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ABSTRACT: Substrate-supported plasmonic nanostructures are distinct from their
colloidal counterparts, in that they are surrounded by an asymmetric dielectric
environment composed of the substrate material and the surrounding ambient. Such
environments inevitably lead to plasmonic resonances and near-fields that differ from
those of solution-dispersed structures. The most straightforward method for fabricating
substrate-based plasmonic nanostructures is through the solid-state dewetting of
ultrathin films. This process typically leads to nanostructures with an asymmetric
geometry due to an apparent truncation by the substrate to an otherwise symmetric
structure. While changes to the plasmonic properties resulting from the substrate-
imposed dielectric environment are well studied, a comprehensive understanding of the effect of substrate truncation is lacking.
Here, a study of the plasmonic properties of substrate-truncated Ag nanospheres is presented, where, through experiment and
simulation, the influence of substrate truncation on plasmonic resonances and the associated near-fields are elucidated. It is
shown that increases to the degree of truncation give rise to a substantial red shift and strengthening of the dipole resonance, a
weakening of the quadrupole resonance, and a strengthening of the near-field intensities near the nanostructure−substrate
interface. The study contributes to the understanding needed to rationally design nanostructure−substrate systems for on-chip
plasmonic devices.

■ INTRODUCTION
The mere placement of a noble-metal nanostructure onto a
substrate surface can radically alter its plasmonic response due
to its high sensitivity to the adjacent dielectric environment.1−5

Such environments profoundly differ from those experienced
by colloidal nanostructures because the support is only in
partial contact with nanostructures, whereas a colloid is
enveloped in an isotropic dielectric medium.6−9 The support
can also be the recipient of hot electrons,10 exposed to
plasmonic heating,11,12 alter chemical activity,13 and promote
coupling phenomena.14 Through the controlled immobiliza-
tion of plasmonic nanostructures at site-specific locations, the
support can also facilitate the formation of nanogaps between
adjacent structures that lead to the generation of plasmonic hot
spots.15 Such capabilities have been widely exploited to
promote applications in the areas of catalysis,13,16 surface-
enhanced spectroscopy,17,18 chemical and biological sens-
ing,18,19 and fluorescence.20,21 The nanostructure−support
combination, hence, gives rise to a unique set of opportunities
that allow for both tunable plasmonic properties and an
expanded list of functionalities.
Nanostructure supports can be categorized as planar or

nonplanar, where the former is well suited to substrate-based
device applications, while the latter is most commonly used as
a retrievable structure for nanoscale catalysts.22,23 Numerous
methodologies have been devised to form plasmonic
nanostructures on planar substrates in both random24,25 and

organized patterns.26−28 Among these, the solid-state dewet-
ting of ultrathin films and the directed dewetting of
lithographically patterned films represent two of the most
straightforward means for fabricating substrate-immobilized
nanostructures where the placement on the substrate is
randomized and arrayed, respectively. Dewetting occurs
when an ultrathin metallic film is heated to high temperatures,
causing it to agglomerate into a more energetically favorable
configuration. Surface energy arguments based on the
Winterbottom construction indicate that the lowest-energy
configuration for a face-centered cubic metal is the Wulff
shape, which is a substrate-truncated cuboctahedron enclosed
by eight (111) and six (100) facets.29,30 In practice, however,
dewetted structures tend to deviate from the Wulff shape, often
showing additional facets or appearing well rounded due to the
intricacies of kinetic and thermodynamic factors. The precise
shape of the dewetted nanostructures, as well as the degree of
surface truncation, can also be influenced by numerous factors
including substrate surface roughness,31 the dewetting temper-
ature,32 the heteroepitaxial relationship between the substrate
and metal,33 substrate surface reconstructions,34 and interface
chemistry.35 It is important to note that the degree of
truncation, which for spherical structures is characterized by
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the contact angle, influences the plasmonic response of
supported structures.4 This effect, in combination with the
asymmetric dielectric environment resulting from the sub-
strate,1 leads to a plasmonic signature that is distinct from any
structure formed through the colloidal synthesis.
Previously, we demonstrated a technique for fabricating

