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etallic nanostructures are a vital

component of future optical ma-

terials and devices, including
metamaterials,’ ® logic circuits,”~'2 sensors,
and energy transducing structures.”®>" "7 In a
metamaterial, the optical response is deter-
mined by the geometry of its subwavelength
constituents, typically metallic structures,
which define the frequency-dependent opti-
cal response of the material and its ability to
control and manipulate light. As electrical in-
terconnects decrease in size, approaching the
fundamental quantum limit, metal plas-
monic nanostructures become an alternative
to replace conventional on-chip
interconnects.”'® By focusing light to vol-
umes far below the diffraction limit, plas-
monic nanostructures enable subwavelength
optical components on the size scale of mod-
ern integrated logic circuits.”'?

Plasmonic nanostructures can also en-
hance the conversion of light to electrical
energy in solar cells'™'41620 and the conver-
sion of electrical to light energy in light-
emitting diodes (LEDs),?' ~2° improving en-
ergy conversion efficiencies.

The optical response of a plasmonic
nanostructure is a sensitive function of its
geometry and can be controlled using a
range of metal—dielectric geometries, while
keeping the overall size small.?’ % The spa-
tial distribution of the local fields of a plas-
monic nanostructure determines its interac-
tion with the surrounding medium.
Introducing defects or reducing structure
symmetry in a controlled manner can allow
for light coupling to plasmon modes whose
interaction would otherwise be forbidden.
Such symmetry breaking can result in mag-
netically excited modes,' #63° electromag-
netically induced transparency,*® excitation
of propagating modes in nanowires®'*2 and
thin metal films,**34 and localized nanopar-
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ABSTRACT Reduced-symmetry plasmonic nanostructures can be designed to support a range of novel optical
phenomena, such as nanoscale control of the far-field scattering profile and magnetic resonances at optical
frequencies. A family of reduced-symmetry nanostructures—plasmonic semishells with specifically shaped and
oriented perforations introduced into the metallic shell layer—can be tailored to control these effects. Unlike
core—shell nanoparticles, perforated semishells can be fabricated using a combination of clean-room techniques.
For a semishell with a single spherical perforation positioned on its symmetry axis, we examine how the resonant
modes of the structure depend on hole size and shape. Placing the perforation off the symmetry axis allows a
family of higher-order modes to be excited in the nanostructure, along with complex near-field charge
distributions for the various resonant modes. This reduced-symmetry case provides a platform for optical studies,
which agree quite well with theoretical analysis. Our study also examines two important variations of this
structure: a semishell with multiple perforations in the shell layer, and a semishell with a wedge-like “slice” in
the shell layer. A semishell with a wedge-like perforation can be thought of as a three-dimensional analogue of
a split-ring resonator (SRR), an important nanoscale component in metamaterial design. Here we show that the
dimensions of the wedge-like perforation, which control the effective optical frequency resistance, inductance,
and capacitance of this structure, determine the frequency of the magnetic mode.

KEYWORDS: plasmon - symmetry - etching - optical - semishell - magnetism -
metamaterial

ticle plasmons.3>~37 Recently, it was shown
that reduced symmetry structures?>3 =41
can have a strong structural resonance tun-
ability, large local field enhancements, and
strong directionality of scattered light.'*3’
“Nanocups” or semishells are excellent ex-
amples of asymmetric plasmonic
nanostructures.?”42~% The resonances of
these partially metal-coated dielectric
spheres depend on the size of the dielec-
tric sphere and the thickness of the metal
shell layer and, additionally, can be modi-
fied by the geometric configuration of the
metal edge and its surface roughness.

Here we use a nanocup, or semishell, as
our starting point to design and fabricate a
family of novel plasmonic nanostructures
with interesting and useful properties. By
fabricating a perforation into the metallic
shell layer of a semishell, its optical
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properties can be altered dramatically. We ex-
amine the effect of hole size, shape, and loca-
tion on the optical properties of the nanostruc-
ture. We begin by examining a symmetrically
placed hole on a semishell, examining the ef-
fect of hole size and shape on the optical prop-
erties of the perforated semishell. Shifting the
perforation to an arbitrary off-axis location on
the semishell alters its optical properties, allow-
ing the excitation of a series of higher-order
resonances. A fabrication protocol is developed
that allows us to access this reduced-symmetry
regime experimentally, to probe its optical
properties. This approach combines anisotropic
metal deposition with anisotropic metal etching
on nanoparticles deposited on substrates and
is a practical fabrication method for depositing
partial metallic shell layers onto nanoparticles in
complex configurations and geometries. Fi-
nally, we explore two interesting perforated
semishell regimes: the case of a semishell with
multiple perforations, and the case of a semi-
shell with a wedge-like perforation, which pos-
sesses a tunable magnetic plasmon mode suit-
able for metamaterial applications. We examine
how the dimensions of the wedge control the
magnetic resonance characteristic of this
geometry.

