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Abstract

Robust and efficient approaches for the synthesis of materials with structure, porosity, and
composition controlled at the nanoscale are highly important for a wide range of applications.
Polymer templates are promising platforms to achieve such control. The self-assembly process of
polymers provides access to diverse structures that can serve as templates for the deposition of
inorganic materials. By infiltrating metal precursors from gas or liquid phases, using sequential
infiltration synthesis (SIS) or swelling-based infiltration (SBI), respectively, into the polymer
templates, one can create finely-tuned texturing of the surface films and bulk materials. In this
review, we outline the specifics and dynamics of the polymer infiltration process and characterize
the structure and properties of the synthesized materials. Finally, we highlight recent progress in
implementing polymer infiltration-based nanoporous ceramics for many applications, including
sensors, antireflective coatings, oil-absorbing foams, nanolithographic patterns, and catalytic

materials.
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1. Introduction

Polymer assemblies are recognized as promising platforms for the design of a broad range
of functional composite and all-inorganic structures [1-4]. There are three critical parameters that
make the use of polymer templates appealing for the design of functional materials. First, the
polymer chains can carry functional groups serving as reaction centers enabling the synthesis of
the inorganic nanostructures. Second, the polymer can create a “mold” that defines the pattern for
inorganic structures. In particular, the ability to manipulate the structure of the block copolymers
(BCPs) and guide it into nanodomains of spheres, cylinders, gyroids, or lamellae by using random
copolymer brushes, surfactants, and solvent annealing [5, 6] or by the external stimuli such as heat
[7-9], laser irradiation [10, 11], and UV exposure [12, 13] offers a unique opportunity to design
lateral coatings with a broad range of complex patterns with periodicities ranging from a few
nanometers to hundreds of nanometers can be generated using BCPs [14]. Third, importantly,

polymer templates can be easily removed chemically or thermally [15-18].

The combination of these polymer properties led to the emerging material growth
technique derived from atomic layer deposition (ALD) [19] called sequential infiltration synthesis
(SIS). SIS i1s based on the infiltration of the polymer template with inorganic precursors from the
vapor phase. This approach can be also called vapor phase infiltration (VPI), sequential vapor
infiltration (SVI), or multiple vapor infiltration (MPI) [20]. Furthermore, the polymer template can
be infiltrated with inorganic precursors from the solution [21, 22]. Subsequent removal of polymer
matrix enables the full conversion of the infiltrated composite polymer structure into all-inorganic

materials that replicate the structures of the original polymer hosts.

Initially, vapor-phase infiltration was utilized to improve the mechanical strength and
etching resistance of the photo and e-beam lithographically prepared structures [23-29]. Infiltration
of the polymer resists, for example, poly(methyl methacrylate) (PMMA), with inorganic
precursors enables obtaining more precise features as a result of enhanced etch resistance of the
modified polymer [30]. Later, the application of SIS was extended to BCPs [31], enabling the
patterning of various materials with nanosized features [31, 32]. Also, SIS of inorganic precursors
in BCP templates allowed the synthesis of inorganic and composite organic/inorganic three-

dimensional periodic and random structures [20, 33].
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The controlled design of patterned and nanoporous structures is critically important for a
range of applications where high surface area and porosity access enable the functionality of the
material systems [24, 34, 35]. Conventional methods such as optical or e-beam lithography for the
nanoscale patterning are costly and time-consuming [36]. In addition to composite reinforcing [26,
37], infiltration-based synthesis, such as SIS, provides a new level of material control in terms of
thickness, porosity, and composition attained upon the polymer removal [38], thus opening new
application opportunities for the patterned and nanoporous structures to be used in sensing,

filtering, and catalytic converting [39-41].

In this review, we will give a comprehensive summary of using the polymer templates for
the design of functional materials by their infiltration with inorganic precursors from the gas phase
and liquid solution. We will evaluate the range of structures and properties achievable in the SIS-

synthesized materials, and review the potential use of the SIS approach for practical applications.

2. Infiltration of the polymer templates with inorganic precursors from the gas phase

SIS is based on the same sequential self-limiting chemistry as the ALD process [19, 42-
44]. The combined chemo-physical nature of the SIS process includes diffusion-controlled
penetration and subsequent chemisorption of inorganic precursor molecules from the gas phase
inside a polymer template [38]. It integrates the ALD process for selective infiltration synthesis of
inorganic material into a predefined pattern formed by the polymer [30, 45]. Traditional and the
most common SIS is based on the reaction between a precursor chemisorbed inside a polymer
template and water vapors [31]. However, other than water agents were utilized as well. For
instance, the conversion of inorganic precursors was facilitated by exposing the materials to H,O,
[46-48] or O3 [33]. Table 1 provides the comparative overview of the ALD and SIS processes.

Table 1. Comparison of the ALD and SIS processes for synthesis of all inorganic structures|20,
49-52].

Process ALD SIS (other names -
vapor phase infiltration
(VPI), sequential vapor
infiltration (SVD),
multipulse vapor
infiltration (MPI))

Page 4 of 52
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Substrate None Polar  polymers or

Requirements BCPs  with  polar
domains

Typical Temperature | 150-200 °C Below  the glass

Regime transition of  the

polymers (~90-100 °C)

Cycle Duration Short cycles: Long cycles:
Exposure time: <I s Exposure time: 1-10 s
Holding time: 0 s Holding time: 30-100 s
Pumping time: 5 s Pumping time: 20-300 s

Deposition Rate Low High

Precursors Volatile at the deposition temperature
Highly reactive

No precursor decomposition

Precursor A Metal halides (WFg, | Metal halides (TiCly,
ZrCly, TiCl,, etc) MoCls, SnCly)
Alkoxides (e.g. ) Alkoxides (TIP)

Metal alkyls (e.g. TMA, | Metal alkyls (TMA,
DEZ, etc), DEZ)

B-diketonates (e.g.

Y (thd);(phen), etc),

organometallic

cyclopentadienyl-type

compounds (e.g.

Cp.Mg, etc)

amido complexes (e.g.
M(R-R’AMD), )

Precursor B (oxidant) | H,O; H,0,, N,O, NO,, | H,O; H;0,, 0;, O,

NH;, PH;, etc. plasma, SiHg
Growth Rate 1 atomic layer/cycle 40 nm — 10 pm of
infiltrated BCP in 5-10
cycles.
Variations of  the | Thermal ALD, Thermal SIS,
Process Plasma ALD Plasma-enhanced SIS
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Photo-assisted ALD
Metal ALD
Catalytic ALD

Post-processing step None Polymer removal by
thermal annealing,
oxygen-based reactive
ion etching, or UV

Reductive treatment of
the deposited oxidized

form -
ozone cleaning

Structure of Materials | Amorphous, Amorphous,
polycrystalline polycrystalline

Library of Materials A broad range of | Mainly oxides: ALQO;,
materials: Metal oxides, | TiO;, ZnO, In,Os,
tellurides, fluorides, | Ga,0O3;, WO, VO,
nitrides, sulfides, | SnOx.

selenides.

As the stability of the polymers during the infiltration is critically important for
predictability and consistency of the formed inorganic structures, the precursors are required to
exhibit high vapor pressure at temperatures below the polymer glass transition that is typically
around 100-150 °C [53]. Therefore, the majority of the initial studies on SIS focused on the
synthesis of aluminum oxide (AlOy) structures from trimethylaluminum (TMA) precursor since it
has a high vapor pressure even at relatively low temperatures [54]. It is worth noting that alumina
(AlOy) formed by the reaction between TMA infiltrated into polymer containing polar functional

groups and water remains the most studied SIS system [30, 31, 45, 55, 56].
2.1 The infiltration mechanism.

