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ABSTRACT: Self-organized metal nanoparticles often possess assembly defects that
can have a profound impact on the optical properties of the resulting nanoparticle
assembly. Modeling these defects and evaluating their optical outcomes can provide a
better understanding of how to design the assembly process and can evaluate the quality
of the resulting materials. Here, we use finite element methods to examine the
fabrication of bowtie nanoantenna, a commonly sought-after plasmonic structure with
resonances in the visible and near-infrared wavelengths, through the self-assembly of
colloidal triangular Ag nanoprisms. We model perfect and defective antenna structures
and examine the effects of commonly observed assembly defects such as imperfect
nanoprism shapes, off-axis antenna structures, and trimer or tetramer formation. We also evaluate the ability to fabricate antenna
structures that possess comparable structural parameters (e.g., thickness, gap distance) to top-down lithographic techniques. We
find that structural defects in self-assembled bowties can shift the resonant wavelength of the antenna by as much as 200 nm. Our
models also indicate that self-assembled bowties possess high defect tolerances with respect to near-field enhancement,
suggesting that they are viable structures for nanophotonic and nanoplasmonic applications.
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■ INTRODUCTION

Metal nanostructures composed of Au and Ag behave like
optical antennae by supporting the excitation of localized
surface plasmon resonances (LSPRs), where conduction
electrons of the metal oscillate in resonance with incident
light to produce intense electromagnetic fields localized at the
metal surface. Metal nanostructure size, shape, and arrangement
are critical in determining the LSPR wavelength and the
magnitude of the resulting field enhancement. Hot spots, where
the electromagnetic field is highly confined within a small
volume, are particularly pronounced at sharp nanoscale features
(i.e., the antenna effect) and small gaps between adjacent metal
surfaces. Recent work has focused on tailoring hot spot
properties by thoughtfully designing metal nanostructures with
anisotropic geometries such as bowtie antennas,1 nanoholes,2,3

triangle arrays formed by nanosphere lithography,4,5 and
nanocrescents.6,7 These geometries can be produced using
top-down approaches such as e-beam lithography, as in the case
of bowties, or by using template-directed deposition of metal
such as nanosphere lithography.
In contrast to these fabrication techniques, self-assembly

approaches are advantageous because they can be carried out
on a massively parallel scale to generate complex architectures
using metal nanocrystal building blocks. Colloidal metal
nanocrystals can be synthesized in large batches by wet
chemical synthesis and typically possess crystallographically
defined facets, edges, and corners that enable geometry-specific
coordination. We recently demonstrated that plasmonic hot
spots can be fabricated using a bottom-up approach by
assembling Ag nanocubes, Au nanorods, and Ag triangular

nanoprisms into oriented nanojunctions.8,9 In this method,
shaped Ag or Au nanocrystals are grafted with polymer chains
of varying length and chemistry and then embedded within a
bulk polymer matrix. Spontaneous phase segregation between
polymer and nanocrystal components causes the nanocrystals
to assemble into oriented dimers and one-dimensional strings.
Hot spots are generated in the nanojunctions (i.e., the gap
between nanocrystals) produced by these assemblies.
Using the polymer-directed assembly described above,

bowtie structures can be fabricated by assembling colloidal
triangular Ag nanoprisms. Bowtie antennas are particularly
intriguing plasmonic structures because they are highly
polarizable and produce large near-field enhancements within
their nanojunction gap. Bowtie structures, or variations of
bowtie structures such as inverse bowties,10 have been used to
produce large field enhancements for surface-enhanced Raman
spectroscopy,11 photocatalysis,12 plasmonic lasers,13 and single-
molecule fluorescence.14 To assemble bowties, Ag triangular
nanoprisms are first synthesized using an aqueous seed-
mediated growth method at room temperature. Figure 1a
shows a typical extinction spectrum for a dispersion of Ag
nanoprisms in water, taken by UV−visible spectroscopy. In
agreement with previous reports,15 the spectrum displays peaks
for the in-plane dipolar LSPR mode at λ = 699 nm, the in-plane
quadrupolar LSPR mode at λ = 490 nm, and the out-of-plane
quadrupolar mode at λ = 337 nm. Depending on the reaction
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time allotted for nanocrystal growth, the side length of the
prisms range from 100 to 150 nm and thicknesses range from 6
to 10 nm, as seen in the scanning electron microscope (SEM)
image in the inset.
Figure 1b shows a finite element method (FEM) simulation

