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The area of functional materials derived from block copolymers (BCPs) as structure-directing agents for various
inorganic materials has seen substantial growth as a result of the immense scientific as well as technological
promise associated with such hybrid materials. The convergence of BCP self-assembly with the fast-growing field
of quantum materials now promises solution-based synthetic approaches to classes of materials that to date are

dominated by stringent high-vacuum physical deposition techniques and bulk solid state chemical reactions.
Moreover, the ensuing periodic nano- and mesostructures, a characteristic of BCP self-assembly, offer a unique
platform for manipulating quantum-level properties, in turn resulting in substantial changes of macroscopic
properties. This article will make a case for, review the existing work of, and provide our perspectives on this
emerging field of block copolymer self-assembly directed quantum materials.

1. Introduction & motivation

Despite their revolutionizing impact on human civilization, polymer
materials typically suffer from limited electrical, magnetic [1], and
photonic [2] functionalities. Creating composites by simply mixing in
inorganic components with desired properties expands the scope of
property profiles and associated applications, but oftentimes with only
limited control over periodically ordered nano- or mesostructures. Due
to the unfavorable interaction between different chemical blocks, block
copolymers (BCPs) spontaneously (self-)assemble into an array of peri-
odically ordered structures on the mesoscale [3]. To address the lack of
functionalities associated with pure organic polymeric components,
precursors to inorganic materials or inorganic nanoparticles can be
added to preferentially swell specific blocks of BCPs [4,5]. Together,
they undergo cooperative assembly, e.g., via solvent evaporation
induced self-assembly (EISA), to produce a similar array of mesophases
[6]. The use of BCPs as a structure-directing agent introduces
well-defined periodic mesostructures to the functional inorganic mate-
rials, including carbons [7,8], ceramics [6,9], semiconductors [10],
metals [11], and metal oxides [12,13]. Furthermore, pyrolysis of the
resulting mesostructured composites leads to mesoporous solids useful
for a wide range of applications from separations, energy conversion and
storage, all the way to catalysis and photocatalysis [14].
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In addition to the mesostructural control over conventional inor-
ganic materials, Wiesner et al. have recently reviewed the convergence
of soft matter and quantum materials [15]. A broadly defined umbrella
term in condensed matter physics, quantum materials refer to materials
with their properties established and described by high-level quantum
mechanics, with no counterparts in (semi-)classical mechanics [16].
Examples of quantum materials include superconductors [17], topo-
logical insulators [18], and spin ices/liquids [19,20]. In recent years,
these materials with often exotic properties have emerged as an exciting
topic galvanizing the scientific community as well as the public, fueled
by progress in quantum computing and associated quantum information
technologies [21,22]. However, to date this topic has largely been
dominated by the solid-state physics community, with very little overlap
with the soft matter community. In part this is due to the very different
educational backgrounds of these communities and emphasis on
different methodologies and approaches to materials formation and
their studies.

As we argued recently, however, “there is plenty of space in the
middle”, with substantial academic as well as technological promise of
soft matter enabled quantum materials [15]. Having a built-in super-
lattice on the mesoscale, i.e., beyond the length scale of the atomic unit
cell, is known to induce surprising materials behavior, as exemplified by
the superconductivity of magic-angle graphene [23]. The self-assembly
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of soft matter offers rich and versatile bottom-up pathways to generate
periodic nano- and mesoscale structures with lattice parameters at the
hundreds of angstroms scale. This leads to potential coupling with
atomic level phenomena, e.g., through the confinement of charge car-
riers in the limited space defined by the building blocks of the super-
lattice. Furthermore, unexpected results may emerge and open up quests
for understanding of underlying new physical phenomena. Therefore,
the crossover between condensed matter physics and soft matter science
is a rich playground for academic studies. Moreover, the utilization of
soft matter, amenable to solution processing, dramatically facilitates
processing approaches with improved scalability and reduced costs
relative to traditional methods. For example, materials fabrication may
no longer be restricted by high vacuum techniques, which has domi-
nated a range of physical deposition methods, e.g., molecular beam
epitaxy (MBE) [24], pulsed laser deposition (PLD) [25], or various
sputtering methods, and is the current quantum materials synthesis
paradigm. Moving to solution based soft matter approaches provides
access to a diverse set of form factors beyond thin films that can be
explored. This potentially includes additive manufacturing (also known
as 3D printing) [26], enabling rapid lab-scale proof of concept, com-
mercial design prototyping, or large-scale industrial manufacturing.
These academic as well as technological merits, together, make a strong
case for increased research efforts into soft-matter self-assembly based
quantum materials.

This article will focus on reviewing recent work, primarily from the
Wiesner research group at Cornell University, on BCP self-assembly
directed quantum materials. It will be demonstrated how BCPs can ac-
cess a diverse range of morphologies, e.g., of superconductors, on mul-
tiple length scales by tuning molar mass [27], block ratios [3] and
architectural designs (Fig. 1) [28]. As with other polymers, in general
BCPs can be adapted to a plethora of processing conditions such as
solution-based spin-coating and roll-to-roll processing, or melt-based
injection molding and extrusion, resulting in a range of form factors
such as particles, thin films, and bulk materials. A few examples of these
processing approaches that have already been realized will be described.
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The article will highlight how, employing BCPs as structure directing
agents for various inorganic material precursors or nanoparticles, su-
perconductors (Section 2) and other types of quantum materials (Section
3) with unique periodic mesostructures and network topologies can be
derived. Emphasis will be on demonstrating that, by changing funda-
mental quantum materials characteristics, such periodic lattices sub-
stantially alter the macroscopic properties of the resulting quantum
materials relative to the bulk, resulting in quantum metamaterials. In
the final part of the review, critical perspectives are provided in Section
4 on future opportunities as well as challenges associated with this
emerging research field.

