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Novel materials with defined composition and structures at the nanoscale are increasingly desired in several research
fields spanning a wide range of applications. Self-assembling materials such as block copolymers (BCPs), in combination
with liquid phase infiltration (LPI) processes, represent an ideal strategy for the synthesis of inorganic materials into even
more complex and functional features.
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| 1. Introduction

The development of new strategies for the fabrication of nanostructured materials with tailored properties has been of
intense interest among the scientific community in recent years. Novel nanomaterials with great control over their
geometrical and functional features are the focus of research nowadays in the continuous search for device shrinkage
with boosted performances. Although conventional lithographic techniques, i.e., optical and electron lithography, represent
the main lithographic tools in the semiconductor industry, key challenges are emerging in the delivery of increasingly
powerful and smaller devices due to the high processing cost and complexity. To this end, self-assembling materials, such
as block copolymers (BCPs), are of potential use for nanopatterning thanks to their ability to provide a wide range of
structures at the nanoscale down below the optical lithography resolution limit L. BCPs consist of two or more different
and incompatible homopolymer chains linked together by a covalent bond. Under specific annealing conditions, the
amphiphilic nature of the BCPs is responsible for microphase separation, that is, the so-called self-assembly. This
generates the in-parallel self-registration of periodic structures at the nanoscale in the typical range of 10-100 nm. These
materials offer a great tunability in terms of dimensions, morphologies and pattern orientation that can be manipulated in
the synthetic phase by the molecular weight, volume fraction and substrate functionalisation 28!, So far, self-assembled
BCPs have been exploited for several applications spanning nanolithography &, electronics &, photonics €, energy I8
and membranes &,

The ever-increasing versatility of BCPs is given by the presence of functional groups carried by their polymeric chains.
The functional moieties act as reactive centres for the nucleation and growth of inorganic materials upon selective
infiltration of specific precursors, providing ideal templates for the synthesis of hybrid organic-inorganic or all-inorganic
materials 19, Vapour phase infiltration techniques, such as sequential infiltration synthesis (SIS), offer exquisite control
over the fabrication of nanostructured inorganic films . A lot of effort has been dedicated to the extension of the library
of materials that can be infiltrated by SIS, however, primarily leading to the synthesis of metal oxides 12 with a few
exceptions of metals 23, SIS, along with other vapour phase methodologies, i.e., vapour phase infiltration (VPI), micro-
dose infiltration synthesis (MDIS) and multipulse vapour infiltration (MPI), shares the atomic layer deposition (ALD)
system. The sequential exposure of self-assembled BCPs to specific metalorganic precursors and oxidising agents (H,0O,
H,0,, O3) determines the selective growth of metal oxides inside the constituent block, which carries the appropriate
chemical functional group. Thus, after the selective removal of the organic matrix, the initial template is replicated 141,
However, due to the numerous processing variables involved, such as processing temperature, pressure, pre-treatments,
precursor and oxidising agent exposure times and polymer—precursor reactivity, SIS suffers from a high complexity in the
choice of the experimental design parameters as well as the requirement for expensive equipment and hazardous
metalorganic precursors. On the other hand, liquid phase infiltration (LPI) processes have emerged as an overall much
simpler fabrication avenue for the selective growth of several inorganic materials in self-assembled BCPs, requiring metal
salt chemicals soluble in H,0 or ethanol and standard lab equipment (12!,

| 2. LPI Processing and Mechanism

LPI of BCPs is a wet chemical process consisting of selective binding via complexation or electrostatic interaction of a
metal salt precursor and a reactive functional group carried by one of the constituent blocks. The following polymer



removal and simultaneous reduction or oxidation of the metal precursor, whether by O, plasma, thermal degradation or
UV/ozone treatment, reveals a nanostructured inorganic material (typically metals or metal oxides) whose morphology
replicates that of the BCP template 1€, The selective incorporation of the precursor could be achieved either prior to the
BCP self-assembly process, by mixing the BCP and metal salt solution 4, or afterwards, by soaking the self-assembled
nanostructures into the precursor-containing solution 28!, Alternatively, the metal salt solution can be directly spin-coated
on top of the polymeric film 12,

