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Nanoscale

Periodic Arrays of Structurally Complex Oxide Nanoshells and
Their Use as Substrate-Confined Nanoreactors

Walker J. Tuff,2 Robert A. Hughes,® Brendan D. Nieukirk,” Luca Ciambriello,® Robert D. Neal,?
Spencer D. Golze,? Luca Gavioli,© and Svetlana Neretina*a®

Sacrificial templates present an effective pathway for gaining high-level control over nanoscale reaction products. Atomic
layer deposition (ALD) is ideally suited for such approaches due to its ability to replicate the surface topography of a template
material through the deposition of an ultrathin conformal layer. Herein, metal nanostructures are demonstrated as sacrificial
templates for the formation of architecturally complex and deterministically positioned oxide nanoshells, open-topped
nanobowls, vertically standing half-shells, and nanorings. The three-step process sees metal nanocrystals formed in periodic
arrays, coated with an ALD-deposited oxide, and hollowed out with a selective etch through nanopores formed in the oxide
shell. The procedure is further augmented through the use of a directional ion beam that is used to sculpt the oxide shells
into bowl- and ring-like configurations. The functionality of the so-formed materials is demonstrated through their use as
substrate-confined nanoreactors able to promote the growth and confinement of nanomaterials. Taken together, the work
expands the design space for substrate-based nanomaterials, creates a platform for advancing functional surfaces and

devices and, from a broader perspective, advances the use of ALD in forming complex nanomaterials.

Introduction

Atomic layer deposition (ALD) has emerged as a transformative
thin film deposition technique with enabling capabilities that
have become indispensable to the semiconductor industry.1=>
Its rise to prominence has been contingent upon an unrivaled
set of competencies, foremost of which is the ability to deposit
uniformly thick, pinhole-free conformal layers over three-
dimensional topographies, including those with high aspect
ratios and nanoscale features. Further significance is derived
from nanometer-scale thickness control, low to moderate
processing temperatures, compositional uniformity, an ever-
expanding library of materials that are accessible to the
technique, and the ability to deposit multilayers with sharp
interfaces. These desirable characteristics are complemented
by the emergence of highly automated deposition systems
offering fine and reproducible controllability, ease-of-use, and
wafer-scale deposition areas. As with any technique, ALD has its
drawbacks, including low deposition rates, a limited choice of
accessible materials, processing windows that are often unable
to promote a high degree of crystallinity, and a high acquisition
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cost. The overall deposition strategy is one that sequentially
exposes a heated substrate surface to two vapor-phase
precursor chemicals in a nonoverlapping manner where each is
responsible for a self-limiting half-reaction that proceeds until
the substrate surface is saturated with up to one monolayer.
Deposition, hence, occurs in a layer-by-layer manner by cycling
the two precursors until the desired film thickness is obtained.
This strategy not only stands out as unique among deposition
techniques but endows ALD with capabilities for which there is
no suitable alternative.

Given the unique status of ALD, it is not surprising that it is
now being successfully integrated into numerous
nanofabrication processes and nanomaterial synthesis
schemes.®11 When protected by ALD-deposited oxide layers,
environmentally sensitive nanomaterials can attain air-
stability,12"1> become resistant to leaching in aqueous
media,1216-18 and withstand extreme pH and other chemically
aggressive environments.161920 The chemical barrier provided
allows for the preservation of plasmonic properties in readily
oxidized metals such as Cu and Ag and has forwarded a chemical
sensing modality referred to as shell-isolated nanoparticle-
enhanced Raman spectroscopy (SHINERS).2%22 The chemical
inactivity of these same oxide layers can also be exploited as a
means to passivate surfaces against unwanted dendritic growth
on the anodes of lithium metal batteries?® or whisker formation
on electronic assemblies.2> With metal nanostructures being
highly susceptible to morphological transformations at elevated
temperatures, ALD-deposited oxides have also proven effective
in impeding the surface diffusion pathways responsible for
these changes. In this role, they have preserved the shape-