2. BCP self-assembly-directed superconductors
2.1. Monolithic gyroidal mesoporous superconductors

Phenomenologically, electrical resistance vanishes in superconduc-
tors (Fig. 1, upper right) below the critical temperature (T,). The com-
bination of polymers with superconductors in a composite was reported
in the early 1990s [29] as an attempt to solve the problem of mechanical
brittleness associated with many high-T, superconductors. However,
there has been scant research effort that leverages the self-assembly
power of BCPs to create well-defined periodically ordered nano-
structures for the study of the interplay between mesostructure and
superconducting properties. This synthetic task is non-trivial. Many
superconductors are metals above T,. Forming, e.g., continuously con-
nected nanostructures of metals via BCP self-assembly has been a
considerable challenge in the polymer community [11,30,31].
Furthermore, the highly curved interfaces in a number of self-assembled
mesostructures (vide infra) are expected to lead to large-angle grain
boundaries in the crystalline phase of the inorganic materials. For
anisotropic crystal structures of superconductors, e.g., the tetragonal
lattice of yttrium barium copper oxide (YBazCu3O7_y, YBCO), charge
carrier transport across such grain boundaries is substantially reduced,
leading to low quality macroscopic property profiles. As alluded to in the
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Fig. 1. Representation of the overall landscape associated with various polymer chemistries and architectures of block copolymers (BCPs) (left, from top to bottom:
BCP brushes, BCP rings, diblock and triblock polymers, dendritic BCPs, BCP stars, nanoparticles, homopolymers, metal cations, and hydrogen bonding units), solution
processing methods (middle, from top to bottom: evaporation-induce self-assembly (EISA), roll-to-roll, spin-coating or doctor blading) and different quantum ma-
terials (right, from top to bottom: temperature dependent resistivity of a superconductor exhibiting zero resistance, schematic of magnetic field expulsion by a
superconductor (Meissner effect), graphic representation of topological entanglements, fermion pairing in a Cooper pair, and structural representation of a mag-

netic skyrmion).
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previous section, however, the dual scientific and technological promise
of such BCP self-assembly-directed quantum materials called for devel-
opment of bottom-up synthetic routes that would overcome these
challenges.

Versatile schemes exist involving amphiphilic BCPs as structure-
directing agents for metal oxides via sol-gel routes [5,12,13,32]. Metal
oxide sols obtained from hydrolysis of metal precursors (such as metal
alkoxides or metal halides) can preferentially mix with the hydrophilic
block of amphiphilic BCPs. Upon solvent evaporation, a combination of
self-assembly and sol-gel transition then forms the desired BCP-metal
oxide hybrid mesostructures [5,6]. Hybrids can subsequently be trans-
lated into mesoporous metal oxides via removal of organic/polymeric
components, e.g., by thermal decomposition.

Once mesoporous metal oxides are obtained from BCP self-assembly,
it becomes possible to convert them into superconductors via solid state
chemical reactions. In the first example of a BCP self-assembly directed
mesostructured superconductor (Fig. 2) [33], niobium oxide
sol-nanoparticles were first structure-directed into a co-continuous
alternating gyroid (G*) morphology (Fig. 2a) using triblock
terpolymer poly(isoprene-block-styrene-block-ethylene oxide)
(PI-b-PS-b-PEO, or ISO) as structure directing agent. The resulting hybrid

a
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was subsequently heat treated in air to generate amorphous (Fig. 2f)
niobium pentoxide (NbyOs). The oxide was finally heat treated in
ammonia (NH3) in two steps to arrive at superconducting niobium
nitride (NbN), an extensively studied type-II superconductor with ap-
plications, e.g., as Josephson junction-based voltage standards and
commercial use for single photon counting important in astronomy and
telecommunications [34-36]. Of the common phases of NbN, 5-NbN has
a cubic (rock salt) atomic lattice. It therefore was expected that
large-angle grain boundaries between NbN crystal grains anticipated to
occur when filling the curved co-continuous minority volumes of a G*
structure would not diminish electronic transport across bulk samples
(vide supra). In the co-continuous G* network structure of the as-made
material, the niobia sol selectively swelled the hydrophilic PEO block,
forming one of the two interpenetrating minority networks of the gyroid
structure (green volume in structural schematic in Fig. 2a). The second
minority network (blue volume in structural schematic in Fig. 2a) as
well as the majority volume (open volume between the two minority
networks in Fig. 2a) occupied by PI and PS blocks, respectively, were
removed during calcination in air. This left behind a highly porous
co-continuous minority network structure as characterized by scanning
electron microscopy (SEM, Fig. 2b—d). The G* morphology was retained
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Fig. 2. (a) Schematic of the procedure to prepare mesoporous NbN superconductors with alternating gyroid (G*) morphology via self-assembly of poly(isoprene-
block-styrene-block-ethylene oxide) (ISO) and Nb,Os sol nanoparticles and subsequent heat treatments. Photographs above show materials at the corresponding
processing step (scale bar represents 1 cm). Scanning electron microscopy (SEM) images of mesoporous (b) Nb,Os and NbN after heating in NH3 at (¢) 700 °C and (d)
865 °C. (e) Small-angle X-ray scattering (SAXS) profiles of (from bottom to top) ISO-Nb,Os as-made hybrid, amorphous Nb;Os, and NbN after 700 °C and 865 °C
treatments in NHs, respectively. Ticks indicate expected peak positions for a G* lattice. (f) Powder X-ray diffraction (XRD) profiles of (from bottom to top) amorphous
Nb,Os, and crystalline NbN after 700 °C and 865 °C treatments in NH3, respectively. Ticks indicate expected peak positions and relative peak intensities for a cubic
rock salt NbN from powder diffraction file (PDF) 04-008-5125. Plots of (g) magnetic moment measured by a vibrating-sample magnetometer (VSM) and (h) electrical
resistance as a function of temperature in a range covering the critical temperature (T,) for mesoporous NbN. Adapted from Ref. [33] with permission from American

