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Selective sequential infiltration synthesis of ZnO in
the liquid crystalline phase of silicon-containing
rod-coil block copolymers+
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The combination of block copolymer (BCP) thin film self-assembly and selective infiltration synthesis of in-
organic materials into one BCP block provides access to various organic—inorganic hybrids. Here, we apply
sequential infiltration synthesis, a vapor-phase hybridization technique, to selectively introduce ZnO into the
organic microdomains of silicon-containing rod-coil diblock copolymers and a triblock terpolymer, polydi-
methylsiloxane (PDMS)-b-poly{2,5-bis[(4-methoxyphenyl)-oxycarbonyllstyrene} (PDMS-b-PMPCS) and
PDMS-b-polystyrene-b-PMPCS (PDMS-b-PS-b-PMPCS), in which the PMPCS rod block is a liquid crystal-
line polymer. The in-plane cylindrical PDMS-b-PMPCS and core-shell cylindrical and hexagonally perfo-
rated lamellar PDMS-b-PS-b-PMPCS films were infiltrated with ZnO with high selectivity to the PMPCS. The
etching contrast between PDMS, PS and the ZnO-infused PMPCS enables the fabrication of ZnO/SiO,
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Introduction

Films with chemically and geometrically ordered three-dimen-
sional nanostructures are important in electronics, chemical
separations, and energy conversion and storage.'> Self-assem-
bly of block copolymers (BCPs) is capable of producing
ordered patterns with diverse geometries at length scales of
~5 nm and above, making them wuseful for such
applications.>” To broaden the scope of their functionality,
BCP microdomains have been widely used as scaffolds for the
growth of other materials through various liquid- and gas-
phase processes. Examples include the use of hydrogen
bonding or electrostatic interaction of species in a liquid-
phase precursor solution to deposit metals selectively within
microdomains®'° and sequential infiltration synthesis (SIS), a
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binary composites by plasma etching and reveals the core—shell morphology of the triblock terpolymer.

block-selective vapor-phase infiltration (VPI) technique based
on atomic layer deposition (ALD).***

VPI can insert inorganic components into polymer films to
form nanocomposites, and it has been utilized to improve etch
resistance for nanofabrication, to enhance electron-density con-
trast for structural characterization, to improve optical, electrical
and mechanical properties, and to modify the surface
energy.'""® In particular, SIS infiltrates inorganic materials
selectively into specific microdomains of self-assembled BCP
films."*'®'® SIS has been used to enhance the etch contrast
between blocks enabling two-dimensional and three dimen-
sional nanofabrication where the BCP template is used as a
sacrificial scaffold,’®' and to generate ordered functional in-
organic-organic nanocomposites such as hybrid photovoltaics.*>

In SIS, the selective growth of inorganic species occurs
within polar blocks such as poly(methyl methacrylate) (PMMA)
or poly(vinylpyrrolidone).'*?*?* Blocks which contain carbonyl
groups can be selectively infiltrated with metal oxides due to
the interaction between the electrophilic metal atom in the
precursor and the nucleophilic oxygen atom of the carbonyl
group during sequential exposure to vapor-phase organo-
metallic precursors such as trimethylaluminum (TMA) and
water. Other carbonyl-containing polymers include polylactide
(PLA), polyamide-6, poly(acrylic acid), and poly(ethylene tere-
phthalate).>® Most SIS studies involve PMMA-containing BCPs,
but many functional liquid crystalline polymers also contain
abundant carbonyl groups in their repeat units, making them
potential candidates for SIS.
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Silicon-containing BCPs consist of an organic block com-
bined with a silicon-containing block such as PDMS (polydi-
methylsiloxane), PFS (polyferrocenylsilane), POSS (polyoctahe-
dral silsesquioxanes) or PDMSB ( polydimethylsilacyclobutane),
and possess an inherent etch contrast and high interaction
parameter (y) making them attractive for nanofabrication of
structures with period below ~20 nm.>***? Guiding the self-
assembly can yield ordered, non-bulk morphologies.” We pre-
viously used SIS to selectively deposit ZnO into one organic
microdomain (PLA) of a silicon-containing triblock terpoly-
mer, PDMSB-b-PS-b-PLA where PS represents polystyrene, pro-
ducing three-dimensional (3D) organic/metal oxide/SiO, com-
posites after etching, and helping to resolve the 3D mor-
phology of lamellar and perforated lamellar morphologies.*
However, the ZnO formed nanoparticles within the PLA rather
than a uniform distribution and ZnO was also present in the
PDMSB, attributed to prior atmospheric oxidation of the Si in
that block. There have not been other investigations combin-
ing SIS with a Si-containing BCP.

