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The ability to separate nucleation and growth processes into distinct steps has proved invaluable in
achieving high-level control over colloidal synthesis. The success of these so-called seed-mediated
pathways has been contingent upon the advancement of synthetic protocols specifically designed to
take advantage of the internal defect structures within an otherwise crystalline seed. Noble metal
nanoplates represent the most prominent example as their synthesis requires seeds lined with symmetry
breaking stacking fault defects that, when placed in a suitably chosen chemical environment, promote
two-dimensional heterogeneous deposition. Even though such syntheses are now commonplace, the
growth of flat-lying silver nanoplates in arrayed configurations directly on substrate surfaces has
heretofore proved unrealizable due to an inability to form appropriately designed seeds in organized
patterns. Herein, a silver nanotriangle synthesis is demonstrated on substrate surfaces populated with
gold seeds arranged in periodic arrays. Crucial to this success is the relaying of crystallographic
information from the substrate to the gold seed to the silver nanotriangle via heteroepitaxy. The so-
formed nanotriangles exhibit a tunable plasmon resonance where simulations indicate that the response
is dominated by the silver component. The work, hence, adds silver nanotriangles to an ever-expanding
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Introduction

Nanostructure shape control is one of the main tenets of
nanoscience and nanotechnology."” Plasmonic materials repre-
sent an exemplary illustration as there now exists an architecturally
diverse library of structures with shape-dependent properties
that are augmented by variations to their size, composition,
and orientation relative to the polarization direction of the
incident electromagnetic radiation. Among these, nanostruc-
tures exhibiting a two-dimensional planar morphology have
attracted widespread interest in terms of the properties they
express, the applications forwarded, and the underlying
mechanisms that lead to the emergence of a thermodynami-
cally unfavorable geometry with a high surface energy.®”
Within this classification, triangular nanoplates stand out as
the most prominent planar structure due to (i) a size-dependent
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list of rationally designed nanostructures accessible through substrate-based syntheses.

localized surface plasmon resonance (LSPR) that extends from
visible wavelengths into the infrared,® (ii) atomically flat (111)
surfaces suitable for precise functionalization,” and (iii) large
localized electric field enhancements occurring at their sharp
tips or between two nanotriangles arranged in a bowtie
configuration.'® In this regard, Ag nanotriangles are far superior
to those composed of more lossy metals such as Au and Cu.'! As
such, they are one of the most often synthesized, studied, and
utilized plasmonic nanomaterials.®**?

The mechanistic requirements for Ag nanoplate synthesis
center around the establishment of symmetry breaking con-
trols able to steer growth along a two-dimensional pathway
even though it is contrary to the centrosymmetric nature
of its face-centered cubic (fcc) crystal structure.®™® It is widely
accepted that symmetry breaking is facilitated by the emer-
gence of stacking faults in the seed formation process.*™*°
These stacking faults, which are disruptions to the stacking
order along a (111)-axis, break the ABCABC... fcc stacking
sequence by adding or subtracting a layer or through an abrupt
reversal in the stacking order (i.e., a twin defect). If single or
multiple defects occur along just one of the (111)-equivalent
axes, then it imparts a two-dimensional character upon an
otherwise isotropic seed by having stacking fault defects
protrude from the seed surface in parallel ring-like patterns.
Such defects give rise to convex and concave surface features
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where the resulting reentrant grooves are conducive to the
reduction of Ag" ions."*"® The mere existence of stacking faults
is, however, insufficient in realizing high aspect ratio planar
geometries'” but must instead be complemented by a nano-
plate growth solution containing a suitably chosen (111)
capping agent. This agent has multiple roles in that it must
(i) prevent the reduction of Ag" ions directly onto the top and
bottom surfaces of the nanoplate, (ii) block the diffusion of
deposited Ag atoms from the edges to the planar surfaces, (iii)
show a limited tendency toward the capping of the active
growth sites on the periphery of the nanoplate, and (iv) provide
colloidal stability. With these crucial elements in place, the
nanoplate grows laterally as the depositing atoms replicate the
defects needed to sustain the two-dimensional growth mode.