The SIS is based on the site-selective infiltration of the inorganic precursors into polar
polymers. Dandley et al. [57] demonstrated that TMA’s small size and high reactivity make it
suitable for the infiltration process. Since the TMA is a strong Lewis acid [58], these reactions
usually begin with the TMA forming a Lewis acid/base adduct with a strong Lewis base [59].
Poly(methyl methacrylate (PMMA) is a good candidate for the TMA infiltration because it has a
large free volume and its carbonyl group is a strong Lewis base [60], which makes it favorable for

the adduct formation with the TMA. Once the first adduct is formed, the TMA—PMMA reactivity



Page 7 of 52

Journal of Materials Chemistry C

may be enhanced since the TMA is also a strong Lewis acid catalyst [61]. Notably, PMMA’s
reactivity is not too high to block the TMA diffusion inside the molecule.

The infiltration of the polymer template using SIS consists of the following steps: (i)
Exposure of the polymer template to inorganic precursors (e.g. TMA); (i1)) Removing of the
inorganic precursor excess by N, purging; (iii) Exposure of the polymer template with incorporated
inorganic precursor to water or other reacting species; and (iv) Removing of the water or other

reacting species by N, purging (Fig. 1a).

The Fourier Transform Infrared Spectroscopy (FTIR) was instrumental in understanding
the SIS mechanism. Since the change in wavenumber or magnitude of the FTIR peak shift is
indicative of the strength of the complex formed between a functional group and the precursor, the
ability of the precursor to diffuse through the polymer can be estimated by the magnitude of the
peak shift. The stronger the complex, the further red the FTIR peak can be shifted [20].

Combined in situ FTIR and quartz crystal microbalance (QCM) experiments indicated that
during SIS with PS-b-PMMA template, TMA readily diffuses into the PMMA and physisorbs to
the ester carbonyl group (C=0) [30, 43, 45] (Fig. 1b). Acting as a Lewis-acid, TMA withdraws a
charge from the C=0 and forms a metastable C=0---Al(CH3); that is evidenced by the shift of
stretching frequency of C=0 from 1732 cm! in untreated PMMA to 1670 cm! after the TMA
exposure [57]. At temperature below 100 °C, C—O-Al covalent bonds do not form and TMA can
easily desorb [62]. It was found that TMA exposure and purge durations have a significant effect
on the AlO, formation within the PMMA [63]. Longer TMA exposure is associated with the
increase of the Al,O; concentration due to the higher diffusion of the TMA molecules in the
polymer template. Meanwhile, at low temperatures, as a result of the unstable nature of the
PMMA-TMA complex, longer duration of the N, purging cycle after the TMA exposure reduces
the SIS growth (Fig. 2a) limiting the amount of product formed after the exposure to water vapor

[63].

At higher temperatures, the formation of a resonant C=0/Al1-O-C complex was observed
instead. The C=0/Al-O-C complex can bond itself to the substrate via a pericyclic reaction

mechanism resulting in a C—O—Al—(CHj;), group (Fig. 1b) [42].
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Figure 1. (a) Schematic of the process of the vapor-phase infiltration of alumina using SIS in PS-b-
PMMA polymer. Reprinted with permission from [64]. (b) Proposed mechanism of pericyclic
activation of an ester-forming metal acetate from methyl trimethylacetate that is used as a model
molecule for PMMA. Reprinted from [57] with the permission of the Royal Society of Chemistry.

Dandley et al. [57] further confirmed that PMMA goes through a two-step reaction in the
presence of the TMA. The first step is a fast, reversible reaction that produces a physisorbed
complex. The second step is a slow, irreversible reaction of the physisorbed complex that produces
a covalently bonded product structure. The authors proposed that the product formation breaks the
PMMA carbonyl group to produce O—Al—-(CHj3), by a TMA methyl group [57] (Fig. 1b). The
TMA trapped in the PMMA bulk continues to slowly react until the reaction completes. The
product concentration is increased by shorter purge time and longer TMA exposure. In situ FTIR
findings compared to the calculated spectra of possible product structures suggested that the

second step of the reaction mechanism is a pericyclic reaction [65] that yields a covalent bond of
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Al—(CHj;), with O originally in the carbonyl group (Fig. 1b). Dandley et al. [57] found that the
TMA methyl group does not shift to the carbon center but instead reacts with the PMMA methoxy
group, thus producing an ester carbonyl and the ethane vapor. The second step of the reaction

becomes more favorable as the temperature increases from 110 to 150°C [57].

It was demonstrated that the replacement of the H,O cycle with O; as an oxygen precursor
leads to the growth of alumina similar to that obtained with the standard ALD process [33]. The
X-ray photoemission spectroscopy (XPS) results on alumina obtained with H,O as well as with O;
cycles indicate the larger amount of hydroxyl groups or water physisorbed on the surface of the
alumina film after its exposure to the air. XPS results also confirm that the thermal treatment at a
low temperature of alumina deposited using SIS yields the material equivalent to alumina films

obtained by ALD at high temperature [33].

As the SIS process is highly selective to the polar domains, in the case of amphiphilic block
copolymers, the reactions described above take place only in the domains formed by the tails of
polar domains and their infiltration during a sequence of TMA-water cycles continues until the
infiltration reaches saturation [45]. For example, in the case of block copolymers such as e.g.
polystyrene-block-poly(methyl methacrylate) (PS-b-PMMA) infiltration occurs only within polar
PMMA domains (Fig. 1a) [30, 31, 66]. The non-polar polystyrene part meanwhile remains
unmodified [1-3]. After full infiltration, all additional TMA-water cycles result in the atomic layer
deposition of aluminum oxide on top of the polymer surface [38, 67]. QCM in situ monitoring of
the infiltration process allowed to evaluate the mass gain during SIS as a function of SIS cycles
(Fig. 2b) [67]. The results indicated that the SIS procedure thus requires only 5-8 cycles for full
PMMA infiltration enabling the growth of 50 nm-thick aluminum oxide, while the regular atomic
layer deposition (ALD) needs about 500 cycles to grow alumina of the same thickness [68]. As a
result, the SIS procedure is more time-, energy-, and cost-effective than traditional ALD [19, 68-

70].
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Figure 2. Summary of the changes in the FTIR results referenced to the initial PMMA spectrum
for PMMA film at 85 °C after 35 s after the first TMA dose and after different intervals of the TMA
purge time (from 10 to 60 min at 10 min intervals). Reprinted with permission from [30]. Copyright
(2014) American Chemical Society. (b) Mass gain measured using the QCM during the SIS
infiltration of PS, PMMA, and PS-b-PMMA as a function of the cycle number. Reprinted with
permission from [67].

Dynamic spectroscopic ellipsometry (SE) based on the continuous analysis of the changes
in the thickness and refractive index of the polymer template during its infiltration provided further
insights into SIS kinetics [71]. In situ dynamic SE time-resolved monitoring of the polymer
swelling that is indicative of the diffusion and retaining of the metal precursor in the polymer
enabled the extraction of the diffusion coefficients of TMA in PMMA. The corresponding
effective diffusion coefficients for PMMA films with molecular weights (M,) such as 3.9 kg
mol ! and 14 kg mol™! were found to be 4.5 x 10712cm? s™' and 1.2 x 10712 cm? s7!, respectively,
indicating the faster diffusion of the TMA in polymer samples with lower molecular weight [71].
The SE study also confirmed significantly larger solubility of TMA in polar PMMA than in
nonpolar PS. In the case when BCPs are used as templates, the resulting metal oxide structure
replicates the structure of the polar domains of the polymer template [38]. Nevertheless, Cianci et
al. [71] indicated that the growth of alumina can still take place inside the PS films as a result of
the diffusion of the TMA through defects in the PS film if many (more than 10) SIS cycles are

performed.