dependent properties of nanometals,122425 inhibited
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nanoparticle sintering,171826-2% and allowed for improvements
to nanostructure crystallinity.3° This has allowed for the use of
these materials in high-temperature applications related to
catalysis'! and refractory plasmonics.3! The nanometal-oxide
combination is not merely restricted to functionalities related
to nanometal stabilization. ALD-deposited TiO, has, for
example, been used to forward cooperative
metal-semiconductor phenomena of relevance to
photocatalysis,3? photovoltaics,®3334 and the performance and
monitoring of self-cleaning surfaces.'®3> Similarly, plasmon-
enhanced fluorescence applications have benefitted from
ultrathin oxide coatings that allow plasmonic near-fields to
penetrate while simultaneously acting as a dielectric spacer that
prevents the quenching of an adjacent fluorescent material by
the nanometal.?! Collectively, these examples demonstrate the
utility of ALD-deposited oxides in fabricating functional
nanomaterials.

Apart from a nanostructure coating technology, there exists
an emergent set of synthesis techniques that realize
nanomaterials by using either the ALD-deposited layer or an
adjacent material as a sacrificial entity. The preparation of (i)
free-standing ALD layers through the dissolution of a sacrificial
substrate,® (ii) the high-temperature desorption of Cu from
Al,03-coated Cu nanowires,3® (iii) the coating of electrospun
fibers,” carbon nanocoils,3” polymeric structures,3®3° or
cellulose?® followed by the removal of the core material through
calcination, and (iv) the application of a conformal etch-
resistant layer to a nanostructured template (e.g., anodic
aluminum oxide, metal organic frameworks) followed by the
removal of the template in a liquid etchant,® all provide
conceptually straightforward examples of this strategy. The
formation of sub-10 nm air-filled plasmonic nanogaps with
tunable widths have relied upon the use of a sacrificial ALD-
deposited oxide that first defines a dielectric-filled nanogap
between adjacent metal structures, after which it is removed
with a selective etch.*1-%* Sacrificial oxide layers formed over
substrate-bound Au nanostructures, followed by their partial
removal, have also proven effective in directing liquid-state
nanometal syntheses toward the formation of periodic arrays of
aligned bimetallic Janus nanocrystals.*> Collectively, these
various schemes demonstrate ALD-enabled synthesis
techniques as a viable means for generating otherwise
unobtainable nanomaterials and provides the impetus for
pursuing related strategies.

The liquid-phase synthesis of metal nanocrystals directly on
substrate surfaces is a rapidly expanding field that is
increasingly realizing greater levels of shape-control and the
ability to deterministically position nanoscale objects at site-
specific locations.*6%8 Similar capabilities, however, have not
been demonstrated for oxide materials. Herein, a
nanofabrication strategy is forwarded that utilizes metal
nanocrystals as sacrificial templates that, when used in
combination with ALD and Ar* ion milling, form periodic arrays
of oxide nanoshells, open-topped bowils, vertically standing
half-shells, and shape-controlled rings. The structures are
demonstrated as substrate-confined nanoreactors able to
support the synthesis of nanomaterials within their confines.
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The work contributes to an overall effort that is advancing
wafer-based syntheses beyond traditional top-down
lithographic approaches by creating alternative platforms with
first-of-their-kind capabilities.

Results

Fig. 1a shows a schematic of the devised procedure for forming
periodic arrays of air-filled HfO, nanoshells. An array of single-
crystal Au nanoparticles (NPs) is first formed using nanoimprint
lithography in combination with a high-temperature templated
assembly process, the details of which are described
elsewhere.*® ALD is then used to deposit a 5 nm thick conformal
HfO, layer over the arrayed structures as well as the exposed
substrate surface. With Au@HfO, core-shell structures formed,
the desired product can be achieved if the Au is etched away
through pinholes in the HfO, layer. For this purpose, aqua regia
is a suitable chemical etchant since it readily etches Au while
leaving HfO, intact. There are, however, no pinholes in the as-
deposited 5 nm thick HfO, layer. As such, they were induced
with a heating regimen that sees nanopore(s) formed at each of
the array sites. Pore formation at elevated temperatures has
been previously observed in ALD-deposited oxide layers®%>! and
is a direct consequence of the fact that such layers are typically
deposited as amorphous materials that, when heated, densify.
It is this reorganization at the atomic level that gives rise to a
low-level porosity that provides the access points from which
the Au is etched. It should be noted that the overall strategy is
not restricted to the Au-HfO, combination since a suitable
selective etch can be found for nearly every elemental metal.