periodic arrays of noble-metal nanostructures that utilized
nanoimprint lithography (NIL) in combination with templated
dewetting.36,37 The so-formed structures are highly crystalline
and appear as substrate-truncated nanospheres. Here, using
both simulation and experiment, we examine the optical
properties of Ag nanostructures formed on sapphire and quartz
substrates where the emphasis is placed on defining the role
that substrate truncation has on the plasmon resonance and
the associated near-fields. It is shown that the structures exhibit
two prominent plasmon resonance modes where a quadratic
relationship exists between the ratio of the maximum
absorbance for these two modes and the fraction of the sphere
that is truncated. Moreover, it is shown that both the sharp
geometry of the truncation plane and the polarizability of the
Ag atoms at the metal−substrate interface play a decisive role
in restricting electron oscillations near the interfacial plane and,
as a result, lead to nanospheres with a higher degree of
truncation having a greater electromagnetic near-field enhance-
ment.

■ EXPERIMENTAL AND THEORETICAL METHODS
Materials. The 19 mm diameter target used to sputter-

deposit Ag films was cut from a 0.25 mm thick foil with
99.9985% purity (Alfa Aesar). Two-side polished substrates
with areal dimensions of 10 × 10.5 mm2 were cut from [0001]-
oriented wafers of sapphire (thickness = 0.65 mm, diameter =
100 mm) and quartz (thickness = 0.5 mm, diameter = 76 mm).
The stamp and 7030R moldable thermal resist used in the NIL
process were sourced from Lightsmyth Technologies and
Micro Resist Technology GmbH, respectively. Ultrahigh purity
Ar was used as the processing gas in the high-temperature-
directed assembly of Ag nanostructures.
Nanostructure Fabrication. The NIL process, which is

described in detail elsewhere,37 imprints a hexagonal array of
cylindrical rods (diameter = 240 nm, length = 350 nm, center-
to-center distance = 600 nm) into a 425 nm thick moldable
resist. The Ag film deposited through the openings in the resist
has a thickness of 26 nm. After the lift-off procedure is
complete, the Ag disc array is exposed to a heating regimen
that sees it heated in a flowing Ar (30 sccm) to 965 °C in 19
min, after which the sample is cooled down to room
temperature for over a 55 min period. During this procedure,
the Ar flow is halted for temperatures above 800 °C so as to
limit Ag evaporation. To achieve a range of nanosphere
truncations, 5 nm thick Ag films were dewetted on substrate
surfaces that were altered prior to film deposition using a
reactive ion etching (RIE) procedure utilizing RF powers of 20
and 40 W and lasting between 25 and 75 s.
Simulations. Discrete dipole approximation (DDA)

simulations were carried out using the DDSCAT 7.3 software
package.38 The technique represents a nanocrystal geometry,
referred to as a target, as a finite three-dimensional cubic array
of individually polarizable points whose properties are defined
by the dielectric properties of the material. When subjected to
an oscillating external electric field (i.e., light), each of these
points acquires a dipole moment whose collective response
allows for the scattering and absorption cross sections of the

nanocrystal to be calculated. Target geometries are designed
using the software package LAMMPS39 and visualized using
visual molecular dynamics.40 For all simulations, the number of
dipoles defining the Ag nanostructure (≈25 000) and substrate
(≈65 000) was held constant to within 0.1%. The dielectric
constants for Ag, sapphire, and quartz were taken from well-
accepted sources.41,42

Instruments and Characterization. SEM images were
obtained using a Magellan 400 FEI field emission scanning
electron microscope using a secondary electron detector
operating in an immersion mode. SEM tilt images were
taken at 50° to the vertical and processed using ImageJ
software. Absorbance spectra were acquired using a Jasco V-
730 spectrophotometer. RIE utilized a SAMCO RIE-1C
reactive ion etcher.

■ RESULTS AND DISCUSSION
Periodic Arrays of Substrate-Truncated Ag Nano-

spheres. Figure 1a shows a schematic of the procedure used

to fabricate periodic arrays of substrate-truncated Ag nano-
spheres on quartz (SiO2) and sapphire (Al2O3) substrates. The
procedure uses NIL in combination with templated dewetting.
Briefly, the substrate is spin-coated with a moldable polymeric
resist that is then imprinted with a silicon stamp composed of a
patterned array of nanoscale cylindrical columns. The stamp is
then removed from the surface and exposed to a reactive ion