10
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Grazing incident small-angle X-ray scattering (GISAXS) technique was also utilized to
further unravel the mechanism of the polymer infiltration [72]. Fig. 3 summarizes GISAXS results
on the infiltration of the polystyrene-b-poly(4-vinylpyridine) (PS-b-P4VP (75k-b-25k g/mol))
BCP with TMA and the formation of the ceramic structures during alumina SIS as a function of
cycles used in the process [38]. The GISAXS patterns [72, 73] of samples prepared with three and
five SIS cycles are similar. Both patterns presented a peak at ¢, = 0.0165 A-1, which indicates 2D
nanostructures laterally ordered with a d-spacing of ~38 nm. This value is consistent with the

center-to-center spacing between P4VP domains in the initial BCP template [38].

3 cycles e

102+ 5cycles

8 cycles

-
o
ES

I(g)(a.u.)

-
e
L]

" 10 cycles —mth

10-6 L

JL il
. 10 g
. =]
B 10° ; :
107 10 107"

-0.15 -0.05 0.05 0.15 -0.15 -0.05 0.05 0.15

Figure 3. GISAXS (a—d) and transmission SAXS (e) analysis of the alumina samples synthesized
using the SIS process performed for a different number of infiltration cycles in the PS-b-P4VP
BCP films. All the data were obtained after thermally-assisted removal of the polymer templates.
In (e), the data are arbitrarily scaled for better visualization and red lines represent fitting of the
data. Reprinted with permission from [38]. Copyright (2017) American Chemical Society.

The shape of the peaks in the GISAXS spectra indicates the lateral structure is as tall as the
film thickness with the peaks’ weak vertical tails suggesting the coexistence of smaller features.

Based on the calculations, the vertical sizes of these smaller features range from 5.0 to 6.0 nm,

11
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slightly increasing with the number of cycles. Along the horizontal direction, there are two feature
sizes, about 25 nm and 10 nm, respectively. These scattering results suggest that Al,O5 pillars
formed with SIS are made of smaller Al,O; grains. After 10 SIS Al,O;3 cycles, the sample
completely lost lateral ordering peaks; and the presence of only randomly distributed spherical 8
nm particles indicates that the Al,O; particles are probably grown on the surface of the infiltrated

regions of the polymer film [38].

A variety of other techniques, including in situ spectroscopic ellipsometry [74, 75], quartz
crystal microgravimetry [57], quadrupole mass spectroscopy [40] and ex situ transmission electron
microscope tomography [76], atomic force microscopy [77], and time-of-flight secondary ion mass
spectroscopy[75] was used to follow the polymer infiltration and characterize the final inorganic
structures obtained by SIS. Recently, R. Waldman et al [20] provided a very detailed overview of

in situ and ex situ characterization methods of the SIS-related processes and materials [20].

2.2 The polymer templates, their tuning, and removal

A variety of metal precursors are known to infiltrate different types of polymers ranging
from biopolymers (e.g. spider silk [26, 29], avian egg collage [78], polysaccharides [79], cellulose
[49, 80], etc) to polymers (e.g. Kevlar [81], epoxy-based photoresist SU-8 [82], polyurethanes
[40, 83], polyaniline [84], P3HT [85], PMMA [55], poly(vinylpyrrolidone), poly(acrylic acid)
[42], etc). Such polymer infiltration substantially modifies their electrical, mechanical, and

adsorptive properties [20].

To create patterned structures or 3D porous materials, BCPs are used. BCPs can self-
assembly into periodic ordered organic materials with feature sizes ranging from ~10 to 100 nm
[86-89]. In turn, the infiltration of the BCP template enables the design of inorganic patterns and
porous structures [20]. Though the PS-b-PMMA remains the most common BCP template used in
SIS, other BCPs such as PS-b-P4VP and block-poly(epoxyisoprene) (PS-b-PIO) copolymers are
also readily accessible block copolymer templates for the direct infiltration synthesis [38, 41, 77,
90, 91]. While in the case of PMMA, as suggested from the extensive FTIR studies, infiltration
with the inorganic precursors takes place at C=0 and C-O-R groups of PMMA (Fig. 2), infiltration
of the C-H groups can be observed in case of the PVP [91].

12
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It is worth noting that the oxidative treatment of the polymer templates can alter/improve
their infiltration ability. For example, UV-o0zone exposure of the BCP template can increase the
affinity of the inorganic precursor to the polymer via the formation of the additional oxygen-
containing functional groups [92-94]. In the case of PS-PMMA, UV-ozone treatment removes
ester groups from PMMA, however, creates carbonyl/carboxyl groups in PS [92]. As a result,
patterns inverted from PS-b-PMMA templates can be created since the selective infiltration occurs

within modified PS domains rather than within PMMA (Fig. 4).

Figure 4. SEM images demonstrating self-assembled PS-b-PMMA thin films and the
corresponding Al,O; nanopatterns created by selective infiltration of the polymer templates. Two
cases: (a) cylindrical and (b) lamellar patterns of PS-b-PMMA films are studied. (PMMA block is
removed for the SEM contrast). Images of alumina structures received (c,d) after three TMA/water
cycles on unaltered (c) cylindrical- and (d) lamellar-phase templates, and (e.f) after six TMA/water
atomic layer deposition cycles on UV-irradiated templates. In all images, the polymer templates
were removed by oxygen plasma. Insets show the tilted cross-sectional views. Scale bars are 100
nm. Reprinted with permission from [92]. Copyright (2013) American Chemical Society.

Due to the high reproducibility of the polymer template the resulting ceramic structure can
be controlled by the original alignment of the block copolymer [77]. Specifically, if spin-coated
polymers have no order, the resulting ceramic materials are very sporadic. However, the

immiscibility of the polar and non-polar components leads to a spontaneous phase resulting in

13
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mesoscopic patterns. In nonpolar solvent (e.g. toluene), the molecules of BCP form micelles with
a polar part of the polymer in the center [95]. Spin-casting of the BCP solution, a traditional
approach used to deposit polymer coatings, results in the formation of a pseudohexagonal array of
polar domains distributed non-polar matrix (Fig. 5). The structure of the spin-casted BCP also
depends on the solvent (Fig. Sb). For instance, being deposited from 1,4-dioxane PS-P4VP, polar
domains orient perpendicular to the substrate, while the use of a mixture of toluene and
tetrahydrofuran results in reorientation of polar cylinder domains parallel to the substrate (Fig.

5b). Achieving further ordering in thin BCP films requires post-deposition treatment of the films.

a PS-b-P2VP
in toluene Hexagonal array of block Fingerprint pattern of P2VP
copolymer micelles cylinders in PS matrix
g R (@
S 8 — 4 -

PS DIOCK —p e\ ™A <— P4VP block

1, 4-dioxane Toluene/THF (80/20)

b
i

Surface reconstruction in ethanol

Figure 5. (a) Pseudo hexagonal arrays are formed by spin-coating a toluene solution containing
polymer micelles on a native oxide-coated silicon surface. The following thermal annealing
procedure results in a fingerprint pattern of P2VP cylinders embedded within the PS matrix.
Adapted with permission from [21]). (b, c) Schematics of switchable block copolymer templates
during reconstruction in ethanol. Adapted with permission from [95].

