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ABSTRACT: Block polymer (BP) self-assembly is an ideal approach to generate periodic
nanostructures for thin-film applications such as nanolithography, ultrahigh-density memory
storage, sensors, and membrane filtration. However, numerous commercial uses require well-
ordered nanopatterns and/or precisely controlled domain orientations that can be produced quickly
and reliably. In this Spotlight on Applications, advances in BP thin-film fabrication are highlighted
including fundamental studies of BP microphase separation, methods to anneal with improved
ordering kinetics, and techniques for shear-based directed self-assembly (DSA); the studies
discussed represent important steps towards effective large-area manufacturing of nanoscale
features. First, combinatorial/gradient and in situ investigations of interfacial energetics, solvent
interactions, and DSA are presented because of the unique insights they provide with respect to
morphology control. Next, methods to manipulate BP thin-film morphologies by annealing or
shear-based DSA are discussed, highlighting key aspects for these approaches: speed, adaptability
roll-to-roll compatibility, and BP system versatility. Finally, an overview of some of the challenges
that limit the wider adoption of BP thin-film technologies, and several opportunities to overcome
these hurdles are considered, such as latent alignment and multistep processing.

1. Introduction

The ability of block polymers (BPs) to self-assemble into well-defined nanostructures has
attracted significant research interest for thin-film applications such as nanolithography,! 2
ultrahigh density memory storage,® sensors,* and membrane filtration.>  This attention is driven
by the potential for BPs to simplify the production of nanoscale features, as the morphology and
size scale of self-assembly can be readily tuned through manipulation of polymer composition,
architecture, and overall molecular weight.” The spontaneous nanostructure formation on the basis
of molecular interactions is considered a ‘bottom-up’ approach, and it has the potential to be a
cost-effective route to overcome many of the limitations of current ‘top-down’ methods.®

Established top-down techniques (e.g., photolithography, electron-beam lithography)
typically use a mask or a scanning probe to transfer or raster patterns.” ! These commercially
tractable production platforms can fabricate complex features that are effectively defect-free and
are extremely important in the industrial manufacturing of electronic components (e.g., integrated
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circuits) because of the application need for minimal nanostructure flaws.! However, several
drawbacks of top-down methods include low throughput, poor substrate compatibility, and
inherent resolution limitations.!® Furthermore stringent environmental requirements commonly
necessitate the use of clean rooms, which significantly increases processing costs.” 1 These
drawbacks have hindered the broader adoption of nanoscale patterns into other types of products
and have slowed progress towards higher feature densities in electronics.” 1

Although there are significant potential benefits to bottom-up approaches, including those
that rely on nanostructure generation via BPs, the incorporation of such systems in industrial
applications has been limited to date.” !° Perhaps the most notable example of an industrial
adoption is IBM’s Airgap, which has used a perpendicular-cylinder nanostructure formed by BPs
to enable the creation of vacuum gaps between on-chip wires to improve electrical insulation.'!
Another application in which BP thin film-derived features have shown promise is magnetic
storage media. Researchers at both Western Digital (formerly Hitachi Global Storage
Technologies) and Seagate demonstrated the fabrication and performance of bit-patterned media
made by BPs with densities greater than 1 Tdot/in?.> However, methods to control BPs for next-
generation magnetic storage, lithography, and logic need significant improvement before industrial
adoption because of stringent tolerances with respect to features-size variability, line-edge
roughness, defect density, etc.> 2 In contrast, the built-in redundancies of dynamic random access
memory allow for a defect rate ~100x higher than what is acceptable for logic, which makes this
use-case a promising entry point for BPs in electronics patterning.'3

There are additional applications of BP nanostructures that do not have the strict
requirements mentioned above, but different challenges have prevented widespread adoption.® For
example, membranes for wastewater recovery must be manufactured across orders of magnitude
more surface area than circuits,® and although high-performance filtration using BPs has been
demonstrated, methods to produce the films with sufficient throughput are lacking.> Scalable
fabrication that can produce square meters of BP-based functional nanoporous membranes
generally will benefit from continuous processes, such as roll-to-roll (R2R) systems,'#!1® and
current BP deposition and alignment approaches are often incompatible with R2R production or
too slow for cost-effective manufacturing.®

Thus, for broader commercial adoption of BP thin films, patterns need to be formed quickly
(i.e., in several minutes or faster), and the processes used must be amenable to integration in
production systems for target applications.!” The requirements of a given purpose dictate which
nanoscale characteristics are important to control; common examples include morphology (e.g.,
spheres, cylinders, lamellae), feature size, grain size, defect density, orientation (parallel or
perpendicular relative to the substrate), and in-plane directionality.!” Although there are strategies
to produce nanostructures with a set of chosen attributes, such as substrate modification,'s 1
thermal/solvent-based annealing,?® and directed self-assembly (DSA),*"** existing approaches are
limited by the abovementioned drawbacks.® Furthermore, the effectiveness and implementation
details of methods to manipulate self-assembly can vary significantly on the basis of the BP used
and the nanostructure desired. With an expansive parameter space, it can be a difficult to optimize
fabrication protocols to produce a target nanopattern efficiently and consistently, and fundamental
studies play an important role in addressing these issues.

The Epps group is tackling these challenges through several investigations that have (1)
assessed process conditions via combinatorial/gradient screening and (2) probed BP thin-film
nanostructure reorganization with in situ characterization techniques.?* 2* In particular, high-
throughput approaches were used to study the complex interplay associated with polymer/substrate
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and polymer/solvent interactions. These analyses have elucidated important connections between
process conditions and morphology, and they have demonstrated approaches that can be employed
to rapidly optimize fabrication procedures. Furthermore, such studies are complementary to other
areas of research that are critical to many applications, like the introduction of functionalities into
BP-generated nanopatterns (e.g., masks, inorganic replicas, semiconducting blocks, etc.).?>26

In this Spotlight, we highlight several paths to address the abovementioned challenges,
including important contributions from the Epps group (see also Figure 1). First, fundamental
studies of BP thin-film processing are presented with a focus on understanding the impacts of
interfacial effects, annealing, and DSA on morphology. Next, processes to develop or manipulate
BP thin-film nanostructures are showcased. Although fundamental studies and process
development work synergistically towards the same overarching objective of bringing BPs “from
lab to fab”, these workflows have distinct methodologies and specific goals. Finally, ongoing
hurdles to the manufacturing of BP thin films, and opportunities to overcome these limitations, are
considered.
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Figure 1. Key aspects of self-assembly and nanostructure control in BP thin films. (Bottom left)
The competition between substrate and free surface interfacial interactions is related to film
thickness, and the interplay between these factors can impact the surface morphology. Reproduced
from ref. 23. Copyright 2016 American Chemical Society. (Top) BPs can reorganize while in a
solvent-swollen state; the specific response (e.g., change of number of layers or domain spacing)
can vary on the basis of solvent vapor partial pressure and the resulting domain plasticization.
Reproduced from ref. 24. Copyright 2016 American Chemical Society. (Bottom right) The
application of a shear stress to a BP film can be achieved by solvent vapor to expand and contract
an elastomer pad. The solvent vapor also swells the film to provide chain mobility, which can
facilitate BP alignment. Reproduced from ref. 22. Copyright 2015 American Chemical Society.
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2. Studies of BP Thin-Film Self-Assembly Processes

BP self-assembly is a multifaceted process that becomes more complex when the polymers
are confined to thin-film geometries. The impacts of competing forces can be difficult to
deconvolute, and large parameter spaces are challenging to investigate systematically. For
example, preferential interactions between a polymer block and the substrate can influence the
nanostructure formed, but the magnitude of this effect is not constant through the thickness of the
film.!® 23 As such, in situ and gradient/combinatorial analyses are critical to determine underlying
mechanisms of self-assembly and to optimize process parameters to improve final
nanostructures.'®27-28 In this section, several studies are described that use these tools to probe the
morphological effects of interfacial interactions, solvent energetics, and DSA.