The heat treatment used to form nanopores and the
subsequent Au etching process were monitored and optimized
using spectroscopy and SEM imagery. For all experiments, a 5
nm thick layer of HfO, was used since thinner layers lack
mechanical rigidity and, as a result, collapse due to the capillary
forces exerted when the nanoshells are removed from the
etchant, rinsed, and then dried (see ESI, Fig. S1t). It was
determined that an anneal temperature of 770 °C is required to
induce pinholes in a timely fashion. Fig. 1b shows the extinction
spectra obtained as a single sample progressed through the
procedure shown in Fig. 1a. The uncoated Au NPs exhibit a
prominent plasmon at 624 nm that red-shifts to 659 nm and
intensifies once a 5 nm conformal HfO, layer is deposited on its
surface, a result that is anticipated when a dielectric coating is
applied to a plasmonic NP.>2 The 770 °C heat treatment has little
influence on the plasmon. The nanopores formed, however,
facilitate the Au etching process that occurs over a 60 min
interval and appears as a plasmon that steadily diminishes to
the point of extinction. The substantial red shift to 692 nm for
these spectra originates from the fact that the etching process
was monitored in situ, and as such, the nanostructures were
immersed in a liquid etchant with an index of refraction near
that of H,0.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 1. (a) Schematic depicting the three-stage procedure for forming periodic arrays of air-filled HfO, nanoshells. Note that the bottom right
corner of the second- and third-stage schematics show HfO, cutaways revealing the internal structure of the nanoshells. (b) Extinction
spectra obtained as the Au NP array is coated with HfO,, annealed at 770 °C for 30 min, and then exposed to an aqua regia etch for various
time intervals. (c) Plot showing the percentage of successfully etched nanoshells as a function of anneal time. (d) Tilted- and (e) top-view
SEM images of a HfO, nanoshell array formed under optimum conditions. (f) Top-view SEM images showing the Au etching process at various
stages where bright and dark NPs correspond to unetched and fully etched nanoshells, respectively. Note that the array shown in Fig. 1e

provides an image of the fully etched structures.

SEM characterization of the nanoshells allows for a
statistical assessment of the success rate of shell formation
under various conditions since hollowed structures are easily
distinguished from those filled or partially filled with Au. Fig. 1c
is a plot showing the percentage of fully etched nanoshells as a
function of anneal time for a constant etch time of 60 min. It
reveals a rather abrupt rise in the success rate from near zero
to close to 100% occurring after 20 min. This sharp rise, which
indicates that almost all structures are behaving identically, is
likely attributable to the uniformity of the amorphous HfO,
layer as well as the consistent size and shape expressed by the
Au NPs. Although this data seems to indicate that anneal times
as long as 120 min are acceptable, these long intervals are
considered less than optimal since they allow for a continuation
of the HfO, densification process whereby nanopores often
evolve into sizable cracks (see ESI, Fig. S2t). On the basis of
these findings, a 30 min anneal time is considered optimal but
where it should be recognized that this time is dependent on a
number of factors including the (i) HfO, layer thickness, (ii) ALD
deposition conditions, and (iii) size, geometry, and composition
of the metal NPs. Fig. 1d,e shows SEM images of the HfO,
nanoshell array formed under optimum conditions that were
taken at a 55° tilt angle and at normal incidence. The shells,
which appear near-hemispherical, have a diameter of 160 nm
and are devoid of Au. They rarely exhibit nanopores that are
resolvable in SEM but two are clearly visible in the inset of Fig.
1d (denoted by green arrows). Fig. 1f presents an etching time
progression that shows Au@HfO, core-shell structures that are

This journal is © The Royal Society of Chemistry 20xx

unetched followed by those where the etching process was
halted at 10 and 14 min. The data taken at intermediate etching
times is somewhat unexpected in that it shows that many of the
Au NPs remain intact while others have been completely
removed. This could indicate that, for many of the structures,
the nanopores are not completely formed after the annealing
step but instead only exist as weak points that are breached
after they are placed in Au etchant. In such a scenario, etching
of the Au structure would initially be inhibited but once begun
would occur at a fairly rapid rate. This explanation is consistent
with our in situ spectroscopic monitoring of the etching process
that shows a 10 min delay before any appreciable etching
occurs (see ESI, Fig. S31). It should, however, be understood
that the annealing process is essential to nanopore formation
since unannealed samples are highly impermeable and are even
robust to an overnight exposure to aqua regia (see ESI, Fig. S4t).
Taken together, these results validate the nanoshell fabrication
strategy and show that high-temperature anneals provide an
effective means to form nanopores in ALD-deposited HfO,.

