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etallic semishells, typically com-

posed of a dielectric core and an

incomplete ultrathin metal shell,
induce a number of new optical, magnetic,
and catalytic properties." * For example,
Srivastava et al. have reported Co semi-
shells, prepared by vacuum assisted infiltra-
tion of precursors inside the colloidal tem-
plates, which have an enhanced coercivity
in comparison to Co nanoparticles in the
same size range.? Liu et al. have shown or-
dered arrays of Pt semishells from silica
sphere templating and nanocrystal-seeded
electroless plating, and their high ratio of
surface area to volume shows promising
catalytic properties.* All of these unconven-
tional properties of semishells have moti-
vated more research efforts in developing
new methods of asymmetrical semishells
fabrication. Au and Ag nanostructures are
known to have interesting optical proper-
ties such as localized surface plasmon reso-
nances (LSPR) which are collective oscilla-
tions of the conduction electrons excited by
incident radiation. Previously, we have re-
ported on a simple procedure involving an
ion milling technique to fabricate Au semi-
shells.> Those Au semishells possess favor-
able features for surface-enhanced Raman
spectroscopy (SERS): an interparticle dis-
tance independent enhanced localized
electromagnetic field, a precise control of
the symmetry-broken geometry, and the
uniform upward orientation of the created
nanoapertures. Recently, more plasmonic
(Au, Ag, and Al) semishells with highly tun-
able optical properties including nanocups,
nanocaps, nanobowls, and nanocrescents
have been fabricated. Their plasmonic reso-
nances strongly depend on the fractional
height of the shells and the angle and the
polarization of the incident light.°~'? They
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ABSTRACT The symmetry-broken geometry and variation of metal composition of semishells induce new

plasmonic properties. A system of separated metallic semishells embedded in a poly(dimethylsiloxane) polymer

film provides an ideal platform to investigate the localized surface plasmon resonance modes of semishells. We

demonstrate experimentally that silver, gold, copper, and aluminum semishells can offer distinct plasmonic

responses due to the wide range of their material parameters. Numerical calculations combined with the plasmon

hybridization theory render us a clear understanding and assignment of the plasmonic modes of the semishells.
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have also suggested and demonstrated as
interesting substrates for SERS-based mo-
lecular detection.®'® By contrast, we would
like to understand the nature of the plas-
monic modes of the individual semishells,
since they are suitable nanostructures to in-
vestigate plasmon hybridization between
the inner and outer shell surface. How-
ever, most of the work cited above has been
focusing on semishells formed by deposi-
tion of continuous metal films on contigu-
ous polystyrene (PS) arrays. The obtained
contiguous semishells are to some extent
difficult and complex systems to analyze
the plasmonic properties of individual sem-
ishells since both delocalized Bragg plas-
mons and localized Mie plasmons are
involved.'>'> Moreover, direct metal deposi-
tion on PS arrays also creates extra metallic
truncated tetrahedral nanoparticles on the
substrate,”'%” which give their own optical
responses and complicate the accurate
analysis of the plasmonic response from
the individual semishells.

In the present article, we report on the
fabrication and the optical properties of
semishells, consisting of a PS core and an ar-
bitrary metal shell, embedded in a poly-
(dimethylsiloxane) (PDMS) polymer film.
The structure of metallic semishells in PDMS
is an interesting platform to investigate the

poly(dimethylsiloxane) - antibonding mode

*Address correspondence to
Jian.Ye@imec.be.

Received for review October 29, 2009
and accepted January 27, 2010.

Published online February 4, 2010.
10.1021/nn901519p

© 2010 American Chemical Society

 TAN K
VOL.4 = NO.3 = 1457-1464 = 2010 A@i%{\)

1457



(A) PS particles self-assembly (B) Metal sputtering

(C) PDMS casting and curing (D) PDMS peeling 1—9 E

Figure 1. Experimental procedure for fabricating metallic semishell
films.