The distinct chemical functionalities of the constituent blocks of the BCP template are the key factors leading to the
selective binding of the precursors. The seminal work by Chai et al. 8 reported the fabrication of continuous metallic
nanowires using horizontal cylindrical PS-b-P2VP by soaking the self-assembled BCPs into acidic solutions of Au, Pd and
Pt metal salts. The selective binding of the precursors in the P2VP block is related to the Brgnsted base character of the
pyridine moiety. In mild acidic environments, pyridine-containing polymers such as P2VP can be easily protonated and
therefore they can bind negatively charged anionic metal complexes ([AUCl,]™, [PdCl4]™, [PtCl4]") derived by the metal salt
precursor, by electrostatic interaction.

Due to the lack of any positively charged functional group in PS, the anionic complexes selectively locate inside the P2VP
cylindrical domains only. The subsequent brief exposure to O, plasma simultaneously removes the polymer template and
reduces the metal salt to Au, Pd and Pt nanostructures that replicate the BCP morphology. In contrast to vertically aligned
PS-b-P2VP cylinders, horizontally oriented cylinders do not have direct access to the metal salt precursor solution due to
the PS hydrophobic matrix surrounding the P2VP nanodomains. Therefore, the acid concentration (i.e., HF and HCI) plays
a key role in guaranteeing the formation of continuous metallic nanowires. The effect of acidic conditions on the LPI is
related to the surface reconstruction of the BCP nanostructures. The repulsive interactions between the protonated
pyridine groups lead to the selective swelling of the P2VP cylinders perforating the PS overlay, hence fully exposing the
reactive nanodomains to the salt solution. The surface reconstruction has been demonstrated to be critical also for the
successful infiltration of vertically aligned PS-b-P4VP and PS-b-PEO cylinders. Although being the P4VP and PEO
nanodomains in direct contact with the precursor solution, an ‘activation step’ by means of a preferential solvent (ethanol
or butanol) induces a selective swelling of the polar domains. This process slowly modifies the surface without changing
the structural arrangement and dimensions of the BCP but yields a nanoporous film that facilitates the sorption of metal
cations (Fe3*, Cu2*, Ni2*, Cr3*) via coordination with the P4VP and PEO domains [22(211122]123]

| 3. Metal Salt Diffusion and Reduction

The successful replication of BCP templates into high-quality inorganic materials depends on the precursor infiltration and
conversion processes. The control over the different parameters involved in precursor diffusion, precursor-BCP selective
binding and precursor reduction or oxidation is crucial to the design of materials with tailored compositions and added
functionalities. For instance, as reported by Subramanian et al. 18 LPI| at mildly elevated temperatures (40-80 °C)
considerably improves the infiltration kinetics of the metal salt precursor into the BCP nanodomain. LPI at higher
temperatures enhances up to six the molar ratio of infiltrated Pt per V2P monomeric unit for an overall increased metal
uptake when compared to room temperature LPI. The control over the quantity of material infiltrated inside the BCP
domains is reflected in a better quality of the inorganic pattern thanks to a higher fidelity to the starting BCP template, also
enabling the tuning of the optical properties of the resulting material.

The control of the diffusion of metal salt precursors along the thickness of thick BCP templates is a key requirement for
the achievement of high aspect-ratio or complex 3D metallic nanostructures. High aspect-ratio 3D nanoporous Pt
structures with enhanced catalytic activity for hydrogen evolution reaction were fabricated by LPI of thick (120 nm)
lamellar BCP templates with two pyridine-containing blocks as P2VP-b-P4VP. Although the constituent blocks P2VP and
P4VP are both capable of interacting with metal salt precursors, P4VP shows a stronger counterion binding when
compared to P2VP 24, Due to the difference in the binding power of the two blocks, the metal salt precursors are
preferentially allocated in the P4VP domains. Therefore, after the polymer removal and precursor reduction, the metal in
the P4VP domains becomes continuous whereas the metal in the P2VP is not, resulting in a 3D nanoporous structure 23],
The high metal salt precursor diffusion, along with proper acid concentrations, were recently exploited to reveal complex
multilevel morphologies of thick (200 nm) cylinder-forming PS-b-P2VP, where higher acid concentration led to an increase
in the cylinder diameter thanks to the larger uptake of metal ions [28],