for an individual Ag triangular nanoprism with a side length of
100 nm, a thickness of 8 nm, and a 1 nm radius of curvature at
each of the three prism corners. (See the Methodology section
for more details.) The in-plane dipolar mode occurs at λ = 679
nm and the in-plane quadrupolar peak occurs at λ = 455 nm, in
good agreement with experiment. The out-of-plane quad-
rupolar mode is not observed because the incident plane wave
is polarized in-plane. The inset shows a color map of the near-
field distribution for a single prism excited at λ = 679 nm.
Compared to FEM simulations, the experimental extinction

curve for the colloidal sample exhibits considerable broadening
of the LSPR peaks, likely due to size and shape dispersity of the
synthesized nanoprisms. Small discrepancies in LSPR wave-
length can be attributed to discrepancies in the refractive index
of the surrounding medium, because the as-made Ag
nanoprisms are capped with a polymer and are suspended in
water.
In this investigation, we use modeling to evaluate the near-

field and far-field optical properties of bowtie nanoatennas
fabricated by nanoprism self-assembly. To build the nano-
antennas, nanoprisms are assembled into junctions that possess
a tip-to-tip orientation. Figure 2a shows a scanning electron
microscope (SEM) image of the resulting assembly.8 The gap
sizes produced by this self-assembly method are dictated by the
length of the polymer graft, which can range from 2 to 5 nm. In

Figure 1. (a) UV−vis extinction spectra of colloidal Ag nanoprisms. Inset shows a SEM image of unassembled nanoprisms. (b) Simulated electric
field enhancement (|E|/|Eo|) spectra of a single Ag nanoprism. Inset shows the areas of high electric field present at the resonance wavelength of λ =
679 nm.

Figure 2. (a) SEM image of self-assembled colloidal nanoprisms into bowtie structures. (b,c) Simulated near-field intensities for the perfectly
assembled bowtie structure taken in the xy-plane (at z = 0) under (b) x-polarization and (c) y-polarization. (d) Calculated wavelength-dependent
near-field intensities for the perfectly assembled bowtie structure when illuminated with either x- or y-polarized light. (e) Simulated scattering
efficiencies for the perfect bowtie structure obtained for each polarization direction.
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comparison, the smallest junctions demonstrated for antenna
structures generated by e-beam lithography are approximately
10−15 nm wide. Because bowtie antennas are well-studied
plasmonic structures, we are able to make a direct comparison
between the optical properties of lithographically generated
structures and structures generated by nanoprism self-assembly.
We use FEM simulations to investigate the optical properties of
both perfect and defective nanoprism bowties. We examine the
effect of common defects observed in polymer-guided nano-
prism assembly, including imperfect nanoprism shape and
nanoprism misalignment. We seek to determine the biggest
challenges for self-assembly techniques in the manufacturing of
large-scale plasmonic films or metamaterials.