2.1 Interfacial Interactions

In a thin-film configuration, surface/interface energy is a driving factor for the orientation
(parallel or perpendicular) of BP nanostructures. For example, in the simplest case of an AB
diblock polymer on a solid substrate, interactions between one block and the substrate can direct
self-assembly to form patterns that are in-plane or out-of-plane relative to the surface.?®: 3°
Nanostructure orientation is critical for many applications (e.g., perpendicular cylinders for
nanofiltration), but robust control over this aspect of self-assembly is not easy to achieve — block
chemistries, substrate chemistry, the free surface, and film thickness all have interdependent
effects on nanopattern orientation. Often, nanostructures perpendicular to the substrate are
desirable, but to achieve this result, both blocks are normally expected to have similar surface
energies at the polymer/substrate and polymer/air interfaces.!” Thus, researchers have studied
approaches to modify surface energies through substrate surface manipulation and/or the
introduction of new layers, such as topcoats to tune interactions at the polymer/air interface.?!

Substrate modification is one promising route to control surface chemistry. Techniques can
use crosslinkable random copolymers,*? hydroxyl-terminated homopolymers,** or polymer grafts
on the substrate.!®- 2% 3% For example, chlorosilanes can react with native oxide surfaces of silicon
to form a monolayer that modifies surface energy.!® % 34 Different surface chemistries can be
generated from various chlorosilane chemistries (e.g., benzyldimethylchlorosilane [benzyl silane]
or n-butyldimethylchlorosilane [r-butyl silane]), and a wide range of interactions, both preferential
or nonpreferential, can be obtained. Furthermore, blends of organosilanes with different
functionalities can be used to fine-tune surface energy, which adds granularity to the accessible
parameter space.'® These mixtures also can vary spatially — Julthongpiput ef al. demonstrated a
route to form micropattern surface gradients by varied UV-ozone exposure, which chemically
modifies a hydrophobic chlorosilane slowly with the incorporation of oxygen-containing groups.>?

The Epps group has employed modified surfaces with gradients between two distinct
chlorosilanes to enable high-throughput investigations of the effects of surface energies on
polymer nanostructures.'® ** One key approach involved cross-deposition onto a substrate of two
chlorosilanes under dynamic vacuum with the ability to tune gradient profiles and surface energies
imparted through control parameters such as reservoir size and position.** The surfaces produced
by this process enabled one to efficiently probe a series of interfacial interactions using a single
polymer film.

This framework, in conjunction with gradient thickness films, was employed by the Epps
group to assess the self-assembly of poly(styrene-b-isoprene-b-styrene) (SIS) across a wide range
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of film thicknesses and substrate chemistries.'® Gradient-thicknesses films were used to

demonstrate that preferential interactions between the polystyrene blocks and either bare silicon
or benzyl silane led to the formation of parallel cylinders independent of the film thickness.!® In
contrast, preferential interactions between the polyisoprene block and n-butyl silane led to the
formation of distinct nanostructures as a function of film thickness.!® The films exhibited a mixture
of parallel cylinders and hexagonally perforated lamellae (HPL) across most thicknesses, with
HPL exclusively present only at narrow thickness ranges of 1 = 89—91 nm (3.30d—3.37d, d is
interlayer spacing and had a value of 27 nm for this system) and # = 116 nm (4.30d).!® The
difference in thickness between these HPL-exclusive regions was ~27 nm, which matches the
interlayer spacing for the polymer thin film.!® Films cast onto gradient benzyl silane to n-butyl
silane surfaces exhibited gradual morphological transitions from parallel cylinders to HPL with
mixed states at intermediate compositions (Figure 2a).'® These high-throughput gradient
techniques expedited the identification of both the surface chemistry/energy and film thickness
windows that produce parallel cylinders, HPL, and mixtures of the two nanostructures.
Importantly, this combinatorial approach to fabricate film thickness and monolayer surface
chemistry gradients is a powerful screening tool to probe new materials and identify conditions to
obtain desired morphologies.

With the many possible combinations of surface modifications and polymer blocks, a
method to predict nanostructure orientation on the basis of key substrate/polymer interactions
could aid in the design of thin-film systems through the reduction of extensive parameter space
exploration. Such an approach was reported by the Epps group whereby the effects of total,
dispersive, and polar substrate surface energy components of thin-film self-assembly were studied
systematically and quantitatively.*® This framework can be used to match the desired BP thin-film
nanostructure with chemically modified substrates. Poly(methyl methacrylate-b-n-butyl acrylate)
(PMMA-PnBA) films with gradient thicknesses were cast onto substrates with different surface
chemistries and thermally annealed, and the wetting behavior was characterized by their
island/hole structures measured by in situ or ex situ optical microscopy.*® This rapid screening
approach leveraged the fact that symmetric and asymmetric wetting of diblock polymers (i.e.,
whether the same or different polymer blocks will wet substrate and free surface) are
commensurate at integer and half-integer domain lengths, respectively, and films can form terraces
at other thicknesses.>® The results indicated that wetting behavior was driven by repulsive total
surface energy whereas through-film interactions were influenced by the attractive pieces of the
dispersive and polar components.3®

The impact of polymer/substrate interactions propagates through films, but the magnitude
of this effect decreases with an increase in film thickness, which can lead to differences in
nanostructure orientation at different depths.>*> Because many applications require uniform
nanoscale features through films, the Epps group studied the thickness dependence of interfacial
interactions on surface morphology.”> The competition between polymer/substrate and
polymer/free surface for PMMA-PnBA was investigated by a similar approach to what was
described above.?® Because preferential wetting leads to island/hole formation at incommensurate
film thicknesses, the disappearance of these features indicated a transition from substrate dominant
to substrate/free surface competition (i.e., critical propagation depth) (Figure 2b).’” This critical
propagation depth was mapped as a function of the interfacial energy difference between the
substrate and polymer blocks — the critical propagation depth increased linearly at small
interfacial energy differences before plateauing at larger interfacial energy differences.??
Specifically, long-range decoupled surface energy components were predictive of critical
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propagation depth, which can help in the design of systems with uniform through-film
nanostructures for applications such as nanolithography, nanotemplating, and nanoporous
membranes.?? This propagation depth-based limitation of substrate modification also points to the
need to combine approaches, such as substrate surface modification with topcoats, to reliably

produce high-aspect-ratio films.3!
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Figure 2. Polymer/substrate interactions. (a) Atomic force microscopy (AFM) phase images of a
thermally annealed SIS film cast onto a gradient monolayer. Parallel cylinders were found near the
benzyl silane end with a transition to HPL as the n-butyl silane composition on the substrate
increased. The scale bar represents 200 nm and applies to all images. Reproduced from ref. 18.
Copyright 2013 American Chemical Society. (b) Composite optical microscopy images of gradient
thickness PMMA-PrBA films on various substrates. Island/hole structures were formed at integer
or half integer domain spacings for asymmetric (bare silica, aceto silane, benzyl silane) and
symmetric (methacryl silane, n-butyl silane) wetting substrates, respectively. The red boxes
correspond to critical film thicknesses at which island/hole formations were expected but not
present, which indicates a transition from a substrate dominant to a substrate/free surface
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competition regime. The scale bar applies to all micrographs. Reproduced from ref. 23. Copyright
2016 American Chemical Society.