Association for the Advancement of Science.
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across all thermal processing, i.e., also after the final heating step in
ammonia at 865 °C. The G” lattice shrank substantially (almost by a
factor of two) during these thermal treatments at higher temperatures,
as revealed by the Bragg reflections shifting to higher momentum
transfer (q) in small-angle X-ray scattering patterns (SAXS, Fig. 2e). The
atomic crystal structure was consistent with cubic rock salt NbN as
revealed by X-ray diffraction (XRD, Fig. 2f) and showed a grain size of
13.6 nm (as determined from the coherently scattering domain size via
Scherrer analysis), smaller than the mesostructural minority network
strut width of 15.2 nm. Key to successful mesostructured superconduc-
tor formation was to strike a delicate balance between achieving suffi-
cient nitridation while preserving mesostructural integrity: While a high
enough quality nitride crystal structure critical for reaching the super-
conducting state was achieved by moving to relatively high nitridation
temperatures (especially in the second higher and shorter heat treatment
under ammonia), mesostructural integrity was ensured by (1) using a
niobia sol with particle sizes smaller than the radius of gyration (R,) of
the PEO block [37], and (2) heat treatment protocols with optimized
temperature ramps for oxidation and nitridation to, respectively, (i)
allow for an amorphous NbyOs to crystalline NbN transition (rather than
a more disruptive crystal-crystal transition between these two phases)
and (ii) prevent NbN crystal overgrowth beyond the confines of the
nanostructure.

A superconductor is typically characterized by two properties at
temperatures below T, (1) vanishing electrical resistance, and (2)
expulsion of external magnetic fields (known as the Meissner effect,
Fig. 1 [38]). The latter Meissner effect is manifested as a negative
magnetic moment (opposing the externally applied magnetic field)
developing as the sample is cooled below T.. For the BCP self-assembly
directed mesoporous NbN, low-temperature electrical transport mea-
surements and vibrating sample magnetometry, the latter to capture the
materials magnetic response, unambiguously established superconduc-
tivity of samples with a T, of 7-8 K (Fig. 2g and h). Compared with
state-of-the-art bulk NbN with a T, around 16 K [39], however, the lower
T, observed for BCP self-assembly-directed NbN suggested lower quality
materials possibly due to chemical or physical impurities,
non-stoichiometry, or inherent nanoscale feature sizes [40,41]. Impu-
rities, including residues as a result of incomplete calcination of organic
components and the furnace heat treatment environment, engender
severe scattering of charge carriers leading to so-called “dirty” super-
conductors [42]. Non-stoichiometry caused by the presence of vacancies
and oxygen, as evidenced by the intermediate atomic crystal lattice sizes
between pure cubic NbDN and niobium oxide (NbO), likely also
contributed to scattering. In fact, only around 30% of magnetic flux was
expelled at 2.5 K based on the initial change of field-dependent magnetic
moment (or 5% if a reference of dense bulk NbN was used [33]), indi-
cating a large fraction of non-superconducting components. All this
suggested that improved approaches to these BCP directed supercon-
ductors were required to be able to generate materials competitive with
those obtained from traditional fabrication methods.