A key feature of the nanoshell fabrication strategy is its
ability to replicate the surface topography of the template
material. As such, nanoshell shape-control is entirely
dependent upon defining templates with the desired shape.
The seed-mediated colloidal synthesis of metal nanostructures
has demonstrated mastery over shape-control where there
now exists a vast collection of protocols capable of defining
nanostructures with well-defined geometries at high vyield.
Many of these same syntheses can be carried out on substrate-

J. Name., 2013, 00, 1-3 | 3
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Fig. 2. (a) Schematic of the nanofabrication process used to form hollow HfO, shells with complex architectures. SEM images of the (b)
Au@Ag core-shell nanocubes, (c) Au nanostars and (d) Au nanoplates (top row) that are used as sacrificial templates and the HfO, nanoshells

derived from them (middle and bottom row).

based seeds to realize periodic arrays of architecturally complex
nanostructures*-48 which can, in turn, be transformed into
nanoshells with the same shape. Fig. 2a shows a schematic of
the overall strategy. It begins by forming an array of single-
crystal Au NPs in the same manner as previously described.
These structures are then transformed into Au@Ag core-shell
nanostructures by placing them in a 95 °C aqueous solution of
AgNO; and trisodium citrate (Na3zCA).>3 The ensuing reaction
sees Ag deposited onto the Au surface and the emergence of
(100) faceting. With the resulting structures expressing a cube-
like morphology, they are then transformed into HfO,
nanoshells  of shape using the same
coating—annealing—etching methodology. By merely changing
the solution-based synthesis (i.e., step ii), the shape of the
nanoshell can be varied.>*%> Fig. 2b-d shows SEM images of
nanocube, nanostar, and nanoplate templates (top row) and
the resulting HfO, nanoshells taken from top and side view
perspectives (middle and bottom row). For all cases, the shell

identical

4| J. Name., 2012, 00, 1-3

material accurately replicates the surface topology of the
template where the intricacy of the nanostar shells underscores
ALD’s ability to replicate complex topographies.

With nanopores providing channels through which liquids
can enter or leave the HfO, nanoshell, such structures can be
utilized as substrate-confined nanoreactors.¢ In demonstration
of this capability, a series of experiments were carried out in
which noble metal nanostructures were synthesized within the
confines of HfO, shells. HfO, is well-suited for such applications
due to its ability to withstand high temperatures and chemically
aggressive environments.!216 Fig. 3a shows a schematic of the
procedure used to form an array of nanoporous Au structures®’
where each structure is confined within a 5 nm thick HfO, shell.
It begins with the fabrication of polycrystalline Au-Ag-Au
trilayer disks followed by a high-temperature solid-state
dewetting process that causes each disk to assemble into a well-
alloyed AuAg nanostructure with near-hemispherical
geometry. Then, using the aforementioned procedures,

a

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3. (a) Schematic of the procedure used to form nanoporous Au within the confines of a HfO, nanoshell. (b) Low and (c) high magnification
BSE SEM images of an array of nanoporous Au nanostructures. BSE SEM images demonstrating the confinement of (d) varying numbers of
Au nanoparticles, (e) Au and Ag NPs and the associated elemental mapping, (f) Au nanowires, and (g) Au nanoplates.