| 4. Multicomponent Materials and Complex Structures

As mentioned in the introduction paragraph, the search for novel materials with added functionalities has driven the
research towards the extension of LPI to a wide number of metals and to the development of sophisticated synthetic



routes for the infiltration of more complex materials. LPI of BCPs allows for great control over the nucleation and growth of
different multicomponent materials in which the structural/compositional distribution can be arranged by the simultaneous
or sequential infiltration of different metal salt precursors. A paradigmatic example is represented by the fabrication of
segmented multicomponent nanowires by exploiting the reversible complexation of metal ions with protonated P2VP of
PS-b-P2VP in acidic conditions, as reported by Mun et al. 4. Here, after a first infiltration of [PtCl4]- into the P2VP
domains, the immersion of the infiltrated polymer into a concentrated acidic solution allowed the reversal of the
complexation of metal anions, leaving the P2VP available for a subsequent infiltration with another metal anion complex
as [AuCl4]-. The authors extended this approach by further implementing optical lithography on top of the self-assembled
nanostructures. The optical mask drives the selective replacement of a metal anion in a specific spatial location dictated
by the optical pattern. The final O, plasma treatment reveals continuous metallic nanowires with different metallic
components. The same authors unveiled a generalised route to synthesise intermetallic nanoalloy arrays using cylindrical
PS-b-P2VP as a starting template 28, Various bimetallic (FePt, CoPt, PdAu) and trimetallic (CoPdPt) alloys were obtained
by the simultaneous loading of multiple ionic metal precursors on the self-assembled BCPs, offering precise control over
size, composition and single-crystalline intermetallic atomic structures of the nanoalloys.

On the contrary, for the synthesis of alloys such as AuAg, a specific order in which the metal salt precursors (HAuCl, and
AgNO3) are added is required to avoid undesired precipitations of highly insoluble AgCl 9. Core-shell Au/Ag
nanoparticles and composites, however, can be synthesised by exploiting the different chemical affinities of the P2VP and
PEO blocks towards HAuCl, and AgNOs in micellar triblock PS-b-P2VP-b-PEO or in PS-b-P2VP/PS-b-PEO blends. The
positively charged P2VP in acidic conditions preferentially interacts with Au salt anions while repelling Ag+ ions that are
mainly localised inside the PEO nanodomain [ZUE%, The ongoing research extended the BCP liquid phase infiltration to
the synthesis of new classes of materials such as metal halide perovskites 2. In the mixture of MABr (methylammonium
bromide) and PbBr2 and PS-b-P2VP, the precursor ions preferentially coordinate with pyridine moieties in the P2VP
blocks via Lewis acid—base interactions. Nanoimprinting lithography by means of a pre-patterned PDMS mould is used to
simultaneously crystallise methylammonium lead bromide (MAPbBTr3) perovskite and microphase separate the loaded PS-
b-P2VP leading to a hierarchically ordered MAPbBr; embedded in the BCP template.