2.2 Solvent Interactions

The interactions between polymers and solvents also are important driving forces in self-
assembly. Polymer thin films are typically coated from a dilute polymer solution, and the choice
of casting solvent can significantly impact the initial (and final) nanoscale morphology.*® After a
film is cast, the reintroduction of solvent can plasticize the polymer to enable further coarsening
of the self-assembled structure and manipulation of the BP phase behavior — the nanostructure is
sensitive to many factors, such as solvent/block compatibility, swelling ratio, and solvent removal
rate.?* ¥ For example, mixtures of solvents can be used to anneal polymers to target a desired
morphology on the basis of selective swelling of a block.***? Yet, the mechanisms of nanostructure
reorganization in these systems need to be understood to improve annealing processes.

BP thin films in solvent-swollen states self-assemble to minimize energy, but the
nanostructures formed do not necessarily represent energetic minima of the final unswollen films.
In these instances, solvent removal can have a strong impact on the final morphology due to kinetic
trapping. Kim et al. first reported these effects with poly(styrene-b-butadiene-b-styrene) films
whereby casting solvent evaporation rates were varied.** Fast evaporation led to poorly ordered
films, and successively slower solvent removal formed nanostructures that transitioned from
perpendicular cylinders, to perpendicular/parallel mixed orientation cylinders, to parallel
cylinders.** 44 The Epps group studied the effect of deswelling rate from solvent vapor annealing
(SVA) on morphology with SIS — solvent-swollen BPs were deswelled at different rates, and the
through-film morphologies were probed at key points of the solvent removal process.** Well-
controlled UV-ozone etching combined with AFM imaging of quenched films allow the group to
probe morphology and orientation as a function of depth.?® The orientation of SIS thin films varied
on the basis of solvent removal rates, with the formation of perpendicular cylinders for films
deswelled slowly and parallel cylinders for more highly quenched systems.?* The through-film
morphologies of films kinetically trapped at different stages of deswelling suggested that the
mechanism of cylinder reorientation propagated from the free surface to the substrate.® These
results demonstrate how rate of solvent removal can be an important parameter for the
manipulation of BP nanostructures.

Another useful approach to control morphology is through selective-solvent swelling and
SVA by multiple solvents. As with the combinations of chlorosilanes described in the previous
section, an expansive parameter space can make it labor intensive to target a desired nanostructure.
To investigate the impact of solvent mixtures on morphology efficiently, a gradient technique was
developed by the Epps group that employs a microfluidic mixing tree.*? In this system, two solvent
vapor streams were fed into separate inlets.** At each stage of the tree, mixing occurred to produce
various ratios of each solvent in a channel, in which a film is annealed.*?> This approach was used
to probe the effects of n-hexane and tetrahydrofuran on SIS: the n-hexane is preferential to the
polyisoprene block and a poor solvent for the polystyrene block, and tetrahydrofuran is a good
solvent for both blocks, with a slight preference for the polystyrene block.** The SIS exhibited
either a spherical morphology or perpendicular cylinders when annealed by pure n-hexane vapor,
and the films transitioned to parallel cylinders upon annealing from a vapor mixture richer in
tetrahydrofuran.*? The formation of spheres would occur on the basis of an increased volume
fraction of the polyisoprene block with n-hexane, whereas perpendicular cylinders might have

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Applied Polymer Materials

formed to maximize the exposure of the polyisoprene block to the surface due to its position as the
midblock in a triblock system. Microfluidic mixing trees enable high-throughput screening of
solvent ratios for the identification of microstructures and morphology transformations of interest
through efficient optimization of SVA parameters.

Fundamental studies of solvent/polymer interaction are essential for understanding self-
assembly processes.*> 46 Experimental connections between the swollen- and dried-film
nanostructures are nontrivial because of the difficulty associated with performing in situ
measurements on films in a swollen state. However, carefully designed experiments that employ
electron microscopy, grazing incidence small-angle X-ray scattering, neutron scattering,
spectroscopic ellipsometry, or AFM can probe the swollen films in situ.>* 2% 454749 For example,
environmentally controlled AFM can be used to examine the in situ swelling of BP thin films.
With this method, direct investigation of swelling kinetics at the limit of single-layer polymer films
was possible.*’ Separately, an in situ study from the Epps group elucidated the importance of
polymer/solvent interactions on morphology development through a combination of small-angle
neutron scattering (SANS) (in-plane features) and neutron reflectivity (out-of-plane features).>*
Neutron scattering with selective deuteration can enable higher polymer/polymer and
polymer/solvent contrast in comparison to X-ray scattering.>* Solvent (ds-benzene) distributions
in the block domains of SIS were tracked at different solvent partial pressures, and solvent
distribution profiles were obtained via SANS and neutron reflectivity (Figure 3a).* These
distribution profiles were used to determine domain size, number of layers, and film thickness for
the different states, and Flory-Huggins polymer-solvent interactions (Ypoly-sol) Were ascertained on
the basis of preferential segregation of solvent into the polystyrene phase.?* Solvent removal and
film response occurred in two distinct stages, distinguished on the basis of the effective glass
transition temperature (75) of polystyrene: if the 7, of polystyrene was below room temperature,
the number of cylinder layers changed to accommodate changes in film thickness; if the 7, of
polystyrene was above room temperature, domain spacing changed in response to variations in
film thickness.?* These in sifu neutron-based methods enabled unique insights into the effects of
polymer/solvent interactions on nanostructure reorganization.
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Figure 3. In situ studies by SANS and spectroscopic ellipsometry on BP thin films. (a) Schematic
of a sample cell for in situ SANS measurements with SVA, and an illustration of the different
morphological change the polymer layers went through during swelling and deswelling on the
basis of the environmental conditions. Reproduced from ref. 24. Copyright 2016 American
Chemical Society. (b) Kinetic monitoring of poly(styrene-b-2-vinylpyridine) thin-film self-
assembly by in situ spectroscopic ellipsometry with chloroform vapor at a steady vapor pressure.
Film thickness (left), in situ birefringence (6n = n, — nxy) (right, black line), and ex situ
birefringence (red circles) data as a function of annealing time. Although birefringence correlated
with film thickness initially, ex situ birefringence measurements deviated with longer annealing
times. Reproduced from ref. 28. Copyright 2020 American Chemical Society.

Another efficient tactic to study kinetic pathways of BP films during SVA uses
spectroscopic ellipsometry to assess domain formation on the basis of optical birefringence
(Figure 3b).?® Fakhraai and coworkers employed this approach to investigate self-assembly of
cylinder- and lamellae-forming BP films.?® Isotropic or uniaxial anisotropic models were used to
fit ex situ ellipsometry data for perpendicular-cylinder- and perpendicular-lamellae-forming BP
films annealed for different amounts of time, and the birefringence values obtained were correlated
with autocorrelation function values of the nearest neighbor distance calculated from AFM
images.?® The same BP annealing then was probed by spectral ellipsometry in situ;*® the BP films
formed ordered domains that were stable in the swollen state but disorder with rapid drying.?® The
authors noted that in situ and ex situ spectral ellipsometry yielded different birefringence values,
suggesting that the nanostructures of the solvent-swollen films changed when quenched.?® As such,
spectral ellipsometry enables one to decouple BP self-assembly and loss of order that occurs during
solvent annealing and solvent evaporation, which is difficult to probe by other, slower
techniques.?®
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2.3 Directed Self-Assembly

DSA techniques employ external drivers, such as surface effects (i.e., graphoepitaxy or
chemical epitaxy)!”> 3% or applied forces (i.e., electric, magnetic, or shear),’"> to bias self-
assembly, and these methods can be used to form nanostructures with long-range order or improve
ordering kinetics in comparison to conventional (isotropic) annealing.?! These approaches often
combine an environment that increases chain mobility (e.g., heat or solvent) with a topological
pattern, a chemical pattern, or a field.’" 5> 3*+57 DSA has additional tunable handles for
optimization, such as field strength, and the self-assembly pathways that BPs undergo may differ
on the basis of the type of DSA used. As such, gradient and in situ investigations are critical to
understand the underlying mechanisms of these methods and to improve their efficiency in
manufacturing-related applications.® >

Scattering methods are often employed for mechanistic in situ studies of self-assembly
because they can probe samples nondestructively that are subjected to external stimuli.2* 2743, 60
For example, Osuji and coworkers investigated the order-disorder transition and alignment
dynamics of a liquid-crystalline BP in bulk and thin films under high magnetic fields by in situ
small-angle X-ray scattering.®® Temperature- and time-resolved measurements unlocked important
mechanistic insights into the rearrangement process of liquid-crystalline BPs — no measurable
field-induced shift in the order-disorder transition temperature (7opr) was found, which indicates
that selective melting was not a factor in the system’s response to magnetic fields.®® Instead,
alignment occurred by slow grain rotation in the mesophases.®® It is important to note that the
structural data collected by in sifu small-angle X-ray scattering during the rearrangement process
were critical, as the conclusions drawn were not readily obtainable by measurements on samples
before and after alignment.