■ METHODOLOGY
We carried out electrodynamic simulations using a commercial
finite element method software package (COMSOL Multi-
physics). The majority of the simulations were run on a quad
core Intel i5 3.3 Ghz processor with 16 GB of RAM. Additional
simulations were run on the San Diego Super Computer
Center’s Triton Shared Computing Cluster (TSCC). Simu-
lation times ranged from 30 min to 12 h depending on the size
of the structure being evaluated. Refractive index data for Ag
was interpolated from Johnson and Christy.16 In all simulations,
the nanoprisms are modeled in an air (n = 1) environment, and
light propagation is taken in the z-direction (out-of-plane). A
substrate was not added to ease computational costs. Although
other studies have clearly indicated that metal nanostructures in
direct contact with a dielectric substrate experience substrate
effects,17 we do not account for such effects because the self-
assembly process utilizes nanoprisms that are distributed in an
isotropic polymer medium and no significant substrate effects
are exhibited.
Simulations were performed for incident light with wave-

lengths between 430 and 1000 nm and electric field strengths
of 1 V/m at standard temperature and pressure. Initial
simulations were run with a step size of approximately 6 nm;
to achieve better spectral resolution near the LSPR wavelength,
additional simulations were run with a step size of 2 nm. The
initial electric field before the addition of light was set at 0 V/m.
A spherical perfectly matched layer (PML) with a radius of 1
μm and a thickness of 300 nm was used to absorb scattered
waves and prevent reflective interference. Extremely fine
tetrahedral meshing was used for the bowtie structure.
Extremely fine meshing entails a maximum element size of 40
nm, a minimum element size of 0.4 nm, and a maximum
element growth rate of 1.3. Finer tetrahedral mesh was used for
the air surrounding the bowtie. Finer mesh has a maximum
element size of 110 nm, a minimum element size of 8 nm, and a
maximum growth rate of 1.4. The mesh used for the PML was a
Finer triangular mesh that was swept across the thickness of the
PML. Five layers were used, resulting in a layered shell
structure binding the air and bowtie structure. The scattering
boundary condition was set as the outer shell of the PML in
each simulation. The far-field domain was defined as the air
surrounding the bowtie, while the far-field calculation was
carried out at the inner shell of the PML.
The electric field enhancement (|E|/|Eo|) for LSPRs

corresponding to gap modes was calculated by finding the
maximum electric field at the midpoint of each bowtie
nanojunctions for each frequency point. For misaligned bowtie
structures composed of nanoprisms rotated about the gap axis,
the maximum electric field was evaluated along the gap axis

(defined in Figure 6a). The field enhancement for nongap
modes (evaluated for single nanoprisms, trimers, and
tetramers) were calculated by finding the maximum electric
field at a point 2.5 nm away from the nanoprism vertex.
The scattering efficiency is a unitless term, which is defined

as the scattering cross-section (units of area) divided by the
geometric cross-section (units of area).19 To calculate the
scattering efficiency, we first used the COMSOL “far-field
calculation” node to calculate the far electromagnetic field, Efar.
The geometric cross-section (CSg) was calculated by taking the
surface integral over the top surface of the Ag bowtie structure,
upon which light directly impinges:

∫= ACS dg (1)

Scattering efficiencies were calculated by integrating the
square of the far-field over all space and multiplying by a
system-dependent constant:18
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where CSg is the geometric cross-section of the bowtie and Eo is
the incident electric field strength. RPML is the inner radius of
the PML and remains constant at 700 nm for all simulations.
The RPML in the integrand is added automatically by COMSOL
as part of its normalization procedures, so we divide by RPML

2

to remove this normalization term. In both the electric field
enhancement and the scattering efficiency plots, individual data
points were fitted using OriginLab’s spline function for visual
clarity.

Perfect Bowties. Perfect bowtie structures were modeled as
two 100 nm triangular nanoprisms with an 8 nm thickness. A 1
nm radius of curvature was added to each of the three vertices.
Bowties were modeled with a gap size (metal-to-metal
distance) of 5 nm. The bowtie structure was placed with the
dimer axis along the y-axis of the model coordinate system. The
middle of the gap was placed at the coordinate origin (0,0,0),
such that the bowtie structure is bisected by the xy-plane and
that the xy-plane runs parallel to the basal planes of the
nanoprisms. Modeling for both x- and y-polarization was done
with light propagating in the z-direction.

Gap Distance. Perfect bowtie structures described above
were modeled with varying gap distances of 2.5, 5, 10, 20, 40,
and 80 nm. Illumination by y-polarized light was exclusively
used.