The Mirkin group demonstrated the first synthetic protocol
able to generate a colloid of crystalline Ag nanotriangles.'® This
landmark discovery generated an intense interest that has since
given rise to an expansive literature that includes a wide variety
of approaches directed toward the realization of nanoplates
with a triangular geometry. Even though these methodologies
vary considerably, they are united by commonalities that
include a need for (i) seeds with the required stacking fault
defects, (ii) a source of Ag" ions, (iii) a reductant, and (iv) a
capping agent. Seed preparation techniques typically take
advantage of the increased stability of seeds with stacking fault
defects when placed in chemical environments where less
stable seeds are eliminated through etching processes reliant
on H,0,"?° or dissolved oxygen.'®*'** Single-step syntheses
typically use the ions released in this seed purification process
as the source of Ag'®'®?'?? while two-step seed-mediated
syntheses rely on AgNO;'*** or CF;COOAg."” The means by
which Ag" ions are reduced is dependent upon whether the
nanotriangle growth mode is driven by plasmonic excitations,*"
a reducing agent,"”***® or a combination of the two,'® where
citrate is typically used for the former while sodium
borohydride,"®** polyvinylpyrrolidone (PVP),>>*® and ascorbic
acid (AA)'*'7** have all proven effective for the latter. Citrate is
by far the most commonly used capping agent where its
selective passivation is attributed to a close geometric match
between its three carboxylic acid groups and the hexagonal
close-packed (111) surface of Ag.'”*”*® It is, however, noted
that other carboxyl compounds,* as well as PVP,>>?° have also
given rise to triangular nanoplates. Another reagent of note is
acetonitrile which has been included in some protocols for its
ability to form complexes with Ag" ions, and in doing so, can
slow reaction rates to lessen the number of seeds formed in the
nucleation step®® or inhibit the spontaneous nucleation of Ag
nanostructures in seed-mediated growth modes.>* Altogether,
these various colloidal syntheses represent an impressive col-
lection that has led to the establishment of Ag nanotriangles as
a renowned nanoscale building block where capabilities in
terms of scalability,”®?" yield,>** and control over nanotrian-
gle dimensions®"**?3? are all well-documented.

When compared to the unmitigated successes associated
with the colloidal synthesis of Ag nanotriangles, efforts directed
toward synthesizing similar structures directly on substrate
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surfaces appear somewhat subdued. These efforts have largely
centered around three strategies: (i) the adhesion of colloidal
seeds to a functionalized substrate surface followed by its
exposure to a liquid-state chemical environment conducive to
nanoplate formation,**™® (ii) electrochemical syntheses that
form nanoplates directly on an electrode surface,**** and (iii)
through the exposure of a synthetically active substrate to
aqueous AgNO; where chemical reactions involving the sub-
strate material allow the synthesis to proceed.***” These meth-
odologies are, however, less than optimal in that the majority
have resulted in the formation of disorganized networks of
nanoplates where size and shape uniformity is absent and
where the nanoplates, more often than not, have a growth
trajectory that is away from the substrate surface. Even though
nanoplates are produced in high yield, the nanotriangle geo-
metry has only rarely been observed®>** and the deterministic
placement of individual structures on the substrate surface has
not yet been achieved. With a recent resurgence in interest in
the integration of single-crystal nanometals with wafer-based
techniques,”**® addressing these unmet challenges in nano-
metal synthesis becomes a priority. Herein, a four-reagent seed-
mediated synthesis is demonstrated that gives rise to Ag
nanotriangles at predefined locations using Au seeds arranged
in a periodic array. By using Au seeds instead of Ag, it has
proved possible to obtain the required stacking fault defects
and, in doing so, avoid many of the pitfalls that have limited
prior syntheses.

Results

With the deterministic positioning of Ag nanotriangles on
substrate surfaces being the underlying goal of this work, it is
imperative that their formation proceed along a two-step
protocol where seeds with the required defect structures are
first formed in periodic arrays followed by their exposure to a
liquid-state synthesis that sees them transformed into nano-
triangles. As such, seed formation is a critical component where
the techniques forwarded in colloidal chemistry are incompati-
ble because controls leading to their proper placement do not
exist. Because it is desirable to have the nanotriangle lie flat on
the substrate surface so that light directed at normal incidence
can excite the in-plane dipole resonance and produce intense
near-fields at its corners, it is imperative that seeds are designed
that have both their [111]-axis and stacking fault defects appro-
priately aligned relative to the substrate surface. Fig. 1 illustrates
this concept by first showing an idealized freestanding seed,
which expresses eight {111} and six {100} facets, onto which red
lines are drawn to denote the location where stacking faults
would have to exist to make such a seed suitable for nanoplate
growth. The seed is then placed on a substrate surface in the
eight possible configurations where each of its {111} facets form
an interface with the substrate. Even though all of these seed-
substrate configurations fulfil the crystallographic requirements
for nanotriangle growth, only the first two are capable of realiz-
ing nanotriangles that lie flat on the surface while the remainder
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(b) Substrate-Bound Au Seeds
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Fig. 1 Schematic illustrating a (a) freestanding truncated octahedron seed where the dashed red lines represent the positions where stacking faults
defects would have to be located to achieve a break in symmetry conducive to planar growth modes, (b) the placement of the seed onto a substrate in
the eight possible configurations that allow a {111} facet to mate with the surface, and (c) the triangular nanoplates that emerge from each seed.