Although magnetic fields can effectively orient certain systems, shear alignment also has
been a promising approach because it has both been adapted to work with a number of annealing
techniques and tested on many polymer systems.?? #1-61.62 Typically, an elastomeric pad is placed
on top of the BP thin film to transfer shear force that can be produced by two primary mechanisms:
lateral displacement or expansion/contraction.>!: 5234 55.63 In general, the former employs heat and
a weight on top of the elastomer that is displaced laterally,>*>¢ and the latter involves solvent
swelling/deswelling or heating/cooling to induce expansion and contraction of the pad.>!3% %7 To
probe the relationship between shear strength and orientation quality for poly(styrene-b-n-hexyl
methacrylate) thin films, Davis ef al. used an experimental setup that applied a shear gradient as
opposed to a single shear stress (Figure 4a).®® Polydimethylsiloxane (PDMS) oil replaced the
crosslinked elastomer, and a parallel plate rheometer produced shear stress gradients as a function
of radial distance from the center of the film.%> The setup enabled rapid assessments of the
relationship between shear and alignment quality for several parameters. The critical stress needed
to induce alignment increased linearly with overall molecular weight and the weight fraction of
the cylinder-forming block, and the critical stress decreased with increasing film thickness.%?
Furthermore, with the exception of film thickness, conditions that yielded lower critical stresses
had faster (i.e., smaller) rate constants.®® These results provided important insights into the
relationships between operating parameters and alignment quality/kinetics.

Shear alignment is difficult to investigate in situ because the PDMS pad placed on top of
the film interferes with data acquisition for measurements such as X-ray scattering, scanning
electron microscopy, and AFM. The relative thickness of the elastomer needed to shear films
obscures surface features of the film underneath from effective scanning electron microscopy or
AFM imaging. Furthermore, although X-ray scattering techniques are effective for assessing
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nanoscale periodicity, the electron density-based contrast mechanism is problematic for
investigating a polymer under a silicon-containing material.?’” Neutron scattering, on the other
hand, has a different contrast mechanism and therefore can probe samples with similar elemental
compositions through selective deuteration.?’” The Epps group used an approach to identify the
kinetic pathways between disordered and ordered states of BP thin films subjected to these forces
that was similar to the in situ SANS studies employed to investigated SVA with soft shear (SVA-
SS).2” To overcome the large diffuse scattering contribution (background) from PDMS pads that
apply the shear stress, the polystyrene blocks of the SIS were deuterated, which enhanced contrast
with the polyisoprene block. SANS patterns were collected at different stages of SVA-SS swelling
and deswelling (Figure 4b).?” For SVA-SS, the reduced intensity of the primary scattering peak
suggested a combination of solvent swelling and shear stress promoted chain mixing and disorder,
and removal of solvent precipitated the formation of small, aligned grains.?” During SVA, a similar
drop was not noted, which indicated that the level of solvent swelling was not sufficient to disorder
the film on its own.?’” Note, this mechanism was different than the slow grain rotations shown by
Osuji et al. of liquid-crystalline BPs under strong magnetic fields.® As with the in sifu small-angle
X-ray scattering study, these insights into the intermediate nanostructures of BP systems were not
possible from simply measuring the samples after they underwent rearrangements.
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Figure 4. Studies of shear-based DSA. (a) Schematic of an experimental setup to generate shear-
stress gradients, a top-down view of the applied stress gradient, and a curve of alignment quality
as a function of applied shear stress for a BP system. Reproduced from ref. 63. Copyright 2015
American Chemical Society. (b) A representative SANS pattern, corresponding AFM phase
image, and in situ SANS temporal data for poly(deuterated styrene-b-isoprene-b-deuterated
styrene) over the course of swelling and deswelling for SVA (left) and SVA-SS (right). Adapted
from ref. 27. Copyright 2017 American Chemical Society.
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3. Methods to Manipulate Nanostructure

Fundamental studies of BP self-assembly provide an important framework to understand
how nanostructures develop when subjected to different conditions, and the conclusions drawn
from such studies aid researchers in the creation of new techniques that overcome practical
challenges associated with the translation to application. Methods to develop or control BP
nanostructures should be compatible with other steps in manufacturing processes and function with
polymer systems that are representative of the materials needed for a given industrial application.
For example, many of the most common routes to anneal polymer thin films in a laboratory
environment (e.g., thermal annealing and SVA)?® % are limited to batch-mode operation, and
ordering kinetics are often slower for systems of potential interest, such as high-y or ultrahigh
molecular weight (UHMW) BPs.% % In this section, several methods for annealing and DSA are
discussed, and notable features are highlighted, such as amenability to continuous operation,
enhanced ordering kinetics, or demonstrated effectiveness for difficult-to-process polymer
systems. Also, because these approaches are assessed on the basis of defect densities and long-
range order, it is critical to have consistent metrics for comparison, along with accessible tools to
carry out the requisite analyses.!?

3.1 Annealing Methods — Enhanced Ordering Kinetics and Roll-to-Roll Compatibility

BP films cast from fast-evaporating solvents typically have nanostructures that are trapped
in quenched, nonequilibrium morphologies with poor phase separation.?’ Higher-order BP thin-
film nanostructures can be developed by creating an environment that enables rearrangement via
heat or plasticization of polymer chains to lower their energy states.?’ Thermal annealing and SVA
are the most established examples. In the case of thermal annealing, BPs are heated above the 7;s
of'both blocks, whereas in SVA, BPs are swollen with solvent to lower the 7,s to below the ambient
temperature.?’ Although thermal annealing and SVA can produce well-ordered nanostructures,
their utility in manufacturing is currently limited by long processing times, lack of spatial control,
and incompatibility with R2R processing.” Furthermore, these methods are typically limited to
batch-mode operation because they usually involve placing samples in enclosures so that either
heat can be applied under vacuum or a solvent-rich vapor atmosphere can be maintained.®® Over
the years, adaptations to these techniques have been developed to overcome the abovementioned
limitations with faster ordering kinetics and/or R2R compatibility (Table 1).

Table 1. Key characteristics of various annealing methods

Method Advantages Disadvantages References
Thermal annealing Well-established,  capable  of | Slow (hours or days), limited to | ®
producing low defect-density | batch-mode operation, nonideal
films for thermally sensitive polymers

Solvent vapor annealing | Capable of selective block | Slow (hours), difficult to control, | 2°

(SVA) swelling, compatible with most | limited to batch-mode operation
polymers

Raster solvent vapor | Spatially controllable, fast in | Limited with respect to sharpness | ¢

annealing (RSVA) comparison to SVA (100 pm/s | of the transition between
linear speed), easier to control than | annealed and unannealed regions
SVA, compatible with most
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polymers, adaptable to continuous
operation

Cold zone annealing | Adaptable to continuous operation | Nonideal for thermally sensitive | 7

(CZA) polymers, slow (10 pm/s linear
speed)

Hot zone annealing | Capable of producing millimeter- | Nonideal for thermally sensitive | 7!