Figure 1. (a) Schematic of the nanofabrication method used to
pattern periodic arrays of truncated Ag nanospheres on quartz and
sapphire substrates. Tilted-view SEM images of arrays formed on (b)
quartz and (c) sapphire substrates, where the insets show high-
magnification images of a truncated sphere. Absorbance spectra for
the Ag nanostructures formed on (d) quartz and (e) sapphire
substrates. Scale bar for the insets is 100 nm.
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etch whose purpose is to expose the substrate surface at the
base of each imprinted column. A thin film of Ag is then
deposited over the imprinted surface, after which a lift-off
procedure is used that sees the resist dissolved and any metal
on its surface washed away. The pattern of cylindrical
polycrystalline Ag discs is then heated to high temperatures
where each agglomerates to form a single highly crystalline
nanostructure. The heating regimen used sees the nanostruc-
ture heated to temperatures slightly in excess of the Ag melting
point followed by rapid cooling, a procedure that gives rise to
nanostructures with the desired truncated sphere geometry.43

Figure 1b,c shows SEM images of the structures formed on
quartz and sapphire substrates, respectively. The structures
appear as substrate-truncated nanospheres with average
diameters of 116 nm for quartz and 110 nm for sapphire.
For the purpose of this study, a truncation fraction (tf) is
defined as the fraction of the complete sphere diameter that is
cut off by the substrate surface. The Ag structures shown in
Figure 1b,c have tf values of 0.15 and 0.17, respectively.
The UV−vis absorbance spectra for the arrayed structures

are shown in Figure 1d,e. Each spectrum shows two prominent
localized surface plasmon resonance (LSPR) peaks: a high-
wavelength dipole peak and a low-wavelength quadrupole
peak. A comparison of the peak positions reveals that, while
the wavelength of the quadrupole resonance is nearly identical
for nanostructures deposited on the two substrates, the dipole
peak is red-shifted by 76 nm for the sapphire case. With the Ag
structures having approximately the same average diameter for
the two substrates, this red shift is attributed to the different
dielectric environments presented by the adjacent substrate
material (nquartz = 1.54, nsapphire = 1.7). While the observed
spectroscopic features are in agreement with prior work on
substrate-immobilized Ag nanostructures,44 they are in stark
contrast to the spectra exhibited by colloidal Ag nanospheres,
whose plasmonic signature is dominated by a single LSPR
dipole peak.9 The appearance of both a prominent dipole and
quadrupole peak is, hence, another manifestation of a
substrate-induced effect.
DDA Simulations of the Absorbance Spectra for

Substrate-Truncated Ag Nanospheres. While the absorb-
ance spectra in Figure 1d,e indicate that substrate-truncated Ag
nanostructures have a plasmonic signature that is decidedly
different from spherical colloids, an in-depth experimental
analysis of these effects is difficult since a systematic variation
of the degree of truncation over its entire range is infeasible. A
comprehensive examination has therefore been carried out
using DDA simulations in an effort to deconvolute the
influences of nanostructure size, the degree of truncation, and
variations to the index of refraction of the substrate. The
calculations are validated with experimental data where
possible.
Figure 2 shows DDA simulations of the absorbance spectra

for Ag nanostructures immobilized on sapphire and quartz
substrates for a range of diameters and for two different
truncation fractions (tf = 1/2, 1/5). The tf = 1/2 spectra show
three peaks where the most prominent is the dipole peak and
the peak near 340 nm is the quadrupole peak. Both of these
peaks are observed in the experimental data but are
significantly broader. The weak central peak, which is
indiscernible in experimental data, is likely attributable to a
substrate-induced Fano resonance.45,46 The tf = 1/5 spectra
also show a prominent dipole and quadrupole peak but where
the central peak is obscured by the dipole resonance. As is the

case for colloidal structures, an increase in a nanostructure
diameter leads to an increased absorbance and a red shift in the
resonant frequency but where the shift is to a lesser degree for
the quadrupole resonances. As expected, the spectra for
identical nanostructures resting on different substrate materials
have similar features except that the plasmon resonances are
red-shifted for the sapphire case, a result that is attributable to
its larger index of refraction.47 The most substantial differences
observed are associated with changes to the truncation
fraction. A comparison of equivalent spectra reveals that
smaller values give rise to (i) a substantial blue shift in the
dipole resonance, (ii) a lower dipole absorbance, and (iii) a
strengthening of the quadrupole mode.
With the LSPR spectra showing a high sensitivity to the