RESULTS AND DISCUSSION

Our initial studies start with the symmetric
structure, which consists of an ellipsoidal semi-
shell with a spherical cavity, where the shell
thickness gradually decreases from the symme-
try axis to the edges of the shell layer. Such a
non-uniform thickness gradient provides a real-
istic model of metallic shell growth using gold
evaporation onto spherical nanoparticles that
have been immobilized on a substrate.3”® In the
present study, the inner spherical surface ra-
dius is 55 nm and the outer shell radii are 60
nm at the edges and 65 nm at the center of the
semishell layer. We start by introducing a circu-
lar cylindrical hole into the center of the semi-
shell metallic layer (Figure 1). The evolution of
the semishell spectra as a function of the hole
radius r from 0 nm (unperforated semishell) to
50 nm is shown in Figure 1A. Two different ori-
entations of incident polarization are examined:
where the electric field is polarized along the
symmetry axis of the structure and the direc-
tion of propagation of light parallel to the edge

of the semishell (Figure 1A, left), and the case where
the k-vector is along the symmetry axis of the nano-
structure (Figure 1A, right). We will refer to these two
cases as axial and transverse polarization, respectively.
For the case of r = 0 nm, an unperforated semishell, the

@NTANK) VOL. 4 = NO.5 = MIRIN ET AL.

Simulation
r=35 nm r=25 nm

A

r=0 nm

=50 nm

S
Q', r=35 nm| r=35 nm
c
0
"g' r=25 nm| r=25 nm \___
£
g r=0 nm
500 1000 1500 500 1000 1500 2000

Wavelength (nm) Wavelength (nm)
B A=1664nm A=1347nm A=1241nm  A=1156 nm

0000

4x102A/m

-4x102 A/m 0

Figure 1. Calculated bright plasmon modes of a semishell of radius r
= 65 nm, with a circular cylindrical, coaxial hole, for three hole radii
(left to right): r = 50 nm, r = 35 nm, r = 25 nm, and r = 0 nm (for com-
parison). The same sequence of geometries is calculated in A—C. (A)
Schematic of the nanostructure geometry and extinction spectra for
plasmon modes excited by axial polarization (left) and transverse po-
larization (right). (B) Induced electric charge plots for the tunable
transverse dipole resonance. (C) Magnetic field enhancements in dif-
ferent directions (red double arrows) for the transverse dipole reso-
nances, showing the reshaping of the field distribution as a function
of hole radius.

structure supports a dipole mode that follows the polar-
ization of the incident light, as the E-field of the inci-
dent wave drives the electrons in the semishell. Axially
polarized incident light excites an axial dipole mode at
N\ = 832 nm (Figure 1A, left), and transverse-polarized

www.acsnano.org



incident light excites a transverse dipole at A = 1156
nm (Figure 1A, right). Weak quadrupolar features are
observed at slightly higher energy relative to the dipo-
lar mode in each case.

Introducing a small circular cylindrical perforation
on the symmetry axis of the semishell affects the prop-
erties of the axial and the transverse modes in different
ways. The axial mode (Figure 1A, left) is only slightly
blue-shifted with increasing hole radius. This blue shift
occurs due to the reduction of the semishell side wall
height, which shortens the physical path for the plas-
mon oscillation and therefore correspondingly in-
creases the energy of the mode. The blue-shifted dipo-
lar plasmon appears to attenuate the weaker quadrupo-
lar plasmon for a large range of hole radii. For very
large hole radii, the dipolar mode itself is strongly at-
tenuated due to the decrease in the number of acces-
sible electrons in the thin ring-like structure, and the
higher energy quadrupolar mode reappears. For the
transverse plasmon, we can conceptualize the introduc-
tion of a perforation on the symmetry axis as changing
the topology of the structure to a distorted disk, which
would yield two hybridized distorted ring modes, a
bright “bonding” mode at lower energies and a weak
“antibonding” mode at higher energies. Since only the
bonding mode contributes appreciably to the optical
spectrum of the structure, we focus exclusively on this
mode. As the hole radius is increased, the transverse
plasmon resonance begins to shift quite strongly to
lower energies, particularly when the hole radius ap-
proaches half the semishell radius (Figure 1A, right).
When the hole radius approaches the semishell radius,
the geometry reduces to the case of a nanoring.¢—>!

For the tunable transverse dipole mode, the effect
of hole size on the induced surface charge and on the
local magnetic field enhancement is shown (Figure
1B,C, respectively). The charge distribution of the trans-
verse resonance shows a strong dipolar character for
all hole radii (Figure 1B). In contrast, the local magnetic
field distribution is remarkably dependent on the hole
size (Figure 1C). For the case of a semishell without a
hole (Figure 1C, right), the magnetic field component
aligning with the incident magnetic field is enhanced
due to the plasmonic current oscillating in the k—E
plane. The net enhanced magnetic field is uniformly dis-
tributed inside the semishell. The coaxial hole reduces
this enhancement and focuses the magnetic field com-
ponents into the “hotspots” at the semishell edges.
The presence of the circular cylindrical perforation in
the semishell alters the resonant plasmonic currents,
forcing them to oscillate outside the k—E plane. This
enhances the local magnetic field components normal
to the incident magnetic field around the semishell side
walls.