result in growth trajectories that project out of the substrate
surface at 70.53°. It is, therefore, not enough for the seeds to
merely have symmetry breaking stacking fault defects along a
single (111)-direction but must instead have defects with the
correct alignment relative to the surface of the substrate if the
preferred nanotriangle geometry is to be realized. This is a
challenge that is unique to substrate-based nanoplate growth
and, to a large degree, is the reason why achieving high-level
control over substrate-based Ag nanotriangle growth modes has
proved difficult.

In a prior report,”” we demonstrated a seed fabrication
process that yielded periodic arrays of Au nanoplates with the

(a) (i) Imprint Resist

(iii) RIE
(i) Spin Coat
Resist

(iv) Deposit Sb & Au  (v) Lift-off (vi) Au Seed Array

preferred geometry at yields as high as 78% by taking advantage
of the heteroepitaxial interactions occurring at the seed-sub-
strate interface during a high-temperature vapor-phase seed
assembly process. These interactions allowed the substrate to
induce the desired [111] Au seed orientation where stacking
fault defects showed a strong propensity for forming along the
axis needed to obtain the preferred geometry. Our attempts to
replicate this success with similarly formed Ag seeds proved
highly unsatisfactory (Fig. S1, ESIT). As such, a Ag nanotriangle
synthesis strategy was designed around the use of Au seeds.
It was spurred on by the fact that the small lattice mismatch
between Au and Ag of only 0.2% makes layer-by-layer
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(a) Schematic of the nanofabrication process used to form a periodic array of Au seeds. (b) SEM image of the array where the insets show an

individual structure taken from a top and tilted view. (c) Histogram of the seed diameter extracted from high-resolution SEM images displaying 100 seeds.
(d) Topographic AFM image of the seed array from which a (e) line scan was extracted. (f) Histogram of the seed height distribution based on 123 seeds. (g)
Extinction spectrum of the Au seeds which displays a narrow plasmon resonance at 552 nm.
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deposition favorable®® and the demonstration of colloidal
syntheses that have realized nanoplates with both Au and Ag
segments.’*®°

The nanofabrication process used to form periodic arrays
of Au seeds is shown schematically in Fig. 2(a). The process,
which is described in detail elsewhere,?”°" uses nanoimprint
lithography in combination with reactive ion etching (RIE) to
define cylindrical openings in a moldable polymeric resist that
expose the substrate surface in a pattern that replicates the
imprinted features. A Au-Sb bilayer is then sputter-deposited
over the entire surface followed by a lift-off process that leaves
behind an array of Au-topped Sb disks. Upon heating, the
polycrystalline Au layer formed at the top of each disk assem-
bles into a crystalline nanostructure lined with stacking faults®”
as the sacrificial Sb layer is lost to sublimation.®® Crucial to the
success of this process is the use of a [0001]-oriented sapphire
substrate in that it forms an epitaxial relationship with the
(111) surface of Au®® that induces the required seed orientation
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and stacking fault defects.®” Fig. 2(b) shows an SEM image of a
seed array where structures are arranged in a hexagonal pattern
with a center-to-center distance of 600 nm. The insets to the
figure show high-resolution images of a single structure from a
top and side view. They reveal the faceting anticipated for a
[111]-oriented truncated octahedron that has been further
truncated at its base. Truncated octahedrons exhibiting this
apparent truncation represent the equilibrium shape for metal
nanoparticles supported on a low surface energy substrate.®**
Fig. 2(c) shows a histogram of seed diameters derived from an
analysis of SEM images that reveals a narrow size distribution
centered around 67 nm. Fig. 2(d)-(f) shows AFM characteriza-
tion in the form of a topographic image, a line scan across six
structures, and a seed height histogram, all of which reveal a
near-constant height of approximately 45 nm. The sharpness
of these seed size distributions also express themselves in
a spectral response that is characterized by a rather sharp
plasmon resonance centered at 552 nm (Fig. 2(g)). It should,

Au@Ag Nanotriangles

200 400 600

Position (nm)

800

(a) Schematic illustrating the procedure used for Ag nanotriangle synthesis. (b) Low-magnification tilted-view SEM image of the synthesized

structures. (c) Top- and (d) tilted-view SEM images taken at a higher magnification. (e) BSE SEM image revealing the location of the Au seeds. (f) Elemental
mapping of a triangular and hexagonal nanoplate with a centrally located seed. (g) Elemental line scan derived from energy-dispersive spectroscopy

(EDS) taken along a trajectory that passes through the Au seed.
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however, be noted that the seed size varies slightly from
sample-to-sample due to the idiosyncrasies of imprinting,
deposition, and assembly processes.