2.2. Superconducting quantum metamaterials

An important fundamental insight on the way to high-quality BCP
solution-based superconducting NbN came from a subsequent study by
the Wiesner group on these materials [43]. Because of the mesoporous
nature of the oxide coupled with small wall thickness (typically 10-20
nm for BCPs of 50-150 kg/mol molar mass) and associated short
diffusion length relative to the bulk, the conversion from oxide to nitride
under ammonia readily occurs at temperatures well below 1000 °C, i.e.,
far below NbN’s melting temperature (2573 °C). As a result, high-quality
mesostructured nitrides can be formed via the following two-step ther-
mal treatment approach: In a first heating step, e.g., up to 700 °C under
ammonia, the amorphous mesoporous oxide is converted to a crystalline
nitride via reactive precipitation in the oxide phase. The temperature of
this heating step determines the size of the precipitated NbN crystals.
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This is followed by a second heating step under either inert (e.g., argon),
reducing/forming (H/Ng2), or carburizing (CH4/H2/N3) atmosphere to
temperatures as high as 1000 °C, where the atomic crystal quality of the
nitride (or carbonitride in case of carburizing gas) is improved, but very
little to no Oswald ripening of these crystals takes place, preserving the
BCP directed mesoporous nanostructure (Oswald ripening is typically
suppressed at temperatures lower than half the material’s melting
temperature). Using this insight, the crystal lattice size increased from
4.32A using the previous protocol of annealing under NH3 up to 865 °C
to 4.42 A after thermal treatment under carburizing gas up to 1000 °C
(determined from X-ray diffraction, XRD), closer to the bulk value of
4.45 A (Fig. 3a). As determined from the onset temperatures of repulsion
of magnetic flux by the superconductor, the trend of increasing T, in
response to improved thermal treatments in different gases was in
agreement with increasing crystal lattice parameters. The sample
annealed in carburizing gas up to 1000 °C showed a T, of 16.0 K
(Fig. 3b), a marked increase by a factor of two from the original value of
7-8 K and consistent with state-of-the-art materials (vide supra). Addi-
tionally, a stronger diamagnetic response to applied external magnetic
fields demonstrated a higher percentage of superconducting material.
The same study also demonstrated that NbN superconductors
structure directed by BCP self-assembly into different periodically or-
dered porous mesostructures show different superconducting properties,
despite almost identical atomic lattice constants. These materials were
therefore referred to as BCP directed superconducting quantum meta-
materials. The tunability of BCP self-assembly was exemplified when
different morphologies were generated by progressively adding into the
synthesis mixture more niobia sol relative to the same amount of parent
ISO triblock terpolymer (Fig. 3c). After identical processing employing
optimized thermal processing conditions up to 1000 °C in carburizing
gas, periodically ordered mesoporous NbCN with G", perforated
lamellae, double gyroid (GP), and hexagonally packed cylinder mor-
phologies (in the order of increasing niobia sol content, Fig. 3f-m) dis-
played increasing Tc’s (Fig. 3d), while their XRD patterns, revealing the
corresponding atomic lattices typically dictating quantum behavior,
were essentially indistinguishable (Fig. 3e). While the origin of this
metamaterial behavior remained unclear and required further studies,
these results suggested that the highly tunable chemistries, composi-
tions, length scales, and mesostructures of BCPs provide a powerful
platform for the future design of soft matter enabled quantum materials.
An alternative pathway toward mesostructured metals that turn into
superconductors at low temperatures is to backfill metals directly into a
periodically ordered mesoporous template already made through BCP
self-assembly. This multistep templating strategy differs from the
aforementioned structure-directing role played by BCPs. While
involving more steps, it allows a greater degree of freedom in terms of
materials choice as BCP and metal chemistries don’t have to be
compatible. Furthermore, this more modular synthesis approach de-
couples materials chemistry and composition from mesostructured ma-
terials formation. The resulting mesostructured metals and
superconductors confined in the template can be juxtaposed and directly
compared with their bulk counterparts, e.g., in terms of their super-
conducting properties, without concerns for significant changes in
composition that are introduced, e.g., during heat processing steps in
samples prepared via the structure direction pathway. To facilitate
conformal and complete backfilling, a template with a 3D co-continuous
network morphology is preferred. To that end, a G® was self-assembled
from triblock terpolymer poly(isoprene-block-styrene-block-dimethyla-
minoethyl methacrylate) (PI-b-PS-b-PDMAEMA, or ISA) mixed with
preceramic polymer polymethylvinyl silazane (PMVS, trade name
Durazane 1800) [44,45]. During calcination and heating in ammonia,
the two minority core-shell gyroidal networks composed of PI cores and
PS shells were removed while the majority matrix material (PMAEMA
block + PMVS) turned into a chemically robust and mechanically strong
silicon oxynitride (SiON). Monoliths of the resulting SION with empty
3D double gyroidal minority network pore spaces now can serve as a
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Fig. 3. (a) XRD profiles and (b) temperature-dependent magnetic moments of BCP self-assembly directed monolithic mesoporous NbN or niobium carbonitride
(NbCN) samples annealed in different gases and temperatures (see legend at the top), starting with the same NbN nitridized at 700 °C. The inset of (b) presents
magnetic moments in logarithmic form facilitating determination of T.. Note that the black and blue curves in (b) should be switched (this is an error in the original
publication). (c) Illustrative ternary phase diagram of the ISO-terpolymer system showing the isopleth (white arrow) along which a series of different morphologies
are expected by incorporating more niobia sol to the starting parent ISO, thereby effectively swelling the PEO block volume fraction only. (d) Temperature-dependent
magnetic moments and (e) XRD profiles for mesoporous NbCN with different morphologies. (f-i) SEM images of corresponding NbCN after 1000 °C treatment in
carburizing gas. Insets in (g-i) show simulated projections of the respective mesophases in agreement with SEM observations. (j-m) SAXS profiles of corresponding
mesophases at different processing stages. In each panel, the SAXS curves correspond to (from bottom to top) ISO-Nb,Os as-made hybrid (red), mesoporous Nb;Os
(blue), mesoporous NbN (green), and mesoporous NbCN (black). Ticks indicate expected peak positions for corresponding mesostructural lattices (i.e., from j to m:
core-shell hexagonally packed cylinders, core-shell double gyroids (GD), perforated lamellae, and G%). Note the different color schemes for each: (a,b), (c-m), and
within the boxes of (j-m). Adapted from Ref. [43] with permission. © 2021 Wiley-VCH.

mesoscale mold for the backfilling with appropriate metals, including
those which otherwise are challenging to be fashioned into periodically
ordered mesostructures.

Indium (In) with a low melting point of 157 °C was chosen as a type-I
superconducting metal and backfilled into the mesopores of the GP SiON
template via high (400 MPa) pressure infiltration at 250 °C (Fig. 4a)
[46]. SEM (Fig. 4b) and energy-dispersive X-ray spectroscopy (EDS,
Fig. 4c—e) confirmed overall high-fidelity of the backfilling process and
that mesostructural ordering was maintained from the monolithic tem-
plate to the final nanocomposite. Compared with bulk In metal in the
form of a foil of similar thickness to the monolithic composite, In
confined to nanoscale dimensions in the G template showed dramati-
cally different superconducting properties. Temperature-dependent
measurements of the magnetic properties revealed a higher T, (~3.7
K), attributed to modified electron-phonon coupling (phonon softening)
[47], and a much broader transition until saturation, attributed to
confinement effects (quantum size effects) opposing phonon softening in
superconductors (Fig. 4f). Furthermore, measurements at constant
temperature below T, (i.e., 2 K) showed a substantial increase of the
critical magnetic field (B.) at which the superconducting state is
destroyed (from about 30 mT to 0.83 T), and that effectively the
behavior had switched from a type-I to a type-II superconductor
(Fig. 4g). This could be rationalized by a substantial reduction of the

Cooper pair coherence length from 360 nm in bulk In to about 20 nm in
the backfilled mesostructure, consistent with the thickness of the GP
minority network struts occupied by the In metal. These results sug-
gested that the BCP directed mesoscale structure is dictating macro-
scopic behavior via modifications of fundamental, quantum level
characteristics of the superconducting materials. They further illustrated
the significant academic/fundamental interest in these novel soft-matter
self-assembly based approaches to quantum materials.