A variation of this structure that is both interesting
and relevant for comparison with experimentally fabri-
cated semishell structures is a semishell with an ellipti-
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Figure 2. (A) Calculated extinction spectra of a semishell with a co-
axial hole: (i) circular cylindrical, r = 50 nmy; (ii) elliptical cylindrical
[Fmaxs Fmin] = [50, 35] nm, incident polarization along minor axis; (iii)
elliptical cylindrical [rmax rmin] = [50, 35] nm, incident polarization
along major axis; (iv) circular cylindrical, r = 35 nm. (B) Induced
charge plots for the two transverse dipole modes.

cal cylindrical, rather than circular cylindrical, perfora-
tion. We consider the case of a symmetrically placed
perforation on the semishell, where the shape of the
perforation is changed from circular to elliptical (Figure
2). When illuminated at normal incidence, the elliptical
hole breaks the azimuthal symmetry of the semishell,
splitting the transverse mode into two different ener-
gies depending on the polarization of incident light.
The optical extinction spectra of a semishell with cen-
tered circular and elliptical holes are compared in Fig-
ure 2A. The elliptical hole has a major radius rm.x = 50
nm and a minor radius of r,, = 35 nm (Figure 2A(ii,iii)).
It is compared to a semishell with a circular hole of ra-
dius r = 50 nm (Figure 2A(i)) and a semishell with a cir-
cular hole of radius r = 35 nm (Figure 2A(iv)), corre-
sponding to the major and minor elliptical hole radii.
Here we see a correspondence between the resonances
of these structures that at first appears counterintui-
tive. When the incident polarization is along the minor
axis of the ellipse (Figure 2A(ii)), the resonance energy
coincides with that of a semishell with a circular hole
equal to the size of the major axis (Figure 2A(i)). Simi-
larly, when the incident light is polarized along the ma-
jor axis of the ellipse (Figure 2A(iii)), the structure has a
resonance energy corresponding to a circular hole
equal to the dimensions of the ellipse’s minor axis (Fig-
ure 2A(iv)). This surprising correspondence can be un-
derstood by considering that the plasmon resonance
energy is determined by the width of the metallic junc-
tion and not by the dimensions of the hole or gap.
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When the polarization is along the minor axis

of the elliptical hole, the metallic channel sup- A

porting the plasmon oscillation is the same size
as for a circular hole of radius 50 nm. Likewise,
for incident polarization along the major axis of
the elliptical hole, the metallic channel support-
ing the plasmon oscillation is the same size as
for a circular hole of 35 nm radius. This is evident
in the charge plots shown in Figure 2B, where
the electric charge distribution at the maximal
charge separation is shown for both polariza-
tions. Therefore, the optical response of a semi-
shell with an elliptical hole is polarization-
dependent, with plasmon energies determined
by the hole dimension perpendicular to the di-
rection of polarization.

In addition to the effect of hole size and
shape, the position of the hole on the semishell
also plays an important role in controlling the
optical response. The geometry of a semishell
with a circular cylindrical hole of radius r = 30
nm shifted away from the symmetry axis of the
structure is shown in Figure 3A. The parameter
describing the hole offset is the angle B be-
tween the rotational axis of the semishell and
the axis of the hole (Figure 3A). This structure is
no longer azimuthally symmetric, and the opti-
cal response is determined by the hole offset.
Two topologically different structures are shown
in Figure 3A. For B = 60°, the hole does not in-
tersect the semishell edge and overlaps the
semishell completely. For B = 90°, only 50% of
the hole area overlaps the semishell.

The calculated extinction spectra are shown
in Figure 3. Three sequences of spectra for in-
creasing polar angle of displacement of the hole
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from the center of the semishell are shown. For
incident light propagating along the symmetry
axis of the semishell, two polarizations, where
the hole displacement is in k—H plane (Figure
3B) and where the hole displacement is in the
k—E plane (Figure 3C), are shown. Figure 3D
shows the spectra for polarization along the
symmetry axis of the semishell. The presence
of the hole modifies the topology of the structure, al-
lowing plasmon oscillations between the hole and the
cup edges. The position of the hole determines the
strength of the coupling to the incident light.

The semishell with an off-axis hole provides key in-
formation about the origin of the plasmon modes of
perforated semishells. For the transverse E-field polar-
ization case (Figure 3B,C), the spectra are dominated by
the longer wavelength (~1300 nm) dipole mode: this
is the same “tunable” mode shown in Figure 1A (right)
and in the charge distributions in Figure 1B for the hole
with a radius r = 35 nm. Here we see that the major ef-
fect of the hole offset is the enabling of higher-order

)
&) VOL.4 = NO.5 = MIRIN ET AL.