Nanoprism Thickness. Perfect bowtie structures were
modeled with varying nanoprism thicknesses of 8, 12, 16, and
20 nm. Illumination by y-polarized light was used exclusively.
For our calculation of scattering efficiencies, it is important to
note that even though the volume of the nanoprisms changes,
the overall geometric cross-section (CSg) used in the
calculation remained constant. The location of the middle of
the gap is kept at (0,0,0) for each simulation.

Rounded Corners. Perfect bowties with a gap size of 5 nm
and a thickness of 8 nm were modeled with varying nanoprism
curvatures. The radius of curvature, r, for each vertex of the
nanoprisms was increased until a disk was obtained at r = 29
nm. Curvatures of 1, 10, and 20 nm were also modeled.
Illumination by y-polarized light was used exclusively. For our
calculation of scattering efficiencies, the geometric cross-section
of each bowtie changed significantly with curvature, ranging
from 8640 nm2 for r = 1 to 5240 nm2 for r = 29 nm.
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Misalignment. For misaligned bowtie structures, both
prisms in the bowtie were rotated with respect to the perfect
bowtie axis (y-axis). Rotation angles of 90°−30° were modeled,
where a 90° rotation defines a perfect bowtie structure. The gap
distance at the closest point between the prisms was held
constant at 5 nm. Illumination by y-polarized light was used
exclusively. For misaligned bowties, both prisms comprising the
dimer were rotated around the inner vertex of the bowtie
structure. For this reason, the center of the bowtie gap is not at
(0,0,0) but is instead shifted along the x-axis. Electric field
enhancement was calculated as the maximum field along a line
that bisects bowtie gap. To calculate the field enhancement for
LSPR modes not localized to the bowtie gap, we determined
the maximum electric field at a distance of 2.5 from the outer
vertexes of the nanoprisms.
Trimers and Tetramers. To construct a nanoprism trimer,

a third nanoprism was added to the perfect bowtie structure.
The third prism was orientated so that it formed an additional
perfect bowtie junction rotated at 30 degrees off of the y-axis
with a gap distance of 5 nm. Simulations using x- and y-
polarizations were performed. The electric field enhancement
was calculated at both the original bowtie gap center (0,0,0),
the second gap midpoint, and at each remaining vertex to
compare the nongap LSPR modes. The tetramer structures
were constructed with a fourth prism added to the trimer
structure, forming a third perfect bowtie junction. In this
structure, two of the perfect bowties are parallel to each other.
In addition to the outer vertexes, the electric field enhancement
was also calculated at each gap midpoint.

■ RESULTS AND DISCUSSION

First, we examined perfect bowtie structures generated by a
nanoprism dimer where two nanoprisms are arranged in a tip-
to-tip geometry and separated by a distance of 5 nm. Figure
2b,c shows cross sections of the nanoprism bowtie structure
taken in the xy-plane at the resonant LSPR wavelengths. Figure
2d,e plots the calculated near-field enhancements and the
scattering efficiencies for a perfect bowtie with respect to
wavelength. For x-polarized light, the peak located at λ = 676
nm corresponds to excitation of a dipolar LSPR mode where
light is localized to the four equivalent outer vertexes of the
bowtie structure, with |E|/|Eo| = 95 at a distance of 2.5 nm from
each corner. For y-polarization, our simulations show hot spot
generation within the 5 nm air gap between nanoprisms. The
high degree of light localization in the bowtie gap indicates that
this is the main dipolar LSPR mode for the bowtie structure,
consistent with LSPR coupling between the closely spaced

nanoprisms. This gap mode exhibits a field enhancement of |E|/
|Eo| = 479 and a large far-field scattering efficiency of Qscat = 19.
The spectrum in Figure 2d shows two additional peaks at 462
and 526 nm, corresponding to higher order LSPR modes where
the electric near-field is localized to both the gap and to the
edges or outer corners of the nanoprisms, respectively. The
field enhancement associated with these higher order LSPR
modes is significantly smaller than the dipolar gap mode, with |
E|/|Eo| = 80 and 61, respectively. These LSPR assignments are
consistent with previous modeling efforts for bowtie antenna.20