plasmonic properties of individual semishells due to
the absence of semishell aggregation, a tunable com-
position and thickness of the metal layer, and a well-
controlled orientation of the semishells. The fabrication
is based on metal sputtering on a submonolayer of PS
particles on the substrate, followed by a curing and
peeling of a casted PDMS film on the metallic nano-
structures. Further details are provided in the Methods
section. Notably, the preparation method is suitable for
noble metals such as Au and Ag but also for less com-
monly used plasmonic metals like Cu, Al, and Pt, and
may be applied to fabricate more complex symmetry-
broken nanostructures consisting of complex multilayer
shells with a varying composition. This method allows
us to minimize the influence on the plasmonic proper-
ties from the roughness of the metal shell using chemi-
cal plating,'® but it may be limited for an ultrathin film
(e.g., <10 nm) because the ultrathin film may produce
a porous structure. The PDMS matrix may also reduce
the oxidation of some metals, such as Ag, Cu, and Al,
which provides more accurate optical measurements.
Different techniques including scanning electron mi-
croscopy (SEM) and atomic force microscopy (AFM)
have been used to characterize the semishell polymer
film structures. Plasmonic properties of semishells from
various shell thicknesses and metal composition are in-
vestigated experimentally and theoretically, showing
highly tunable plasmon resonances ranging from the
ultraviolet (UV) to the near-infrared (NIR) region. Finite
difference time domain (FDTD) calculations are per-
formed to analyze the electric field profiles and surface

— 200 nm

charge distributions in order to fully understand the
plasmonic modes of the semishells. The plasmonic
properties of various metallic semishells are well ex-
plained by the plasmon hybridization theory and the
different frequencies where interband transitions oc-
cur for different metals. To illustrate this, we clearly
demonstrate both experimentally and theoretically the
occurrence of the antibonding dipolar resonance in the
Ag semishells. The antibonding resonance is a clear pre-
diction of the hybridization theory but has been diffi-
cult to observe due to its energetic overlap with the in-
terband transitions in most metals. Additionally,
enhanced electric fields on the top aperture of the sem-
ishells are found in the dipolar and quadrupolar modes.

RESULTS AND DISCUSSION

Figure 1 describes the standard procedure to fabri-
cate metallic semishells in a polymer film. Typically,
100 nm PS particles form a submonolayer on a polydi-
allyldimethylammonium (PDDA)-functionalized sub-
strate as a template, followed by sputtering a metal (Au,
Ag, Cu, or Al) layer of 10—30 nm thickness on top. The
substrate functionalization with PDDA molecules is cru-
cial during the self-assembly of PS particles. The electro-
static repulsive force between PS particles and the at-
tractive force between PDDA molecules and PS particles
allow the formation of a uniform submonolayer on the
substrate. Figure 2A shows a SEM image of a self-
assembled submonolayer of 100 nm PS particles, indi-
cating that all PS particles are uniformly distributed and
isolated with an interparticle distance of ~200 nm with-
out an ordered lattice structure. After 30 nm Au layer
deposition on the PS particles, almost no morphology
change was observed (Figure 2B). The side-view SEM
image in the inset of Figure 2B indicates that PS par-
ticles are entirely covered by a continuous Au film ex-
cept the parts that contact the substrate. This local dis-
continuity of the Au film makes it possible to separate
the Au layer on the PS particles from the interparticle Au
layer by the peeling process. Next, PDMS mixed with
the curing agent was directly casted on the substrate
and cured at 50 °C in vacuum overnight. Finally, the
PDMS films containing embedded semishells were
peeled off the substrate. The obtained semishells are
embedded in the polymer film while the remaining flat
metal film is still attached to the substrate. Figure 2C

—— 100 nm —— 200 nm

Figure 2. SEM images at different steps of the Au semishell film fabrication. (A) Self-assembled submonolayer of 100 nm PS
particles, (B) followed by 30 nm Au sputtering, and (C) PDMS film peeling off. All insets are corresponding high magnifica-

tion SEM images.
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displays a SEM image of uniformly distributed Au semi-
shells embedded in a PDMS matrix taken from the side
of the shells’ apertures. A closer examination presented
in the inset of Figure 2C clearly shows a 40—50 nm
sized nanoaperture on the top of each semishell and
all semishells are isolated from each other with a dis-
tance of 50—100 nm.

AFM measurements were performed to investigate
the surface morphology of a Au semishell film in more
detail. Figure 3A shows the AFM topographic image (1
pm X 1 wm) of the 30 nm thick semishells embedded
in PDMS that are shown in Figure 2C. For the three typi-
cal semishells indicated in Figure 3A a line scan is shown
in Figure 3B. We can clearly see that most of the semi-
shells are individually isolated with an aperture of ~50
nm in average size on the top, which is quite close to
the previous SEM result. More interestingly, it is ob-
served from Figure 3B that all semishells are partially
embedded in PDMS with a 10—20 nm distance above
the PDMS surface. The top aperture structures are com-
pletely open to the surrounding medium. This topogra-
phy possibly is explained by a combined influence of a
surface tension effect during the filling process and a
shrinking effect during the curing process of the PDMS
polymer. This morphology is potentially useful for SERS
application where biomolecules may be adsorbed on
the electromagnetic field enhanced regions. Because of
the incomplete peeling of the particles off the sub-
strate, a small quantity of voids between the semi-
shells may exist (Figure S1 in Supporting Information).