Figure 3. Effect of cylindrical (r = 30 nm) nonaxial holes on the sem-
ishell optical extinction spectra. (A) Schematic of the semishell geom-
etry for holes positioned at increasing offset angles from the symme-
try axis of the semishell. (B) Extinction spectra as a function of hole
offset in k—H plane with coaxial k-vector of incident light. (C) Extinc-
tion spectra as a function of hole offset in k—E plane with coaxial
k-vector of incident light. (D) Extinction spectra as a function of hole
offset in k—E plane with k transverse and E coaxial to the cup.

plasmon excitation (Figure 3B,C). Here we observe that
the relative intensities of the higher and lower-order
modes are determined by the position of the hole.
Large hole offsets correspond to stronger intensities of
higher-order modes. In contrast, for the case of axial po-
larization (Figure 3D), the spectra are only weakly de-
pendent on the hole offset from the symmetry axis.
These spectral characteristics can be well-
understood by examining the charge distributions of
the plasmon modes. Without a perforation, electrons in
the semishell oscillate between the primary edges of
the semishell structure, as driven by the E-field of the in-
cident light at resonance. The presence of a perfora-
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tion modifies the path for the electrons oscillat-
ing between the primary edges of the semishell
structure, forcing the resonant currents to cir-
cumvent the perforation. For the case of the co-
axial hole (B = 0°), the oscillating dipoles on ei-
ther side of the semishell are collinear, and
only the in-phase bonding mode is observed
(Figure 1B). When the hole is shifted from the
symmetry axis (Figure 3A, 0° < B = 60°), the di-
poles on the hole edges are no longer collinear
and both bonding and antibonding modes
have nonvanishing dipoles (Figure 4A,B). The
most pronounced low energy (~1300 nm) reso-
nance corresponds to the dipole bonding mode
case in which the induced dipolar charges oscil-
late in phase on both edges (Figure 4A, A =
1338 nm). The magnetic field enhancement of
this mode (Figure 4B) is perturbed by the hole in
the same manner as in Figure 1C. The next reso-
nance (Figure 4A, X = 1002 nm) corresponds
to an antibonding mode where the same di-
poles oscillate in opposite phases. The shortest
wavelength mode (Figure 4A, X = 694 nm) cor-
responds to quadrupolar charge distributions
on the semishell and hole edges. The antibond-
ing and quadrupolar modes become visible in
the spectra of the symmetry-broken structures
because of the hybridization with the dipolar
semishell mode.

When the perforation intersects with the
semishell edge (Figure 3A, B = 90°), the struc-
ture no longer has two distinct edges and its
spectral response changes qualitatively in a
polarization-sensitive manner (Figure 4C,D).
This topology is equivalent to a semishell with
an edge defect, a structure which also supports
higher-order modes. The higher-order modes
are modified semishell modes (Figure 4C) in
which higher-order charge distributions can be
optically excited, due to the dipole moment ac-
quired from the surface charges along the edge
defect. This also results in enhanced local mag-
netic fields (Figure 4D).

We have developed a straightforward fabri-
cation protocol for perforated semishells by ex-
tending our previously reported method of
semishell fabrication,?” including an etching
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Figure 4. Effect of cylindrical (r = 30 nm) nonaxial holes on the sem-
ishell induced charge distribution and local magnetic field enhance-
ment. (A) Induced charge distribution of the plasmonic modes for the
case of a nanocup with a hole near the edge: quadrupolar charge dis-
tribution (A = 694 nm), opposite dipoles on semishell and hole edges
(A = 1002 nm), same phase dipoles on semishell and hole edges (A =
1338 nm). (B) Magnetic field enhancement for the dipole mode of
the semishell with a hole near the edge. (C) Induced charge distribu-
tion of plasmonic modes for the case of a semishell with a hole inter-
secting its edge, showing dipolar (A = 1128 nm) and quadrupolar
(N = 736 and 904 nm) modes. (D) Magnetic field enhancement for
the dipole mode of a semishell with a hole intersecting the edge.

and the different evaporation directions, different par-

process previously used for the semishell** and nano-
crescent>? fabrication. The fabrication steps are shown
schematically in Figure 5, with a more detailed descrip-
tion in the Methods section. Six different structures
were fabricated, using evaporation angles of 30 and
45° (Figure 5B) with 0, 30, and 45 s etching times (Fig-
ure 5C). Each sample was imaged using scanning elec-
tron microscopy (SEM). Representative images for both
deposition angles and all etch times are shown in Fig-
ure 5D. Because of the directionality of metal deposition

www.acsnano.org

ticle “shadows” corresponding to regions of uncoated
substrates are observed for samples oriented at 30 and
45° (Figure 5D, left). Due to the anisotropy of the metal
deposition and plasma etching, all fabricated struc-
tures share the same orientation within each sample.
Plasma etching progressively reduces the symmetry of
the fabricated structures by etching each semishell
down to its dielectric core (Figure 5D, center and Fig-
ure 5D, right). Since the plasma etching direction is nor-
mal to the substrate, different etching patterns are ob-

VOL. 4 = NO.5 = 2701-2712 = 2010 A@NJVN\N()

11011y

2705



ARTICLE

2706

A B

Q

30 s. etching

45 s. etching

L 0 s. etching

30° Au deposition

45° Au deposition

Figure 5. Fabrication of perforated Au semishells. (A) Patterning a functionalized substrate with polymer spheres. (B) Directional
evaporation of Au at 30 or 45°. (C) Partial anisotropic etching of Au from the semicoated spheres using Ar* plasma. (D) SEM im-
ages for different etched nanocup samples prior to suspension in PDMS and separation from the substrate. (E) Embedding nano-
structures into a PDMS matrix. (F) Separating the elastomer matrix with the suspended nanostructures from the substrate.