In our self-assembly method, the gap distance between
nanoprisms is determined by the length of polymer chains that
are grafted to the nanoprism surface, which can be between 2
and 5 nm long. In contrast, lithographic bowtie structures tend
to possess gap distances between 5 and 50 nm. To investigate
how this affects light localization within the nanoprism gap, we
modeled perfect bowtie structures with varying gap distances of
2.5, 5, 10, 20, 40, and 80 nm. All simulation parameters were
kept the same as the previous simulation, with incident light
polarized along the dimer axis. Figure 3a shows a plot of the
calculated near-field intensities for each gap size, and Figure 3b
shows a plot of the highest |E|/|Eo| for each gap size. We
observe two effects: (i) near-field enhancement increases as the
gap distance decreases, and (ii) the resonant wavelength of the
gap mode red-shifts as the gap distance decreases. Both
observations are consistent with previous descriptions of
nanoprism dimers generated by lithography.21 For a gap
distance of 2.5 nm, the LSPR peak exhibits a total redshift of
Δλ = 123 nm when compared to the LSPR wavelength for an
isolated triangular nanoprism. Spectral peaks attributed to the
excitation of higher order LSPR modes do not shift significantly
with changing gap size. Figure 3b shows that |E|/|Eo| in the
bowtie gap decreases exponentially with increasing gap size.
Here, strong plasmonic coupling occurs between the two
triangular nanoprisms at gap distances <20 nm, at which point
the bowtie structure is able to produce more intense hot spots
than an isolated triangular nanoprism. For a gap size of 2.5 nm,
the calculated field enhancement is |E|/|Eo| = 1081. For gap
sizes >20 nm, the maximum |E|/|Eo| within the bowtie gap
approaches the field enhancement obtained for a single
triangular nanoprism, indicating a loss of coupling. In general,
strong scattering efficiencies are only exhibited for gap distances
<40 nm. Figure 3c shows the decrease in scattering efficiencies
for increasing gap distances. One exception is for scattering
efficiency of the bowtie possessing a 2.5 nm gap, where Qscat is
0.5 units less than the scattering efficiency of a bowtie with a 5
nm gap.

Figure 3. (a) Simulated spectra of the changes in |E|/|Eo| as the gap distance of the bowtie structure increases. (b) A plot of the calculated |E|/|Eo| at
the midgap point versus the bowtie gap distance. Also plotted for comparison is the calculated |E|/|Eo| for a single triangular nanoprism at the
equivalent distance away from the prism vertex. (c) Scattering efficiencies of the bowties with respect to increasing gap distance.
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One potential challenge in utilizing colloidal triangular
nanoprisms as building blocks for the self-assembly of bowtie
antenna structures is the nanoprism thickness. Although
nanoprism edge length can be tuned by modulating synthetic
parameters such as reaction time and reactant concentra-
tion,22,15 the overall thickness of the triangular nanoprisms is
difficult to control. Typically, Ag triangular prisms are formed

with a thickness of approximately 8 nm, well below the typical
metal thickness obtained for top-down fabricated bowtie
structures. To evaluate how nanoprism thickness affects the
near-field confinement properties of the bowtie antenna, we
evaluated perfect bowties with varying nanoprism thicknesses
ranging from 8 nm (a typical value measured for colloidal
nanoprisms) to 20 nm (in the range of bowtie thicknesses

Figure 4. (a) Color maps of the near-field intensities in the yz-plane as the thickness of the nanoprisms comprising the assembled bowtie structure in
increased. (b) The calculated |E|/|Eo| and (c) corresponding far-field scattering efficiency spectra for the bowtie structure as the thickness of the
nanoprism is increased from the measured nanoprism thickness of 8 to 20 nm, a typical value for structures templated by photolithography.