In an ideal scenario, the design of a substrate-based Ag
nanotriangle synthesis would see the adoption of an existing
seed-mediated colloidal chemistry protocol where the only
major difference is that the solution dispersed seeds are sub-
stituted for a substrate-bound array of similarly configured
seeds. Most of the existing syntheses were, however, deemed
unsuitable. Syntheses where nanotriangle formation was con-
tingent upon the formation of population of sacrificial Ag
nanostructures whose disintegration through etching pro-
cesses provides a Ag" feedstock for growing nanotriangles were
ruled out because they pose the risk of having these sponta-
neously formed colloidal structures adhere to the substrate, an
occurrence that has proved problematic in other substrate-
based syntheses.®® This narrowed the search to a rather small
subset of syntheses'*'”** designed to inhibit the spontaneous
nucleation of Ag nanostructures as heterogeneous growth
proceeded onto preformed nanoplates that acted as seeds.
The syntheses carried out in the current study were, hence,
adapted from the protocol of Gao and co-workers>* who formed
populations of uniformly sized nanotriangles with edge lengths
ranging from 150 nm to 1.5 pm using triangular seeds
with widths and edge lengths of 5 and 30 nm, respectively.
The protocol sees seeds injected into a 5 °C aqueous solution of
AgNO;, AA, trisodium citrate (NazCA), and acetonitrile where
these reagents act as the metal precursor, reducing agent,
capping agent, and coordinating ligand for the Ag' ions,
respectively. The inclusion of acetonitrile is of specific impor-
tance because its complexation significantly decreases the
reduction potential of Ag,>® an outcome that severely inhibits
unwanted homogeneous nucleation and slows the rate of
heterogeneous deposition onto the seeds. As such, the nano-
triangles grow in a kinetically controlled regime.

Fig. 3(a) presents a schematic illustrating the synthetic
procedure used to form substrate-based Ag nanotriangles. It
begins with the preparation of a beaker containing an aqueous
solution of AA, Na;CA, and acetonitrile where magnetic stirring
ensures that the reagents are sufficiently mixed. A Au seed array
is then immersed into the solution such that it lies faceup at
the bottom of the beaker adjacent to a Teflon stir bar. The
reaction is initiated through the injection of AgNO; and
allowed to proceed for 20 min, after which it is terminated
through the removal of the substrate from the growth solution.
With the substrate-based seeds being the only sites for hetero-
geneous nucleation, the growth solution remains clear over the
course of the reaction. Spectral characterization of the growth
solution performed before and after a Ag nanotriangle synth-
esis reveals near-overlapping featureless spectra (Fig. S2, ESIT).
These observations indicate that acetonitrile is effective in
suppressing homogeneous nucleation, a conclusion that is
verified by the formation of an Ag colloid when the reaction
is carried out in its absence (Fig. S3, ESI).

Fig. 3(b)-(d) shows SEM images of the synthesized struc-
tures. A large area image as well as a statistical analysis of the
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product is presented in Fig. S4 and S5 (ESIt), respectively. As
anticipated, a large percentage of the structures express the
preferred nanoplate geometry where their planar surface lies
flat on the substrate. These structures exhibit both triangular
and hexagonal geometries where some appear distorted in that
they have jagged edges. High-magnification images also reveal
that many of these nanoplates exhibit crack-like features that
extend from the edge of the Au seed to the perimeter of the Ag
nanoplate (Fig. S6, ESIf). A smaller subset of the arrayed
structures are nanoplates where the growth trajectory is direc-
ted away from the surface of the substrate at a slight tilt from
the normal (denoted by green circles in Fig. 3(b) and (d)). The
orientation and tilt angle observed are consistent with growth
off of Au seeds having stacking fault defects in a direction other
than the preferred direction. The remainder of the structures
are attributed to defective seeds having a corrupted heteroepi-
taxial relationship with the substrate, exhibiting multidomains,
or which are multiply twinned. Interesting is the formation of
pentatwinned structures (denoted by red circles in Fig. 3(d))
given that the Au seeds are produced at high temperature to
sizes where pentatwinned configurations are thermodynami-
cally unfavorable.®” Fig. 3(e)-(g) shows backscattered electron
(BSE) SEM images and the associated elemental mapping and
line scans for the nanoplates. A line scan for the hexagonal
plate is shown in Fig. S7 (ESIf). Given that the Ag and Au
components are clearly distinguishable, these results suggest
that interdiffussion at the Au-Ag interface is minimal. This is
confirmed by spectroscopic measurements in which the plas-
mon of the Au seed, measured before growth, is found to be
identical with that after a nanoplate growth that is followed by
the removal of the Ag component with an etchant (Fig. S8,
ESIT). The BSE image also shows that the seed location is often
offset from the center of the structure. This indicates that
lateral growth preferentially proceeds in some directions while
being frustrated in others. It is noteworthy that the preferred
growth directions tend to support side-faceting consistent with
a nanotriangle whereas directions that are frustrated often
display a distorted side-faceting with a jaggedness that corrupts
the overall nanotriangle geometry. Also of note is that small
voids often appear at the perimeter of the Au seed (denoted by
red arrows in Fig. 3(e)).

