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ABSTRACT: The seed-mediated growth of noble metal
nanostructures with planar geometries requires the use of
seeds lined with parallel stacking faults so as to provide a
break in symmetry in an otherwise isotropic metal. Although
such seeds are now routinely synthesized using colloidal
pathways, equivalent pathways have not yet been reported for
the fabrication of substrate-based seeds with the same internal
defect structures. The challenge is not merely to form seeds
with planar defects but to do so in a deterministic manner so as to have stacking faults that only run parallel to the substrate
surface while still allowing for the lithographic processes needed to regulate the placement of seeds. Here, we demonstrate
substrate-imposed epitaxy as a viable synthetic control able to induce planar defects in Au seeds while simultaneously dictating
nanostructure in-plane alignment and crystallographic orientation. The seeds, which are formed in periodic arrays using
nanoimprint lithography in combination with a vapor-phase assembly process, are subjected to a liquid-phase plasmon-mediated
synthesis that uses light as an external stimuli to drive a reaction yielding periodic arrays of hexagonal Au nanoplates. These
achievements not only represent the first of their kind demonstrations but also advance the possibility of integrating wafer-based
technologies with a rich and exciting nanoplate colloidal chemistry.
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Plasmon-mediated syntheses represent a distinct branch of
photochemistry in which short-lived plasmonic excitations

act as the primary driver for a redox chemistry yielding highly
faceted nanostructures.1−4 Mirkin and co-workers5 were the
first to demonstrate that citrate-protected colloidal Ag
nanospheres, when illuminated with a fluorescent light source,
are transformed into a monodisperse population of triangular
nanoprisms. The discovery not only opened the door to a new
photochemistry but represented a significant advance in that it
was the first synthesis to realize plasmonic nanoplates in high
yield. This demonstration was followed by a series of reports
that forwarded a mechanistic understanding of the growth
mode.6−11 One of the quandaries faced was that the plasmon-
mediated growth seemed limited to Ag. This elemental
exclusivity was, however, recently overcome by Wei and co-
workers12 who demonstrated the synthesis of single-crystal Au
nanoplates with triangular and hexagonal geometries using a
plasmon-mediated chemistry.
With the vast majority of plasmonically driven growth

modes being seed-mediated, it has become apparent that the
decisive factor in determining the nanostructure shape is the
internal defect structure of the seed.1,2 While singly twinned
and multitwinned (e.g., icosahedral, decahedral) seeds have
been used to generate some of the most intricate nanostructure
architectures,13−15 it is seeds lined with parallel planar defects
that are most closely connected to the nanoplate geome-

try.1,2,13 Planar defects, which in face-centered cubic (fcc)
metals manifest themselves as deviations from the ABCABC···
stacking order along ⟨111⟩-axes, can take the form of an added
or missing row or a twin defect where the stacking order is
reversed at a mirror plane (i.e., ABC|A|CBA where |A| is the
mirror plane). The roles played by such defects are to (i)
provide a symmetry-breaking structure with a two-dimensional
character in an otherwise isotropic metal, (ii) create high
surface energy sites conducive to the reduction of metal ions,
and (iii) facilitate the selective adsorption of suitably chosen
capping agents. These mechanistic roles are not limited to
plasmon-driven syntheses, as they apply equally to thermally
driven growth modes yielding planar architectures.16−20

Although the synthesis and application of plasmonic
nanoplates as colloids has been an unmitigated success, it
has proven quite challenging to form organized surfaces of
such structures on planar substrates using the same solution-
based chemistry. Obtaining close packed arrangements of
nanoplates over large areas using self-assembly is inherently
difficult and although progress has been made,21,22 long-range
order has not yet been achieved. Although numerous examples
exist where colloidal seeds have been dispersed onto substrates
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and subsequently grown into nanoplate geometries using wet
chemistry,23−27 these demonstrations often suffer from low
yields and lack the ability to deposit seeds at predefined
locations. There is, in fact, a lone demonstration where
solution-grown nanoplates have been arranged in periodic
arrays in which Zhou et al.28 use capillary assembly to direct
triangular nanoprisms into lithographically defined trenches
formed over a square millimeter area in a polydimethylsiloxane
(PDMS) resist.
Despite an overall lack of success in bringing solution-based