For the fabrication of metallic semishells, there are
a number of important processing parameters to be op-
timized. First, extra care has to be taken during the dry-
ing procedure of the PS submonolayer to prevent par-
ticle aggregation caused by capillary forces associated
with water evaporation. Second, the adhesion of the
polymer to the gold surface is closely related to the ra-
tio of the PDMS prepolymer to the curing agent. For ex-
ample, less than 50% of the particles was peeled off
the substrate (Figure S2A in the Supporting Informa-
tion) because of insufficient adhesion between the
polymer and the gold surface if a ratio of 10:1 (prepoly-
mer: curing agent) was used, whereas, for a ratio of
5:1, too strong adhesion between the polymer and the
gold surface caused the gold layer on the flat surface to
be peeled off as well, and we can only see uncovered
PS particles from the bottom side (in Figure S2B in Sup-
porting Information). To circumvent this issue, a 10 nm
Ti layer was deposited on the substrate prior to the fab-
rication as an adhesion layer to increase the adhesion
of the Au film to the substrate. Therefore, we can eas-
ily peel off the particles while keeping the Au film on
the substrate.

The metallic semishells in PDMS provide a favor-
able platform to investigate the plasmonic properties
of nonaggregated semishells. Figure 4 compares the ex-
perimental and calculated extinction spectra of Ag, Au,
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Figure 3. (A) AFM topographic image (1 pm X 1 um) of a Au
semishell film. (B) Representative line scans of the semishells in-
dicated in panel A.

Cu, and Al semishells with different shell thicknesses.
Different plasmonic behaviors are observed for the dif-
ferent semishells (see different colors in the photo-
graphs of Ag, Au, Cu, and Al semishells in Figure 4).
For the Ag semishells, the experimental extinction spec-
tra always show multiple LSPR bands, for instance, at
793, 650, and 349 nm for 10 nm thick Ag semishells and
at 639, 462, 412, and 341 nm for 30 nm thick Ag semi-
shells (Figure 4A). The resonance bands at 793, 650, 639,
462, and 412 nm are assigned to the dipolar, quadrupo-
lar, and even octupolar resonances of Ag semishells,
which is consistent with previous reports.'"'2 However,
there are few reports and discussions about the reso-
nance bands near the UV region, such as 349 nm for 10
nm Ag semishells and 341 nm for 30 nm Ag semi-
shells, which are possibly attributed to higher order
modes or the dipole antibonding mode. We will return
to this later on. For both the Au semishells of 10 and 30
nm in shell thickness, only two bands in the visible or
NIR range are detected experimentally and there is no
plasmonic band near the UV range (Figure 4B). The
bands in the NIR and the visible range correspond to
the dipolar and quadrupolar resonances of the Au sem-
ishells, respectively.>® For the Cu semishells with differ-
ent thicknesses, the dipolar resonance is observed while
the quadrupolar resonance is dramatically damped
and exhibits a rather weak spectral shoulder (Figure
4Q).
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Figure 4. (Top) experimental and (bottom) calculated extinction spectra of (A) Ag, (B) Au, (C) Cu, and (D) Al semishells with
various shell thickness (red, 10 nm; blue, 20 nm; and black, 30 nm) in a PDMS film. The insets are the corresponding (top) pho-
tographs and (bottom) schematics of the metallic semishells. The green shaded areas indicate the wavelength regions where

interband transitions of the metals occur.

FDTD calculations are performed for individual 100
nm inner diameter semishells of different metals par-
tially embedded in a PDMS matrix. Because the distance
between the semishells in our fabricated samples is
large enough to ignore the interparticle interaction,
the calculation of individual semishells is a valid as-
sumption. All calculated extinction spectra qualitatively
reproduce the experimental spectra with respect to
the number, position, and relative intensity of the reso-
nance bands for the semishells of Ag, Au, and Cu with
two different thicknesses (Figure 4A—C). Some global
features are apparent: (1) decreasing the shell thickness
results in a pronounced red shift of the plasmon bands;
(2) the number of plasmon bands is different for Ag,
Au, and Cu semishells of the same size. The former phe-
nomenon is possibly explained by the plasmon hybrid-
ization theory, where the thinner shell thickness leads
to a stronger plasmon interaction between the inner
and outer shell surface and consequently a lower en-
ergy level of the resonance band.' The latter reduction
of the number of plasmon bands can be understood
by the fact that the electronic interband transitions oc-