In an effort to better understand the nanotriangle growth
mode, a synthesis was carried out where multiple samples were
placed in the same growth solution and removed at various
time intervals. Fig. 4 shows a progression that is representative
of the growth sequence. The early stages of synthesis give rise to
Ag deposition that results in the formation of a triangular
feature from which thinner plate-like structures emerge at
multiple locations (denoted by red arrows). These thinner
structures then thicken to the seed diameter as the growth
fronts propagate away from the seed as independent segments.
Over time, these segments grow and merge, forming crack-like
features in the process. Continued growth sees the emergence of
faceting that is more reminiscent of a nanotriangle but where
imperfections along the perimeter are present. It is noteworthy
that this progression differs greatly from substrate-based Au

Mater. Chem. Front., 2024, 8, 2149-2160 | 2153
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Fig. 4 SEM images showing a time sequence in the nanotriangle synthesis that leads to the formation of substrate-based Ag nanotriangles. The red

arrows show the beginnings of planar Ag growth.

nanoplates derived from seeds produced in the same manner in
that growth fronts emanate uniformly from the seed perimeter
right from the onset of the reaction.®®

Fig. 5(a) shows an AFM topographical image of an arrayed
region showing a substantial size and shape distribution.
Despite the nonuniformity, a line scan across the six nano-
plates reveals a near-constant nanoplate height of 48 nm
(Fig. 5(b)), a value that is consistent with the initial height of
the Au seed. A close examination of a triangular nanoplate,
exhibiting both crack (Fig. 5(c)) and void (Fig. 5(d)) surface
features, shows a crack width of 24 nm where the value does
not change appreciably along its length. It is also apparent that
the crack extends down the side of the structures and appears to
be highly disruptive to the formation of a well-formed nano-
triangle vertex. With the understanding that the nanotriangle
grows laterally, the crack can be followed back to its origin along
a straight-line path that suddenly veers toward the seed, travels
along its perimeter, and then terminates at a void. The width
of the void is approximately the same as the crack width.

—_
(=2

N—

= N W A O
S =}
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The remainder of the seed perimeter is outlined by a shallow
indentation. Hexagonal nanoplates also show crack and void
features displaying similar tendencies where it is more prevalent
to have multiple cracks on the same structure (Fig. S9, ESIT).
With voids and cracks originating near the seed, this data points
toward less-than-optimal early-stage heterogeneous nucleation
processes where crack propagation ultimately becomes more
favorable than the seamless merger of growth fronts.
Nanotriangle synthesis characterization was also carried out
by spectroscopic means whereby a time progression of the
extinction spectra was measured as a sample was periodically
removed from the growth solution, cleaned and dried, char-
acterized, and then reinserted back into the growth solution
where its growth was allowed to continue. Although such a
procedure comes with the inherent risk of not truly representing
the growth sequence, it is noted that the final product did not
differ significantly from identically produced samples where the
growth was uninterrupted. Fig. 6(a) shows the extinction spectra
obtained over a 35 min growth duration. It reveals a progression
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(a) Topographic AFM image and (b) the associated line scan that reveals nanoplate height uniformity. Characterization of a single triangular
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Fig. 6 (a) Time-dependent extinction spectra for a nanotriangle synthesis with a 35 min duration and the (b) associated time dependency of the LSPR

peak wavelength. (c) Simulations of the (i) extinction cross section spectra for Ag nanotriangles with centrally located Au seed where the edge length is
varied from 150 to 350 nm along with the extracted edge length dependencies on the (ii) LSPR peak wavelength and (iii) LSPR cross section. (d) Simulated
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dependencies shown in (c) and (d), a comparison is shown between that obtained for pure Ag nanotriangles (blue Ag curve) and identically sized Ag
nanotriangles with a centrally located Au seed having a diameter of 75 nm (red Au@Ag curve).