truncation fraction, further simulations were performed to
provide a more in-depth understanding of this parameter.
Figure 3 shows the normalized absorbance spectra for 70 nm
diameter Ag nanostructures where the truncation fraction is
varied from 1/5 (i.e., nearly spherical) to 1/2 (i.e., hemi-
spherical) for structures on sapphire and quartz, as well as
those that are freestanding. Simulations for tf > 1/2 can be
found in the Supporting Information (Figure S1) but are
excluded from Figure 3 because they are experimentally
observed neither in this study nor in the literature. As the
degree of truncation is increased over its range, the dipole peak
for nanostructures on both substrates shifts from a value near
360 nm to one in excess of 440 nm. While it may seem
counterintuitive that the dipole resonance of the smallest
volume structure (i.e., hemispherical, tf = 1/2) is red-shifted
relative to the largest volume structure (i.e., nearly spherical, tf
= 1/5), the result is as expected if it is understood that for a
substrate-bound structure, the dipole resonance occurs close to
the interface where the in-plane radial dimensions of the
hemisphere are much larger than a nearly spherical structure. It
is these larger dimensions that lead to a higher-wavelength
resonance. A comparison of the sapphire, quartz, and
freestanding cases for any given truncation, as expected,
reveals dipole resonances that become increasingly red-shifted
as the index of refraction of the adjacent medium is increased.

Figure 2. DDA simulations of the absorbance spectra for substrate-
truncated Ag nanostructures with varying diameters (40−90 nm) and
truncation fractions (tf) of 1/2 and 1/5 resting on (a, b) quartz and
(c, d) sapphire substrates.
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If, however, a comparison is made of the degree to which the
spectra blue-shift as tf values are increased from 1/5 and 1/2,
then values of 29, 44, and 54 nm are found for the
freestanding, quartz, and sapphire cases, respectively. This
shows that the degree of blue shift in the dipolar LSPR is
bolstered by substrate supports having a higher index of
refraction. This conclusion is in agreement with the
experimental data shown in Figure 1d,e.
An examination of the quadrupole peak near 350 nm in

Figure 3a−c reveals that it is relatively insensitive to changes in
the index of refraction. All three cases show that, as the degree
of truncation is decreased, the quadrupole peak shows a slight
red shift and a gain in intensity relative to the dipole peak. The
latter is of significance because it suggests that there exists a
relationship between the ratio of these peak intensities (R =

Adipole/Aquad) and the truncation fraction. An examination of
the nanostructure size-dependent absorbance data in Figure 2
reveals that R is independent of nanostructure size, a result that
adds further significance to this parameter. R is, however,
sensitive to the dielectric environment provided by the
underlying substrate and, as such, its value is unique to a
given substrate material. Figure 4a shows a plot of R vs tf for Ag
nanostructures deposited on quartz and sapphire substrates.
The individual points were calculated by averaging the values
obtained for nanostructures with diameters of 40, 50, 60, 70,
80, and 90 nm, where the standard deviation for any point is
less than the diameter of the symbol used to plot the data. The
dotted lines show a quadratic fit to the data. While it is difficult
to experimentally vary the tf value obtained for a specific
substrate material, some variation is made possible by exposing
the substrate surface to a reactive ion etch (RIE) prior to Ag
deposition and dewetting. For any given RIE-treated sample,
the R value was then obtained spectroscopically, while the tf
value was obtained through an examination of SEM images
taken of 30 different structures. Figure 4b shows the four
experimental data points obtained for nanostructures on each
substrate material overlaid on the quadratic fit obtained
through DDA simulation where the axes have been adjusted to
highlight the region of interest. The fact that the experimental
and theoretical results are in good agreement indicates that an
accurate measure of the truncation fraction can be made solely
based on spectroscopic measurements.
The mechanistic origin of the quadratic relationship between

tf and R (Figure 4a) can be derived from the governing
equations for the dipole and quadrupole resonance modes.
With the understanding that the path length, density, and
geometric cross-sectional variables are identical for the
absorbance expressions describing both the dipole and
quadrupole modes, these variables cancel when taking the
ratio R, leaving the following progression

R
A

A

C

C

( )

( )
Im( )
Im( )

dipole

quad

abs dipole

abs quad

2 1

1 2

λ α
λ α

= = = ̅
̅ (1)

Here, A, Cabs, λ1,2, and α̅1,2 are the absorbance, absorbance
cross section, wavelength of the incident light at the resonant
frequency, and bulk polarizability, respectively, where the
subscripts denote the dipole (l = 1) and quadrupole modes (l
= 2) of the truncated nanosphere. For the case of a full-
freestanding sphere, the multipolar polarizability (α̅l) scales
like rsph

2l+1.48,49 The polarizability of a mode can, hence, be

Figure 3. DDA simulations of the normalized absorbance spectra for
Ag nanostructures with various truncation fractions (tf = 1/5−1/2)
that are resting on (a) sapphire and (b) quartz substrates and that are
(c) freestanding.