served for semishells fabricated using 30 and 45°
evaporation angles. The Au film thickness deposited
on angled surfaces decreases with increasing angle be-
tween the surface normal and the direction of the metal
evaporation. For spherical beads, this determines the
orientation of the deposited semishell on the substrate,
with the center of the shell layer (thickest coating) fac-
ing the evaporation source. For an angled substrate,
this results in a thinner flat Au layer on the substrate
surrounding the fabricated semishell structures. In the
etching process, the Au removal rate was the same for

AQ\IA[\D VOL. 4 = NO.5 = MIRIN ET AL.

all samples used in the experiment. Due to differences
in the surrounding film thicknesses, the thinner film is
etched almost completely to the substrate (Figure 5D,
bottom right), while thicker films remain continuous
(Figure 5D, top right).

The etched semishells were separated from the sub-
strate by coating the substrate with an elastomer, cur-
ing the elastomer layer, and peeling it from the sub-
strate. Semishells removed in this way were embedded
in an elastomer matrix, which preserved the angular ori-
entation established during fabrication. The structures
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Figure 6. Schematic of the optical measurement of perfo-
rated semishell films, for P- and S-polarized light at a func-
tion of angle of incidence and etched semishell orientation.
The incident beam refraction in the slab is illustrated.

form a relatively dense submonolayer; however, the in-
terparticle separations were large enough that interpar-
ticle interactions could safely be neglected. The optical
response of this film of semishells corresponds quite
well to the optical response of the individual constitu-
ent nanostructures. The fabricated nanostructures were
the semishells (Figure 5D, left), the semishells with one
thinner etched side (Figure 5D, center), and the semi-
shells with a hole (Figure 5D, right). The holes on the
semishells were located off-axis due to the semishell
orientation and the direction of etching. The holes had
elliptical shapes as a result of the preferential etching of
the thinner Au layer near the semishell edge. The ex-
tinction spectra of the fabricated nanostructures were
collected according to the schematic in Figure 6 for two
different polarizations and a range of incident angles
(see Methods).

A reduced set of the collected spectra is shown in
Figure 7A,C. To analyze these experimental results, we
use single particle models for the films of Au semi-
shells with and without perforations. The geometrical
parameters of the particles were selected to match the
SEM data shown in Figure 5D (see Supporting Informa-
tion for the detailed comparison). In our theoretical
analysis, the spherical cavity radius is 43 nm and the el-
lipsoidal Au shell radii are 57 and 68 nm. The hole intro-
duced in this sample is elliptical, with major and minor
radii 11.5 and 9.5 nm, respectively. The hole is placed
off-axis by B = 75°, as defined in Figure 3A.

In Figure 7A,B, we show the extinction spectra for
the case of a uniform semishell with no hole, as a func-
tion of angle of incident light for P-polarized excitation.
Each curve represents a different external excitation ef-
fective angle of incidence (6f) with respect to the sem-
ishell rotational axis, measured inside the elastomer
slab and determined by Snell’s law. At 8¢ = 0°, the sem-
ishell is excited by a transverse-polarized external beam.
In this case, the semishell supports a transverse dipole
mode at wavelength A = 820 nm. When the semishell
is rotated 90°, it is excited by an axially polarized beam,
exciting the semishell axial dipole mode at A = 628
nm. We observe a very close agreement between the
experimentally measured and calculated spectra.

In Figure 7C, we show the experimentally measured
spectra of the semishells with an elliptical hole, ob-
tained for a range of incident angles from 9°
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Figure 7. (A) Experimental and (B) theoretical extinction spectra of
unperforated semishells. Semishells were fabricated with a Au
deposition angle of 45°. (C) Experimental and (D) theoretical extinc-
tion spectra of perforated semishells. The theoretical calculations
(B,D) include insets showing charge distributions at different wave-

lengths of incident light, indicated by arrows.

(transverse-polarized excitation) to 81° (axial-polarized
excitation) using P-polarized incident light. The corre-
sponding theoretical calculations are shown in Figure
7D for B¢ ranging from 0 to 90°. As discussed in Figure
3, the symmetry breaking caused by the hole intro-
duces dipole moments in the hybridized higher-order
modes, making them visible in the spectra. As discussed
previously, the introduction of a perforation into the
metallic shell layer changes the topology of the struc-
ture such that it supports hybridized plasmon modes. In
the case of transverse excitation (B¢ = 0°), we can see
a clear plasmon hybridization®*** signature (described
in further detail in the Supporting Information, Figure
S5). The semishell transverse dipole mode at A = 820
nm (Figure 7D, 8¢ = 0° case) hybridizes with the hole
dipole mode, generating a bonding mode at A = 1180
nm and an antibonding mode at A = 748 nm. The in-
tensity of the bonding mode has a maximum at the
angle that aligns the E-field component of incident light
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optimally with both the semishell opening and
the plane of the hole. This angle is approximately
45°in the calculated spectrum and 74° in the mea-
sured spectrum. The bonding mode wavelength
and relative amplitude are quite sensitive to hole
size, shape, and position: for this reason, the peak
is significantly broader in the experimental mea-
surements since the slight variations between the
fabricated structures in the film contribute signifi-
cantly to the inhomogeneous broadening of the
plasmon line widths.