The great versatility of LPI for the realisation of complex nanoarchitectures is demonstrated by its successful integration
with the most recent BCP nanopatterning techniques [2[33I[34135136] The nanodomain swelling of the hydrophilic BCP
domains is a general route to the morphology tuning of the resulting inorganic nanostructures. As an example, starting
from cylindrical PS-b-P2VP, a different morphology evolution can be induced on the BCP nanopattern during the solvent
annealing, the metal loading and polymer removal step, generating metallic nanopatterns with diverse shapes such as
hexagonal nanorings, hexagonal nanomesh and double lines 4.

| 5. Applications

The inclusion of metallic components via the liquid phase infiltration process in block copolymers nanoscale templates has
created many opportunities for the realisation of complex metallic nanostructures, thus expanding the applicability of
BCPs lithography itself. LPI offers the possibility to accurately replicate the nanoscopic intricate templates of different
BCPs morphologies overtaking traditional physical vapour deposition processes in the realisation of composite
nanomaterials, where the lift-off step is posing limitations at sub-20 nm resolution.

5.1. Photonics and Plasmonics

In the realm of photonics and plasmon-enhanced molecular spectroscopies, one of the research focuses in the last
decades has been the realisation of metallic nanostructures with controlled dimensional features and optical properties,
e.g., localised surface plasmon resonances (LSPR) frequency and refractive index, to boost the applicability of these
methods as well as to study fundamental phenomena not yet explored. The specific requirements, for standardisation,
include reproducible methods and reliable and rationally designed substrates with tailored optical and plasmonic
properties 28, In this view, BCPs have been proven to offer excellent lithographic templates with ordered nanoscale
morphologies for patterned surfaces extended over square centimetre areas 21,

The reproducibility of the self-assembly process with controllable and repeatable dimensionality bound to the polymers’
chemical properties (e.g., size and pitch related to molecular weight) guarantees reliable modelling of the optical near and
far field properties of the metallic replicas. In this framework, the LPI of metals inside BCP templates has already been
explored since the late nineties for the realisation of 1D nanoparticles, 2D planar systems and 3D structures with low
aspect ratios. Some early applications of the process, sometimes referred to as in situ reduction of metal ions in polymeric
domains, have been applied to the realisation of 1D plasmonic hanocomposites, i.e., metallic nanoparticles embedded in



a dielectric matrix. BCPs micellar domains have been infiltrated to tune the critical dimension of the plasmonic
nanocomposites down to 2 nm B2 and to regulate LSPR frequencies and refractive index 29, Other 1D nanoparticles with
bimetallic content of Au and Ag have also been characterised with UV-Vis absorption spectroscopy finding a linearly
dependent plasmon resonance frequency, which could be tuned with the relative content of Au 22,

Pure Ag or Au nanopatrticles presented an absorption peak at 415 nm or 538 nm, respectively, while in the varying range
between Au:Ag = 1:3 and Au:Ag = 3:1, the absorption peak shifted from 430 nm to 515 nm, respectively. More recently,
single or bi-metallic (Au/Ag) loading in BCPs micelles has been combined with their self-assembling tendency to produce
a monolayer coverage on the surface of scanning probe microscopy (SPM) tips to support plasmonic enhancement and
morphological characterisation in TERS-like configuration 441,

Gold nanopatrticles in octahedral, decahedral and icosahedral shapes have also been obtained in a single-step synthesis
through PS-b-P2VP loading with HAuCl,, where the processing temperature and polymer-metal ratio have been deemed
essential in the shape and size dispersity of the nanoparticles batch ¥2. Such nanoparticles have also been tested as
SERS-active platforms for different thermal treatments where the increasing temperature implies a reduced polymer shell
around the nanopatrticle, which is compatible with higher enhancement activity.

Other 1D materials with controllable optical properties have been reported by Glass and coworkers combining block
copolymer micelle nanolithography (BCMN) with standard lithographic methods. The authors reported that Au nanodots
can be used to epitaxially grow ZnO nanoposts, whose diameter might be tuned in such a way that they can be applied as
sources of coherent light 23], Two-dimensional composite structures have been obtained as multilayered nanostructures
alternating a polymer lamella with one loaded with metal salts, assembled in parallel to the substrate [44],

5.2. Electronics

In the domains of micro and nanoelectronics, the high patterning tunability offered by BCP is making the nanostructures
effectively applicable for their integration with existing semiconductor technologies, with large versatility under the user’s
control. Once the sub-20 nm scale challenge has been overcome, the research is focused on the exploitation of the
enhanced properties of the assembled nanostructures with respect to the isolated ones. Recently, Liu et al. B2 obtained
Pt nanowires through MMDSA showing electrical continuity, thus raising interest in interconnects.