Figure 5. (a) Calculated spectra of |E|/|Eo| and (b) corresponding far-field scattering efficiencies for the Ag nanoprism-based bowtie antennae as the
radii of curvature of the nanoprism vertexes are increased. (c) Confinement of the electric field in the xy-plane each with increasing radius of
curvature.
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obtained by electron-beam lithography). Figure 4a shows color
maps of the calculated near-field intensities for the dipolar gap
mode of a bowtie composed of nanoprisms with thicknesses of
8, 12, 16, and 20 nm. The images show cross sections taken in
the yz-plane. Figure 4b,c shows plots of the near-field
enhancements and scattering efficiencies of the bowtie
structures. As the thickness of the Ag nanoprism increases, |
E|/|Eo| in the gap decreases significantly and the LSPR
wavelength of gap mode blue-shifts. The thinnest bowtie
structure (8 nm) exhibited the highest near-field enhancement
with |E|/|Eo| = 479 at λ = 765 nm. Increasing the bowtie
thickness to 12 nm causes this value to fall to 70% of its value,
with |E|/|Eo| = 332 at λ = 704 nm. The thickest bowtie antennae
we investigated (20 nm) resulted in a field enhancement of |E|/|
Eo| = 212 at λ = 652 nm. This decrease in |E|/|Eo| occurs
because the overall illuminated surface area of the bowtie
structure remains the same regardless of nanoprism thickness.
Thus, any confined light within the gap is distributed over a gap
volume that scales with both gap distance and nanoprism
thickness. Thickness also has a minimal effect on the far-field
scattering efficiency of the bowtie structures, as seen in Figure
4c.
One of the most common defects observed for nanoprism

colloids is rounding and truncation of the prism corners. The
Ag surfaces of prism corners possess a high surface energy due
to undercoordinated surface atoms and nanoprisms often
undergo aging or ripening processes where this rounding
becomes more pronounced. In severe cases, rounding results in
the formation of Ag disks. To investigate how these rounding
defects affect the light confining ability of the bowtie antenna,
we carried out simulations for bowtie structures composed of
nanoprisms that possess corners with varying radii of curvature.
We varied the radius of curvature from a minimum of r = 1 nm,

representing nanoprisms with sharp triangular corners, to a
maximum of r = 29 nm, at which point the prisms lose their in-
plane anisotropy and become circular disks. Figure 5a,b plots
the near-field strength and scattering efficiency of each rounded
bowtie structure, and Figure 5c shows a color map of the
corresponding near-field enhancements. These maps are cross
sections that are taken in the xy-plane. As the radius of
curvature increases, the near-field enhancement associated with
the bowtie gap mode decreases and the dipolar gap mode
exhibits a blueshift in LSPR wavelength by over 200 nm.
Although the scattering efficiencies display only a 44% change
for complete rounding of the nanoprism corners, the drop in
near-field strength is almost an order of magnitude difference.
Next, we examine the effects of misalignment on the efficacy

of bowtie antennas. In our self-assembly strategy, triangular
nanoprisms assemble with a wide range of angles that are off
the axis of a perfect tip-to-tip nanoprism dimer. Here, we define
the structure of the bowtie by the angle of rotation between the
bisecting line of the bowtie gap (along the x = 0 line in Figure
6a) and the bisector of the nanoprism (along the y = 0 line in
Figure 6a). In a perfect bowtie dimer, the nanoprisms are
rotated at 90° angles with respect to the gap axis. (Figure 6b)
At the other extreme, the nanoprisms can adopt a perfectly
misaligned structure where the nanoprisms are rotated 30° with
respect to the gap in an edge-to-edge arrangement (Figure 6c).
To investigate the effects of such misalignment, we modeled
nanoprism dimers that adopt various angle of rotation between
30° and 90°. Figure 6d shows plots of the far-field scattering
efficiencies for each off-axis bowtie structure. As the nanoprisms
are rotated off the dimer axis from a perfect bowtie structure at
90° to an edge-to-edge structure at 30°, the resonant LSPR
wavelength of the dipolar gap mode red-shifts from λ = 765 to
λ = 893 nm and decreases in intensity. Simultaneously, a