@ VOL. 4 = NO.3 = YE ET AL.

cur at different energy regions for Ag, Au, and Cu. The
spectral regions in Figure 4A—C where interband tran-
sitions occur are shaded in green.’®? The electronic
transitions from the energetically deeper valence band
into the conduction band form a steep absorption edge
starting at the threshold frequency, above which all
plasmon resonances are dramatically damped. This
threshold energy for Ag is at ~3.8 eV (~326 nm), result-
ing in a minimal damping of plasmon resonances at
short wavelengths.’?° Au has a lower energy onset of
the interband transitions at ~2.5 eV (~500 nm), thus
we may still observe the quadrupolar and dipolar
modes of the Au semishells of 10 and 30 nm shell
thickness.'2° The interband transition in Cu at even
lower energy of ~2.1 eV (~590 nm) results in an appar-
ent damping of the quadrupolar mode of the Cu
semishells.”>?® We have also found that the experimen-
tal plasmon bands are broadened compared to calcula-
tions for decreasing thickness of the shell. This can pos-
sibly be attributed to two effects: (1) an
inhomogeneous or a porous metal shell formed on the
PS core during the sputtering of 10 nm thick metal lay-
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Figure 5. Calculated extinction spectra of a 10 nm thick (A) Ag nanoshell and (E) Ag semishell in a PDMS film, and their electric
field (log|E|?) profiles (top) and charge distribution (bottom) from horizontal cuts at the center of a Ag nanoshell at three on-
resonance excitation wavelengths of (B) 770, (C) 575, and (D) 332 nm, and a Ag semishell at three on-resonance excitation

wavelengths of (F) 843, (G) 615, and (H) 332 nm.

ers?' and (2) a different extent of the oxidation of the
metal. In an ensemble optical measurement, small
structural differences may lead to a significantly broad-
ened spectrum. Slight oxidation may also induce a dra-
matic change of the optical properties of Ag semi-
shells, which explains the extremely broad spectrum of
10 nm Ag semishells compared to the other metals. An-
other notable spectral variation is the difference in the
dipolar bandwidth between the experimental and cal-
culated results for Ag semishells with a 30 nm shell
thickness (Figure 4A). From our additional simulation re-
sults (data not shown), the theoretical extinction spec-
trum in air is more similar to the experimental spectrum
in PDMS for the Ag semishells with a 30 nm shell with
respect to the band’s width and shape, suggesting that
the Ag semishells are possibly less embedded in the
PDMS matrix than other metallic semishells.

Unlike Ag, Au, and Cu, Al has a moderately strong in-
terband transition in a narrow energy range of ~1.4
(~890 nm) — ~1.6 eV (~775 nm),>*?* below and above
which the interband activity is weak and Al behaves
like a Drude metal.?* Figure 4D shows the experimen-
tal and calculated extinction spectra of Al semishells
with 20 nm shell thickness. We can see a strong dipo-
lar plasmon band at ~550 nm in both spectra, which is
at the higher energy side of and not damped by the in-
terband transition of Al. The dipolar plasmon mode at
550 nm is elucidated by the electric field profile in Fig-
ure S3 in the Supporting Information. An additional fea-
ture of a spectral shoulder at ~870 nm is clearly ob-
served, which is located within the interband transition
range of Al. This feature has also been reported previ-
ously by Langhammer et al. for Al nanodisks.?* It is not
clear at present why we do not observe the quadrupo-
lar mode (~360 nm) of the Al semishell in the experi-
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mental spectrum (Figure 4D) and further study is under-
way. An overview of all spectra of Ag, Au, Cu, and Al
semishells tells us that the interband transitions of the
metal can occur at the higher (e.g., Ag, Au, and Cu) or
lower energy side of the dipolar plasmon band (e.g., Al),
leading to remarkably different plasmonic mode damp-
ing behaviors of metallic semishells.