In this work, we demonstrate the SIS of ZnO into the
organic liquid crystalline block of silicon-containing
liquid crystalline diblock copolymers and a triblock terpoly-
mer: polydimethylsiloxane (PDMS)-b-poly{2,5-bis[(4-methoxy-
phenyl)-oxycarbonyl]styrene} (PDMS-b-PMPCS, or DM) and
PDMS-b-PS-b-PMPCS (DSM).>'** The PMPCS, a mesogen-
jacketed liquid crystalline polymer,**>* displays an extended-
chain conformation and forms a columnar nematic liquid
crystalline phase. It contains two carbonyl groups in each
side group of the repeat units, facilitating SIS. The high
parameter and the liquid crystalline behavior of the DM and
DSM promote the formation of various ordered nano-
structures, and the nanostructures can be regulated by chan-
ging the composition of copolymers, varying the annealing
temperature as well as changing the solvent composition for
solvent vapor annealing.’’*?%3” The coil-coil-long-rod
shape DSM triblock terpolymer with the interaction strength
sequence, ypm > ¥ps > ysm ensures the formation of core-
shell phase-separated nanostructures.”?” DM and DSM
provide abundant well-ordered nanostructures with small
feature sizes and specific morphologies such as zig-zag
cylinders.*' %3¢ We carried out the ZnO SIS within both
cylindrical-morphology DM and cylindrical and perforated
lamellar DSM BCPs. The morphologies of the infiltrated com-
posites were characterized by cross-sectional transmission
electron microscopy (TEM) and elemental mapping using
energy-dispersive spectroscopy (EDS). ZnO selectively infil-
trates the PMPCS microdomains with high fidelity, which
enhances the contrast between the PS and PMPCS and
reveals the core-shell nanostructures of the DSM terpolymer.
Compared with ZnO infiltration into the crystalline PLA
microdomains of PDMSB-b-PS-b-PLA in our previous work,>
the ZnO infiltration in this work demonstrated much
improved uniformity and selectivity within the liquid crystal-
line PMPCS microdomains, and cylindrical as well as core-
shell cylindrical and perforated lamellar ZnO/BCP composites
were produced.
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Experimental methods