nanoplate growth modes to the substrate surface, the use of
electron-beam lithography to define organized surfaces of
planar nanostructures has been one of the true triumphs in the
field of plasmonics, both from the standpoint of applica-
tions29−33 and in advancing a mechanistic understanding of
complex phenomena.34−38 The inherent disadvantage of this
top-down approach is that the serial nature of the patterning
process makes the fabrication of large areas time-consuming
and cost-prohibitive. Nanosphere lithography, which uses
close-packed colloidal spheres to form a shadow mask through
which a metal is deposited,39 alleviates this concern but suffers
from restrictions on nanostructure placement and a lack of true
long-range order. For all cases, the structures formed have a
polycrystalline character that leads to a plasmon resonance
with a lower quality factor.40

Recently, we demonstrated a nanofabrication route that
synergistically combines nanoimprint lithography (NIL),
vapor-phase directed assembly, and liquid-phase epitaxy to
obtain periodic arrays of complex noble metal nanostructures
over a square centimeter area.41 This benchtop process

leverages a synthetic strategy in which seed-mediated liquid-
phase growth modes are carried out on substrate-immobilized
seeds.42 Although this strategy, as practiced by us and others,
has led to the generation of a library of substrate-based
structures with considerable architectural diversity,43−48 it has
been fundamentally limited by the inability to fabricate seeds
that have the same internal defect structure as those routinely
used in colloidal chemistry. Here, we demonstrate a large-area
processing route for generating substrate-based Au seeds lined
with stacking faults and use them to synthesize periodic arrays
of epitaxially aligned Au nanoplates using a plasmon-mediated
growth mode. These demonstrations represent an advance-
ment in substrate-based noble metal nanofabrication and
provide a new platform for obtaining a mechanistic under-
standing of plasmon-mediated syntheses.
The demands placed on the seeds needed to generate

periodic arrays of Au nanoplates are far more stringent than
those used in colloidal syntheses in that they must not only
exhibit stacking faults but these defects must run parallel to the
substrate surface. This necessitates that the seeds have their
[111]-orientation normal to the substrate surface where the
formation of planar defects along the other crystallographically
equivalent ⟨111⟩ directions is unfavorable. The demands on
the yield are also more severe because the purification of the
final product through centrifugation is impossible. The seed
fabrication process, which is shown schematically in Figure 1a,
uses NIL in combination with a high-temperature templated-
assembly process referred to as dynamic templating.49 The
NIL process utilizes a lithographically defined stamp to emboss
a periodic array of cylindrical holes into a moldable polymer

Figure 1. (a) Schematic of the processing route used to form periodic arrays of Au seeds. (b) SEM image of the array where the inset shows a
magnified view of a single structure. (c) TEM image of Au seeds after FIB cross-sectioning. (d) Cross-sectional TEM image of a single Au seed, (e)
SAED pattern taken along a [110] zone axis, and (f,g) HRTEM images of the areas denoted by the yellow and green boxes in Figure 1d. TB and SF
are used to label prominent twin boundaries and stacking faults, respectively. The 2.4 Å spacing between the {111} planes of Au is labeled on the
HRTEM image.
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resist after which the stamp is removed and openings to the
substrate surface are made using reactive ion etching (RIE).
The dynamic templating process begins with the sequential
deposition of Sb and Au onto the imprinted polymer followed
by a lift-off procedure that removes the polymer and its
coating, leaving behind an array of Au−Sb pedestals. Heating
the pedestal causes its areal dimensions to steadily decrease as
Sb sublimates from its sides, a process that leads to the forced
agglomeration of the Au atop the receding pedestal until finally
the pedestal collapses and any remaining Sb is lost to the vapor
phase. While such an assembly process can be carried out
without using Sb, its presence allows for the assembly of
arrayed nanostructures that are much smaller than otherwise
possible,49 a capability that proves essential to the synthesis of
nanoplates (vide infra).
Figure 1b shows an SEM image of a periodic array of Au