that sees the emergence of an in-plane dipole plasmon reso-
nance that red shifts and strengthens from the 554 nm reso-
nance of the Au seed to the 1010 nm value expressed by the
Ag nanotriangles. Fig. 6(b) shows the time-dependent variation
to the dipole resonance wavelength along with those obtained
for a nanotriangle where the seed thickness was increased
from 50 to 65 nm (Fig. S10 (ESIt) provides the extinction
spectra for the 65 nm thick sample). Despite the difference,
both samples show a similar response whereby there
exists a rapid increase followed by slow rise after 30 min. The
rapid rise, which is accompanied by a transition from a rather
broad peak to a well-defined peak occurring between 5 and
15 min, marks the transition from where the nanotriangles
grow as disconnected segments to ones where they merge
and assume a faceted morphology. Further red shifts are asso-
ciated with increases to the nanotriangle edge length. The
second resonance, which appears at 590 nm after 15 min, is
assigned to the nanostructures that lack planar geometries (see
Fig. 3(b)—(d)).

To gain further insights into these spectroscopic results,
numerical simulations of the extinction cross section were
performed where the Ag nanotriangle edge length and thick-
ness were systemically varied. The simulations, while analo-
gous to those obtained for colloidal structures,®® take into
account the considerably thicker nanotriangle widths obtained
when using substrate-based seeds, the presence of a central Au
seed, and the dielectric environment imposed by the sapphire
substrate. These results should, however, be viewed with the
caveat that they do not account for the observed segmented

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024

growth nor the fact that experimental results arise from a
population of nanostructures with variations in both size and
shape. Notwithstanding, the correspondence between the
experimental and simulated spectra is considerable. Fig. 6(c)
shows the extinction cross section spectra obtained as a func-
tion of nanotriangle edge length along with the extracted edge
length dependencies of the extinction peak wavelength and
extinction peak cross section for the dipole resonance. The data
reveals that the dipole peak position for the Au@Ag nanotrian-
gles varies linearly with edge length and, hence, provides a
measure of the nanotriangle growth rate. The implication of
this result, when compared to the experimental data shown in
Fig. 6(b), is that the nanotriangle edge length increases in a
near-linear manner for times between 10 and 25 min, after
which the growth stagnates. This conclusion is consistent with
SEM results that show few changes for extended growth times.
Fig. 6(d) shows simulations where the nanotriangle thickness is
varied from 35 to 80 nm as the edge length is held at a constant
value of 285 nm. The results indicate that an increased plate
thickness gives rise to a blue shift, a result that is consistent
with prior work.” The degree of blue shift is consistent with the
experimental results shown in Fig. 6(b). Simulations were also
used to gauge the influence of the Au seed upon the extinction
cross section. It is determined that its substitution for a Ag seed
results in similar extinction spectra (Fig. S11, ESIT) for the seed
and nanotriangle sizes simulated where the edge length and
thickness dependencies on the dipole resonance position and
extinction cross section follow near-identical trendlines for
edge lengths above 150 nm (Fig. 6(c) and (d)).
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Discussion