Directing the BCP structure: Thermal and solvent vapor annealing are the most common
approaches to induce reorganization of polymer domains. Thermal annealing enables controlling
reorientation of both blocks of the BCP by its heating above the glass transition [96] or melting

temperature for some crystalline and liquid crystalline polymers [97, 98]. In the case of BCPs with

14
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a rigid backbone (e.g. brush BCPs even with very high molecular weight), diffusion processes are
fast and lateral ordering can be achieved rapidly [99]. However, in the case of BCPs with flexible
backbones, diffusion is slow even at elevated temperatures due to chain entanglements that
postpone the lateral ordering [99]. Solvent annealing can resolve this issue. The method is based
on placing the BCP films in a solvent vapor atmosphere. The molecules of solvent penetrate the
BCP film, swell it, and reduce the glass temperature transition. As a result, long-range ordering
can be promptly achieved even at room temperature [100]. Coupling of solvent annealing with
microwave heating further expedites the ordering of the BCP blocks. Thus, highly ordered patterns
of PS-b-P2VP and PS-b-PMMA polymer families were obtained in less than 3 min [101].

In the case of the PS-b-PMMA template, both thermal and solvent treatments of the PS-b-
PMMA template [22, 102] can be used to enable different nanopatterns of AlO, including vertical
lamella, vertical cylinders, and inverse cylinders (holes) as well as three-dimensional multilayered
heterostructures [22, 102]. The polymer domain readjustment by controlling parameters of
deposition and annealing [12, 103-105] successfully modifies the resulting ceramic film [31, 38].
In the previous studies, it was shown both horizontal and vertical alignment of the ceramic

structures produced with SIS (Fig. 6) [31].

15



Journal of Materials Chemistry C

Figure 6. Field emission SEM (FESEM) micrographs of SiO, (a, b) nanocylinder patterns and (c,
d) nanopost patterns on Si wafer formed after one cycle of sequential exposure to TMA and silanol
vapors followed by heating at 400 °C for 12 hours. Reprinted with permission from [31]. Copyright
(2011) American Chemical Society.

Thermal or solvent annealing, though, are the processes that do not allow active control
over the density of the structural defects and ordering direction. Different modifications of the
annealing such as thermal zone heating [106] and photothermal approach [107] were proposed to
expedite the ordering kinetics in BCPs as well as direct the ordering. Majewski et al [107]
demonstrated that photothermal gradients generated by localized laser heating could increase the
ordering kinetics of BCP thin films by at least three orders of magnitude compared to conventional
oven annealing [107]. A sweeping laser front allows guiding the thermal gradient and, hence, direct
the ordering of the BCP (Fig. 7a). This photothermal technique called laser zone annealing (LZA)
enables the rapid alignment [108] of BCPs over macroscopic areas (Fig. 7b). However, LZA
requires the substrates coated with the layer that generates heat upon light adsorption (e.g., Ge)
(Fig. 7a).

16
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Figure 7. (a) Schematic of the laser zone annealing (LZA) technique: a polymer sample with Ge
layer underneath mounted on a motorized stage; the layer of Ge absorbs the light and induces
heating thus resulting in the patterning of a polymer. (b) SEM image of the patterned polymer film.
Adapted with permission from [107].

Modification of the BCP template by swelling: While the structure of the deposited BCP film can
be efficiently tuned by thermal and solvent annealing, the major limitation of SIS is slow diffusion
of the TMA precursor vapor through the free volume of the polymer, once the top layer (40-50
nm) is fully infiltrated [31, 66, 109]. As a result, SIS was used mainly for the deposition of thin,
less than 50 nm in thickness, structures. The swelling of the BCP template before SIS was proposed
to increase the infiltration depth [38].

The swelling of the polymers modifies them by incorporating the organic solvent into the
polymer matrix [110, 111]. When the polymer consists of two different domains, as in the case of
block copolymers, swelling is an effective technique for introducing additional polymer porosity,
enabling an easier infiltration process. Fig. 8 shows that swelling of the PS-b-P4VP polymer in
ethanol, which is selective to swelling of the P4VP part only, for 1 h at 75°C before infiltration
leads to the formation of a thick porous Al,O3 SIS film with random structure [38].
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With swelling

Figure 8. Increased thickness of the nanoporous alumina in comparison to (a-c) regular SIS
process is possible via (d-f) swelling of the PS-b-P4VP polymer in ethanol, which creates
additional channels for effective infiltration of the TMA inside the polymer film. Red is the polar
domain of the polymer, green is resulting alumina oxide infiltrating only polar part, gray is non-
polar polymer removed after SIS. The SEM micrographs present the resulting alumina structures
received (g) without and (h) with swelling. Adapted with permission from [38]. Copyright (2017)
American Chemical Society.

The evolution of the structures during swelling and infiltration was further evaluated with
combined uses of QCM, atomic force microscopy (AFM), and scanning electron microscopy
(SEM) analysis [77]. Thus, swelling of 110 nm thick PS-b-P4VP BCP (75k-b-25k molecular
weight) film in ethanol at 75°C in ethanol enabled access to all available polar domains of the BCP
and resulted in two times larger alumina mass absorption and four times larger effective pore

volume formation than the ones in case of non-swollen polymer (Fig. 9) [77].
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Figure 9. (a-d) AFM height profile images and (e-h) the corresponding SEM cross-section
analysis performed at a tilted angle for PS7s5-b-P4VP,s; BCP films (110 nm thick) during different
stages of swelling and infiltration. Mass gains during swelling and infiltration of (i) PS7s5-b-
P4VP;s, BCP films and (j) monopolymers are analyzed using the QCM. Adapted with permission
from [77]. Copyright (2019) American Chemical Society.

It is also worth noting that being supersaturated blends of BCP and additives (e.g. polystyrene-
block-polyethylene oxide (PS-H-PEO) and a PEO oligomer) can separate into an additive-rich and
a BCP phases where one block of BCP gets selectively swollen by the additive [112]. The
supersaturation can be induced by the control over temperature or through quick solvent
evaporation. Rinsing out both phases with the solvent that dissolves additive leads to the

hierarchical pore formation (Fig. 10) [86]. This process was called spinodal-decomposition—
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induced macro- and mesophase separation plus extraction by rinsing or SIM?PLE [112]. This post-
deposition approach was reported to result in the fabrication of structure with a continuous
interface between meso- and macro-porous regions [86]. In addition to SIM?PLE, non-swelling
induced phase separation (SNIPS) was proposed to form hierarchically porous films that can be
used as separation membranes. SNIPS is based on the plunging of the polymer into precipitation

(non-solvent) bath (Fig.10) [86].

Though both approaches for creating porous polymer structures were not yet utilized in the
SIS process, they seem to be promising for the efficient design of highly porous 3D structures

suitable for a broad range of applications.

a
{§9

[ [ recipitation
Polymer/Solvent Bath
Film
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Dried Polymer Hybrid
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Figure 10. Depiction of the SNIP (a) and SIM’PLE (b) approaches. In SNIP BCP dissolved
organic solvents are deposited on the substrate and partially dried and plunged into a non-solvent
bath. The organic solvent in the film exchanges rapidly with the non-solvent thereby freezing the
film structure into the solid-state of the BCP. In SIM°PLE the solution of BCP and additive (e.g.,
oligomer) is dried and placed in the rinsing bath with selective solvent for additive. Reprinted with
permission from [86].

Removal of the polymer template: After the template infiltration, the resulting materials are
organic-inorganic hybrids. The conversion of the polymer infiltrated with inorganic precursors

into all-inorganic material is achieved by a post-processing procedure, including thermal annealing

20

Page 20 of 52



Page 21 of 52

Journal of Materials Chemistry C

in an oxygen environment, reactive ion etching, or exposure to ultraviolet ozone cleaning [38].
Thermal annealing or calcination of materials in a flow of oxygen or air, in addition to the polymer
removal, allows reconstruction and densification of the porous structures providing their better
mechanical stability [38]. The annealing procedure can be further optimized by changing the
maximum heating temperature and time of the annealing. It should be noted, however, that thermal
annealing may result in some pore shrinkage and be incompatible with many temperature-sensitive
substrates, such as, for example, single crystal quartz used as a substrate for sensing platforms

[41].