Figure 6. (a) Schematic showing how rotation of misaligned bowtie structures is determined by taking the angle θ between the gap bisector and the
nanoprism bisector. A perfect bowtie structure corresponds to θ = 90°. (b,c) Color maps of the near-field intensities in the xy-plane of bowtie
structures corresponding to (b) the perfect bowtie dimer with θ = 90°, and (c) the misaligned structure with θ = 30°. (e−g) Calculated wavelength-
dependent and angle-dependent near-field intensities for misaligned bowtie antenna at three different points located 2.5 nm away from the Ag
surface: (e) in the middle of the bowite gap, (f) at Vertex 1 or the inner vertex of the misaligned bowtie, and (g) at Vertex 2 or the outer vertex of the
misaligned bowtie.
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Figure 7. Color maps of the calculated near-field intensities for misaligned bowtie antenna. All images are taken as the cross-section of the bowtie
structure with the xy-plane. The color maps show the near-field intensities for (a) the higher order resonance generated by prism rotation, and (b)
the fundamental gap mode of the bowtie structure at selected angles of rotation.

Figure 8. (a) Calculated far-field scattering efficiency spectra for a nanoprism trimer composed of three nanoprisms oriented into θ = 90° bowtie
junctions under illumination with both x- and y-polarized light. (b) Color maps of the calculated near-field intensities for the trimer at the strongest
resonances, as indicated by the spectral peaks in panel a. (c) Calculated far-field scattering efficiency spectra for a nanoprism tetramer composed of
four nanoprisms oriented into θ = 90° bowtie junctions under illumination with both x- and y-polarized light. (d) Color maps of the calculated near-
field intensities for the tetramer at the strongest resonances indicated by the spectral peaks in panel c.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am4057612 | ACS Appl. Mater. Interfaces 2014, 6, 4134−41424140



second spectral peak appears at a shorter wavelength; for the
70° bowtie structure, this peak appears at λ = 679 nm. As the
rotation angle decreases toward 30°, this second peak red-shifts
to λ = 714 nm and increases in intensity. Finally, upon perfect
misalignment at 30°, the bowtie spectrum exhibits only a single
dipolar mode with a peak of λ = 754 nm. This comes from light
confinement along the slot generated by the two parallel
nanoprisms facets. (Figure 6c) In this edge-to-edge arrange-
ment, near-field intensity is not localized in the center of the
gap, but rather, at the two outer ends of the gap. Figure 6e−g
shows the wavelength-dependent near-field enhancements at
three different locations in the nanoprism bowtie structure: in
the center of the gap, at the inner vertex of a misaligned bowtie
(designated Vertex 1), and at the outer vertex of a misaligned
bowtie (designated Vertex 2).
Figure 7 shows the color maps of the near-fields for

misaligned nanoprisms with angles of rotation between 31° and
60° for the two major spectral peaks that appear in Figure 6.
These maps show that the two peaks correspond to LSPRs
associated with different corners of the bowtie structure. The
lower wavelength resonance red-shifts from 681 to 742 nm with
increasing misalignment from 60° to 31° and corresponds to a
dipolar LSPR mode associated with hot spot formation at the
outer corners of the bowtie structure. In a perfect bowtie
structure, this mode is only excited with x-polarized light and
misalignment of the nanoprisms causes this mode to appear
when the bowties are excited with y-polarized light. The higher
wavelength resonance blue-shifts from 765 to 892 nm with
increasing misalignment and corresponds to the fundamental
gap mode of the bowtie structure. The electric field localization
for this mode remains considerably high (|E|/|Eo| = 626) even
when the bowties are rotated at 35°. On the basis of the
scattering spectra in Figure 6d, we expect that the far-field
scattering response of self-assembled nanoprisms displaying a
large number of these rotational defects with large angle
dispersions will display a broad peak in the 700−800 nm range.
Another assembly defect commonly observed in our