(HZA) sized grains polymers or polymers unstable
above their Topr, slow (2
mm/day)

Laser zone annealing | Fast (linear process speeds ~1 | Nonideal for thermally sensitive | 72

(LZA) mmy/s) polymers, limited to batch-mode
operation due to vacuum
requirements, restricted to light
absorbing substrates

Direct immersion | Adaptable to continuous | Slow (hours), difficult to design | 73

annealing (DIA) operation, easier to control than | DIA systems that balance good
SVA and bad solvents for effective

annealing

Nonvolatile solvent | Adaptable to continuous | Required to use alternative means | 74

annealing operation, fast in comparison to | of solvent removal as opposed to
SVA evaporation

Low molecular weight | Effective for annealing UHMW | Specialized for UHMW BPs, | ¢

homopolymer assisted | BPs limited by disadvantages of SVA

annealing and/or thermal annealing

‘Zone’ methods, which use localized stimuli to anneal films, have a number of benefits
over simply exposing films to higher temperature or solvent vapor. Thermally-driven zone
methods, such as hot zone annealing (HZA), cold zone annealing (CZA), and laser zone annealing
(LZA) involve the application of concentrated thermal energy either with a hot wire sandwiched
between cold blocks or photothermally via a laser.5® 7%-71- 7. 76 Beyond the mode of heat delivery,
the main differences between these techniques come from the maximum temperature applied
relative to the BP’s Topr and the sharpness of the thermal gradient — HZA heats a BP above its
Topr; CZA heats a BP above the T,s of both blocks but below the Topr with thermal gradients of
VT ~ 14 — 45 °C/mm; LZA heats to temperatures as high as 500 °C but for very short durations
because thermal gradients can reach VT ~ 4000 °C/mm.’% 76 77 The residence times for
(photo)thermal zone annealing are much shorter than those of conventional thermal annealing to
achieve the same degree of order, which implies that the temperature gradients can increase the
ordering kinetics for heat-based nanostructure development.”” However, there are still significant
challenges with these methods — polymer compatibility with (photo)thermal techniques can be
limited by lack thermal stability. Furthermore, although CZA is the only approach to be tested in
a true R2R system, it operated at velocities of ~10 um/s;’® in contrast, LZA can be employed at
speeds on the order of 1 mm/s, but it requires a vacuum chamber and is typically constrained to
substrates capable of the necessary light absorption (e.g., doped Si wafers,®"- 7° graphene,®® or
germanium coatings’?) (Figure 5a).

Another category of zone annealing involves focused solvent vapor, as opposed to heat, to
develop the BP nanostructure. One method from the Epps group, raster solvent vapor annealing
(RSVA), uses a nozzle to localize a solvent-rich vapor stream to a desired annealing zone (Figure
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5b).% RSVA can develop BP nanostructures with raster speeds up to ~100 um/s, and the ordering
kinetics are significantly faster than conventional SVA.%° Additional advantages of solvent-based
zone annealing over thermal-based zone annealing include broader compatibility with
temperature-sensitive polymers and increased tunability with respect to the ultimate morphology
and orientation through solvent choice.

Thermal annealing and SVA also have been successfully combined through approaches
such as solvothermal annealing®! and warm-solvent annealing.®? Despite reports of successful
hybrid strategies to effectively develop BP nanostructures, there are limited instances of extending
this tactic to zone-based methods. One such example from Singer et al. used focused laser spike
zone annealing in combination with solvent vapor exposure to increase the polymer chain mobility
and possibly provide other synergistic ordering effects such as thermocapillary shear.”” With many
other techniques for zone-based annealing, there is a significant opportunity to further improve
nanostructure control and ordering kinetics with these types of hybrid approaches.

-
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Figure 5. (a) Schematic representation of LZA: light is absorbed by a layer of germanium under a
BP thin film to induce heating (yellow). The thermal profile is determined by the laser line and
conduction (red arrows). Reproduced from ref. 72. Copyright 2015 American Chemical Society.
(b) Illustration of the RSVA process and AFM images of an SIS thin film after a single pass of
RSVA. Adapted from ref. 22. Copyright 2012 American Chemical Society. (c) A process for rapid
formation of well-ordered line patterns through morphological transitions, and production of core-
shell line structure using multi-step solvent annealing. Reproduced from ref. 65. Copyright 2019
American Chemical Society. (d) Annealing of UHMW BPs with low molecular weight
homopolymers and SVA, and corresponding cross-sectional scanning electron microscopy images
of a UHMW poly(styrene-b-methyl methacrylate) after self-assembly. Reproduced from ref. 66.
Copyright 2020 American Chemical Society.

Often, the BPs used for studies span a limited range of molecular weights and  values, and
systems that deviate strongly from classical self-assembly process (e.g., by having high y values
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or ultrahigh molecular weights, M, > 5x10° g/mol) pose significant challenges to effective
nanostructure development.®* 84 In the case of high-y BPs, the stronger segregation between blocks
necessitates longer annealing times, often greater than 12 h for SVA.% Careful manipulation of
the BP’s nanostructure during annealing and the use of multiple annealing steps can be an effective
route to reduce processing time and/or produce non-standard patterns for these systems.®> Those
improvements are enabled by two key benefits of SVA as an annealing method: first, chain
mobility has a stronger dependence on solvent swelling than to temperature, which can make SVA
a faster route to achieve the same degree of order; second, selective swelling of blocks enables the
manipulation of BP volume fractions and thus morphologies.®> The ability to tune BP volume
fractions without synthesizing a new copolymer can be leveraged to produce a desired pattern
quickly and with low defect densities by adjusting the nanostructure across multiple steps. For
example, Choi et al. showed that an aligned cylindrical morphology could be achieved more
quickly from an intermediate spherical nanostructure as opposed to annealing to produce the
desired structure from the start (Figure 5¢).%° This result was demonstrated with a poly(styrene-b-
dimethylsiloxane) thin film that was first annealed by SVA with toluene to form spheres and then
re-annealed with a mixture of heptane and toluene to form cylinders.®> The two steps took a total
of 25 min, and the film had a nanostructure with better order than an equivalent film annealed with
only heptane/toluene SVA for the same time period.®> This process with multiple annealing steps
was further extended to produce non-standard morphologies with immersion annealing. For
example, short (< 10 s) exposure to a solvent mixture of heptane/ethanol or heptane/toluene
generated core-shell dots and core-shell lines, respectively.® This study suggests that sequential
processing of BP nanostructures may be a promising paradigm to efficiently fabricate high-quality
morphologies.

Another class of polymers that is challenging to process effectively for nanostructure
development is UHMW BPs. These systems produce features >100 nm in size and are attractive
for cost-effective functional surfaces and photonics applications.?® 87 UHMW BPs present a unique
challenge for nanostructure development because of the high kinetic barriers associated with chain
mobility, including the presence of entanglements.3® Routes to overcome these issues have focused
on new additives to provide mobility to the polymer, such as nonvolatile solvents and low
molecular weight homopolymers.®* 3 Cummins et al. demonstrated that use of a low vapor
pressure solvent (e.g., propylene glycol methyl ether acetate) to cast a film can reduce the
necessary SVA time from ~24 h to ~1 h.®* Similarly, low molecular weight homopolymers have
been shown to plasticize BPs for improved ordering kinetics during SVA (Figure 5d).°6 With
subsequent thermal annealing, the plasticizing homopolymers can segregate into their respective
compatible blocks leading to the production of high-quality nanostructures.