BCP thin film deposition and solvent vapor annealing

The PDMS-b-PMPCS (DM) diblock copolymer and PDMS-b-PS-
b-PMPCS (DSM) triblock terpolymer were synthesized by atom
transfer radical polymerization.®"** Solutions of DMz,
D4xM,k and D4gS;xMyox BCPs were made in toluene with con-
centration 3.0-4.0 wt%, where the subscripts represent the
block molecular weight. DsxMgk, DixMizk, and DyxS;xMaox
films with thickness 40-80 nm were fabricated by spin-coating
of the BCP solutions on PS brush-functionalized silicon sub-
strates. The film thickness was measured by reflectometry
(FilMetrics F20-UV, wavelength range of 300-1000 nm). The
films were annealed to form ordered nanostructures by solvent
vapor annealing with an acetone/heptane mixture as reported
in previous work.>>?* Based on the solubility parameters of
the PDMS (Sppms = 15.1 MPa'’?) and PMPCS (Spppes = 20.8
MPa'’?), acetone (J,ce = 19.8 MPa'?) and heptane (Spep = 15.2
MPa'’?) are selective for PMPCS block and PDMS block respect-
ively, therefore the resulting BCP morphology depends on the
solvent vapor composition.>*** Solvent vapor annealing was
carried out by supporting the samples on a stage within a
closed chamber of volume 80 cm® containing 6 mL of liquid
acetone or acetone/heptane mixture for more than 3 h. The
chamber had a loosely fitted lid that allowed the vapor to leak
out slowly at room temperature, 23 + 2 °C, with humidity 76%.
In-plane cylindrical morphologies of the D xMgx and D kM,
were induced by solvent vapor annealing (SVA) using the
vapors from an acetone/heptane volumetric ratio ~9:1 and
8:1 whereas in-plane cylindrical and perforated lamellar struc-
tures of the D,kS;kxMaok triblock terpolymer were induced
using the vapors from an acetone/heptane volumetric ratio
5:1 and 3.5:1, respectively. The swelling ratio of the films
during SVA was 1.9-2.0, and the films were slowly dried at the
end of the SVA by removing from the chamber.

Morphology characterization of BCP films

A two-step reactive ion etch (RIE, Plasma-Therm 790) was used
to convert the BCP patterns to oxidized PDMS patterns. The
etch process consisted of a 50 W CF, plasma at 15 mTorr for 5
s to remove the PDMS wetting layer on the surface and a 90 W
O, plasma at 6 mTorr for 8-10 s to selectively etch the PMPCS
and PS matrix. Imaging of the etched films was performed on
a Zeiss Merlin scanning electron microscope (SEM), with 2-5
keV accelerating voltage, ~4 mm working distance and
100-150 pA beam current. For cross-sectional imaging,
microscopy was performed on the Zeiss Merlin similarly to
above with the sample held at an angle of 80°.

ZnO SIS and structural characterization of ZnO infiltrated BCP
films

The SIS used metal precursors diethylzinc (DEZ) and trimethyl-
aluminum (TMA) in a Cambridge Nanotech Savannah S100
ALD system at 85 °C. A single AlO, priming cycle was per-
formed (TMA exposure at ~12 Torr for 100 s, nitrogen purging
at 100 scem for 100 s, oxidation using water vapor at ~10 Torr

This journal is © The Royal Society of Chemistry 2022
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for 100 s, then a second nitrogen purge) then six ZnO infiltra-
tion cycles (DEZ exposure at ~1.7 Torr for 360 s, nitrogen
purging at 100 scem for 120 s, oxidation using water vapor at
~10 Torr for 360 s, then a second nitrogen purge). TEM charac-
terization was carried out in a JEOL 2100, 200 kV; and scan-
ning TEM (STEM) in an FEI Talos F200X at 200 kv with EDS
elemental mapping. Cross-sectional TEM samples were pre-
pared by Ga ion milling in a FEI Helios 600 Nanolab focused
ion beam system.

Results and discussion

The three block copolymers D,xMgg, DixMiox and DyxS;xMaok
used in this study are described in Table 1. The side group in
each repeat unit (Fig. 1a) contains two carbonyl groups, and
the bulky side groups closely linked to the backbone enforce
the rigidity of the PMPCS chain and its liquid crystalline be-
havior.** In-plane cylindrical (IP-C) D;xMgx and D4cM;,x and
core-shell cylindrical and hexagonally perforated (HPL)
D4kS7kMaox morphologies were selected for the SIS process.®

View Article Online
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Fig. 1b-e shows top-view SEM images of the films after oxygen
plasma etching, in which the organic blocks are removed and
the oxidized PDMS patterns show as bright contrast. The top-
view image of D,xMi,x shows a partially gyroid-like domain
morphology, but the cross-section image (inset) confirms the
IP-C morphology throughout the majority of the film. The
SEM images in Fig. 1b-e (inset) show the cross-sectional mor-
phology of the IP-C perpendicular to the cylinders, and cross-
sections parallel to the cylinders present line patterns,
Fig. S1.f The film thicknesses are labeled in the insets of
Fig. 1b-e.