2.3. BCP self-assembly-directed superconducting thin films

Among numerous applications envisioned for superconductors,
electronic devices employing superconducting components are long
sought after thanks to their power efficiency and applications in quan-
tum information science, among others [51]. To that end, thin film form
factors of BCP self-assembly-directed superconductors are of particular
interest. In turn, this is contingent upon their ability to be incorporated
into thin-film nanofabrication processes that underpin modern inte-
grated circuit manufacturing. Earlier results were based on EISA of
BCP-niobia solutions which yielded free-standing films with thickness
up to a millimeter and shapes determined by the geometry of the
evaporation container. Capitalizing on the solution processability of BCP
self-assembly directed materials, in recent experiments of the Wiesner
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Fig. 4. (a) Schematic of the steps in the preparation of high-pressure infiltrated In into mesoporous silicon oxynitride (SiON) templates with G° morphology self-
assembled from triblock terpolymer PI-b-PS-b-PDMAEMA (ISA) through EISA in toluene. (b) SEM image of In/SiON composite showing In with brighter contrast
resulting from the higher backscattered electron signal (inset: higher magnification image revealing a signature morphology for gyroidal structures). (¢) SEM image
at low magnification of the cross section of a monolith of the backfilled In/SiON composite. (d) In elemental mapping (in green) measured by energy-dispersive
spectroscopy (EDS) superimposed on the same area shown in (c). (e¢) X-ray photon counts from In (green) and Si (black) along the red arrow in (d). (f)
Temperature-dependent and (g) external-field-dependent magnetic moments, the latter measured at 2 K, of the In/SiON composite (green) and an In foil (red) with
similar thickness as the composite monolith. Inset in (f) depicts the In as a set of two interpenetrating (but never touching) gyroidal minority networks after
infiltration. Arrows in (g) indicate scanning direction of the external field. Adapted from Ref. [46] with permission. © 2021 Wiley-VCH.

group, ISO-niobia solutions were simply spin-coated on a single-crystal
silicon (Si) wafer substrate creating supported thin films with thickness
below 1 pm that could be transformed into mesoporous superconducting
NbCN thin films after further heat treatments in various gas environ-
ments as described in earlier sections (Fig. 5a-e) [50]. Due to rapid
solvent evaporation during spin-coating, resulting thin film morphol-
ogies as probed by SEM and grazing incidence SAXS (GISAXS) could be
best described as G structures compressed along their film normal di-
rection (Fig. 51-n). Heat treatments generated inorganic materials with a
cubic rock salt structure as evidenced by grazing incidence wide-angle
X-ray scattering (GIWAXS, Fig. 50), consistent with NbN or NbCN
(vide supra).

Low-temperature transport measurements on such thin films
revealed a T, of 12.8 K (Fig. 5p). Interestingly, above T,, an exponential
rise in resistivity with decreasing temperature was consistent with an
Arrhenius-like activation barrier, shedding light on the granular nature
of NbCN superconducting thin films in a tortuous gyroidal network
morphology. Furthermore, extrapolation of field-dependent T, values
suggested an upper critical field (B.3) of the spin-coated NbCN thin films
of 16.6 T (Fig. 5q). This exceeds literature values reported for bulk NbCN
materials and is another testament of how BCP self-assembly directed

synthesis approaches can produce high quality quantum materials with
unexpected behavior. Granular superconductors constitute an inter-
esting research topic in their own right [52], and further experiments
will have to show how such structural features of BCP self-assembly
directed quantum materials may give rise to advanced materials
properties.

Finally, as a proof of principle, before conversion to the desired NbN
or NbCN materials, the as made BCP-niobia sol hybrid thin films were
shown to be compatible with (photo)lithographic patterning approaches
(Fig. 5f-k), creating hierarchically ordered thin film structures on both
the nano- and microscales (Fig. 5r). Superconductivity was observed of a
NbCN strip derived in this way and subsequent thermal processing,
albeit with a lower T, (Fig. 5s). The emergent technology of photolith-
ographically patterning a superconducting film derived from spin-
coating a BCP-niobia sol solution not only expands the form factors
available to solution derived self-assembled quantum materials, but also
encourages further integration into microelectronic fabrication to
realize their full academic and technological potential.
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Fig. 5. (a—e) Schematic of the procedure to prepare mesoporous superconducting NbCN thin films by spin-coating ISO-niobia solutions and subsequent heat
treatments in various gas environments. (f-k) Schematic of lithographic procedures to define patterns of as-made BCP self-assembly directed niobia-sol nanoparticle
composite thin films, which can subsequently be converted to superconducting materials via steps shown in (c—e). (1) Plan view and (m) 45° tilt view SEM images of
BCP directed NbCN thin films. Inset in (1) shows a smooth, crack-free film at low magnification. Two dimensional (n) grazing incidence small-angle X-ray scattering
(GISAXS) and (o) grazing incidence wide-angle X-ray scattering (GIWAXS) patterns of BCP directed NbCN thin films. (p) Plot of resistivity (p) as a function of
temperature (T) of a BCP directed NbCN thin film measured using the van der Pauw method. Inset shows a fit to the plot of the logarithm of p as a function of T~/2.
(q) Plot of upper critical field (B.3) as a function of T. Dark and light blue regions depict the pure superconducting and mixed states, respectively, in the phase
diagram of bulk NbN/NbCN superconductors (data from Refs. [48,49]). (r) SEM image of BCP directed NbCN thin films patterned by photolithography, with etched
strips shown in dark. Inset shows the area near the patterned strip edge at higher magnification. (s) Plot of resistance of a single patterned NbCN strip as a function of
temperature. Inset shows a photo of a single lithographically patterned NbCN strip (400 pm wide, pointed to by the white arrow) with four colinear metal contacts
across the strip used for the transport measurements. Note that the NbCN strip shows up as a darker line against the background in this optical microscope image.
Adapted from Ref. [50] with permission. © 2021 American Chemical Society.