Figure 4. Plots of the ratio of the dipole-to-quadrupole absorbance versus the truncation fraction as obtained from (a) DDA simulations and (b)
experiment. The dotted lines for both plots are the quadratic fits to the simulated data points. The error bars in (b) represent standard deviations.
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expressed as the product of its bulk dielectric D(εmed, κl, εAg)
and geometric G(rsph,l) components

r D G r l( , , ) ( , )l
l l

l l l

l
l Ag

Ag, med,

Ag, med,
sph
2 1

med sphα
ε ε

ε κ ε
ε κ ε̅ =

−
+

=+

(2)

where rsph represents the radius of the full sphere, εAg,l and
εmed,l denote the dielectric constants of Ag and the ambient
medium at the resonant wavelength of the dipole (l = 1) or
quadrupole mode (l = 2), respectively, and κl is a mode-
dependent shape factor.50 When truncation is introduced,
spherical symmetry is lost and G(rsph,l) is altered with respect
to that of a full-freestanding sphere.51 This alteration, however,
merely takes the form of a scalar multiplicative factor that can
be expressed as a function of tf. The geometric component for
a truncated sphere can therefore be expressed as

G r l r t t( , ) 4 2 1l
sph sph

2 1
f
2

f= − + ++
(3)

Substituting eq 3 and the value for D(εmed, κl, εAg) into eq 1
and then rearranging the expression so that like terms, which
result from quantities identical for both the dipole and
quadrupole modes, are canceled out gives
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An examination of the two imaginary terms in eq 4 reveals that
the first is a scalar quantity and the second is dependent on the
mode-dependent shape factors κ1 and κ2. Such factors
represent the ease by which available electrons can be
polarized for a given nanostructure geometry and mode.
Recognizing that the circular metal−substrate interface
dominates the dampening effects of the ambient medium
(vide infra), it is reasonable to presume that the radius of the
metal−substrate interface, rint, can be treated as the character-
istic dimension for the shape factors. Based on geometrical
considerations, an expression for rint in terms of tf is given by

r r t t2int sph f f
2= − (5)

If dimensional consistency is to be maintained, then the
geometric factors κ1 and κ2 must scale with rint according to
rint
2l+1 as was the case for a full-freestanding sphere. With the
understanding that κ1 ∝ rint

3 and κ2 ∝ rint
5 and taking into

account the magnitude of the rint and εAg,2 values of relevance
to Figure 4, the approximations εAg,2 ≪ κ2εmed,2 and εAg,1 ≪
κ1εmed,1 can be applied to eq 4 to yield

R A
r
r

A t t( )0
2

1

int
2

sph
2 0

2

1
f f

2λ
λ

λ
λ

= · = · −
(6)

where the product of all scalar values has been set to A0. Of
importance is that eq 6 takes the form of the fits to the data
shown in Figure 4a.
DDA Simulations of the Near-Fields for Substrate-

Truncated Ag Nanospheres. Figure 5 compares the
simulated near-fields of a freestanding Ag nanostructure to
those that are resting on quartz and sapphire substrates for tf
values of 1/2 and 1/5 and a nanostructure diameter of 70 nm.
The color maps correspond to cross sections taken through the
center of the structure for a plane that is perpendicular to the
truncation plane where the |E/E0|

2 values are those occurring
at the dipolar resonant wavelength for any given structure.