We use SIS to place ZnO selectively within the PMPCS
microdomains in order to enhance the etch resistance of the
PMPCS domains for producing binary nanocomposites, and to
visualize the core-shell morphology of the DSM triblock terpo-
lymer. The infiltration consisted of an initial single AlO, cycle
using TMA and water (i.e., AlO, priming to improve the ZnO
SIS fidelity) and six cycles of ZnO infiltration using DEZ and
water. The gaseous reactants, TMA or DEZ and water, diffuse
through the BCP film and react with active sites within the
materials.'® Because the weak Lewis-acidic DEZ cannot easily

Table 1 Molecular characteristics of the DM and DSM block copolymers used in this work

Sample Mueoms)® (g mol™)  Muempes)® (gmol™)  PDI®  f,%(%)  fu“(%)  Morphologies selected for ALD  Period® (nm)
DyxMgx 4300 8100 1.05 43 57 IP-C 16.8
DaxMiox 4300 11700 1.07 33 67 IP-C 14.7
DuxScMaox 4300 40500 1.07 11 73 IP-C 31.0
DuxSsxcMaox 4300 40 500 1.07 11 73 HPL (LAM||, HEX, ) 16, 37

“ Determined from "H NMR results of the macroinitiator and the block copolymers. ? Determined from GPC using linear polystyrene standards.
“ Determined from SEM of etched films. PDI is the polydispersity and fy is the volume fraction of PMPCS.
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Fig. 1

(a) Chemical structures of the DM and DSM BCPs, and (b—e) top-view SEM images of oxidized PDMS patterns from thin films of in-plane

cylindrical (b) D4kMgk and (c) D4kMizk, and (e) in-plane cylindrical and (f) perforated lamellar D4kS7kMa4ok. The insets show cross-sectional SEM

images and structural illustrations (orange: PDMS, green: PS, blue: PMPCS).

This journal is © The Royal Society of Chemistry 2022
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react with the carbonyl groups, the AlO, priming is necessary
to generate -Al-OH species in the PMPCS microdomain
through reaction of the more Lewis-acidic TMA with the Lewis-
basic carbonyl group.'****® The -AI-OH species react with
DEZ during the following infiltration cycles. The film is then
exposed to an oxidizing agent, and the organometallic precur-
sor is transformed into ZnO. The process was carried out at
85 °C, which is lower than the glass transition temperature of
PMPCS (110-115 °C), hence the infiltration is not expected to
influence the SVA-induced morphology of the thin film.

Fig. 2a and b illustrates the in-plane hexagonally packed
cylinders (HEX) of DM thin films before and after infiltration
synthesis. Before ZnO infiltration, the top-view SEM images of
the DyxMgk (feoms 43%) and DM,k (fempcs 33%) thin films
present an IP-C morphology with a cylinder-cylinder distance
(Lo) of 14.7 nm and 16.8 nm, respectively (Fig. 2, top row). The
cross-sectional SEM images display 9 layers of cylinders in the
80 nm thick D,;xMgk film and 6 layers of cylinders in the
60 nm DM, film. After ZnO-infiltration, the cross-sectional
bright-field TEM images of D,;xMgx and D,xM;,x films also
present grating patterns, Fig. 2b. The bright lines are the
microdomains of the PDMS block, and the darker domains are
ZnO-infiltrated PMPCS. The TEM grating patterns show a
higher frequency compared to the SEM images with spacings
(L) of 82 nm and 9.6 nm for the D;xMgx and DyxM;,xk,
respectively. The TEM sample is cut parallel to the cylinders
along plane A of Fig. 2b, and the projection of cylinders is
illustrated by the red and grey lines which represent the cylin-
ders in different layers. According to the geometry of a HEX
structure, L' should be \/SLO/Z. However, L' is less than the
corresponding \/ 3Ly/2 value (12.7 nm for Dy;xMgk and 14.5 nm
for D,xM;,k), which is consistent with the distortion of the
HEX structure due to the reduction of the film thickness
during the deswelling.>®** The distortion parameters (L'/
(\/ 3Ly/2)) are 0.65 and 0.66 for D,;xMgg and D,xM;,x, respect-