structures are coated with a conformal HfO, layer and heated
to induce nanopore formation. When exposed to a HNOs etch,
the AuAg structures undergo a dealloying process that
selectively removes Ag as the remaining Au assumes a porous
configuration. Fig. 3b,c shows backscattered electron (BSE) SEM
images of structures formed where the porosity of the Au is
clearly visible. It is noteworthy that these structures express a
similar morphology with those produced in the absence of a
nanoshell (see ESI, Fig. S5t). Spherical Au and Ag NPs were also
formed within the confines of the nanoshell by sequentially
immersing hollow shells in ascorbic acid (AA) and aqueous
HAuCI4 (or AgNOs) where repeated cycles led to the formation
of additional particles (Fig. 3d). Elemental mapping derived
from energy-dispersive spectroscopy (EDS) measurements
confirm the presence of Au and Ag within the shells (Fig. 3e).
Other demonstrations saw these Au NPs seed Au nanowires
(Fig. 3f) or nanoplates (Fig. 3g). Even though such syntheses
have not yet been optimized, they nevertheless demonstrate
the potential of HfO, shells to promote the growth and
confinement of nanomaterials.

This journal is © The Royal Society of Chemistry 20xx

Through the integration of directional Ar* ion milling into
nanofabrication process, it was possible to further expand the
nanomaterials derivable from this technique by disrupting the
conformal nature of the ALD-deposited oxide. Fig. 4a shows a
schematic illustrating this concept as it pertains to the
formation of periodic arrays of HfO, nanorings. Arrays of near-
hemispherical Au NPs, coated with a conformal HfO, layer, are
first fabricated using the previously outlined procedure and
then exposed to a collimated ion beam that is directed at the
substrate surface at normal incidence. Under optimized milling
conditions, the oxide layer encapsulating each Au structure is
selectively milled from the top surface, exposing the underlying
Au. The sacrificial Au structures are then etched away using
aqua regia, leaving behind a HfO, ring at each of the array
positions. The inner diameter of the ring is, hence, determined
by the size of the initial Au structure while the ring width is set
by the thickness of the HfO, deposited. It should also be noted
that ion milling, because it partially exposes the Au surface,
negates the need for the annealing procedure that creates
nanopores. Fig. 4b,c show SEM images of the milled structures
obtained before and after the etching step where it is apparent

J. Name., 2013, 00, 1-3 | 5
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structures after being exposed to a directional Ar* ion beam that selectively removes the oxide from the top of the Au structure and (c) the
HfO, nanorings formed through the removal of the Au. (d) Large-area image of the nanoring array. (e) Time series of SEM images showing

Au NPs diminishing in size as they are progressively etched.

that the Au is first exposed and then removed. Fig. 4d shows a
large-area image of the ring array that demonstrates that such
structures can be produced in high yield, a result that further
indicates that these thin rings are robust to the milling/etching
processing steps. With etching proceeding from an exposed Au
surface, as opposed to nanopore(s), the removal process
becomes far more isotropic, allowing for the formation of
plasmonic structures of variable sizes that are encircled by an
oxide ring (Fig. 4e). Such configurations are not readily
achievable through lithographic or self-assembly processes.
Once Ar* ion milling is incorporated into the overall
nanofabrication strategy, it opens up additional possibilities.
For example, the formation of near-hemispherical Au@HfO,
core-shell structures followed by an ion milling process
directed at normal incidence that removes just the top of the
structures leads to formation of open-topped HfO, nanobowls
once the Au is removed (see ESI, Fig. S61). Carrying out the
nanoring procedure shown in Fig. 4a, but where the near-
hemispherical structures are substituted for faceted
nanoplates, gives rise to hexagonal nanorings (see ESI, Fig. S7t).
Altering the milling direction such that the oxide is selectively
removed from different portions of the Au template adds
another level of versatility. Fig. 5a shows a schematic of a
fabrication process that is identical with that which forms
nanorings (Fig. 4) but where the milling is carried out at a 9°
glancing angle. Under these conditions, the oxide is milled away
on one side of the structure but where the backside is protected
by a self-shadowing effect. Removal of the remaining Au with

6 | J. Name., 2012, 00, 1-3

aqua regia leaves behind an array of vertically standing half-
shells. Fig. 5b show SEM images of the HfO,-coated Au
nanostructures after the milling process where the initially
complete 10 nm thick oxide shell is removed from one side of
the structure along with a portion of the Au template. The final
structures, obtained after the remainder of the Au template is
removed, appear as an array of identically aligned vertical half-
shells (Fig. 5¢,d). Behind each of the structures are remnants of
the HfO, layer that remain unscathed because they were
protected from the ion beam by the shadow cast by individual
structures. With other possibilities stemming from variations to
the milling direction, template shape, and the choice of ALD-
deposited materials, there exist numerous opportunities from
which unique architectures can be obtained.