A requirement for many lower-cost, large-area nanotechnology applications is continuous
manufacturing, often with R2R processing.!* Batch operations generally are more expensive and
have lower throughput, and many of the best-established BP thin-film methods to date operate in
this mode. For example, batch techniques for film casting such as drop casting and spin coating
are used frequently in a lab setting, but there are alternatives, e.g., slot-die coating, dip coating,
and flow coating that are available for R2R production.!> '® Continuous annealing routes, on the
other hand, have been a challenge to develop. RSVA and CZA, discussed previously, are exciting
advances in part because they can anneal BP nanostructures in a manner that is R2R compatible.
Another approach is direct immersion annealing (DIA), in which a film is submerged in a carefully
chosen mixture of good and poor solvents (Figure 6a).”® DIA is notable because it anneals BPs
via solvent swelling without the use of vapor as the means of delivery. Furthermore, the time to
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equilibrate and quench the swollen films is faster for DIA than for conventional SVA.”® Karim and
coworkers demonstrated that DIA with a properly tuned solvent mixture can develop poly(styrene-
b-methyl methacrylate) as well as poly(styrene-b-2-vinylpyridine) nanostructures, but formation
of large-grain patterns still required immersion annealing times on the order of hours.”® Further
efforts focused on DIA also have demonstrated that the method can be extended to
nanolithographically patterned high-y BPs,” as well as BPs highly-filled with nanoparticles.’!

As opposed to reintroducing solvent into a thin film, it also is possible to cast BPs from a
mixture of volatile and nonvolatile solvents to slow the evaporation so the thin-film nanostructure
can develop (Figure 6b and 6¢).”* °> Three notable variations on this theme have produced well-
ordered BP thin films: nonvolatile solvent vapor annealing,”? plasticizer assisted solvent annealing,
and solvent evaporation annealing.”* In contrast to fast evaporation from typical solvents used for
film casting (e.g., toluene, ~1,000 nm/s), the drying rates for the nonvolatile solvents vary from
<0.1 nm/s to ~4 nm/s.” The relatively long drying times for these nonvolatile solvents enable BPs
to develop their nanostructure without the need for an enclosure. Furthermore, these methods
easily integrate into R2R processing, as they simply require adjusting the casting solution and
providing ample time for the nanostructures to develop.

’ Well ordered

Additive swollen film ~_ _
. . I« - .

NVASA spin-coating

| bath

Figure 6. R2R compatible annealing methods. (a) Illustration of DIA. After a film is coated, it is
submerged in a mixture of good and bad solvents (e.g., acetone and heptane, respectively, for
poly(styrene-b-methyl methacrylate)) to anneal the BP without the use of solvent vapors.
Reproduced from ref. 73. Copyright 2015 American Chemical Society. (b) Schematic
representation of BP casting from a mixture of nonvolatile and volatile solvents. Scanning electron
microscopy image of the resulting BP morphology with a false-color orientation map. Reproduced
from ref. 61. Copyright 2020 American Chemical Society. (¢) Nonvolatile solvent vapor annealing
in a R2R printing process. After coating and annealing, the nonvolatile solvent is removed by
submerging in an ethanol bath. The addition of a nonvolatile solvent to the casting solution results
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in a swollen state for the thin film after casting until the residual solvent is removed. Reproduced
from ref. 92. Copyright 2019 American Chemical Society.

Despite the progress of new techniques to anneal BP thin-film nanostructures faster and
with better compatibility for continuous fabrication, there are still several key limitations. In
particular, effective production of large grain structures or long-range order continues to be a
challenge — this drawback may be due the undirected nature of most annealing methods.%’
Without an external driving force to bias the orientation of the thin film’s nanostructure, aligned
patterns are difficult to produce.!”

3.2 Shear-Based Directed Self-Assembly

DSA methods have attracted significant attention for their ability to generate nanopatterns
that have long-range order or assemblies with larger grain structures.?! Although many DSA
techniques have been investigated, these technologies have not significantly transitioned into
industrial processes. Shear alignment approaches have been demonstrated with various polymer
systems, and the modes of operation have expanded over time to function with different means of
applying shear and plasticization.’ 3% 3> 6393 One form of shear alignment involves lateral
displacement of the elastomer while the system is heated to temperatures above the 7gs of the
polymer blocks.>#3¢ Another version uses solvent vapor, and instead of lateral displacement, the
shear is produced by the solvent drying front contracting the elastomeric pad.>!-3%37 Although both
approaches generate well-aligned patterns, they are slow and restricted to operation in batch-mode.
As with the discussion on annealing, the development of fast and continuous processing operations
is critical to industrial adoption (Table 2).

Table 2. Key characteristics of various shear-based DSA methods
Method

Advantages Disadvantages References

Thermal annealing with 54

hard shear

Capable of producing highly
aligned nanostructures with low
defect-densities

Slow (hours), nonideal for
thermally sensitive polymers,
limited to batch-mode operation

Slow (hours), limited to batch | 32
mode operation

Solvent vapor annealing
with soft shear (SVA-SS)

Capable of producing highly
aligned nanostructures with low
defect-densities, compatible with
most polymers

22

Raster solvent vapor
annealing with soft shear
(RSVA-SS)

Spatially controllable, compatible
with most polymers, capable of
being adapted for continuous
operation

Slow linear speeds (10 pm/s),
limited with respect to sharpness
of the transition between
annealed and unannealed regions

Cold zone annealing with
soft shear (CZA-SS)

Fast linear speeds (200 pm/s),
capable of being adapted for
continuous operation

Nonideal for thermally sensitive
polymers

62

Soft shear laser zone
annealing (SS-LZA)

Fast linear speeds (320 pm/s)

Limited to batch-mode operation
due to vacuum, nonideal for
thermally sensitive polymers,

61
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restricted to light absorbing
substrates

The Epps group has demonstrated RSVA with soft shear (RSVA-SS) by placing a PDMS
pad on top of a thin film and performing RSVA. The elastomer swelled and deswelled to orient
BP nanopatterns on the basis of rastering direction (Figure 7a).2 A unique benefit of this
technique was that it enabled spatial control over the direction of nanostructure alignment. This
method also can be adapted to other modes of solvent delivery. As opposed to using a needle-like
nozzle to focus solvent vapor flow, a flat nozzle with a wide slit was employed to shear align over
wider areas for more effective continuous processing.?? The primary drawback with this approach
is that it has not yet been optimized for faster alignment — although high quality structures were
produced at 10 pm/s, speeds >100um/s had no impact on morphology.>?

Two techniques have been developed that use elastomeric pads with processing speeds on
the order of ~100 um/s: cold zone annealing with soft shear (CZA-SS) and soft shear laser zone
annealing (SS-LZA).5!62.94 For both methods, a PDMS pad was placed on top of the film, and the
nanostructure was aligned by the expansion and contraction of the elastomer. The rapid heating
and cooling drive thermal expansion and contraction of the elastomer for thermal zone shear
methods; CZA-SS uses a hot wire sandwiched between cold blocks, and SS-LZA uses a focused
laser (Figures 7b and 7¢).%!> %2 Karim and coworkers demonstrated that CZA-SS could operate at
speeds as fast as 200 um/s and was compatible with flexible substrates such as polyimide films, a
necessary feature for true R2R compatibility.”* The key limitation of CZA-SS is that for polymer
systems to be aligned effectively, the BP must have a Ty << Topt. SS-LZA has similar constraints
with respect to the choice of BPs, and although SS-LZA can operate with speeds near 300 pm/s,
this method requires vacuum,®! and multiple sweeps of the laser were required at the higher speeds.
Another important consideration is that all the methods discussed were only shown with a PDMS
pad that was placed onto the film surface, which is noteworthy because such an arrangement is
suboptimal for R2R processing. Karim and coworkers did propose the use of a PDMS roller as a
more compatible option,’? but to our knowledge, it has yet to be demonstrated in literature.