seeds. The seeds show faceting that is consistent with a
substrate-truncated Wulff shape with its [111]-axis oriented
normal to the substrate surface.50 A histogram of the seed
diameter (Figure S1a) reveals a high degree of size uniformity
with an average value of 66 nm. Registration errors of 100 nm
on an array pitch of 600 nm are common (Figure S1b). The
Au structures show a sharp localized surface plasmon
resonance (LSPR) at 550 nm (Figure S1c). TEM character-
ization of the seed crystallinity and internal defect structure
was performed on a cross section prepared using a focused ion
beam (FIB) (Figure 1c). All of the seeds examined exhibit
stacking faults where some establish twin boundaries as seen in
selected area electron diffraction (SAED) and high-resolution
TEM (HRTEM) images (Figure 1d−g). All of these planar
defects extend from one side of the seed to the other (Figure
1f,g). TEM analysis also reveals that the Au seeds form an
epitaxial relationship with the [0001]-oriented sapphire
substrate (Figure S2). One of the seeds examined was,
however, misoriented and showed a significantly more complex
internal defect structure (Figure S3).
The formation of Au nanostructures lined with planar

defects is a common occurrence that is attributable to low
stacking fault energies.13 The substrate-based seeds produced
in the current work are, however, unique in that the planar
defects run parallel to the substrate surface even though three
equivalent ⟨111⟩-directions project out of the substrate surface
at 70.53° from the normal. The significance of this result is that
the substrate plays a pivotal role in the defect formation that is
essential to nanoplate growth modes. The implication is that
substrate surfaces could, in fact, act as an important control on
syntheses that is made possible through the defect engineering
of seeds. Although lattice strain at the Au−substrate interface
represents the most probable cause for deterministic defect
formation, the use of Sb in the seed assembly process could
also be a contributing factor. With the Au−Sb binary phase
diagram showing a low-temperature eutectic of 360 °C, it is
highly likely that a precursor to the final Au seed existed in the
liquid-state. If the liquid-to-solid phase transformation
occurred rapidly, then this could induce defects as is evidenced
by the formation of stacking fault defects in quenched metals.51

The plasmon-mediated synthesis of Au nanoplates, as
devised by Wei and co-workers,12 was adapted from colloidal
chemistry to the substrate-based platform as a proof-of-concept
demonstration that the Au seed arrays could be used to
activate planar growth modes. Figure 2a shows a schematic of
their proposed growth mode as it relates to a substrate-
immobilized structure. In the synthesis, the seeds are immersed

in a room-temperature aqueous solution of HAuCl4, PVP
(polyvinylpyrrolidone), and methanol. When exposed to light,
the LSPR excitation generates hot electron−hole pairs. The
holes are quickly scavenged by methanol (CH3OH) in a
reaction that sees it oxidized, forming formaldehyde (CH2O)
as a product. While the hot electrons are now available for the
reduction of Au3+, their femtosecond lifetimes are incom-
mensurate with time scales needed for the reaction (i.e.,
microseconds to milliseconds).12 An elegant means for
circumventing this time scale mismatch is, however, enacted
that takes advantage of the selective adsorption of PVP to the
exposed planar defects on the perimeter of the Au
nanostructure, a condition that has been verified using
NanoSIMS (nanoscale secondary-ion mass spectrometry).12

The PVP, which is positively charged due to the pH of the
solution, acts to first attract and then prolong the lifetime of
the hot electrons while simultaneously concentrating aqueous
AuCl4

− at the perimeter of the nanostructure, a combination
that harnesses these otherwise short-lived plasmonic excita-
tions and, hence, provides the conditions needed for Au3+

reduction. It is noted that although PVP has been widely used
in nanostructure synthesis52 the role played in this plasmon-
mediated growth mode is mechanistically unique. Carrying out
such a synthesis on the surface of a sapphire substrate is not
expected to influence this photochemistry since it has a large
bandgap (EBG = 9.1 eV). The substrate-based synthesis is,
therefore, expected to proceed in much the same manner as
the colloidal synthesis. A key difference, however, is that the
seeds are immobilized on a substrate that is supported
vertically in the growth solution (Figure 2b). As a result, the
E field of the incident light, although unpolarized, is always in
the direction of nanoplate growth whereas for a colloid it is
time-averaged in all directions as the suspended nanostructure
tumbles in the solution.
Figure 3a,b shows top- and tilted-view SEM images of the