2 \0\8\

In-plane cylinders

[

b Transferred A
ZnO

L

xidized
PDMS
ZnO infiltrated DM
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ively. This can be compared with a distortion factor of 0.62 for
the in-plane HEX structure of a PS-b-PDMS thin film annealed
in toluene/heptane vapor and slowly dried.*® The large distor-
tion occurs because the chain mobility is insufficient during
the drying to allow the microdomains to reorganize as the film
volume decreases, so the structure shrinks along the out-of-
plane direction while maintaining its in-plane spacing.

The cross-sectional image of ZnO-infiltrated D,xMgx shows
better contrast than that of the D,xM;,k, which is attributed to
the higher volume fraction of the PDMS block in D,xMgk. Due
to the overlap of the PMPCS/ZnO matrix and PDMS cylinders,
EDS composition mapping along the cross-section presents
insufficient resolution to resolve the morphology (Fig. S2 and
37), but overall ZnO infiltration is confirmed. From the TEM
image and EDS mapping, the ZnO infiltration in the PMPCS is
quite uniform without the larger crystals seen in the PLA block
of ref. 25. The number of layers of cylinders in the cross-sec-
tional TEM image is consistent with that observed in the cross-
sectional SEM images.

We now describe ZnO infiltration in the DSM triblock terpo-
lymer films. The DSM exhibits Flory-Huggins parameters in
the order ypum > yps > ysm, > which promotes core-shell struc-
tures to minimize contact between the PDMS and PMPCS.
However, both PS and PMPCS are removed by plasma etching
and the film only presents oxidized PDMS patterns. The selec-
tive deposition of ZnO in the PMPCS domain provides an
opportunity to resolve the morphologies of the PMPCS and PS
microdomains.

Fig. 3a schematically depicts ZnO infiltration in the pro-
posed DSM core-shell cylindrical structure. The morphology of
the film was characterized by bright-field TEM imaging, high-
angle annular dark-field (HAADF) STEM imaging and EDS
elemental mapping. Fig. 3b displays the morphology of the
cross-sections perpendicular to the cylinders along plane B,
and the bright-field TEM image of the cross-sections. The dark

D4KM12K

Oxidized
PDMS

Fig. 2 ZnO infiltration in in-plane cylindrical DM films: (a) the structure and top-view SEM images of oxidized PDMS patterns of DsMgk and
D4kM3k thin films before ZnO infiltration with an indication of the cylinder-to-cylinder distance; (b) structural illustration and cross-sectional bright-

field TEM images of corresponding films after ZnO infiltration.
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Cross-section B

(a) Schematic illustration of ZnO vapor-phase infiltration in the in-plane core-shell cylindrical morphology of DSM films, (b) structure in

plane B and bright-field TEM image of the film after ZnO infiltration, and (c) HAADF STEM imaging and elemental mapping of the ZnO infiltrated

films.

areas correspond to ZnO-infiltrated PMPCS and the bright
oval regions correspond to the PS/PDMS cylinders. The cross-
sectional HAADF STEM image and EDS mapping in Fig. 3c
shows cross-sections of 3 layers of cylinders, and the spacing
between the locations of the Zn and the Si indicates the shell
of PS surrounding the PDMS cylinders. The oval shape of the
cylinder cross-sections is a result of the deswelling which
reduces the film thickness while preserving the in-plane cylin-
der spacing, and is consistent with the distortion factor of the
HEX array. The cylinder-to-cylinder distance along the in-
plane direction is 31 nm matching that observed in the top-
view image.

