed on an industrial-scale R2R processing line such as zone
annealing and direct immersion annealing.[%09736937:538] Other
methods such as raster annealing also show some promises
as an inexpensive approach with potentially compatible produc-
tion rate.[?’6>3°] However, these methods could sometimes suffer
from a long processing time for aligning BCP nanostructures (at
least hours) since typical workflow of many applications could
require multiple processing steps to be finished within minutes.

In this vein, photothermal-assisted BCP ordering methods
have much to offer, especially when combined with shear force or
epitaxy methods.[*7#340-542] Extreme processing conditions with
high temperature, high heating rate, and sharp temperature gra-
dient induced by application of illumination or laser energy lead
to very rapid ordering and aligning of BCP films over large ar-
eas. These robust approaches hold great promise for rapid and
scalable production, but most of these reports are so far still fo-
cused on in-plane orientation of thin films and the ability of out-
of-plane alignment from bulk BCP samples (c.a. >200 pm) re-
mains unclear. While most current photothermal methods re-
quire a light-absorbing layer placed underneath the BCP film, a
very recent study shows the capability to produce macroscopic
alignment of BCPs on silicon substrates using laser-based an-
nealing methods.['®! The expansion of processing windows, as
well as substrate selection, would be useful to further enhance
the value of these techniques. Additionally, reducing the defect
density of BCP films is of paramount importance for their prac-
tical implantation into microelectronic applications, which has
been explicitly discussed in many research articles.>*-*] Never-
theless, these emerging techniques provide exciting new oppor-
tunities to hasten the leap from research lab to large-scale man-
ufacturing.

5.2. Precise Spatial Control

While numerous efforts have been pursued to achieve a perfect
“single-crystal” morphology over the entire substrate, many ap-
plications actually require complex nanopatterns, meaning fab-
ricating regions that contain different features on one substrate
with each region being locally aligned.[26>4->%0] Kinetic trapping
of a nonequilibrium morphology in a local area with assistance
from lithographic patterning provides some degree of flexibil-
ity to alter local structure orientation and/or degree of order,
but such methods may not be able to produce a highly diverse
nanopattern. Alternatively, selective deposition of different BCPs
on different regions can lead to a hierarchical nanopattern, but
it becomes more challenging when the complexity of final pat-
terning increases since each BCP corresponds to only one fixed
size and morphology.[*7>>1-%7] Recently, an in-film polymeriza-
tion approach is demonstrated to enable local production of ho-
mopolymers within a BCP film matrix in order to alter nanostruc-
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tures (both size and morphology) with simultaneous improve-
ment of the degree of ordering from monomer vapors, leading
to distinct morphologies on one substrate when a photomask
is applied.’*>°"] While this in-film polymerization is still lim-
ited with a batch process, this approach opens a new avenue for
on-demand nanopattern manipulation over a defined area. Mov-
ing forward, it is likely that combining in-film polymerization
with other previously established aligning techniques would en-
able exact registration of local nanostructures over different re-
gions. However, challenges still remain associated with improv-
ing nanopattern resolution in the interfacial region between ex-
posed and unexposed areas since it can contain coexistence of
two distinct morphologies.

5.3. Advanced Characterization

Concurrent with all of these research efforts, another key com-
ponent is the development of advanced characterization tech-
niques for high-throughput and real-time study of BCP nanos-
tructural evolution, which is particularly important for reveal-
ing fundamental mechanisms associated with aligning dynam-
ics in order to inform improved engineering process design.
In situ X-ray scattering measurements have made strides in
studying polymer assembly kinetics due to its advantage of high
temporal resolution and progress has also been made by us-
ing microbeam grazing-incidence small-angle X-ray scattering
(#GISAXS) to probe local BCP thin film morphology (50-500 pm
beam diameter) and resonant soft X-ray scattering (RSOXS)
for resolving structural information over a very large area (x~1
mm?).[84348:406.558-565] Recent reports further demonstrate the ca-
pability of X-ray-based techniques for studying nanostructural
heterogeneity and BCP interfacial roughness.l>*=%8] Similarly,
neutron scattering has also been employed for numerous block
copolymer systems.[*®-7] These techniques have been success-
fully implemented for understanding BCP aligning dynamics by
providing real-time nanostructure information, but only in recip-
rocal space and microscopic details such as defect annihilation
kinetics and grain growth could be missing.

In order to rationally design processing pathways, it is neces-
sary to directly visualize BCP self-assembly phenomena in real
space and real time. Tremendous progress has been made in ex-
panding imaging capability for BCPs including using in situ elec-
tron microscopy and atomic force microscopy (AFM) for reveal-
ing assembly dynamics at nanometer resolution in order to quan-
titatively understand important parameters such as activation
energy required for defect annihilation in BCP thin films.575->%]
High-resolution transmission electron microscopy has also been
employed to image polymer samples with resolutions as low
as 3.6 A.[53+586] Super-resolution optical microscopy has also
been introduced to visualize morphological evolution of polymer
systems upon solvent swelling, which offers advantages of large
imaging volume, non-invasive imaging condition and customiz-
able contrast by fluorophore labeling.>®’->% Finally, theoretical
and computational approaches are still at the forefront for provid-
ing significant insights about BCP aligning kinetics and recent
studies have enabled understanding of processing-dependent
polymer properties using dynamics self-consistent field theory
(SCFT) and nonequilibrium molecular dynamics.’7-%%1 1t is
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apparent that synergizing efforts from computational and exper-
imental approaches is the most effective way to further advance
the development of BCPs for future nanotechnology.
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