2.4. Superconducting asymmetric structures via non-equilibrium processes
of BCP self-assembly

substrate followed by plunging the sample into a non-solvent bath
(typically water). Precipitation induced by the non-solvent converts the
concentration gradient along the film normal from incomplete evapo-

Up to this point, we have reviewed BCP self-assembly-directed su-
perconductors with uniform, narrowly-distributed pore sizes. Equilib-
rium morphologies are achieved, e.g., by slow solvent evaporation
during EISA or by solvent vapor annealing for thin films after spin-
coating. Moving to non-equilibrium processes of BCP self-assembly
could provide access, e.g., to novel asymmetric structures with inter-
esting properties and applications for superconducting quantum mate-
rials. One such process combines BCP self-assembly with industrially
proven and scalable non-solvent induced phase separation (NIPS) [53,
54]. The combination is referred to as SNIPS (NIPS + SA) [55] and
proceeds by casting and partially evaporating a BCP solution on a

ration into a pore gradient. The resulting non-equilibrated ~100 nm
thick mesoporous top separation layer is periodically ordered from BCP
self-assembly. The support structure of ~100 pm thickness has a hier-
archical pore structure with a gradient of mesopores from the top all the
way to macropores at the bottom with either sponge-like or finger-like
morphologies [56]. When triblock terpolymers are used in SNIPS, the
entire support structure also has mesopores everywhere, including in the
macroporous walls. Such asymmetric and hierarchical membrane
structures not only combine high selectivity and permeability substan-
tially enhancing liquid separation processes [57], they also are inter-
esting for electrochemical energy devices, e.g., for energy conversion
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and storage applications, as they simultaneously provide high surface
area and rapid transport [58].

Non-equilibrium processes like the BCP self-assembly directed SNIPS
process can also structure direct inorganic materials, similar to what has
been described in previous sections. In this way, carbon, titania (TiO5),
and titanium nitride (TiN) materials with asymmetric and hierarchical
pore structures were obtained after calcination of the as-made SNIPS
derived hybrids obtained from poly(isoprene-block-styrene-block-4-
vinylpyridine) (ISV) as structure directing agents for carbon and titania
precursors [59,60]. Carbon and TiN materials with hierarchically or-
dered asymmetric pore structures and mesopores everywhere combined
high surface area with rapid transport resulting in extraordinary per-
formance, e.g., as electrochemical double-layer capacitors [58]. After
nitridation under ammonia at higher temperatures of the titania pre-
cursor derived materials, employing thermal processes described earlier,
the resulting titanium nitride (TiN) membranes exhibited a finger-like
morphology of the asymmetric substructure (Fig. 6b) with a homoge-
nous mesoporous top separation layer (Fig. 6¢-d). The bottom was open
with macropores (Fig. 6f) and showed mesopores everywhere, including
in the walls of the macropores (Fig. 6g). The coarsened grains seen in
SEM images were a consequence of the propensity for both TiO3 and TiN
to crystallize at a lower temperature than their niobium counterparts
[60]. XRD profiles were consistent with a cubic phase of TiN (Fig. 6h).
Conductivity decreased with increasing temperature, displaying
metallic behavior (Fig. 6i). Finally, asymmetric TiN (a type-II super-
conductor) exhibited the Meissner effect with an onset T. of 3.8 K
(Fig. 6j). Such superconducting membranes could be useful for separa-
tion based on magnetism [61]. Although further studies are needed to
explore what emergent superconducting behavior may arise from
asymmetric structures, non-equilibrium processes such as SNIPS
certainly add to the toolbox for the formation of BCP
self-assembly-directed quantum materials.
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3. Other quantum materials via BCP self-assembly
3.1. Topological materials enabled by self-assembled BCP mesostructures

With its origin traced back to the quantum Hall effect [62], topo-
logical materials are a category of quantum materials that also have
gained significant attention in recent years. A complete and rigorous
introduction to this abstract topic is beyond the scope of this perspective
article, and readers are referred to existing reviews in the literature [18].
Suffices to say here that it is helpful to bear in mind that, within the
framework of topological materials, different phases of matter can not
only be classified by their symmetry, but also by the topology of their
band structures [18]. The “topology of band structures” refers to the fact
that a topological index (also known as topological invariant) can
mathematically be defined and computed to characterize its topological
order (as opposed to the order solely imposed by symmetry). Materials
with different topologies of their band structures have different topo-
logical indices, which only takes on discreet integer values. For example,
a materials system may be tweaked through perturbations in the form of
an external field or strain, causing a corresponding change in its elec-
tronic band structure, but its topological phase as determined by the
topological index may remain the same.

The majority of the theoretical and experimental work on topological
materials in condensed matter physics is concerned with identification
of materials with topologically nontrivial electronic states, such as 2D
topological insulators [65,66] that have a conducting surface while the
inside/bulk of the material is non-conducting. Precise electronic band
structure engineering is required during experimental materials syn-
thesis for topological phenomena to emerge, which obviously poses a
problem when organic materials such as non-conducting polymers are
involved. Since topology is embedded in the band structure, it extends to
non-electronic band structures as well, including those describing pho-
tonic and phononic behavior of periodically ordered structures. BCPs are
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Fig. 6. (a) Schematic of the procedure to prepare superconducting asymmetric membrane structures via BCP self-assembly combined with non-solvent induced phase
separation (SNIPS) and subsequent heat treatment in air and NH3. The casting hybrid solution consists of poly(isoprene-block-styrene-block-4-vinylpyridine) (ISV) and
TiO sol nanoparticles. SEM images of (b) the asymmetric cross section, (c) the mesoporous cross section near the top surface, (d,e) mesoporous top surface at
different magnifications, (f) macroporous bottom surface, and (g) mesoporous pore wall of the final TiN. (h) XRD profile of asymmetric TiN structure. Ticks indicate
expected peak positions and relative peak intensities for cubic TiN from PDF 00-038-1420. (i) Temperature-dependent conductivity of an asymmetric TiN structure
exhibiting metallic behavior. (j) Temperature-dependent magnetic moment of a superconducting asymmetric TiN structure. Adapted from Ref. [58] with permission.