polymer-directed assembly method is the formation of trimer
and tetramer species. We modeled the effect of these additional
nanoprisms on the electric field enhancement and resonant
LSPR wavelengths of the nanojunctions associated with these
nanoprism clusters. Figure 8a shows the near-field enhance-
ment spectra for the trimer structure, which is modeled as three
nanoprisms arranged at perfect 90°-angle bowtie junctions.
Three major spectral peaks appear, excluding the higher order
modes present in the 400−550 nm range. These peaks appear
at 676, 735, and 794 nm for both x- and y-polarization. Figure
8b shows the corresponding color plots of the near-field
intensities associated with the trimer, from which it is apparent
that the dominant peak at λ = 794 nm peak corresponds to a
dipolar gap mode where light localization occurs in both
junctions of the trimer. The off-center axis of the third
nanoprism allows the excitation of this mode with both x- and
y-polarized light, where |E|/|Eo| = 210 for x-polarization and |E|/
|Eo| = 331 for y-polarization. This LSPR mode is red-shifted by
approximately 29 nm from the major dipolar LSPR peak
associated with the perfect bowtie dimer.
The tetramer structure (Figure 8c,d) exhibits major spectral

peaks at 676, 725, and 802 nm. The color plots in Figure 8d
show the near-field localization for LSPR excitation at these
wavelengths, which indicate the excitation similar of symmetric
LSPR modes as the trimer. Specifically, the peak at λ = 802 nm
corresponds to a dipolar mode where light localization occurs

in all three junctions of the tetramer. Analysis of the near-field
enhancement at different vertexes along both the trimer and
tetramer structures show that the minor spectral peaks are
more difficult to deconvolute than for bowtie dimers, and stem
from field localization at multiple locations along each oligomer
structure. However, these simulations indicate excitation of
LPSR modes where light confinement occurs between
nanoprism junctions should occur in a relatively narrow
wavelength region (790−805 nm) for small clusters composed
of three or four nanoprisms.

■ CONCLUSION

We carried out electromagnetic simulations for Ag bowtie
structures that are composed of self-assembled triangular
nanoprisms synthesized by colloidal methods. Our simulations
suggest that the small gap sizes (<5 nm) provided by self-
assembly methods and the ability to fabricate bowtie structures
that are extremely thin (∼8 nm) are advantageous to the
construction of intense electromagnetic hot spots. We examine
common defects observed in these self-assembled structures,
including rounded nanoprism corners, rotational misalignment
and trimer/tetramer formation. On the basis of this data, we
expect that the far-field optical scattering response for self-
assembled nanoprisms will display broad peaks in the 600−800
nm range due to structural heterogeneities presented by these
defects. This may present difficulties for the use of self-assembly
in applications where light reflection or transmission are
important. However, the near-field response for both perfect
and defective bowtie structures built from Ag nanoprisms is
consistent, with the formation of an intense hot spot with |E|/|
Eo| > 200 at the midpoint between adjacent nanoprisms. The
only cases for which this does not occur are bowties formed
with defective nanoprisms that possess round, blunt vertexes.
This suggests that for self-assembly to be a viable technique for
manufacturing bowtie nanoantenna structures, appropriate
surface passivation strategies must be developed to prevent
shape degradation and promote long-term surface stability. One
area that we did not explicitly model in this study is the effect
long-range alignment and orientation over multiple bowtie
structures. Our results indicate that the polarization direction of
incident light relative to the bowtie axis plays a critical role in
near-field enhancement associated with the self-assembled
structures. Future simulation work probing the relative
orientations of multiple bowtie structures may be useful in
evaluating the utility of self-assembled nanoprisms for
applications where large arrays of bowtie antennae are desired.
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