A large discrepancy among the extinction spectra
of Ag, Au, and Cu semishells is the presence of the reso-
nance band at 340—350 nm for Ag semishells while ab-
sent for Au and Cu. To further understand the plas-
monic modes of Ag semishells, a comparison of
calculated extinction spectra of 10 nm thick Ag
nanoshells and Ag semishells and their corresponding
electromagnetic field and charge distribution profiles
are shown in Figure 5. Figure 5A displays three pro-
nounced plasmon resonance bands of Ag nanoshells
at 770, 575, and 332 nm. The former two bands are at-
tributed to the dipolar and quadrupolar modes, which
is confirmed by the electric field and surface charge pro-
files at 770 nm (Figure 5B) and 575 nm (Figure 5C).
The field enhancement inside the metal of the Ag shell
and the absence of the enhancement on the inner and
outer surface of the shell (see Figure 5D) indicate an
asymmetric distribution of the charges on the inner and
outer surface, namely, an antibonding like mode for
the plasmon band at 332 nm.'*2>~27 Although the sur-
face charge profile in Figure 5D indicates as well the
presence of multipolar modes, the antibonding mode
dominates. It is easily understood that a multipolar
mode is involved at a short wavelength since the diam-
eter of the Ag semishell is close to half of the light wave-
length at 332 nm. We therefore conclude that the reso-
nance band at 332 nm is a mixture of a multipolar with
the antibonding mode of the Ag semishell. Figure 5E
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shows an extinction spectrum of a 10 nm thick Ag sem-
ishell with red-shifted dipolar and quadrupolar plas-
mon bands at 843 and 615 nm, respectively. These two
modes are further elucidated by the electric field and
surface charge profiles in Figure 5F,G, respectively. The
red shift of the dipolar and quadrupolar bands can be
explained by the plasmon hybridization of the
nanoshell and the nanoaperture, resulting in a lower
energy mode at a longer wavelength."?® Additionally,
a strong localized field enhancement at the top edges
of the Ag semishell is observed compared to the Ag
nanoshell at two on-resonance wavelengths, which
provides interesting prospects for SERS application. It
is interesting to find that the plasmon band of the sem-
ishell at 332 nm remains at the same position as the
Ag nanoshell (Figure 5E). Removal of a small part on
the top of the Ag nanoshell only affects the multipolar
resonance and has almost no influence on the domi-
nant antibonding mode, consequently resulting in no
change of the position of the band. This is confirmed by
the electric field and surface charge profile in Figure
5H as well. We have also calculated the extinction spec-
tra of the nanoshell and the semishell for Au (Figure
6A) and Cu (Figure 6B). A comparison of these spectra
indicates a common trend: removing the top of the
nanoshell results in a red shift of the dipolar and qua-
drupolar resonance bands, which is consistent with the
result for the Ag semishell in Figure 5. This is again
due to the plasmon hybridization of the nanoshells
and the nanoapertures. The electric field and surface
charge profiles of a Au semishell at on-resonance wave-
lengths in Figure 6C,D additionally demonstrate the di-
polar and quadrupolar modes.

CONCLUSION

We have successfully fabricated various separated
metallic (Ag, Au, Cu, and Al) semishells in PDMS films.
The analysis of experimentally resolved and FDTD calcu-
lated extinction spectra, with the electric field and sur-
face charge distribution profiles, renders us a clear as-
signment of the plasmonic modes including dipolar,
multipolar, and antibonding modes in metallic semi-
shells. The different material-dependent range of the in-
terband transitions in the metal and resultant damp-
ing lead to different plasmonic behaviors of different
metallic semishells. Especially, the relatively higher en-
ergy onset of the interband transitions in Ag allows
more plasmon resonances of Ag semishells near the
UV region, which are especially interesting for some op-
tical application in the UV range. The experimental ob-
servation of the antibonding mode in the UV region in

METHODS

Materials. Polydiallyldimethylammonium (PDDA, M,,
100000—200000, 20 wt % in H,0) was supplied by Sigma Ald-
rich (Steinheim, Germany). 2-Propanol, acetone, and ethanol (ab-
solute) were bought from Honeywell Specialty Chemicals
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Figure 6. Calculated extinction spectra of a 10 nm thick (A)
Au nanoshell (dashed line) and semishell (solid line) and (B)
Cu nanoshell (dashed line) and semishell (solid line) in a
PDMS film. Panels C and D are electric field (log|E|?) profiles
(top) and charge distributions (bottom) of a Au semishell at
on-resonance excitation wavelengths of (C) 892 and (D) 691
nm.

Ag semishells, supported by a detailed understanding
based on the simulation, demonstrates the effective-
ness of the plasmon hybridization model as a tool to de-
sign and predict the optical properties of metallic nano-
structures. The clear understanding of the plasmonic
modes of semishells is in aid of the development of new
optical applications for semishells. The obtained
symmetry-broken semishell nanostructures also have
wide potential applications in LSPR biosensing, optical
communication, SERS-based molecular detection, and
thin film solar cells.