As a comparison, the core-shell structure of the DSM tri-
block terpolymer was confirmed by TEM of a cross-section of a

HPL DSM ZnO infiltrated DSM

bulk sample without infiltration, Fig. S4.f The PDMS core
appears dark due to its higher electron density. The PS shell
(bright) and PMPCS matrix (grey) are clearly resolved after a
short electron beam exposure, but increasing exposure time
rapidly degrades the sample and blurs the contrast.

We also infiltrated ZnO into DSM films with hexagonally co-
ordinated perforated lamella morphology. Although the etched
films only present perforated lamellar oxidized-PDMS patterns
(Fig. 1e), the HPL morphology is expected to consist of core-
shell perforated lamellae (Fig. 4a). The cross-sectional bright-
field TEM image of the ZnO infiltrated films show dark layers
with perpendicular features representing the PMPCS/ZnO, con-
sistent with the morphology of the cross-section along plane C
of the HPL structure in Fig. 4a and b. Terracing of the films is

Oxidized b
PDMS
VPI
—
Transferred ;
ZnO c : i
Cross-section C ﬁ}%‘ﬂ s '.,,"7’-%’“:,;,;',}‘“'%‘_;«';
AR A Ao § b e e RO

Fig. 4 (a) Schematic illustration of ZnO infiltration in the core-shell perforated lamellar structure of DSM films, (b) the cross-section plane C and
cross-sectional bright-field TEM images of the films and (c) HAADF TEM image and elemental mapping.

This journal is © The Royal Society of Chemistry 2022
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also observed, Fig. S5b.1 4 layers and 3 layers of HPL mor-
phology were observed in thicker and thinner regions of the
film, Fig. 4b. Unlike the DSM IP-C, the HAADF STEM clearly
shows ZnO infiltration in the PMPCS with the dark rectangular
areas corresponding to the PS/PDMS microdomains, Fig. 4c.
The EDS mapping shows Zn elements in the PMPCS domain,
and the Si concentrated near the centers of the rectangular fea-
tures. The spacing between Zn and Si indicates the PS shell
(Fig. 4c). The perpendicular cylinder-cylinder distance is
37 nm, and the PMPCS/ZnO interlayer spacing is 16 nm. The
ZnO infiltration therefore delineates the liquid crystal blocks
with high selectivity and enables resolution of the core-shell
structure.

The infiltration process is not limited to ZnO; other
materials may be deposited within the PMPCS such as
alumina using the TMA precursor. Liquid-phase processes
may also be used to introduce inorganic species such as tran-
sition metals as has been demonstrated for poly(2vinylpyri-
dine)- or poly(4vinylpyridine)-containing block copolymers.®™°
However, an attempt to introduce Cu into the DSM triblock
terpolymer from aqueous CuCl, was unsuccessful (Fig. S67).

Conclusions

We demonstrate the domain-selective incorporation of ZnO
within the PMPCS liquid crystalline microdomains of the DM
diblock copolymer and DSM triblock terpolymer by using an
SIS process. The ZnO is selectively and uniformly distributed
in the PMPCS, and TEM confirms the core-shell morphology
and ‘three color’ structures of the DSM. The improved infiltra-
tion selectivity and fidelity compared with our previous study
highlights the benefits of placing appropriate reactive moieties
into Si-containing BCP systems to obtain spatially resolved
nanocomposite structures. The etch resistance of the PDMS
block and the ZnO-infused PMPCS enable the fabrication of
ZnO/SiO, binary nanocomposites replicating the BCP ordered
structures. DM and DSM liquid crystalline BCPs combine the
advantages of silicon-containing BCPs and high infiltration
selectivity with a wide range of available morphologies, and
provide a route to fabrication of 3D hybrid nanomaterials by
application of infiltration synthesis and etching.
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