© 2021 American Chemical Society.
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known to self-assemble into mesostructures that have been theoretically
predicted to possess intriguing photonic as well as phononic properties,
including negative refraction [67] and complete photonic and phononic
band gaps [68,69]. In a computational study it was recently shown that
reducing point group symmetry from the G® (O, symmetry) across the
G" (O symmetry) to a deformed G* structure (D, symmetry) provides
general symmetry constraints enabling access to topologically protected
Weyl points in 3D photonic and phononic crystals [64]. A Weyl point is a
topological feature that manifests itself as two linearly crossing bands in
the band structure of a material (Fig. 7k,1). This study therefore provided
a roadmap how to design self-assembly based materials to experimen-
tally realize such topological quantum materials in block copolymer
self-assembly based materials.
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To that end, the Wiesner group prepared thin films of mesoporous
resin/carbon in the form of a G* network by spin-coating a hybrid so-
lution of ISO and resorcinol resols (carbon precursor) and subsequent
solvent vapor annealing and pyrolysis (Fig. 7a—f) [70]. To increase the
refractive index contrast, amorphous Si was backfilled into the resin/-
carbon template and crystallized through laser induced
nanosecond-scale transient heating and melting [71]. The crystalline Si
took on the inverse structure of the template that was eventually
removed by piranha etching (Fig. 7g-i). Careful analysis of the GISAXS
pattern of the final crystalline Si with the template etched away revealed
that the symmetry was reduced to D5 (or space group F222, Fig. 7j) [63],
the exact same symmetry constraint for which the existence of Weyl
points in the photonic/phononic band structure of such materials had
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Fig. 7. (a-f) Schematic of the procedure to prepare mesoporous crystalline Si (cSi) with the necessary D, point group symmetry expected to lead to topological Weyl
points. Mesoporous resin/carbon thin-film template is first fabricated using ISO as structure directing agent with the PEO block swelled by resorcinol resols as carbon
precursor. Conversion to a mesoporous carbon by heating under non-oxidizing conditions allows backfilling this template with amorphous Si (aSi) via low-pressure
chemical vapor deposition (LPCVD). Transient laser heating of this composite in air preserves the structural integrity of the carbon template while crystallizing the Si
(aSi to cSi transition) deposited into the template. SEM images of (g) resin/carbon template and (h,i) templated crystalline Si (top view and side view) after template
removal. (j) Select area of two dimensional GISAXS pattern of the final mesostructured Si, showing an additional reflection in the dashed rectangle not consistent
with the G* symmetry, whose expected reflections are labeled with white squares and red circles. (k) Point group symmetry reduction from G® (Oy,), through G* (0),
to deformed G* (D). Corresponding (schematic) band structures show band crossing in D.. (1) Computed photonic band structures of deformed G*: Weyl points occur
along I'-N’ and I'-H'. Adapted from Refs. [63,64] with permission. © 2020 American Chemical Society.
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been predicted (vide supra). While the existence of Weyl points was not
demonstrated in this paper, the results pointed to a roadmap from
solution-based BCP self-assembly toward topological quantum
materials.

3.2. Complex magnets using BCPs as structure directing agents

Complex magnets are another type of quantum materials attracting
increasing research attention. Arising from the spin magnetic moment,
materials magnetism is intrinsically quantum based, and mesostructured
magnets via BCP self-assembly have been reported in the literature, such
as superparamagnetic y-iron oxide (y-FeyOs) particles embedded in
aluminosilicate walls structure directed by poly(isoprene-block-ethylene
oxide) (PI-b-PEO) [72]. On top of the three classical categories of dia-,
para-, and ferromagnetic materials, the coupled ferromagnetism and
ferroelectricity in multiferroic materials allow for the manipulation of
magnetization via electric polarization or vice versa, which is of
fundamental interest to the study of spintronics, or spin electronics, e.g.,
for next-generation quantum computers. The microphase segregation in
BCP self-assembly enables the construction of coexisting ferromagnetic
and ferroelectric components in the self-assembled structure, e.g., by
incorporating respective precursors into either the hydrophilic or the
hydrophobic block of amphiphilic BCPs, giving rise to a nanocomposite
of ferromagnetic and ferroelectric materials after the removal of the BCP
[731.

In another example, single-phase multiferroic bismuth ferrite
(BiFeO3) was structure directed by an amphiphilic BCP as a thin film on
a Si substrate (Fig. 8a and b) [74]. Higher calcination temperatures led
to what the authors called “disorder” films exhibiting a mesostructure of
crystalline BiFeO3 but without long-range periodic order (Fig. 8c).
Compared to a non-porous dense reference material the disorder film of
mesoporous BiFeOs displayed greatly enhanced susceptibility (dM/dH)
as well as saturation magnetization upon the application of an external
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electric field (Fig. 8d,f). Interestingly, distinct anisotropic behavior was
observed for the susceptibility, but not for the saturation magnetization
(Fig. 8f and g). The dominant mechanism at play was the enhanced spin
canting in the nanostructure, together with a second mechanism of
changed magnetocrystalline anisotropy that favored the perpendicular
orientation. This was closely related to strain built up during the
solution-based film formation and the subsequent thermal treatment. It
is worth noting, that such strain engineering was accomplished without
the use of the exquisite MBE technique.

4. Outlook and conclusion

Quantum materials are a fast-growing and fascinating field that has
garnered world-wide attention in science and engineering communities
as well as with the public. BCP self-assembly-directed quantum mate-
rials add an entirely new facet to this rapidly advancing field. Despite
recent progress summarized in this perspective article, substantial op-
portunities as well as challenges lie ahead for future investigations to
realize the full academic and technological potential of such hybrid
approaches.