A key component of these DSA approaches is that they promote self-assembly to occur
with an anisotropic bias. Typically, this process of aligning polymer chains happens concurrently
with annealing to form well-ordered structures with few defects. An alternative route to achieve
low-defect, long-range films is to apply shear stress briefly to instill ‘latent alignment’ onto the
film, and then anneal the sample further to form an aligned, low-defect patterns.”> This concept,
explored by Majewski and Yager, establishes long-range orientational correlation before phase
separation is completed — SS-LZA was used to align poly(styrene-b-methyl methacrylate) for a
short period (total exposure of 70 ms with sweep speeds of 1280 pm/s), followed by LZA to anneal
the film.”> Weakly aligned patterns were obtained after the short SS-LZA exposure, and
subsequent LZA or oven annealing developed led to highly ordered nanostructures.® This pathway
for reorganization also is consistent with the mechanism of SVA-SS discussed in section 2.3
because Shelton et al. found that shear alignment involved chain mixing and nanostructure
disordering, followed by the formation of small grains with reduced entropic penalties for
alignment.?’” Further investigation into latent alignment, and the development of new methods that
leverage this concept, could lead to significant improvements in BP thin-film processing.
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Figure 7. A comparison of different shear-based alignment methods. (a) RSVA-SS, although
slower than the other techniques, has the broadest compatibility with BP systems because it uses
solvent vapor as opposed to heat. Reproduced from ref. 22. Copyright 2015 American Chemical
Society. (b) CZA-SS operates at moderately fast speeds and has been demonstrated with flexible
substrates, but it is limited to polymer systems with 7 < Topt. Reproduced from ref. 62. Copyright
2012 American Chemical Society. (¢c) SS-LZA is the fastest approach demonstrated to date, but it
has the same polymer constraints as CZA-SS, and the method may not be R2R compatible because
the film must be placed in a vacuum chamber. Reproduced from ref. 61. Copyright 2020 American
Chemical Society.

4. Conclusion and Outlook

Block polymers have the potential to enable next-generation functional nanomaterials
because they can be used for cost-effective production of submicron structures. Specifically, the
ability to control the shape and size of features on the basis of composition and molecular weight
provides a simple route to pattern large areas in comparison to existing methods. However, the
spontaneous nature of microphase separation has the propensity to develop isotropic
nanostructures with defects. Without techniques to improve the quality of the assembled features,
block polymer thin films cannot be used for many applications. A wide range of methods have
been established to control different facets of block polymer thin-film morphologies, but
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development is still needed for processes to be compatible with manufacturing infrastructure (e.g.,
roll-to-roll systems) and produce patterns of consistent quality.

This Spotlight has presented investigations into key aspects of block polymer thin-film
nanostructure formation that contribute to the design of effective nanopattern fabrication
techniques. The contributions of the Epps group include assessments of processing conditions and
analyses of self-assembly pathways. These studies were enabled by combinatorial, gradient, and
in situ experimental strategies to probe nanostructure formation. Routes to promote perpendicular
morphologies were revealed, energetic drivers of wetting behavior were identified, and the effects
of these interfacial interactions through the thicknesses of films were determined. Additionally,
underlying mechanisms of the development of kinetically trapped states and the promotion of
chain mixing via shear force were elucidated. These findings provide important insights into self-
assembly processes and enable the creation of innovative new methods to direct nanostructure
formation quickly and reliably.

Continued efforts are still required to reduce defect densities, improve long-range order,
and increase processing speed, especially in roll-to-roll-compatible systems. Significant progress
has been made with new techniques to anneal and direct self-assembly of block polymers; for
example, the Epps group pioneered raster solvent vapor annealing®® and raster solvent vapor
annealing with soft shear,?? which are amenable to continuous operation and have faster ordering
kinetics than traditional solvent vapor annealing. However, ordering kinetics are slow for most
methods, and many other approaches are not compatible with continuous operation. There are two
key concepts that could be leveraged to create better techniques to control block polymer
nanostructure: latent alignment and sequential processing. Latent alignment uses rapid shear to
produce seemingly disordered films with directionality imbued in the polymer chains, and
subsequent annealing yields highly oriented patterns.®> Sequential routes involve morphological
transitions, such as self-assembly into a spherical nanostructure, followed by solvent annealing to
make well-ordered cylinders.®> Both approaches use ordering pathways to generate low defect-
density patterns with faster kinetics than available through a single step process. The extension of
these concepts to more directed self-assembly and annealing methods could lead to effective
procedures for the rapid fabrication of low defect-density films and help overcome the limitations
that hinder adoption of block polymer-based technologies as discussed in the introduction for
electronics and membrane applications. For example, a procedure with latent alignment to form
well-ordered parallel cylinders followed by annealing to transition the structure to a perpendicular
orientation could be an effective way to circumvent the defect-density and throughput issues
described in the introduction for BPs to be employed as templates for bit-patterned media and
membranes.”®

An important consideration is to define key performance criteria for specific applications
and/or fabrication systems. For example, one of the fastest roll-to-roll compatible method
developed to date, cold zone annealing with soft shear, operates at 200 um/s, but desired rates for
some relevant industrial roll-to-roll processes can be on the order of 10 cm/s. Additionally,
equipment can operate as fast as 15 m/s, and nanofabrication techniques that can reach this speed
could be transformative.'> *” Furthermore, new and existing approaches need to be demonstrated
with application-relevant systems; the effectiveness of these methods cannot be assumed for all
polymers, especially because macromolecular characteristics of the systems (e.g., ultrahigh
molecular weight or large Flory-Huggins interaction parameters) can impact critical considerations
like ordering kinetics. For instance, the Epps group demonstrated that solvent vapor annealing with
soft shear could be used to produce long-range order for star block polymers with large Flory-
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Huggins interaction parameters, but achieving the desired nanostructure required carefully chosen
solvent mixtures.*!

Another challenge relates to the large parameter spaces involved in block polymer self-
assembly. Methods to form a target morphology are impacted by a number of factors, including
block chemistry, substrate choice, film deposition method, and film thickness. As such, effective
routes to explore parameter spaces are critical to optimize protocols, and gradient or combinatorial
screenings are powerful approaches to tackle this challenge. The Epps group pioneered techniques
to produce substrates with gradient surface modifications, films with gradient thicknesses, and BPs
with nanostructures annealed by combinations of different solvent vapors, and a number of
valuable insights were obtained by using these tools. For example, surface energy parameters that
affect surface wetting were identified for block polymer, and these results could be used to predict
wetting behavior and hole formation size across substrates.>® Also, the through-film effects of
substate/polymer interactions were found to be a function of the long-range decoupled surface
energy components.”> With the development of innovative approaches to anneal or direct self-
assembly, such as direct immersion annealing and nonvolatile solvent vapor annealing, there is an
opportunity to create new gradient techniques that probe the associated parameter spaces.
Furthermore, these high-throughput screening tools highlight a need for improved characterization
— faster microscopy that can operate over larger areas also will enable more efficient workflows
to assess parameter spaces more quickly and with superior statistical significance.

Also, there still is a significant need to better understand of the mechanisms and pathways
of nanostructure formation, and this information gap can be addressed by in situ investigations.
The Epps group has made contributions to these efforts with in sifu neutron scattering and
reflectivity approaches to study solvent vapor annealing and solvent vapor annealing with soft
shear. Two distinct stages of nanostructure reorganization were identified for solvent removal: (1)
when the effective glass transition temperature of the harder block is below room temperature, and
(2) when the effective glass transition temperature of the harder block is above room temperature.
The former condition allows the system to rearrange to have fewer layers in response to a decrease
in thickness, whereas the latter condition forces the domain spacing to change in response to
variations in film thickness.?* Also, a chain mixing and nanostructure disordering were found to
be key components of the intermediate state for block polymers aligned by solvent vapor annealing
with soft shear, and solvent alone was insufficient to induce a similar loss of order.?” These results
provided critical insights into self-assembly processes during solvent annealing and shear
alignment. With a push for faster methods to develop thin film nanostructures, in sifu approaches
capable of rapid data collection such as scattering with high-flux synchrotron beamlines could be
instrumental in the investigation of ordering phenomena at shorter timescales.