With the development of more and more
precise nanofabrication methods for making
perforations into the metal layer of the semi-
shell, this nanostructure has great potential as
a general “platform” for the fabrication of a vari- ) R .
ety of nanostructures with different optical 560 10'00 15'00 2600
properties. Here we give two examples of how Wavelength (nm)
this structure could be modified in additional
ways for specific applications as nanoscale opti-
cal components.

In Figure 8, we show how the introduction
of a single or multiple holes onto a semishell
can control the optical scattering pattern of the
dipole mode. As we saw previously for offset
holes, the presence of multiple perforations pre-
cisely reshapes the electric charge distribution
and reroutes charge oscillations into mandated
paths. In Figure 8A, we compare the optical re-
sponse of three different theoretical models, a
semishell with no perforation (black), a semishell
with single hole (red), and a semishell with two
holes (green). The incident wave has a trans-
verse polarization with respect to the semishell
structure. All holes are chosen to be elliptical cy-
lindrical and not aligned with the incident field
direction to represent a general case of reduced
symmetry. In the two holes case, the two holes
have different sizes, orientations, and elliptical
profiles for better generality. Figure 8A shows
that multiple holes leads to excitation of more
higher-order modes and a red shift of the low-
est energy bonding semishell mode. Because

the presence of a single and multiple offset R R R " .

R L Figure 8. Simulated effect of the asymmetrically positioned elliptical
holes restricts the path of oscillating electrons,  pgjes on the optical response of a semishell. (A) Extinction spectra.
the light scattering pattern from the semishell is  (B) Normalized scattering in k—H and k—E planes at the strongest
altered and dependent on the number of perfo- resonant peaks. (C) Geometry (top) and three-dimensional angular

. . scattering distribution at the main resonance peaks (bottom) show-
rations (Figure 8B,C). ing the dipole scattering profile modified by the presence of perfo-
In Figure 8D, we compare the electric charge rations in the semishell. (D) Induced surface charge distribution at

distribution for the transverse dipole mode of the main resonance peaks showing the reshaping of the charge dis-
tribution due to the presence of the perforations in the semishell.

Extinction (a. u.)

the three structures of Figure 8A. Regardless of
hole placement on the semishell, the induced dipoles on ~ dominated by the bonding mode, for which the dipole
the structure, as seen in the positive and negative charge  of the primary semishell edge and the dipoles of the per-

distributions shown in Figure 8D, bisect the holes. As foration edges hybridize to generate the largest possible
shown above for the case of an offset circular perfora- dipole moment allowed by the curved geometry.

tion, each hole provides an additional edge, altering the The ability to alter the angular distribution of the
resonant plasmonic current. The extinction spectra are scattering spectrum by adding perforations onto this
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semishell “nanoantenna” warrants a more com-
prehensive and broader study of this structure.
The fabrication of precisely placed multiple per-
forations may ultimately provide a strategy for
controlling light scattering by dictating the
paths of the charge oscillations in individual
nanostructures. Since the oscillation paths con-
trol the net dipole direction and magnitude,
hole placement affects both the scattering di-

H
AkIE Magnetic Excitation
> (solid spectra)

k Electric Excitation
H E {(dashed spectra)

rection and angular distribution. =70 nm \_/ W=20 nm
The optical properties of a semishell can be WS0 Fii ’_,"
modified even further by placing an elliptical cy- = -~ _ .+ -
lindrical hole on the edge of the semishell, thus :
forming an edge defect in the form of an ellipti- & W=20 nm \J
cal wedge-like slit (Figure 9A). This converts the g | e =
semishell into a three-dimensional analogue of -3 '''' N | aanuein o 0
a split-ring resonator (SRR).>"*>> Here, the ellip- € |\y=10 nm
tical slit dimensions are defined from the top ">'<' / -
view by the slit depth (D) measured from the & I i '7 - (38 e I": -
semishell edge and the slit width (W) measured 100 125 150 175 125 150 175 200

at the semishell edge (the largest width of the

Frequency (THz) Frequency (THz)

slit). This structure supports both electric and
magnetic modes. The electric mode is excited c

D=70 nm; W=20 nm

for transversely polarized E-field and does not
require an inductive coupling to the structure.