Another, rather exotic, example of LPI of interest for electronic applications concerns the realisation of thin perovskite
nanopattern already mentioned earlier L. The LPI in BCPs nanodomains allows the challenge of its downsizing to the
sub-100 nm scale to be overcome, due to the ionic characteristics which make halide perovskites (HPs) highly unstable in
ambient conditions. HPs appear to be effectively stabilised via their well-controlled crystallisation directly into BCP self-
assembled templates. The possibility of nanopatterning thin perovskite films without harming their excellent photo-
electronic properties opens up their suitability for a wide range of optoelectronics applications, including diodes, light-
emitting nonvolatile memories, lasing, and metasurfaces. In more detail, Han and coworkers were able to successfully
employ their hierarchically ordered MAPbBr3/PS-b-P2VP film as a photo-response layer in a two-terminal parallel-type
photodetector, thanks to the enhanced photoconduction of the so-synthesised HPs. Indeed, the MAPbBr3/P2VP matrix
efficiently served as a photocurrent pathway, although with anisotropic features due to the nanoimprinting directionality. It
is worth noting that these devices showed both monotonically increasing photoresponsivity with increasing light intensity
and notable photocurrent switching properties under an input ON/OFF illumination.

5.3. Other Applications

The interest in the use of self-assembled BCP for the nanopatterning of networked structures has been extended by the
perspective of a wide range of applications, spanning catalysis to the fabrication of functional advanced materials and
biocompatible substrates. Metallic structures, such as the platinum nanomeshes fabricated by Subramanian et al. 18],
have been reported as promising active media for catalytic processes and fuel cell electrodes since the control of their
morphology and dimension can respond to the need for tuning the electrocatalytic activity of nanostructured materials.
Indeed, so-synthesised platinum nanowires could improve Pt performance in fuel cells, thus representing a crucial step
forward in the design of efficient direct formic acid fuel cells (DFAFC), alongside similar results already achieved via other
synthesis methods “3l. Some catalytic applications have also been envisioned in nanoporous ceramics, fabricated
through hybrid methods involving metal infiltration from the liquid phase 8. The formation of palladium centres directly
embedded in a nanoporous alumina matrix resulted in PdO nanoparticles that were successfully tested as catalysts with
high-temperature stability for both carbon monoxide oxidation and methane combustion reactions. Other diverse
impressive results come from BCMN, where the ability of the soluble polymer block to crystallise and the micellisation of
the copolymer in solution is deemed crucial to control the properties of the resulting networks 47, BCMN through Au



nanoparticles has been demonstrated to enable the low-temperature growth of Si 1D materials on borosilicate glass
(BSG) and SiOx/Si substrates with fine control over the size and spacing of Si nanowires and nanotubes 8. Glass and
coworkers 431491 have largely investigated the combination of BCMN and LPI with other conventional lithographic
methods. Nanodot size and spacing are controlled through the amount of the metal loaded and the molecular weight,
respectively, while the separation among groups of nanoparticles is regulated by photo or e-beam lithography pre-
patterning steps. With this method, a few nanometre-sized Au nanoclusters have served to design uniformly structured
interfaces onto solid supports.

Glass and colleagues also reported the use of monomicellar films as negative resist for EBL, thus overcoming the
inherent limitations with standard resist materials. The outstanding result achieved using metals and metal oxides as
cluster materials allows the extension of this lithographic method to non-conductive supports such as common glass cover
slips in addition to common conductive substrates 43, The enormous mechanical stability demonstrated by these
nanopatterns on the substrates makes them available for biological applications such as templates for immobilising single
proteins and probing their interactions with living cells.
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