An alternative method involves UV ozone cleaning [113, 114] as a slower process allowing
to prevent substrate damage. However, the process may lead to the trapping of the residual carbon
in the cavities of the inorganic structure. Therefore, very prolonged exposure to the cleaning
procedure is needed [39]. Interestingly, alumina that is obtained using both UV ozone cleaning

and thermal annealing processes is highly amorphous [115].

2.3 3D Porous Structures Created by SIS and Accessibility of the Pores

The introduction of the swelling step allowed to expand the SIS applicability from thin
films to the highly porous bulk structures [38] and thus to broaden its use to different areas, in
which materials are immersed or in contact with liquid media. High accessibility of the pores for
liquid penetration and efficient mass flow is, therefore, critically important characteristics of the
SIS-designed materials [24, 34]. She et al. [41] demonstrated that the nanoporous alumina
synthesized via SIS is highly hydrophilic and enables access of water inside the available pore
volume (Fig. 11). Specifically, using the QCM technique, highly sensitive to the surface structure
and surface interactions with surrounding media [116-119], it was shown that the resulting
nanoporous alumina structures, when immersed in water or acetone, tend to absorb up to 95% of
liquid [41]. To probe the interconnectivity of these pores, the surface access of the liquid was
blocked by the deposition of graphene layers. 20% of uncovered alumina, however, still allowed
to fill up to 60 % of the available porosity volume [41]. Summary of the porosity access to water

and acetone is included in Table 2.
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Figure 11. Changes in the resonant frequency of the oscillations of the QCMs with alumina films
of different porosity grown using PS-b-P4VP polymer templates with varying relative
concentrations of polar/non-polar domains upon (a) immersing in water and (b) acetone. (c)
Blocking of the surface access to the alumina (with initial 70% porosity) pores using transferred
graphene films indicates a high interconnectivity of the pores. (d) Schematics of the pores
blocking. Adapted with permission from [41].

Table 2. The frequency shift values and estimates for the effective volume of pores filled with
water and acetone upon immersion [41].

Sample Viscosity effect Liquid in pores Effective volume of
(Hz) effect (Hz) pores with solvent (%)
Al,O3 (70%) in water -715 -780 98%
ALO; (70%) in acetone -360 -580 94%
ALO; (45%) in water -715 -479 93%
Al O3 (45%) in acetone -360 -336 84%
Al,O3 (30%) in water -715 -292 85%
ALO; (30%) in acetone -360 -220 83%
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2.4 The structures and heterostructures obtained by SIS - beyond alumina.

Precursors beyond TMA used for the synthesis of AlOy are often characterized by slower
diffusion and, subsequently, lower sorption of vapor-phase precursors has been reported [120].
Nevertheless, a plethora of metal oxide structures such as SiOy, TiOy, VO, WOy, SnOy, ZnO,
GaOy, InOy, etc was synthesized using the SIS process. For this, the TMA precursor was replaced
with tris(tertpentoxy)silanol [31], titanium tetrachloride or titanium tetraisopropoxide [90],
vanadium oxytriisopropoxide [90], tetrakis(dimethylamino)tin(IV) [46], diethyl zinc [121],
trimethylindium [55], trimethylgallium [55], etc. The efficiency of the infiltration of the inorganic
precursor is affected by the nature of a metal precursor. For example, trimethylindium and
trimethylgallium can similar to TMA reversibly interact with C=0 groups of PMMA, however
with a significantly lower affinity that results in their rapid diffusion within the polymer film [55].
As a result, the rapid growth of Ga,0; and In,0; takes place. The growth of In,O; was observed
already at 80 °C that is well below the onset temperature of the ALD using the same precursors

[55].

However, in the majority of other cases, organometallic precursors and polymer moieties
interact weakly, and hence, the first AlOx SIS cycle generating the priming layer of alumina is
needed to promote the additional metal oxide growth within the polymer [122]. It is worth noting
that the deposition of ZnO requires priming of the polymer with TMA during the first cycle when
PS-PMMA or PS-PVP templates are used [22] since direct infiltration of diethyl zinc followed by
polymer removal results in the formation of only sparse zinc oxide nanoparticles [90, 92].
However, the use of PS-b-PIO copolymer templates enables the successful infiltration of diethyl
zinc without priming [90]. Fig. 12 shows the effect of the polymer template on its infiltration with

the inorganic precursors.
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Figure 12. SEM micrographs highlighting the effect of the polymer template on its infiltration with
the inorganic precursors. Different (a—d) AlO, and (e—h) ZnO patterns synthesized by SIS
followed by O, plasma removal of the BCP templates: (a, e) PS;s-b-PMMA>,, (b, f) PS33-b-P2VP,,
(c, g) PS;-b-Pl;5, and (d, h) PS;o-b-PI;30100. Insets included in each micrograph show the 2D
fast Fourier transformed spectra. Scale bars are 200 nm. Reprinted with permission from [90].
Copyright (2019) American Chemical Society.

Recently Segal-Peretz et al. [122] demonstrated that SIS could be used for heterostructure
array fabrication. The synthesis is based on sequential exposure of the BCP film to two
organometallic precursors. First, BCP is shortly exposed to the first precursor; however, the time
of the exposure is adjusted in a way to limit its penetration to the upper part of the film only, while
the second precursor consequently diffuses deeper into the film. BCP template removal results in

a metal oxide heterostructure array (Fig. 13).
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Figure 13. (a) Schematic of the process of the heterostructure array fabrication. Characterization
of aluminum oxide/zinc oxide nanorods prepared by spatially-controlled SIS using PS-b-PMMA
BCP: high-angle annular dark-field scanning transmission electron microscopy (STEM) images
taken at (b) 0° tilt, and (c) 10° tilt, and (d) corresponding energy-dispersive x-ray spectroscopy
(EDS) map taken at 10° tilt; (e) cross-sectional image of nanorods. Reconstruction images of (f)
cross-sectional view, and (g) perspective view of the STEM-EDS tomography. Scale bars in the
images are 50 nm. Adapted with permission from [122]. Copyright 2019. Wiley-VCH.

2.5 Water SIS vs Plasma SIS.

As we mentioned above, traditional SIS is based on the reaction between a precursor
chemisorbed inside a polymer template and water vapors [31]. However, elevated temperatures
required for this reaction in the thermal SIS are incompatible with moisture sensitive and thermally
unstable surfaces or interfaces. Previously, plasma-enhanced ALD (PEALD) [123] demonstrated
advantages over thermal ALD such as higher quality of the deposited materials, lower impurity
content and better electronic properties; lower deposition temperature; increased choice of
precursors and materials; tuned stoichiometry of the compositions as a result of deposition under
nonequilibrium conditions and increased growth rate [124]. It is worth noting that SIS can be

realized via plasma-enhanced conversion of a metal precursor [91]. For instance, exposure of
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TMA molecules to oxygen plasma also leads to the synthesis of conformal alumina coating with
controlled thickness and porosity [91]. Moreover, an oxygen plasma step of the process facilitates
the production of fully infiltrated nanoporous structures within one cycle, as compared with a
minimum of eight cycles required in water-based thermal SIS [38], hence minimizing the time of

the synthesis of highly porous structures [91].