(Seelze, Germany). Polystyrene (PS) sulfate latex beads (100 nm,
5.4% coefficient of variation, 8.2% solid percent) were purchased
from Interfacial Dynamics Corp. (Portland, OR). The PDMS pre-
polymer (Sylgard 184) and curing agent were obtained from
Dow Corning (Wiesbaden, Germany).

www.acsnano.org



Fabrication of Semishells. Prior to use, a glass substrate slide
was coated with a 10 nm thick sputtered titanium (Ti) layer. Af-
terward, the substrate was cleaned for 5 min by subsequently
submerging in acetone (45 = 2 °C) and 2-propanol (60 = 2 °C),
respectively, rinsed well by deionized H,0, and dried in a nitro-
gen stream. Then the substrate surface was functionalized by pi-
petting a 1 mL aqueous solution containing 0.2 wt % PDDA
onto the substrate, followed by a careful rinsing with deionized
H,0 in order to remove the excess PDDA and drying in a nitro-
gen stream. Deposition of an aqueous suspension containing
100 nm PS beads (0.2% solid percent), careful rinsing by deion-
ized H,0, and drying in a nitrogen steam resulted in the glass
substrate being covered by uniformly distributed PS beads as a
sacrificial mask. A 10—30 nm thick metallic film of Au, Ag, Al, or
Cu was sputtered subsequently on top of the PS masks. The next
step involved coating the substrate with a PDMS polymer film.
The PDMS resin mixed with the curing agent (5:1) was directly
casted on the surface of the substrate and a 10 min degassing
process was carried out. The polymerization was allowed to con-
tinue overnight at 50 °C in a vacuum oven. Finally, after polym-
erization the PDMS films containing embedded semishells were
peeled off the substrate.

Characterization Techniques. SEM images were taken using a Phil-
ips XL30 FEG instrument operated at an accelerating voltage of
5 kV. UV —vis spectra were measured using a Shimadzu UV-
1601PC spectrophotometer with a spectral bandwidth of 2 nm
and a data interval of 0.5 nm. The PDMS film with embedded me-
tallic semishells was placed on a glass slide and the whole slide
was oriented perpendicularly to the incident light during the
measurement in air. AFM images were acquired in a tapping
mode on a Dimension 3100/Nanoscope IV, VEECO, under ambi-
ent conditions with the scan rate between 0.4 and 0.5 Hz. Si can-
tilevers with a force constant between 12 and 103 N/m were
used at resonance frequencies between 200 and 400 kHz.

Theoretical methods. Calculated extinction spectra, electric field
and surface charge distribution images were obtained from
FDTD calculations using the program FDTD Solutions (Lumeri-
cal Solutions, Inc,, Canada). A metallic semishell embedded in a
matrix is illuminated with a total-field scattered-field (TFSF)
source, which propagates in the k direction. The direction of
the electric field E is perpendicular to k (Figure 1). A perfectly
matched layer is used as radiation boundary condition. The simu-
lation region is 600 X 600 X 600 nm? with a nonuniform mesh
adapted to the structure plus a uniformly meshed region 250 X
250 X 250 nm? with a grid size of 3 nm. The whole simulation re-
gion is set with a background index of 1 (air) and the PDMS ma-
trix substrate is set with a refractive index of 1.45. We have used
the Lumerical’s multicoefficient model (MCM)? to fit the empiri-
cal Ag,*® Au,®" Cu*' and APP! dispersion data. Once the reso-
nance frequencies are determined, on-resonance excitation is
used to excite individual modes to examine the corresponding
field distribution by using a meshed region of 1 nm grid size. We
take models of the metallic semishells with sharp edges in or-
der to simplify the simulations. In contrast to the structures with
round edges, we have found that the presence of the sharp fea-
tures may result in slight shifts of the plasmon resonance bands
and obviously more pronounced electric field enhancement.
However, we do not observe any noticeable difference with plas-
mon resonance modes, charge distribution, and other results.
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Supporting Information Available: A large area AFM topo-
graphic image of Au semishells, SEM images of Au semishells
fabricated with different ratios of PDMS prepolymer to curing
agent, and the calculated extinction spectrum of Al semishells
with 20 nm shell thickness in PDMS. This material is available free
of charge via the Internet at http://pubs.acs.org.
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