Discussion

The current study demonstrates the use of metal
nanostructures as sacrificial templates in the fabrication of
organized surfaces of substrate-bound oxide nanostructures
with  three-dimensional configurations. By combining
lithographic techniques, directed-assembly, ALD, liquid-phase
seed-mediated syntheses, and ion milling, the work not only
brings together a collection of techniques that are not routinely
practiced together but also demonstrates the effectiveness of
such approaches in realizing structures that are unobtainable
using standalone methods. It also highlights the effectiveness of

nanofabrication schemes that take advantage of the chemically

This journal is © The Royal Society of Chemistry 20xx
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Fig. 5. (a) Schematic showing the procedure used to obtain periodic arrays of vertically standing half-shells of HfO, where each is identically
aligned on the substrate surface. (b) Top-view SEM image of the Au@HfO, core-shell structures after being milled at a 9° glancing angle
and (c) the same structures after Au removal. (d) Tilted-view SEM images of a periodic array of HfO, half-shells.

dissimilar properties exhibited by metals and oxides where, in
the current study, the chemical stability of HfO, is exploited by
having it remain intact when exposed to aqua regia, an etchant
that is highly corrosive to metals. Beyond the initial
demonstrations there exist numerous
opportunities for preparing oxide surfaces with well-ordered
topographies and individual nanostructures with sophisticated
architectures. Even though the current study focused on the use
of Au nanocrystal templates, this is, by no means, a requirement
but was instead done to take advantage of existing capabilities.
Templates can be produced from any ALD-compatible material
where a preferential etch exists and can even take the form of
lithographically patterned polycrystalline films or shape-
engineered colloids dispersed onto a substrate. Likewise, HfO,
can be substituted by a rather expansive set of materials
available through the ALD technique that include other oxides,
nitrides, sulfides, and selenides, each of which express their
own unique properties.’ As such, there exists a versatile

presented here,

design space from which functional nanomaterials can be
derived.

Organized surfaces of ALD-generated oxide nanomaterials
have potential for application in a number of areas. As
demonstrated, hollow shells with nanopore openings represent
configurations suitable for nanoreactor applications. Substrate-
confined nanoreactors®® represent a burgeoning field that is
complemented by a well-established colloidal counterpart that
sees nanoparticle synthesis carried out within the confines of

porous shells and then utilized as vehicles in catalytic,

This journal is © The Royal Society of Chemistry 20xx

biomedical, and energy-related applications.>®% With the
ability to perform nanostructure syntheses within the inner
volume of porous shells firmly established,>®%1-63 there also
exists the intriguing possibility of forming structures within
substrate-based nanoshells followed by a procedure that seals
the openings to obtain liquid-filled capsules housing mobile
nanostructures. With the resulting structures realizing a ‘ship in
a bottle’ motif, such capsule-confined structures could prove
ideal for active plasmonic applications®¥-%6 whereby an altered
plasmonic response is obtained when the structures are
subjected to an external stimulus. As open-topped nanobowls,
the HfO, structures represent liquid-containment vessels
suitable for carrying out reactions where precursors occupy
attoliter volumes.®7.68 Vertically standing half-shells and shape-
controlled rings could find utility as topographical features that
serve as (i) trapping sites for colloidal structures in directed
assembly processes,*8%° (ii) obstacles to nanostructure growth
fronts that define nanogaps between adjacent structures,*! and
(iii) supports onto which two-dimensional materials are
overlayed to realize contours that locally alter electronic,
photonic, and mechanical properties.”’®-73 Taken together, these
oxide structures have the potential to act as a unique platform
advancing the capabilities of substrate-based
nanomaterials.

for

J. Name., 2013, 00, 1-3 | 7
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Conclusion

Nanofabrication routes have been forwarded for forming oxide
nanoshells, open-topped bowls, vertically standing half-shells,
and shape-controlled rings on substrates in periodic arrays. The
procedures set forth capitalize on (i) the unique capabilities of
the ALD technique, (ii) the chemically distinct behaviors of
oxides and metals, (iii) a high-temperature annealing procedure
that leads to the formation of nanopores in ALD-deposited
shells, and (iv) a collimated ion beam that is able to selectively
mill material from topographical surfaces. The work lays the
foundation for a host of potential applications and contributes
to a broad-based effort directed toward expanding the
nanomaterial landscape through the implementation of new
tools and strategies.