Collectively, the simulations show that the maximum near-field
intensities (i.e., hot spots) occur at the truncation plane but
where higher intensities are observed when a substrate is
present. Also apparent is that for all three cases the largest hot-
spot intensity occurs for the structure with the highest degree
of truncation (i.e., tf = 1/2). Two additive influences are
responsible for the observed trends. The first is that near-fields
tend to concentrate at points of high curvature52 and, with
higher tf values showing higher curvatures at the truncation
plane edge, this effect, which is most readily apparent for
freestanding structures (Figure 5a,b), becomes increasingly
exaggerated as the truncation is increased. The second is that
the dielectric environment of the substrate promotes electron
oscillations near its surface.53 This can be understood in terms
of the Clausius−Mossotti relation,54,55 discretized here with
respect to the DDA framework, which can be used to describe
the polarizability of each individually polarizable point as

V
B

( )

( )i i
i

i
0

med,

med,
α ε

ε ε
ε ε

=
−

+ (7)

where ε0 is the permittivity of free space, ε is the dielectric
function of Ag, εmed,i is the dielectric constant of the
surrounding medium for the ith subvolume Vi of the DDA
model, and B is a geometric factor. From this equation, it can
be seen that Ag atoms occupying the metal−substrate interface
will have the greatest response to an incident electric field (i.e.,
light) because of increased polarizability resulting from larger
differences in the dielectric functions of the two materials. As a
result, plasmonic oscillations tend to occur at the metal−
substrate interface, an effect that is seen even for spherical
nanostructures (i.e., tf = 0).53 Based on these arguments, it is
somewhat surprising that the Ag structures on quartz have
more intense near-fields than those on sapphire even though
the dielectric constant of quartz is lower. The full DDA
framework can, however, account for this, in that progressively
larger substrate dielectric constants, while giving rise to
increased polarizability, also lead to light scattering becoming
a more dominant process than absorbance, an effect that
weakens the near-fields. This effect was previously described by
El-Sayed and co-workers56 when simulating the properties of
Ag nanocubes on various substrate materials. The near-fields
associated with the quadrupole peak (Figure S2) are
considerably weaker for all three cases where the enhancement
is greatest for the freestanding structure.

Figure 5. Simulations of the near-field enhancements for Ag
nanostructures with two different truncations (tf = 1/2 and 1/5)
that are (a, b) freestanding and resting on (c, d) quartz and (e, f)
sapphire substrates. Note that the diameter of all structures is 70 nm
even though they are plotted on different scales for the sake of clarity.
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Broader Implications. The increasing interest in on-chip
plasmonic devices underscores the importance of having a
fundamental understanding of the interactions occurring when
noble-metal nanostructures are brought into contact with
substrate materials. The resulting adjustments to the plasmon
resonances and near-fields are both significant and unavoid-
able. The use of substrate-immobilized structures derived from
dewetting further complicates the situation through an
apparent substrate-induced truncation that further convolutes
the overall plasmonic response. This response, which is now
being rigorously examined through optical57 and electron
energy loss spectroscopies,43,58,59 if well understood and
controllably manipulated, provides additional control for the
rational design of nanostructure architectures with tunable
plasmonic properties. One of the key stumbling blocks in
achieving such control is that the degree of truncation is not
readily varied since it is largely determined by the free surface
energies of the substrate and metal (i.e., Young’s equation).
Methods are, however, becoming increasingly available that
reshape dewetted nanostructures by promoting the formation
of facets through exposure to liquid-phase chemistry26,60 or
kinetically driven vapor-phase61 processes that lead to
thermodynamically unfavorable configurations. Such processes
offer the opportunity to alter and manipulate the truncation
plane where the nanostructure and substrate intersect. The use
of liquid-phase syntheses also offers the opportunity to realize
more sophisticated nanostructure geometries such as core−
shell,62,63 core−void−shell,64 and hollowed architectures,65

where, in each case, the plasmonic signature is rendered unique
due to the truncation plane induced by the dewetting process.
The work described herein lays the groundwork for under-
standing these more sophisticated geometries.

■ CONCLUSIONS

In summary, we have demonstrated that the plasmonic
response of Ag nanostructures is highly sensitive to an
apparent truncation that occurs during the solid-state
dewetting of ultrathin Ag films. Substrate-truncated nanostruc-
tures are shown to exhibit prominent dipole and quadrupole
resonances where increases to the degree of truncation lead to
a substantial red shift in the dipole mode. The ratio of the
maximum absorbance for these two modes follows a quadratic
relationship that is validated through simulation, experiment,
and first principles. Increased truncation is also shown to give
rise to near-field enhancements resulting from higher
nanostructure curvatures at the truncation plane edge and
the larger nanostructure−substrate contact area occurring as
the nanostructure approaches a hemispherical geometry. The
work, hence, contributes to the fundamental understanding
needed to advance the use of substrate-immobilized nano-
structures in photonic and optoelectronic devices.
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