Induced Charge
phase=0°

Magnetic Field
phase=90°

When the magnetic field is parallel to the semi-
shell opening, there is no inductive coupling
and only the electric mode can be excited. The
magnetic mode can be excited when the inci-
dent magnetic field is normal to the semishell
opening. For this excitation geometry, there is
an inductive coupling between the incident
magnetic field and the plasmon current of the

4.6x10°A/m

oﬂ/@

-4.6x10°2 A/m

semishell with the wedge-like slit. For both mag-
netic and electric excitations, the direction of
the electric field is along the length of the ellip-
tical slit. The geometries for electric and mag-
netic excitation of the respective modes are
shown in Figure 9A. Figure 9B shows a compari-
son between the response of the semishell
with a slit to the magnetic excitation (solid spec-

1.9x10* A/m

i.)fg

-1.9x102 A/m

tra) and to the electric excitation (dashed spec-
tra) as functions of the excitation frequency. This
comparison shows that the electric plasmon

Figure 9. Simulated semishell with a wedge perforation as a split-
ring resonator. (A) Schematic of the geometry and relative field ori-
entation for magnetic and electric excitation with the same incident

mode around 250 THz (only the low frequency  E-field polarization direction. (B) Extinction spectra of electric and

tail is shown) in Figure 9B is excited in response

magnetic excitations, showing the tunability of the magnetic mode
due to the slit geometry. (C) Induced charge distributions at maxi-

to both the electric and magnetic excitation ge-  mum charge separation, and the local magnetic field enhancement
ometries. The magnetic mode around 150 THz  at the orthogonal phase.

is only excited for the magnetic excitation ge-
ometry (solid curves of Figure 9B). This magnetic mode
frequency is sensitive to the slit shape and size. In or-
der to show the tunability of the magnetic mode, we
studied the effect of the slit width (W) in Figure 9B (left)
and the effect of the slit depth (D) in Figure 9B (right).
To further investigate the difference between the
electric and magnetic excitations, we analyze the in-
duced surface charge and the magnetic field enhance-

www.acsnano.org

ment associated with the magnetic mode. Figure 9C
shows the near-field properties in response to the mag-
netic excitation (top row) and the electric excitation
(bottom row). The left column shows the local charge
distribution at the maximum charge separation (phase
= 0°), and the right column shows the local magnetic
field component aligned with the semishell rotational
axis at the maximum magnetic field enhancement
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(phase = 90°). All plots are for v = 147 THz, which cor-
responds to a wavelength of A = 2 um. In the case of
magnetic excitation (top row), the electric charge distri-
bution corresponds to the inductively driven oscillat-
ing current not accessible by electric field excitation
alone. Consistent with this observation, the local mag-
netic field distribution (top right) shows an enhanced
magnetic field uniformly distributed inside the semi-
shell. For the electric excitation (bottom row) at the
same frequency, the induced charge distribution corre-
sponds to a weak off-resonant transverse semishell di-
pole mode aligned with the incident electric field (Fig-
ure 9C, bottom left). The local magnetic field
distribution (bottom right) shows only a weak enhance-
ment corresponding to a symmetric induced current os-
cillation on each side of the semishell.*¢

Semishells with wider and shorter slits support mag-
netic modes at higher frequencies (Figure 9B), which
can be explained considering an LC resonance model
of the structure. The metal body of the semishell acts as
an inductor with nonzero series resistance due to the fi-
nite conductivity of the metal. The slit acts as the ca-
pacitor. The LC resonance frequency increases when
the inductance or the capacitance decreases, by the
well-known formula v ~ (LC)~ 2. The primary effect of
the slit width and depth is to change the effective ca-

METHODS

Etched Semishell Fabrication. Glass or silicon substrates were
functionalized with poly(vinylpyridine) (PVP).>5 An aqueous sus-
pension of Invitrogen (Sulfate Latex) or Bangs Laboratories’ poly-
styrene spheres with a diameter of 90 nm was diluted with
deionized water to 0.5% by mass. The substrates were placed in
the colloidal suspension to form a submonolayer of isolated
polymer spheres (Figure 5A) for 5—10 s, followed by careful rins-
ing with water and drying with nitrogen gas. The patterned sub-
strates were mounted in an electron beam evaporator
(Telemark) at angles of 30 and 45° between their normal and
the direction of evaporation of the Au metal source. The adhe-
sion layer of Ti (1 nm) followed by a 20 nm thick layer of Au was
evaporated (Figure 5B). The samples were then placed flat in a
Trion reactive ion etch (RIE) and etched for 30—45 s at 300 W RIE
power and 100 sccm Ar flow under 80 Torr pressure. With this
orientation, Au from the top of the angled semishells was par-
tially removed (Figure 5C). Prior to PDMS immersion, each
sample was imaged using JEOL-6500 scanning electron micro-
scope (SEM). The substrates were immersed in Dow Corning
Sylgard-184 polydimethylsiloxane (PDMS)*” that was cured for
36 h at room temperature, embedding the semishells with a
transparent matrix (Figure 5E). Subsequent removal of the PDMS
layer separates the semishells from the Au-coated surface (Fig-
ure 5F).