Au nanoplate array resulting from a plasmon-mediated

Figure 2. Schematic representations of the (a) plasmon-mediated
growth mode that gives rise to Au nanoplates and (b) experimental
setup used to synthesize periodic arrays of Au nanoplates using seeds
with planar defects.
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synthesis lasting 4 h. A statistical analysis of the nanostructure
shape (Figure S4 and Table S1) reveals that 78% of the
structures exhibit a nanoplate geometry where 57% are
hexagonal, 11% are triangular, and 10% are corner-truncated
triangles. The remaining structures exhibit a three-dimensional
geometry that often shows the pentatwin pattern characteristic
of decahedral nanocrystals (Figure 3c,d). Although the 78%
nanoplate yield is far from optimal, it eclipses the 21% yield
reported for the colloidal growth mode.12 The higher yield
further underscores the importance of the substrate in
promoting the defect structures needed to facilitate nanoplate
growth. Histograms of the size distributions for the various
structures (Figure S5) reveal an average hexagon width of 450
nm, a triangular base width of 400 nm, and three-dimensional
structure diameters of 200 nm. The thickness of the nanoplates
is close to that of the seed, indicating that nearly all of the
growth occurs at the perimeter of the structure. A striking
feature of the surfaces produced is the in-plane alignment of
the nanoplates, showing edges that run parallel to each other as
well as the (112 0) plane of the sapphire substrate. This
alignment provides a clear indication that the Au seeds share a
heteroepitaxial relationship with the substrate. Additionally,
the effectiveness of NIL in generating large areas of arrayed
nanoplates is made evident by Figure 3e. A time series of
spectroscopic measurements taken of an array over the course
of a synthesis (Figure S6), in combination with discrete dipole
approximation (DDA) simulations,53 reveal a steadily red-
shifting plasmon peak as is expected for a nanoplate growth
mode54 as well as a second peak that red shifts to a lesser

degree that is associated with the three-dimensional
structures.55 These spectroscopic results are, therefore,
consistent with what is observed in the SEM images. It is
noted that the nanoplate architecture is stable in air for long
durations but experiences a 12 nm red shift in the LSPR when
exposed to deionized water for 24 h, as has been similarly
observed for colloidal Au nanoplates (Figure S7).56

With the plasmon-mediated synthesis of Au nanoplates now
demonstrated using both colloidal and substrate-immobilized
seeds, comparisons can be drawn. When carried out in the
dark, the substrate-based growth mode, like its colloidal
counterpart,12 resulted in drastically reduced growth rates
(Figure S8a,b). Increasing the growth time from 4 to 24 h did,
however, see the emergence of nanoplates (Figure S8c). The
seeds used in the current study with an average diameter of 66
nm, are considerably larger than the 7 nm seeds used in the
colloidal synthesis. Nanoplate growth modes, in general, tend
to use small seeds because larger sizes lead to a substantial
drop in yield.1,57 The substrate-based nanoplate growth mode
does, however, break down when seed diameters of 130 nm are
used, yielding irregular-shaped structures with more of a three-
dimensional character (Figure S9). The formation of
decahedral nanocrystals is also observed in both the colloidal
and substrate-based growth modes. It is, however, somewhat
surprising for such a geometry to originate from these
substrate-based seeds because they exist in sizes and are
produced at temperatures where the pentatwinned architecture
is thermodynamically unfavorable.15,58 The fact that the
decahedral structures show a consistent tilt relative to the

Figure 3. SEM images of the Au nanoplate array from a (a) top- and (b) tilted-view. (c) Top- and (d) tilted-view images of the decahedral
nanostructures formed in low yield. The decahedral structures appearing in Figure 3a are circled in red. (e) Low-magnification image showing that
the array is formed over large areas.
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substrate surface (Figure 3d) suggests that seed−substrate
epitaxy plays a significant role in their formation. Neither the
seed nor the internal defect structure needed to promote
substrate-based decahedral growth has been identified in this
study.
Hexagonal and triangular nanoplates were detached from the

substrate and placed on a holey carbon TEM grid using
procedures outlined in the Supporting Information. Figure 4