When plasma-enhanced SIS (PE SIS) is performed on the PMMA polymer, the changes in
the FTIR spectrum (Fig. 14) of the PMMA polymer upon exposure to PE SIS procedure indicate
the stretching in carbonyl C=0 (at ~ 1729 cm!), ester C-O-R (at ~ 1145 cm! and ~ 1260 cm!),
and C-H (at ~ 2950 cm!) as well as bending of C-H (at ~ 1450 cm') bonds [125, 126]. The
observed peaks are similar to the thermal SIS process. Exposure of the polymer to plasma only (in
the absence of inorganic precursors) for the same amount of time is not associated with any
observable changes in the absorbance, thus confirming the absence of damage to the polymers
during plasma exposure [91]. Therefore, the PE SIS can be used as an alternative to the thermal
SIS infiltration process, compatible with materials sensitive to water vapors but not damaged by

the exposure to oxygen plasma.
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Figure 14. FTIR delta absorbance measurements for the PMMA film after thermal and plasma-
enhanced SIS processes referenced to the initial PMMA. Reprinted with permission from [91].
Copyright (2017) American Chemical Society.
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2.6. Shortcomings of the polymer-template infiltrated synthesis

Although the SIS offers unique opportunities for fabrication of conformal and 3D porous
structures, there is a number of limitations associated with the nature of the polymer template. In
contrast to the traditional ALD process that enables uniform growth of conformal coatings, the
polymer-template infiltration highly depends on the quality and uniformity of the polymer
templates. As a result, defects in the polymer films largely affect the SIS-designed materials. SIS
process is also limited by the infiltration dynamics of the polymer template. As a result the
thickness of the resulting structures is controlled by the diffusion of the inorganic vapors. To
increase the infiltration depth, additional porosity can be introduced by swelling, though the
resulting highly porous structures can become mechanically unstable and may experience
shrinkage during the polymer removal process. Alternatively to swelling, the polymers with the
lower molecular weights can be considered [71], though there is still the thickness limit defined

by the diffusion efficiency.

Glass transition of the polymer at temperatures above 100 °C as well as polymer melting
at elevated temperatures narrowing the range of the precursors that can be used for deposition of
different structures thus limiting the compositional diversity of the synthetized structures. At the
same time, exposure of the polymer template to oxidants as a requirement of the SIS process can
result in the template alteration that, in turn, can lead to a significant deviation of the deposited

structure from the polymer templates.

3. Infiltration of the polymer templates with inorganic precursors from the solution

One major limitation of the SIS processes, both water-based thermal SIS and plasma-
assisted SIS, is the need for high vapor pressure precursors, which are often associated with high-
temperature processing conditions incompatible with a low glass transition temperature of the
polymers. In contrast to the limited availability of materials for vapor-phase infiltration, the liquid
phase infiltration approach provides more flexibility in terms of material selection. The traditional
approach uses inorganic precursors electrostatically coordinated into micelle cores in forms of

cations, as neutral salts or as metals in acidic presursors [127]. Block copolymer templates can be
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used for the synthesis of uniformly sized nanoparticles (NPs) homogeneously dispersed within the
polar domains. Polar domains in BCP can be loaded with the metal precursors from the solution
by simple immersion of the polymer in an aqueous metal salt solution [21, 128]. Subsequent
reduction of adsorbed metal ions or complexes by exposure to hydrogen at elevated temperatures
or by immersion in an aqueous sodium borohydride results in the formation of metal nanoparticles
[128]. J. Chai et al [21] demonstrated that metal ion loading of the P2VP block with aqueous
solutions of anionic metal complexes is accomplished via protonation of this basic block [21]. As
a result, due to electrostatic interactions, protonated P2VP domains accumulate high local
concentrations of metal precursors [21]. A subsequent brief plasma treatment removes the polymer
and produces inorganic nanostructures with shape replicating the shape of the polar domains in the
deposited BCP [21] (Fig. 15). Using infiltration of the PS-P4VP thin film deposited on a Si
substrate with PtCl4> precursors, Chai et al [21] fabricated the arrays of horizontal Pt nanowires.
Majewski et al. [22] converted meshes formed by PS-b-P2VP cylindrical patterns using metal
salts complexation of the P2VP blocks into meshes of metal nanowires with all possible two-

dimensional Bravais lattices (Fig. 16) [22].
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Figure 15. (a) Schematic of the polymer-based patterning approach for different metals on a
silicon substrate. SEM images of synthesized structures with varying composition: (a) Au, obtained
from HAuCl,/0.9% HCl(aq); (b) Pd, obtained from Na,[PdCl,]/0.9% HCl(aq), (c) Fe, obtained
from K3Fe(CN)s/0.9% HCl(aq), (d) Co, obtained from K;Co(CN)s0.9% HCl(aq), (e) Cu, obtained
from CuCl,/0.9% HF(aq); and (f) Ni, obtained from NiCl,/0.9% HF(g) [21]. Adapted with
permission from [21].

Ao fin N AP v

YA'AYATA'ATAYS 4 -

ATATAYATATAYAY) 17

TAYA"ATATA"4VAN

AYA'A'AAAAY .

L0 ’1.1‘7"" ﬁ;& !
w :‘ % {

WAV AV AV AV

R ATAY s -
v

FAYAVAVAVAY,
[ a K XN X K]

Figure 16. Platinum nanostructures fabricated using a soft-shear laser zone annealing (SS-LZA).
SEM images and corresponding Fourier transform of (a) a Pt triangular mesh; (b) Rectangular
Pt lattice; and (c) Oblique lattice. Scale bars are 200 nm. Reprinted with permission from [22].

In addition to aqueous solutions, the infiltration of inorganic materials in polymer templates
can be achieved using the swelling of the polymers. For this, in a prior study, the metal precursor
powders in the form of a metal acetylacetonate were dispersed in ethanol which is selective to
polar domains of the PS-b-P4VP BCP template [39]. Using this approach of liquid phase
infiltration during the swelling of PS-b-P4VP polymers followed by SIS, synthesis of palladium
oxide, ruthenium oxide, cobalt oxide, etc. in nanoporous alumina was demonstrated [39]. Relative
loading of metal oxides and aluminum oxide materials can be controlled by the adjustment of the
concentration of acetylacetonate in ethanol. After the infiltration with both materials, the removal
of the BCP template using thermally-assisted burning in an oxygen atmosphere at 450 °C results
in the formation of NPs (4.3 £ 0.2 nm) of palladium oxide uniformly distributed in the alumina

matrix (Fig. 17) [39].

29



Journal of Materials Chemistry C Page 30 of 52

(a) Swelling-based infiltration (b)
Initial BCP

| | I

501 [ Al203
I Pd(acac)2

B

£

Mass (ug)

Resulting composite ceramics 1 L
0% 0.05% 0.1% 0.5% 1%

_SIs of aiqmina

[ Non-polar PS domain M PdO NPs
1 polar PaVP domain M T™MA precursor
[] Ethanol + Pd(acac), B Ao,

Figure 17. (a) Schematic of the deposition process highlighting different stages of two-step
infiltration: initial BCP is immersed in ethanol with dissolved Pd(acac), powder at 75°C for I
hour, the dried sample is infiltrated using the SIS process; the final sample is burned to remove
the polymer template. (b) QCM analysis summarizing the mass change during SBI absorption of
Pd(acac), and SIS absorption of alumina as a function of Pd(acac), concentration in ethanol. (c)

TEM images of the resulting PdO NPs in alumina structure. Adapted with permission from [39].

4. Applications of the infiltration-designed materials

The previous sections highlight the major mechanism of the polymer infiltration approach
and the properties of the materials designed with it. Simplicity and universality of the infiltration
approach sparked an interest in using it for a wide range of applications [85, 129-132]. The
deposited patterned polymer films can further serve as chemically-resistant etching masks enabling
precise texturing of the surfaces [12, 104, 133]. Additionally, such precise control over surface
morphology enables the fabrication of hydrophobic [35, 134, 135] and hydrophilic [136] coatings,

with their interactions with liquids being controlled by the periodicity of the structures
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antireflective materials with refractive index controlled by porosity [38], sensing systems with
large surface area access [137], etc. In the following sections, we summarize the recent progress
on using polymer template infiltration with inorganic precursors for the design of functional

coatings and nanoporous materials.