Given that the substrate-based synthesis forwarded in this work
was adapted from a colloidal nanotriangle synthesis, it is
instructive to have an understanding of the commonalities and
differences. Both syntheses are similar in that they invoke a
two-stage protocol where seed preparation is distinct from
nanotriangle syntheses. The Gao protocol uses Ag seeds that
are derived from a separate colloidal synthesis®® that gives rise
to 5 nm thick triangular nanoplates with edge lengths of 30 nm
and is, hence, enlarging nanostructures that already express the
nanotriangle geometry. In sharp contrast, the seeds used in the
current study are substrate-immobilized, composed of Au, and
are near-hemispherical in shape with diameters in excess of
60 nm. The colloidal synthesis proceeds in a highly ordered
manner that sees the triangular seeds uniformly enlarged
whereas the substrate-based seeds show a somewhat disorga-
nized nucleation process where the heterogeneous nucleation
of Ag often occurs from multiple sites at the perimeter of a seed
that is considerably larger than those typically used to initiate
planar growth modes. As growth proceeds, order is partially
restored as the various Ag domains grow and merge but defects
remain in the form of voids at the seed perimeter and as crack-
like features along the surface of the plate. The fact that these
defects do not fully heal as growth continues is somewhat
perplexing given that the seed imparts the same crystallo-
graphic character onto the various domains. It should, however,
be recognized that the intersection of planar growth fronts
supporting capping agents is neither a well-studied nor under-
stood phenomena. Another significant difference in plate
growth, which is not well-understood, is that the substrate-
based synthesis sees the nanoplate growth essentially halt after
20 min whereas the colloidal synthesis has demonstrated edge-
lengths as large as 1.5 pm. It is unlikely that this stagnation
originates from a diminishing supply of reactants since they
are supplied well in excess of what is needed to coat the entire
substrate surface. Possible explanations for this stagnation
include the oxidative etching of the side-facets coming into
equilibrium with the deposition rate or the healing or poisoning
of the stacking fault defects needed to support planar growth.
Even though these results represent a breakthrough in
substrate-based Ag nanotriangle synthesis, the structures
produced have deficiencies where most stem from seed inade-
quacies or nonuniform early-stage heterogeneous nucleation of
Ag onto the Au seed. Further improvements in the seed
fabrication process are, hence, needed to increase the yield of
Au seeds with the desired crystallographic orientation and
stacking fault defects. Improvements to the nanotriangle synth-
eses that support size and shape uniformity, and which elim-
inate the crack-like features visible on the planar surfaces, are
also required. Moreover, these nanotriangles, like all Ag nano-
structures, have plasmonic properties that are degraded upon
prolonged exposure to air and show poor chemical stability
in aqueous environments. It should, however, be noted that
it is highly likely that these substrate-based nanotriangles
are amenable to remedies directed toward mitigating these
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environmental sensitivities. The application of a protective
ultrathin oxide coating can, for example, negate these environ-
mental factors by providing a conformal passivating layer’"”>
while simultaneously providing functionality in applications
such as shell-isolated nanoparticle-enhanced Raman spectro-
scopy (SHINERS) and plasmonic enhanced fluorescence.”® The
deposition of ultrathin Au layers over Ag nanostructures have
also proved effective in enhancing the stability of Ag nanos-
tructures while maintaining a plasmonic response that is
dominated by the Ag component.”*”> Additional opportunities
should also arise by using these nanotriangles as sacrificial
templates in galvanic replacement reactions or as a substructure
in the creation of more sophisticated nanomaterials. With such
post-synthesis transformations having already been demonstrated
on colloidal nanotriangles, there exists a knowledge-base from
which to draw on that has seen the formation of nanorings,”®
multimetallic alloys,”” core-shell structures,”””> and porous
nanoplates.”® There is also the potential for extending the cap-
abilities already demonstrated for substrate-based Au nanoplates
to Ag, including the formation of nanoplates with variable
shapes,”’® forming a hot spot in the nanogap formed between
the tips of two adjacent nanotriangles,*® and manipulating planar
growth modes to realize chiral geometries.®® All told, there exists a
host of opportunities for realizing an expanded set of substrate-
based structures that take advantage of both the plasmonic and
chemical properties of Ag nanotriangles.

Conclusions

A first-of-its-kind substrate-based seed-mediated Ag nanoplate
synthesis has been demonstrated where controls are put in
place that regulate the position and orientation of the struc-
tures. The methods forwarded utilize the heteroepitaxial rela-
tionship between the substrate and Au seeds to set the seed
orientation relative to the substrate and preferentially induce the
symmetry-breaking stacking faults defects needed to support
planar growth trajectories along the surface of the substrate.
With these seed structures in place, nanoplate synthesis pro-
ceeds through the heteroepitaxial deposition of Ag onto the Au
seed using suitably chosen reagents that ensure Ag" reduction,
(111) capping, and the relatively slow kinetics needed to promote
the nanoplate geometry. Taken together, the work adds another
key building-block to the architecturally diverse library of nanos-
tructures formed directly on substrate surfaces.

Experimental section
Chemicals and materials

Sapphire wafers (diameter = 100 mm, thickness = 0.65 mm,
two-side polished) sourced from MTI Corporation were diced
into 10 mm x 10.5 mm substrates. Au and Sb sputter deposi-
tion targets were cut from a 0.5 mm thick foil (99.9985% purity,
Alfa Aesar) and 19 mm rod (99.999%, ESPI Metals), respectively.
Seed assembly was carried out under an inert gas flow of
ultrahigh purity Ar (Airgas). The nanoimprint lithography
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process utilized a (i) bilayer resist composed of polydimethyl-
glutarimide (PMGI SF 3S, Kayaku Advanced Materials) and mr-I
7030R (Micro Resist Technology), (ii) CD-26 developer diluted
to 40% with H,0, and (iii) 1,3-dioxolane solvent (EBR-PG).
Stamps were obtained from LightSmyth Technologies and
coated with a trichloro(1H,2H,2H-perfluorooctyl)silane (Milli-
poreSigma) anti-sticking layer. The reagents used in Ag nano-
triangle synthesis are silver nitrate (Ward’s Science), trisodium
citrate dihydrate (Alfa Aesar), r-ascorbic acid (Macron Fine
Chemicals), and acetonitrile (BDH Chemicals). Deionized (DI)
H,O with a resistivity of 18.2 MQ c¢m was used in the prepara-
tion of all aqueous solutions.