shows plan view TEM images of these structures and their
corresponding SAED patterns. Indexing reveals the presence of
the six {220} reflections expected for a [111]-oriented Au
nanoplate. Also observed are six 1/3{422} reflections that are
forbidden for an fcc crystal structure. Such reflections can,
however, occur when stacking faults are present in the
nanocrystal that run parallel to the (111) basal plane.59 This
data provides further evidence that planar defects are the
primary shape-determining factor in this substrate-based
growth mode.
Although it is apparent that the substrate-based nanoplate

growth mode is promoted by seeds lined with planar defects,
the cause of the substantial variation in nanostructure shape
remains an open question. In an effort to gain insights into this
variation, cross-sectional TEM was carried out where the
structures selected for FIB cross-sectioning were chosen to
reflect those most commonly observed. Figure 5a shows a top-
view SEM image of the targeted structures (denoted by the
dashed red box) as well as a TEM image of the same structures
after FIB cross-sectioning. Figure 5b−e presents TEM images
and SAED patterns for Au nanostructures with a hexagonal
(H), triangular (T), truncated triangular (TT), and three-
dimensional (3D) morphology. All of these nanocrystals show
a defect-rich structure where it is evident that the seed stacking
faults propagated into the emerging nanoplate as material was
added to the perimeter. For all four cases, the [111]-axis of the
nanostructure is perpendicular to the substrate surface where
each shares the same heteroepitaxial relationship with the

substrate (Figure S10b−e). Although the SAED patterns and
HRTEM images all show the mirror planes that are
characteristic of twin boundaries (denoted TB), the three-
dimensional structure is unique in that the twin plane does not
run parallel to the substrate surface but instead projects out of
its surface at an angle of approximately 70° to the normal. This
nanostructure, hence, displays the defects needed for nanoplate
growth but with a trajectory that is away from the surface
rather than running parallel to it. The fact that no nanoplate
emerged could indicate that the influence of the substrate on
the nanoplate growth mode extends beyond merely promoting
the formation of planar defects. It is also noted that a
misaligned structure with its [100]-axis perpendicular to the
surface has also been observed to have planar defects but it too
gave rise to a three-dimensional geometry (Figure S10f). It is,
in fact, an extremely rare occurrence for a nanoplate to emerge
with a growth trajectory other than one that is parallel to the
substrate surface.
A comparison of the three nanoplate structures shown in

Figure 5b−d reveals key differences in terms of both the side-
faceting (denoted by red circles) and defect structures. In
terms of side-faceting, the hexagonal nanoplate exhibits two
facets whereas the triangular nanoprism has one. Although this
is not surprising, an examination of the internal defect
structure reveals that the hexagonal structure is especially
rich in planar defects where the two facets meet near the
midpoint of the structure while the triangular nanoprism has
the highest density of defects near the substrate surface. The
third structure, a truncated triangle, also has planar defects near
the surface, but they extend over a greater vertical distance
than that of the triangular nanoprism. These results suggest
that the location of these highly defected regions are crucial in
determining nanoplate shape. It is revealing that even the
three-dimensional structure (Figure 5e) shows two facets
meeting where the defect density is the largest. While it is
conceded that making such a conclusion based on the
examination of only a few structures is somewhat tenuous, it
is corroborated by the work of Aherne et al.60 who came to a
similar conclusion for Ag nanoplates. They proposed that
planar defect structures, when centrally located within the seed,
lead to the formation of two equally sized facets about the
midpoint of the seed that are able to effectively compete with
each other during growth to form hexagonal geometries. In
contrast, noncentrally located defects allow one facet to
dominate growth, resulting in triangular geometries.
Prior to this study, the adaptation of seed-mediated colloidal

growth modes to substrate-immobilized seeds have relied on
the use of single-crystal seeds. Their use has resulted in the
synthesis of cuboctahedrons,44,45 octahedrons,45,61 nano-
cubes,47,48 tetrahexahedrons,44 core−shell,47,48 nanoshell,62

core−void−shell,46 and dimer structures.61 By establishing a
protocol for the synthesis of seeds lined with planar defects, it
should prove possible to adapt other prominent colloidal Au
nanoplate protocols16,40,56,63−68 to the substrate surface. This
work should also significantly expand the breadth of
nanostructure architectures accessible to the substrate platform
because planar structures with variable shape, a bimetallic
character, and which use nanoplates as a starting template for
the generation of more sophisticated structures17−20 may now
be synthetically viable. Even this initial demonstration provides
an intriguing building block for device applications because Au
nanoplates offer chemical inertness, biocompatibility, and a
tunable plasmon resonance that extends from the visible to the