4.1 Design of oleophilic polymers

Modification of the polymer by the SIS process enabled the design of oil adsorption foams,
oleo sponge [40]. Infiltration of alumina in highly porous polyurethane created a substrate for
oleophilic silane-based compounds, (3aminopropyl)triethoxysilane and
butyldimethyl(dimethylamino) silane, prominent to binding with oil molecules [138]. Once the
sponge is inserted into an oil spill, the high reactivity of the oleophilic molecules leads to the
adsorption of the oil [40]. The oil is further released from the sponge and the sponge is reused for
adsorbing additional oil spills. Fig. 18 summarizes the improved adsorption capacity of the SIS
modified oleo sponge when immersed in different oils. In comparison with the untreated
polyurethane foam, the crude oil sorption capacity for functionalized polyurethane foam improved

from ~7g per gram to 30 g per gram of the foam material [40].
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Figure 18. (a) Sorption capacities of untreated and SIS/silane functionalized polyurethane foams
as well as of an SlS/silane functionalized polyimide foam. Photographs of the
sorption/compression cycle of the (b) dyed silicone oil and (c) crude oil removal process from a
water bath. (d) Crude oil sorption properties are shown for two oleophilic silane agents, such as
g-aminopropyl triethoxysilane (APTS) and butyldimethyl(dimethylamino)silane (BDMS).
Reprinted from [40] with the permission of the Royal Society of Chemistry.

4.2 Antireflective coatings
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In another study, SIS was successfully implemented for the design of graded refractive
index antireflective coatings [38]. In contrast to widely-used conventional single-layer ARCs that
target only a particular wavelength at normal incidence [139-142], minimization of the reflection
over a broad spectrum is possible by implementing graded-index coatings with omnidirectional
broadband properties [139]. Porosity introduction via creation of voids with refractive index equal
to 1 allows significant reduction of the refractive index of the bulk materials [143-145] and thus
controlling the optical properties of materials. To achieve the graded porosity, the alumina films
were grown by the sequential infiltration synthesis in polymers of varying composition and
thickness [38]. Ellipsometry analysis confirmed that refractive indices of the SIS-designed alumina
coatings measured at a wavelength of 785 nm are inversely proportional to their porosity, varying
from 1.2 at 60% porosity to 1.39 at 25% porosity. Thus, porosity enabled a substantial reduction
of the refractive index of alumina in comparison to characteristic bulk alumina (1.8) and
amorphous ALD Al,O5 (1.6) [146]. Using the SIS approach, two types of coatings were designed:
the single-layer antireflective coating minimizing the green light reflection (Figs. 19a and 19b)
and multi-layer gradient porosity antireflective coating minimizing light reflection in a wide range
(Figs. 19¢ and 19d) [38]. In the case of the multi-layer coating, the thin uniform porosity layers
were synthesized one-by-one (by a sequence of spin-coating of the polymer, infiltration, and
burning-assisted polymer removal steps) and multi-stacked on top of each other. The reflection of
light in a broad spectrum range from the multi-layer coating on the glass substrate substantially

reduced from 4% to 0.1%, while transmission increased from 92% to 95% (Fig. 19).
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Figure 19. Two cases of antireflective coatings with single wavelength minimized reflection for
785 nm light (a,b) and a wide range minimized reflection for a range of 400-1050 nm (c,d).
Reflectance measurements and corresponding SEM micrographs of porous (a) and (b) I-layer and
(c) and (d) 3-layer Al,O; coatings on silicon substrate fabricated by the swelling-assisted SIS
process. Reprinted with permission from [38]. Copyright (2017) American Chemical Society.

4.3 SIS-enhanced lithographic patterning

While thin carbon-based polymer films are rather poor etch masks, since they gradually
degrade during plasma etching, infiltration of the polymers that are traditionally used as
photoresists in the photo and e-beam lithography with inorganic materials improves their etch
resistance. For example, etch resistance of PMMA and ZEP520A (a copolymer of
chloromethacrylate and methyl styrene) can be improved by factors of 37 and 5, respectively,

without degradation of the line-edge roughness of the patterned features [23]. As a result, a transfer
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of sub-100 nm deep patterns became possible with the implementation of the SIS thus eliminating

the need for an intermediate hard mask (Fig. 20).
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Figure 20. SIS-PMMA assisted lithographic patterning of (a) 50 nm wide, high aspect-ratio
trenches directly etched in Si. (b) Corresponding trench depth in silicon as a function of etching
time for untreated and SIS-treated masks. Reprinted with permission from [23].

Ruiz et al. [147] demonstrated that directed BCP assembly opens up a possibility to multiply and
improve lithography enabling obtaining smaller features and denser patterns. A combination of
this approach with SIS enables the direct patterning of the surface with ceramic structures.[148]
Suh et al. [133] further implemented high etch resistant SIS generated patterns for sub-10-nm
lithographic patterning of the silicon wafer. Specifically, with the use of an etch-resistant initiated
chemical vapor deposited (iICVD) polymer topcoat layer, the authors succeeded in assembling the
grating structures in the P2VP-b-PS-b-P2VP block copolymer. The aligned structures were further
immobilized by exposing the polymer to cycles of the TMA and water vapors infiltrating the polar
domains. After polymer removal in oxygen plasma, the resulting alumina pattern was used for
reactive ion etching (RIE)-based selective etching of silicon. As a result, the lithography approach
became more robust and compatible with a wide range of processing requirements, such as for
example high temperature up to melting point of alumina at 2000 °C, limitations for which
previously arose from the polymer instability under temperature and gas exposure. Recently,
directed self-assembly of the BCP combined with self-aligned double patterning followed by SIS
allowed reaching 10.5 nm full pitch [149]. Starting with patterns with 84 nm pitch lines formed by
e-beam a total pitch scaling factor of 8 was demonstrated that is a step forward to addressing the

challenge of fabricating bit-patterned media with bit densities beyond 5 Tb/in? that corresponds to
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an 11 nm bit period. Such densities in the patterned structures are required for emergent heated-
dot mangetic recording technology that enables increasing bit density keeping high signal-to-noise

ratio and good thermal stability [149].
4.4 Triboelectric nanogenerators

With the recent interest in designing more efficient energy systems, polymer infiltration
offers a direct approach to the synthesis of functional composite structures. In a study by Yu et al.
[56], alumina infiltration was used for improving power efficiency in triboelectric nanogenerators
[56]. By doping the triboelectric polymers with alumina via SIS, the authors enabled better
durability and higher power density of the produced triboelectric nanogenerators (TENG). The
designed polydimethylsiloxane (PDMS)-based triboelectric nanogenerator showed ten times
increase in the charge transfer amount upon alumina doping [56]. Such an improvement is
attributed to the difference in electron affinity of PDMS film and alumina-doped PDMS film [150].
Similar results were demonstrated for Kapton and PMMA films, highlighting the successful
infiltration of alumina molecules into the polymer films for tuning their electrical properties [56].
While a traditional approach for TENG design implies the use of different polymers, the SIS
process enables the design of high-performance TENG devices with the same polymer materials

(Fig. 21).
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Figure 21. Enhancing the design and performance of PDMS triboelectric nanogenerator (TENG)
using SIS-based alumina doping: a) Schematic of the charge distribution between pristine PDMS
and alumina-doped PDMS films upon cycling of the TENG. Comparison of b) the open-circuit
voltage (V,.), ¢) short-circuit current density (Js.) and d) charge transfer amount characteristics
of PDMS and PDMS-alumina TENGs. Adapted with permission from Ref. [56]. Copyright 2015.
Wiley-VCH.