Optical Characterization. Extinction data were measured using
Cary 5000 UV—vis—NIR spectrophotometer with baseline sub-
traction. A blank PDMS slab with the same thickness as the
samples was used to measure the baseline. The measurement
schematic is shown in Figure 6. P- or S-polarized light was used.
The orientation of the etched semishells is determined by two
experimental angles: the angle between the nonetched cup axis
and the substrate or suspending slab normal (6.,,) and the angle
of incidence of the probing beam to the suspending slab sur-
face (6o) (see Figure 6). In this figure, the etched cup is shown
with an assumption that etching occurs parallel to the substrate.
However, due to the curved semishell surface and non-uniform

0
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pacitance, which decreases with increasing slit width
(Figure 9B, left) and increases with increasing slit depth
(lower resonance frequency in Figure 9B, right). The
changes in the effective resistance and the effective in-
ductance are negligible because the change in the me-
tallic part of the structure is insignificant. The width of
the resonance peak is proportional to the product of
the effective high-frequency capacitance and the effec-
tive high-frequency resistance of the nanostructure,
that is, the circuit time constant, and appears to be un-
changed in the present parameter range.

CONCLUSION

We have designed a new class of plasmonic nano-
particles derived from metallic semishell particles by
controlled perforation of their metallic shells. We have
investigated the plasmon modes supported by this new
geometry, their tunability, and the control of their am-
plitude as a function of reduced symmetry. These struc-
tures can be designed using theoretical models and
fabricated using clean-room-based methods, resulting
in films of semishells with optical properties in very
good agreement with our theoretical calculations. The
controlled perforation of the metallic shells can alter the
far-field scattering properties and enable the excita-
tion of magnetic plasmon modes in these structures.

thickness of the Au layer, the etched opening plane is not neces-
sarily parallel to the substrate. The “axis” of the etched cup is as-
sumed to be the same as that for the original nonetched cup. Us-
ing Snell’s law with nppys as the refractive index of the slab in
Figure 6, the effective angle between the incident beam and the
nonetched cup axis is Oer = Ocup — sin~'(sin Bo/Nppus). The experi-
mental values of the effective angles are 6., = [30°, 45°] and 6
= [—60°, —45°, —30°, 0°, 30°, 45°, 60°].

Finite Element Modeling. The finite element method (FEM) is
used to simulate the response of different semishell cases to ex-
ternal electromagnetic excitation. All FEM simulations are per-
formed with the commercial software COMSOL 3.5a using scat-
tered harmonic propagation (radio frequency module). The
refractive index of the dielectric environment around the semi-
shell, including the cavity, is chosen to match the elastomer ma-
trix used in the experiment (n*> = & = 2.13). To simulate the infi-
nite space surrounding the nanoparticle, an absorbing layer is
placed far enough to accommodate the largest value of the
nanoparticle optical extinction cross section. The Au material is
modeled using experimentally measured dielectric data with lin-
ear interpolation between the data points.>® For the magnetic
mode study in Figure 9, the Au material is modeled using a
Drude model fit of the experimental data.’® The Drude model
provides the accurate description of the Au dielectric function
below the interband transition (430 THz) and allows the extrapo-
lation of the experimentally measured dielectric function to the
range of frequencies lower than 155 THz. The Drude model fit-
ting equation for the dielectric function is

2
ev) =¢_ — ZL
Vo4 iyv

The fitting parameters are .. = 10.95 (background dielec-
tric), y = 18.69 THz (damping), and vy, = 2.40 X 10% THz (bulk
plasma frequency). Both the real and the complex part of the ex-
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perimental dielectric function are fitted for the frequencies be-
low the interband transition of Au (430 THz).

Surface Charge Evaluation on Metal —Dielectric Boundaries. Since the
resonant charge oscillations do not necessarily coincide with
the phase of the incident wave, the phase of the COMSOL solu-
tion has to be adjusted for the maximal induced surface charge
amplitude. At any given phase, the surface charge boundary plot
can be obtained by the following procedure.

In order to evaluate the surface charge on the
metal—dielectric boundaries, Gauss theorem was applied to the
E-field near the boundary to account for both bound and free
surface charge densities.

% I[p‘iu»box Eids = L[[r‘netalfdielectric ods

The imaginary infinitely thin “pill-box” element is placed
across the boundary, with the top surface in the dielectric and
the bottom surface in metal. If the charge is located on the
boundary only and the pill-box is infinitely thin, only the top
and bottom surface contribute to the electric field flux integral
on the left. The areas of the top and bottom surfaces in the left
integral in the limit are equal to the area of the metal—dielectric
boundary. Thus, the surface charge density is equal to the differ-
ence between the normal components of the electric field on
the different sides of the metal—dielectric boundary.

£l jf AEdS + If AEdS) = & j]' A EqdS +
top bottom metal—dielectric
jf —hy ods
metal—dielectric

metal—dielectric
o =¢gynEq— E.)

COMSOL boundary expressions and boundary plots support
up(<value>) and down(<value>) operators for the physical
quantities, such as electric field, defined in domains above and
below the boundary respectively.

o= £0ﬁ-(up(F) — down(E))
0 = gy((up(E,) — down(E))n, + (up(E) —
down(Ey))-ny =+ (up(E,) — down(E,)n,)

The position of the upper and lower domain is determined
by the normal vector direction set by the model, which is usu-
ally inconsistent among the multiple surfaces of the model. The
overall expression for the surface charge density is invariant with
respect to the normal definition since the opposite normal direc-
tion also switches up(<value>) and down(<value>) operators.
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