Figure 4. Plan view TEM image and its corresponding SAED pattern
for a (a) hexagonal and (b) triangular nanoplate.
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infrared. Moreover, the integration of nanoplate geometries
with wafer-based lithographic processes and structures is
conceptually appealing in that both have a two-dimensional
character. From a broader perspective, this work demonstrates
the utility of using a substrate surface as the primary driver for
seed nucleation events that promote specific internal defect
structures and crystallographic alignments relative to the
substrate surface. Challenges do, however, remain in terms of
obtaining higher nanoplate yields and in improving size and
shape uniformity. Encouraging is that Gilroy et al.58 were able
to systematically vary the internal defect structure of substrate-
based Ag nanostructures between cuboctahedral, decahedral,

and icosahedral geometries through the use of thermodynamic
controls.
Another unique aspect of this study is that it represents the

first plasmon-mediated synthesis to yield periodic arrays of
heteroepitaxially aligned substrate-based nanoplates, a platform
that provides an excellent testbed for manipulating syntheses
using light as a synthetic lever1 and for studying plasmon-
mediated chemistry derived from hot electrons interacting with
adsorbed species.69 One of the most attractive features of
plasmon-mediated syntheses is the ability to substantially
narrow the size distribution through the use of monochromatic
light.1,10,11 This capability arises from the fact that the growth

Figure 5. (a) Top- and cross-sectional view of substrate-based Au nanostructures after FIB cross-sectioning. The dashed yellow line denotes the
position of the edge targeted during FIB milling. Cross-sectional TEM images, SAED patterns, and HRTEM images for nanostructures with a (b)
hexagonal (H), (c) triangular (T), (d) truncated triangular (TT), and (e) three-dimensional (3D) morphology. The zone axis for each SAED
pattern is shown in the bottom right corner.
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rate is self-limiting in that it dramatically slows once the
structure has grown to a size that red shifts its plasmon
resonance beyond that of the excitation wavelength. If this
same procedure proves adaptable to substrate-based growth
modes, then it should prove possible to substantially narrow
the size distribution. Substrate-based structures also lend
themselves to a comprehensive examination of the role that
polarized light has on plasmon-mediated growth modes. Prior
studies have led to mixed results from the standpoint of
determining whether polarization is a factor in shape-
determination.12,23,26,70−72 Because hot-electrons are produced
in greater quantity at the sharp corners of nanostructures,73 a
coincident polarization direction could also accelerate the
growth rate. Opportunities also arise in terms of altering the
nanostructure shape through variations to the internal defect
structure of the seed or through manipulations to the chemical
environment during growth. Colloidal studies of the Au
nanoplate growth mode have already shown that such
manipulations can give rise to triangular nanoprisms12 and
three-dimensional Au structures with a spiral geometry.74

In summary, we have demonstrated the nanofabrication of
periodic arrays of substrate-based seeds lined with planar
defects and used them to enact a plasmon-mediated chemistry
that gives rise to Au nanoplates. The process is unique in that it
uses substrate-based epitaxy, nanoimprint lithography, and
vapor phase assembly processes as unconventional synthetic
levers that when used in tandem with well-established liquid-
phase chemistry leads to the formation of organized surfaces of
planar nanostructures over large areas. This work also
demonstrates the utility of using a crystalline substrate as the
primary driver for seed nucleation events that promote specific
internal defect structures and crystallographic alignments
relative to the substrate surface. With the synthesis of periodic
arrays of Au nanoplates and the viability of plasmon-mediated
growth modes using substrate-immobilized seeds now
demonstrated, this study lays the foundation for new synthetic
strategies, presents a unique platform for mechanistic studies,
and provides an attractive new building block for the design of
photoactive surfaces.
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