4.5 Sensing of gases and water vapors

Metal oxides are extensively used in the detection of gases with their sensing ability being
strongly related to surface reactions [151]. For instance, the working principle of chemoresistive
gas sensors is based on the change in the conductivity of the metal oxides upon the interaction of
their surface with the gas molecules [152, 153]. Since SIS is the most suited for the synthesis of

metal oxides lateral coatings and it is compatible with lithography, it naturally provides an exciting
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opportunity to access new forms/structures of metal oxides for sensing. However, there are only a
few examples of the utilization of SIS-based synthesis in material fabrication for sensing [137].
The relative novelty of SIS can be one of the reasons. Another reason can relate to the fact that
direct SIS enables coatings fabrication with the thickness limited by the penetration of the
inorganic precursors inside the polymer and hence only thin coatings (less than 50 nm) could be
obtained. However, the progress in the thickness control, for example, by swelling or utilization
of different types of polymer templates is likely to facilitate the application of SIS for the synthesis
of metal oxides for sensing. Below we provide a few examples demonstrating the applicability of

the SIS for the synthesis of materials relevant for sensing.

Recently, L. Ocola et al [137] demonstrated that the infiltration of the epoxy-based negative
photoresist SU-8 with ZnO enabled the synthesis of the sensors for highly sensitive detection of
gases such as formaldehyde and NO, with better than 5 ppm sensitivity [137]. SU-8 allowed deeper
penetration (~500 nm) of the inorganic precursors. It is worth noting that the polymer template

was not removed and the final composite material was utilized for sensing.

In addition to this, alumina is widely recognized as a promising material for monitoring
humidity changes [154-156]. Since the surface of alumina prepared via SIS is highly porous and
hydrophilic [41], and water rapidly infiltrates its pores, SIS-designed nanoporous alumina films
were tested for their ability to sense humidity at atmospheric pressure and room temperature [41].
For this, alumina was deposited on the QCM surface in the form of a 200 nm thick nanoporous
(~70% porosity) film. Fig. 22 summarizes QCM resonant frequency change when the system is
inserted into a vacuum chamber and humidity is introduced gradually in the form of water vapor
[41]. Adsorption of water vapors on the surface of the nanoporous structure of the QCM results in
a significant change in resonant frequency response when exposed to low relative humidity values;
in contrast, solid alumina films obtained by 200 ALD cycles does not respond to small humidity
variation [41]. A similar contrast difference between bulk and porous structures has already been
explored by Lazarovichetal. [156]. 13 pm thick nanoporous alumina films produced by anodizing
the bulk QCM electrode material were used to sense the presence of the water vapors [156]. SIS-
designed alumina, though, demonstrates much higher sensitivity, attributed to the interconnectivity

of the pores in SIS-produced alumina films (Fig. 22).
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Figure 22. Humidity sensing using QCM with SIS-deposited highly porous alumina on the QCM
surface. (a) Changes in the delta frequency of the QCM oscillations as a function of relative
humidity for the QCMs coated with bulk alumina and SIS-based nanoporous alumina
demonstrating much higher sensitivity of SIS-designed nanoporous alumina in a lower humidity
regime. Corresponding x-ray photoemission spectroscopy (XPS) analysis of the (b) bulk and (c)
porous alumina confirms the higher presence of oxygen groups in porous alumina. Adapted with
permission from [41].

4.6 Catalytic materials

The development of highly reactive catalysts for the conversion of combustion reaction
gasses has remained an active research area for decades [157]. Catalytic converters substantially
reduce hazardous gas emission from combustion engines [158, 159]. Supported palladium
catalysts exhibit great durability and excellent activity related to the presence of a palladium oxide

phase [160, 161], though they suffer from sintering under elevated temperature conditions.

In recent studies, the polymer infiltration process has been employed for the synthesis of
palladium nanoparticles directly in the nanoporous alumina matrix (Fig. 17) [39]. To control the
selectivity of the infiltration sites and to differentiate between and among the infiltrated materials,
the SIS approach was combined with the swelling based infiltration process. Palladium centers

were created by infiltrating the block copolymer infiltration during the swelling step; for this, the
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metal precursor in form of palladium acetylacetonate was dissolved in ethanol that is the selective
swelling agent for polyvinyl pyridine domain of the PS-b-P4VP block copolymer [110]. Five
cycles of the SIS process followed by thermally-assisted removal of the polymer template at 450
°C resulted in the formation of 4.3 = 0.2 nm palladium nanoparticles embedded in the alumina
matrix [39]. The resulting PdO in alumina samples were tested as catalysts for carbon monoxide
oxidation and methane combustion reactions. These catalytic tests confirmed accessibility of PAO
NPs embedded in the alumina matrix to the reactive gases and demonstrated high temperature
stability of the materials thus indicating the great application potential of the infiltration approach
to be used for the design of catalytic materials (Fig. 23). In the case of the CO oxidation, both the
samples without pre-treatment and the samples after pre-treatment demonstrated similar
temperatures for complete oxidation. These results are in agreement with previously reported data
for traditional alumina-supported palladium particles [162]. Similarly, in case of the methane
combustion, pre-treatment of the samples showed no effect on the methane conversion temperature

at ~550 °C confirming high stability of the designed materials [39].
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Figure 23. The catalytic activity of the samples with ~10 wt% of PdO NPs in alumina toward (a)
CO oxidation and (b) methane conversion. (c) Photograph of the sample and (d) corresponding
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transmission electron microscopy image of the sample after the high-temperature catalytic activity
tests. Adapted with permission from [39]. Copyright (2019) American Chemical Society.

Conclusions

The polymer template infiltration approach is a powerful platform toward a synthesis of an
unlimited library of materials. This review highlights the recent progress in developing the
sequential infiltration synthesis approach for the design of nanoporous ceramics with different
porosity, structure, and composition. In particular, the dynamics of the infiltration process and the
effects of the parameters on the resulting structure of the materials are covered. Further, recent
progress on using the infiltration synthesis for specific applications is presented. These dedicated

studies have confirmed the following key findings.

e The polymer template infiltration process allows the low-temperature synthesis of
nanoporous ceramics of a wide range of compositions.

e The selectivity of the infiltration process is defined by the contrast of polar/nonpolar
domains in the polymer precursor.

e The swelling of the polymer can be used for increasing the vapor infiltration depth and for
further tuning of the structure of the material.

e The nanoporous ceramics demonstrate high interconnectivity of the pores accessible to
different solvents.

e Polymer template infiltration enables defined-by-the-polymer template precise control of
the structure while substantially increasing the thermal, mechanical, and chemical stability

and reliability of the functional components.

It is worth noting that despite a relative novelty of a polymer-based infiltration approach,
it demonstrated exciting opportunities to design surfaces, modify and create materials of practical
importance. However, it did not reach its full potential. Further development of this synthetic
platform is likely to be associated with the utilization of different types of polymers and their
treatments. Currently, AB-type of BCPs, where A and B are polar and non-polar chains,
respectively, is commonly used as a polymer template to create patterned or 3D porous structures.

More complex polymer structures such as triblock, multi-block, bottle-brush BCPs as well as block
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copolyelectrolytes where one block has charge groups along the backbone[163] can enable the

access to more diverse morphologies of the polymer templates [164, 165].

Bridging polymer science and material science communities will expedite the progress in
the synthesis of functional hybrid and all-inorganic materials with unique special and
compositional features. For instance, the use of an ABC type of BCPs with tailored functional
groups for selective infiltration can be instrumental to the direct synthesis of multicomponent
heterostructures. Also, substantial progress in the synthesis of the heterostructures can be achieved
by combining the infiltration of metal precursors from the solution and gas phases. Additional
studies on the effect of the molecular weigth of polymer and diffusion of the precursor molecules
[71] are needed. The utilization of the plasma ALD in infiltration processes is also likely to extend

the compositional diversity of the structures synthetized by polymer infiltration approaches.
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