Experimental Section

Chemicals and Materials.
sapphire
Corporation as 100 mm diameter wafers and diced into smaller
pieces (10.5 mm x 10 mm x 0.65 mm). The nanoimprint
lithography process used a (i) bilayer resist composed of mr-I

Two-side polished [0001]-

oriented substrates were sourced from MTI

7030R (Micro Resist Technology, GmbH) and
polydimethylglutarimide (PMGI SF 3S), (ii)
tetramethylammonium hydroxide, 8, Il developer (CD-26,

Kayaku Advanced Materials) diluted to 40% with H,0O, and (iii)
dioxolane solvent (EBR-PG, Kayaku Advanced Materials).
Stamps for imprinting were obtained from Lightsmyth
Technologies, after which a trichloro-(1H,2H,2H-
perfluorooctyl)silane antisticking layer (MilliporeSigma) was
applied. The Au used in the array making process was sputter
deposited from a 19 mm diameter target that was punched
from a 1.0 mm thick foil with 99.9985% purity (Alfa Aesar).
Tetrakis-(ethylmethylamido)hafnium (TEMAH, MilliporeSigma)
was used as the ALD precursor for the deposition of HfO,. The
aqua regia used to etch Au was a 1:1 mixture of 6 M
hydrochloric acid (HCI, VWR) and 2 M nitric acid (HNOs3;,
Beantown Chemical). Reagents used when forming the Au
templates shown in Fig. 2b are chloroauric acid (HAuCl,, 99.99%
trace metal basis, Beantown Chemical), silver nitrate (AgNOs,
reagent ACS, Ward’s Science), trisodium citrate dihydrate
(Na3CgHs07-2H,0, 99% pure, Thermo Scientific), Brij-700 block
copolymer (Average MW 4,670, Spectrum Chemicals), and 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES buffer,
99%, VWR). Additional reagents used when carrying out the
nanoreactor syntheses shown in Fig. 3 are ascorbic acid (AA,
MilliporeSigma), aniline (CgHsNH,, 99+%, Alfa Aesar),
polyvinylpyrrolidone (40,000 MW PVP, MilliporeSigma), and
methanol (VWR). Deionized (DI) water with a resistivity of 18.2
MQ-cm was used for the preparation of all aqueous solutions.

HfO, Nanoshells. Periodic arrays of near-hemispherical Au
NPs were fabricated using procedures described elsewhere.*%74
Briefly, nanoimprint lithography was used to define hexagonal
arrays of polycrystalline Au disks on [0001]-oriented sapphire
substrates. Samples were then subjected to a heating regimen
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under flowing Ar that causes each disk to assemble into a near-
hemispherical [111]-oriented single-crystal structure where a
heteroepitaxial relationship is formed between Au and the
underlying substrate.”> A 5 nm thick conformal HfO, layer was
then deposited at 200 °C over the Au structures using ALD. The
deposition cycle, which was repeated 50 times, consisted of
alternating 200 ms TDMAH and 20 ms H,O vapor exposures
carried out at a nominal flow rate of 20 sccm where each was
followed by a N, gas purge lasting 10 s and 8 s, respectively. The
role of the purge is to inhibit precursor intermixing and flush
away reaction byproducts. The so-formed oxide layers are
amorphous and have an ill-defined stoichiometry. Nanopores
were formed in the HfO, shells by annealing the arrayed
Au@HfO, core-shell structures using a heating sequence that
sees them heated in an Ar gas flow to 770 °C over the course of
14 min, held at this temperature for 30 min, and then gradually
cooled to room temperature over a 2 h period. Au removal
proceeded using a 60 min aqua regia etch (Hazard: aqua regia
is highly toxic and corrosive). The sample is then transferred to
DI H,O where it remains for 1 min after which it placed in
acetone for 1 min before drying. The role of the acetone is to
displace the H,0 so that the structures dry in a liquid that exerts
a reduced capillary force on the fragile nanoshells.”® HfO,
nanoshells produced with nanocube, nanoplate, and nanostar
morphologies were fabricated using the same procedure except
that the initial templates were produced using liquid-state seed-
mediated syntheses that are described in detail elsewhere.>3-5°