Underlying the often exotic properties demonstrated by quantum
materials is their electronic structure, e.g., the energy gap described in
the BCS theory of superconductivity [17] or the surface states in topo-
logical insulators [18]. Obtaining a clear fundamental understanding of
the detailed electronic structure of quantum materials has been a
persistent driver of new discoveries in this field. State-of-the-art tech-
niques for probing band structures such as angle-resolved photoemission
spectroscopy (ARPES) [75] require single crystalline samples, however.
With only a few notable exceptions [45,76,771, single crystals of either
the mesostructured lattice or the inorganic atomic lattice are a rare find
in mesostructured inorganic materials processed via wet chemical soft
matter approaches. Notwithstanding its own distinctive effects on
quantum behavior [52], the granular nature of BCP self-assembly
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directed NbN superconductors described earlier complicates a serious
inquiry into the electronic structure of such quantum materials. Nano-
second transient laser heating has been successful in generating single
crystalline inorganic materials in templates from BCP self-assembly
under extreme non-equilibrium conditions [76], yet at the time the
mesostructure was not yet periodically ordered to even approach a
single crystal state. While in subsequent studies periodically ordered
templates were used in similar experiments, in turn the resulting inor-
ganic materials were not a single crystal [10,63,71,78]. Considering that
the constituent carbon atoms are arranged in a single crystalline sheet in
magic-angle graphene, where a superlattice of larger periodicities sur-
prisingly induces superconductivity [23], or that an artificial charge
modulation is enabled by single crystalline films interfaced in super-
lattices [79], it is of critical importance for future studies to explore
methods to realize “single crystals in single crystals”. This would
include, e.g., single crystalline inorganic materials remaining in registry
throughout a single-crystal mesostructural porous gyroidal network as
described in this article (vide supra).

Self-assembled mesoporous structures directed by BCP self-assembly
have large surface areas, a coveted feature, e.g., for applications in en-
ergy storage and conversion systems [14] like capacitors [58] or 3D
batteries [80], or as catalyst supports [81]. Such large surface area
materials should also provide a fruitful playground for the investigation
of interfacial phenomena in quantum materials, but to date this remains
largely unexplored. Superconductivity appeared when two insulating
oxides, lanthanum aluminate (LaAlO3) and strontium titanate (SrTiOs),
were interfaced [82], and the T, was boosted from only 9 K in bulk iron
selenide (FeSe) to 65 K when a monolayer FeSe was deposited on SrTiO3
[83,84]. Interfacial engineering in BCP self-assembly-directed quantum
materials pretty much remains an uncharted territory, partly due to the
requirement of epitaxy between materials structures and the challenges
associated with acquiring single crystals in self-assembled meso-
structures (vide supra). Still, as a first step, a general backfilling
approach could be devised to interface two or more materials to study
possible emergent behavior.

Back to BCP self-assembly itself, two thrusts may guide its conver-
gence with quantum materials and unleash its full potential. On the one
hand, new self-assembled structures and their formation pathways are
far from being exhausted and await discovery. The history of cubic co-
continuous network mesophases based on minimal surfaces [85-87]
reminds us of the seemingly unlimited possibilities afforded by BCP
self-assembly [88], some of which already have been, and in the future
undoubtably will further be, connected to novel quantum material dis-
coveries. Hexagonally arranged chiral helices allowed light to propagate
without backscattering on the surface [89], equivalent to the photonic
version of a topological insulator. In fact, such helical structures on the
mesoscale derived from BCP self-assembly have already been reported
[90,91]. Besides new mesophases, symmetry breaking of known struc-
tures through mesoscale lattice deformations, similar to epitaxial strain
engineering in thin film atomic single crystals [92,93], may result in
unexpected behavior as well, e.g., as described here by compression of
an alternating gyroid structure predicted to lead to topologically pro-
tected Weyl points in photonic and phononic band structures [63]. Ef-
forts are clearly needed to grow mesoscale single crystals [45] to
facilitate characterization and fundamental understanding, similar to
atomic single crystal counterparts (vide supra). On the other hand, BCP
self-assembly can be the assistive tool for device fabrication involving
quantum materials, particularly in the thin film regime. Ultimately, to
be applied in a device, quantum materials need to be patterned by
lithography and integrated onto chips. Lithographic techniques using
BCP self-assembly are attractive for the small pitch size enabled by short,
strongly segregating blocks with a large Flory-Huggins parameter (y)
[94] and the defect-free array of BCP domains with long-range order
[95,96]. Last but not least, laser annealing can be employed for aligning
mesostructures, pattern definition, and/or physical/chemical conver-
sion of quantum materials [78,97].

11

Polymer 281 (2023) 126063

In conclusion, the combination of BCP self-assembly and quantum
materials represents an emerging and promising research field for
polymer science in particular, and materials science in general, that will
provide complementary synergy to both fields. “Soft” organic BCPs, with
their high tunability and solution processability, have already enabled
synthesis of a series of “hard” inorganic quantum materials with unique
mesostructures and unconventional properties. By converging these
otherwise divergent fields, the scientific merit spurs the prospect of
manipulating quantum phenomena through the formation of periodi-
cally ordered mesoscopic structures, while the technological promise
relies on reliable and scalable synthesis approaches that evade tradi-
tional quantum materials formation techniques. To gain better funda-
mental understanding of BCP self-assembly-directed quantum materials,
materials quality has to be improved, structural control perfected, and
processing conditions refined. Large volume reconstruction techniques
to visualize BCP defects and grain boundaries in unprecedented ways
have recently come online, and promise substantially improved under-
standing [98]. Continued research efforts at the interface of such soft
matter crystals with crystalline atomic systems holds the promise of
revolutionizing quantum materials research by discovering tantalizing
(and maybe perplexing) materials behavior.
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