Au seed fabrication

Periodic arrays of single-crystal Au seeds lined with stacking
faults were fabricated using a slightly modified version of the
procedures described in a prior report.”” The key difference is
that a bilayer resist is applied to the substrate instead of a
single-layer resist whereby the topmost layer conforms to the
stamp features while the bottom layer is chemically removed
with a developer. The imprinting process, which occurs at
140 °C, embosses the uppermost resist with a stamp displaying
a hexagonal array of cylinders (diameter = 240 nm, center-to-
center distance = 600 nm, height = 350 nm, area = 8 mm X
8.3 mm). Reactive ion and chemical etchants are then sequen-
tially applied to these resists where conditions are optimized
to (i) expose the substrate surface at the imprinted sites and
(ii) slightly undercut the topmost resist. Sb and Au layers are
sputter deposited over the entire surface to thicknesses of
20 and 1.5 nm, respectively. This is followed by a lift-off
procedure that leaves an array of Au-topped Sb disks where
the undercut of the resist facilitates a crisp breakage point
between the disks and unwanted material deposited on the
sidewalls of the imprinted cylinders. Heating these structures
to 1010 °C in flowing Ar results in assembly and crystallization
of the Au seeds as the Sb is lost to sublimation. The so-formed
arrays are typically cut into smaller pieces for use in multiple
experiments. Additional details regarding array formation and
the assembly process can be found elsewhere.>”*%

Ag nanoplate synthesis

The Ag nanotriangle synthesis was adapted from the Gao
protocol®® where changes to the reagent concentrations and
growth temperature have been made. Standard syntheses were
carried out at room temperature under ambient lighting in a
30 mL Pyrex beaker containing a 1 cm Teflon stir bar rotating at
600 rpm. The synthesis proceeded by adding acetonitrile
(10 mL), ascorbic acid (150 puL, 190 mM), and NazCA (100 pL,
50 mM) to 17 mL of DI H,0. Once these reagents became
thoroughly mixed, a substrate with a Au seed array was placed
faceup at the bottom of the beaker where best efforts were
made to have consistent placement from synthesis-to-synthesis
so that a similar flow pattern would be realized. The synthesis
is initiated through the rapid injection of AgNO; (120 pL,
50 mM) and allowed to continue for a duration that typically
lasted 20 min. The reaction is terminated by retrieving the
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substrate from the growth solution with Teflon-coated tweezers,
rinsing it in DI H,O, and drying under a N, gas flow. Maintaining
syntheses without the occurrence of a Ag colloid required that
the beakers used in successive synthesis be thoroughly cleaned
in aqua regia (Hazard: aqua regia is highly toxic and corrosive),
swabbed, exposed to boiling DI H,0, and rinsed in ethanol.

Simulations

Triangular nanostructures with various configurations and aspect
ratios were formed using Crystal Creator,®" a freely available crystal
shape modeling tool that was modified to support the Winterbot-
tom Wulff construction. Optical extinction spectra were obtained
numerically in the discrete dipole approximation (DDA) using
DDSCAT.®* Each of the targeted shapes were modeled as a twinned
nanotriangle resting on a 20 nm thick substrate that extends at
least 40 nm from the edges and corners of the nanotriangle. The
targeted systems had on the order of 10° dipoles with an interdi-
pole distance of 3 nm. The refractive index of the surrounding
ambient was set to 1. The wavelength-dependent refractive index
of metallic Ag and Au were taken from Johnson and Christy®* and
that of the sapphire from Palik.** All calculations were carried out
using orthogonally polarized light travelling perpendicular to the
substrate. Extinction cross sections were calculated as Qexe X Tlett,
where Q. is the extinction efficiency given by DDSCAT and a.g is
the radius of an equivolume sphere.

Instrumentation

SEM imaging and elemental analysis were carried out using a
Helios G4 Ux SEM/FIB workstation (FEI). AFM data were
acquired with a Cypher ES AFM (Oxford Instruments). Spectro-
scopic characterization utilized a JASCO V-730 UV-Visible Spec-
trophotometer. A home-built imprinter®® was used in the
nanoimprint lithography process along with a SAMCO RIE-1C
reactive ion etcher. Sputter depositions were carried out in a
model 681 Gatan high resolution ion beam coater. A Lindberg
Blue M furnace equipped with a quartz tube and an Ar gas
handling system was used for seed assembly processes.
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