HfO, Nanorings, Nanobowls, and Vertical Half-Shells.
Periodic arrays of HfO,-coated Au NPs were fabricated using the
aforementioned procedures but where no anneal step
occurred. Nanoring formation then proceeded by exposing the
array to a collimated Ar* ion beam for 10 s. The beam, which
was directed at the substrate at normal incidence, was
generated using a 0.7 keV excitation energy, a current of 8.0 pA,
and a gas flow of 0.1 sccm. With HfO, removed from the
uppermost portions of the Au template, the structures were
exposed to an aqua regia etch for 60 min, leaving behind an
array of nanorings. Nanobowls were produced in much the
same manner except that the HfO, thickness was increased to
20 nm to give the nanobowl sidewalls additional mechanical
strength and the Ar* ion milling conditions were optimized for
this process (t =60 s, E = 0.5 keV, | = 6.7 pA, flow = 0.1 sccm).
The vertically standing half-shells were also similarly made
except that the ion beam was directed at a 9° glancing angle for
20 s (E=3 keV, | = 14.7 pA, flow = 0.1 sccm) and the thickness
of the HfO, layer was set to 10 nm.

Nanoreactor Syntheses. The preparation of nanoporous Au
(Fig. 3b,c) began by defining periodic arrays of Au-Ag-Au
trilayer disks with layer thicknesses of 4.5, 18, and 4.5 nm. The
disks were then assembled into near-hemispherical alloyed
structures by heating them to 700 °Cin 12 min followed by a 15
min dwell at 700 °C in flowing Ar. A HfO, layer containing
nanopores was then formed over the structures using the
aforementioned procedures. The Ag component was dealloyed
from the structures through their exposure to HNO3 (5 mL, 15.8

This journal is © The Royal Society of Chemistry 20xx
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M) for 60 min. Shell-confined Au and Ag nanoparticles (Fig. 3d,e)
were formed in a synthesis that sees empty HfO, shells
immersed in AA (5 ml, 10 mM) for 2 h, after which they were
removed from the solution and immediately submerged in
HAuCl; or AgNOsz (2 mL, 10 mM) for 1 h. Repeating this
sequence, without letting the samples dry, led to an increased
number of nanoparticles within the shell. Au nanowire synthesis
(Fig. 3f) proceeded through a 20 min exposure of shell-confined
Au nanoparticles to a 10 mL aqueous growth solution
containing aniline (0.5 mL, 50 mM), HAuCl4 (0.5 ml, 10 mM), PVP
(0.6 mL, 0.5 mM), and methanol (2 mL). Au nanoplate synthesis
(Fig. 3g) saw shell-confined Au nanoparticles exposed to a 10 mL
aqueous solution containing HAuCl, (0.5 ml, 10 mM), PVP (0.6
mL, 0.5 mM), and methanol (2 mL) for 2 h under LED lighting.””
It should be noted that the nanoplate synthesis yielded few
structures with the desired morphology. For all nanoreactor
syntheses, no specific measures were taken to prevent
nucleation and growth outside of the shell. Any colloidal
structures that are produced are rinsed away at the end of the
synthesis.

Instrumentation. Au nanocrystal array fabrication utilized a
(i) home-built imprinter, (ii) Laurell WS-650-23 B spin coater, (iii)
Samco RIE-1C reactive ion etching system, (iv) model 681 Gatan
high resolution ion beam coater, and (v) Lindberg Blue M
furnace fitted with a quartz tube and an Ar gas handling system.
HfO, depositions were carried out in a Savannah 100 ALD
system. lon milling took place in a Gatan model 685 PECS Il
system. SEM images were taken with a FEI Helios G4 UX
DualBeam SEM/FIB workstation. A JASCO V-730 UV-Visible
Spectrophotometer used for spectroscopic
characterization.
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