Finally, the ability to produce complex patterns (e.g., squares, 90° bends, 3-dimensional
structures) reliably without lithography remains an ongoing challenge, and these structures are
necessary for electronics fabrication.”®1% Nonstandard morphologies can be obtained from block
polymer blends,'®! star block polymers,” or supramolecular assemblies composed of block
polymers!®? with constrained chain locations and/or junctions with respect to the interfaces.”®
However, the increased complexity of these systems creates more challenges that researchers must
address; there are both a larger parameter spaces to probe and smaller stability windows for
nonstandard morphologies.”® A combination of micro- and nanopatterning could be used with
these more complicated systems to direct self-assembly and fabricate complex patterns
reproducibly.
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Overall, block polymers can enable a new generation of functional materials, but methods
are needed to form nanostructured films economically and at industrially-relevant scales. With
effective tools for high-throughput investigations and in situ routes to probe self-assembly, further
understanding of microphase separation can be achieved. These insights then can be leveraged to
find better ordering pathways with improved kinetics to generate low defect-density patterns
quickly. Furthermore, new techniques that take advantage of these breakthroughs will need to be
validated for the many constraints of fabrication in industry, such as the substrate, the polymer,
the final nanostructure, and the operating speed. As more manufacturing-compatible methods are
discovered and tested, the potential of block polymer thin films can be realized in applied
environments.
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Figure 1. Key aspects of self-assembly and nanostructure control in BP thin films. (Bottom left) The
competition between substrate and free surface interfacial interactions is related to film thickness, and the
interplay between these factors can impact the surface morphology. Reproduced from ref. 23. Copyright
2016 American Chemical Society. (Top) BPs can reorganize while in a solvent-swollen state; the specific
response (e.g., change of number of layers or domain spacing) can vary on the basis of solvent vapor partial
pressure and the resulting domain plasticization. Reproduced from ref. 24. Copyright 2016 American
Chemical Society. (Bottom right) The application of a shear stress to a BP film can be achieved by solvent
vapor to expand and contract an elastomer pad. The solvent vapor also swells the film to provide chain
mobility, which can facilitate BP alignment. Reproduced from ref. 22. Copyright 2015 American Chemical
Society.
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34 Figure 2. Polymer/substrate interactions. (a) Atomic force microscopy (AFM) phase images of a thermally
35 annealed SIS film cast onto a gradient monolayer. Parallel cylinders were found near the benzyl silane end
36 with a transition to HPL as the n-butyl silane composition on the substrate increased. The scale bar
37 represents 200 nm and applies to all images. Reproduced from ref. 18. Copyright 2013 American Chemical
Society. (b) Composite optical microscopy images of gradient thickness PMMA-PnBA films on various
substrates. Island/hole structures were formed at integer or half integer domain spacings for asymmetric
39 (bare silica, aceto silane, benzyl silane) and symmetric (methacryl silane, n-butyl silane) wetting substrates,
40 respectively. The red boxes correspond to critical film thicknesses at which island/hole formations were
41 expected but not present, which indicates a transition from a substrate dominant to a substrate/free surface
42 competition regime. The scale bar applies to all micrographs. Reproduced from ref. 23. Copyright 2016
43 American Chemical Society.
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Figure 3. In situ studies by SANS and spectroscopic ellipsometry on BP thin films. (a) Schematic of a
sample cell for in situ SANS measurements with SVA, and an illustration of the different morphological
change the polymer layers went through during swelling and deswelling on the basis of the environmental
conditions. Reproduced from ref. 24. Copyright 2016 American Chemical Society. (b) Kinetic monitoring of
poly(styrene-b-2-vinylpyridine) thin-film self-assembly by in situ spectroscopic ellipsometry with chloroform
vapor at a steady vapor pressure. Film thickness (left), in situ birefringence (3n = n; — ny,y) (right, black
line), and <I>ex situ birefringence (red circles) data as a function of annealing time. Although birefringence
correlated with film thickness initially, ex situ birefringence measurements deviated with longer annealing
times. Reproduced from ref. 28. Copyright 2020 American Chemical Society.
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Figure 4. Studies of shear-based DSA. (a) Schematic of an experimental setup to generate shear-stress
gradients, a top-down view of the applied stress gradient, and a curve of alignment quality as a function of
applied shear stress for a BP system. Reproduced from ref. 63. Copyright 2015 American Chemical Society.

(b) A representative SANS pattern, corresponding AFM phase image, and in situ SANS temporal data for

poly(deuterated styrene-b-isoprene-b-deuterated styrene) over the course of swelling and deswelling for

SVA (left) and SVA-SS (right). Adapted from ref. 27. Copyright 2017 American Chemical Society.
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Figure 5. (a) Schematic representation of LZA: light is absorbed by a layer of germanium under a BP thin
film to induce heating (yellow). The thermal profile is determined by the laser line and conduction (red
arrows). Reproduced from ref. 72. Copyright 2015 American Chemical Society. (b) Illustration of the RSVA
process and AFM images of an SIS thin film after a single pass of RSVA. Adapted from ref. 22. Copyright
2012 American Chemical Society. (c) A process for rapid formation of well-ordered line patterns through
morphological transitions, and production of core-shell line structure using multi-step solvent annealing.
Reproduced from ref. 64. Copyright 2019 American Chemical Society. (d) Annealing of UHMW BPs with low
molecular weight homopolymers and SVA, and corresponding cross-sectional scanning electron microscopy
images of a UHMW poly(styrene-b-methyl methacrylate) after self-assembly. Reproduced from ref. 65.

Copyright 2020 American Chemical Society.

446x227mm (144 x 144 DPI)

ACS Paragon Plus Environment



Page 35 of 37

oNOYTULT D WN =

ACS Applied Polymer Materials

Limited ordered

-

Well ordered
Additive swollen film -

NVASA spin-coating

Figure 6. R2R compatible annealing methods. (a) Illustration of DIA. After a film is coated, it is submerged
in a mixture of good and bad solvents (e.g., acetone and heptane, respectively, for poly(styrene-b-methyl
methacrylate)) to anneal the BP without the use of solvent vapors. Reproduced from ref. 73. Copyright 2015
American Chemical Society. (b) Schematic representation of BP casting from a mixture of nonvolatile and
volatile solvents. Scanning electron microscopy image of the resulting BP morphology with a false-color
orientation map. Reproduced from ref. 61. Copyright 2020 American Chemical Society. (c) Nonvolatile
solvent vapor annealing in a R2R printing process. After coating and annealing, the nonvolatile solvent is
removed by submerging in an ethanol bath. The addition of a nonvolatile solvent to the casting solution
results in a swollen state for the thin film after casting until the residual solvent is removed. Reproduced
from ref. 92. Copyright 2019 American Chemical Society.
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Figure 7. A comparison of different shear-based alignment methods. (a) RSVA-SS, although slower than
the other techniques, has the broadest compatibility with BP systems because it uses solvent vapor as
opposed to heat. Reproduced from ref. 22. Copyright 2015 American Chemical Society. (b) CZA-SS operates
at moderately fast speeds and has been demonstrated with flexible substrates, but it is limited to polymer
systems with Tg « TpopT. Reproduced from ref. 62. Copyright 2012 American Chemical Society. (c) SS-LZA is
the fastest approach demonstrated to date, but it has the same polymer constraints as CZA-SS, and the
method may not be R2R compatible because the film must be placed in a vacuum chamber. Reproduced
from ref. 61. Copyright 2020 American Chemical Society.
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