Plasmonics (2014) 9:35-45
DOI 10.1007/511468-013-9595-x

Investigation of Plasmonic Resonances in Mismatched Gold

Nanocone Dimers

Adnan Daud Khan - Giovanni Miano

Received: 5 May 2013 / Accepted: 1 July 2013 /Published online: 16 July 2013

© Springer Science+Business Media New York 2013

Abstract The plasmonic properties of two closely adjacent
gold nanocones of different sizes have been investigated.
The plasmon modes of the first nanocone couple with the
plasmon modes of the second one due to which a broad
peak and a narrow peak emerges in the extinction spec-
trum, which can be categorized as bright and dark plasmon
modes. The destructive interference of the two modes re-
sults in a sharp Fano dip in the spectrum. Several config-
urations of the conical nanodimer have been considered,
which suggests that the plasmon coupling in the nanocone
dimer is not only dependent on the interparticle distance
and size of the nanoparticles but also on their spatial
arrangement. The localized high near-field energy in the
nanodimer can be used for surface-enhanced Raman spec-
troscopy applications.

Keywords Dimers - Fano resonance - Plasmons -
Nanocones - Near-field enhancement

Introduction

Surface plasmons of metal nanoparticles are able to produce
very strong and confined optical fields at deep subwavelength
volumes, far beyond the diffraction limit. When the two metal
nanoparticles are placed closed to each other to make a dimer,
their optical properties are highly changed because the plasmon
modes of both the metals couple together and form new hy-
bridized plasmon modes. By decreasing the gap between the
two nanoparticles, the plasmon coupling of the nanoparticles
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increases, which results in the amplification of the field inten-
sity by orders of magnitude. Because of this property, the
dimer nanostructure has received a huge attention for surface-
enhanced Raman spectroscopy (SERS) applications due to the
hot spot produced in the gap between the nanoparticles when
incident light is polarized along the dimer axis [1-4].
Recently, it has been established that the plasmonic dimer
nanostructure also supports Fano like resonances [3, 5-10].
The Fano resonances usually crop up from the coupling and
interference of a non-radiative mode (dark mode) and a
continuum (bright mode) of radiative electromagnetic waves
and are distinguished from their Lorentzian counterpart by a
distinctive asymmetric line shape. They are typically more
sensitive to the shapes of the nanoparticles and changes of
the refractive index of the environment. Various geometries
based on dimer structures have been proposed to achieve
Fano resonances. Brown et al. have experimentally and
theoretically analyzed mismatched nanoparticle pairs of dif-
ferent size and shapes, which give rise to properties such as
Fano resonances, avoided crossing behavior, and optical
nanodiode effect [8]. Yang et al. have theoretically investi-
gated the plasmon coupling in metallic nanorod dimers.
They observed a pronounced dip in the optical spectrum
due to plasmonic Fano resonance which is induced by de-
structive interference between bright dipole mode of the
short nanorod and dark quadrupole mode of the long
nanorod [6]. Wu et al. have reported Fano-like resonances
in the absorption spectrum of an asymmetric homodimer of
gold elliptical nanowires, which arises from the coherent
coupling between the superradiant bright mode and the
subradiant dark mode [9]. Wu et al. have also demonstrated
the influence of symmetry breaking on the plasmon reso-
nance coupling in the gold nanotube dimer and observed
strong Fano-like resonance in the scattering spectrum due to
the interference of the bonding octopole mode of the dimer
with the dipole modes [3]. Recently, Zheng et al. have
observed Fano resonance in a T-shaped dimer, which arises
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from the interference of the bright mode of the short nano-
particle and the dark mode of the long nanoparticle [11].

We present here for the first time the observation of Fano
resonance in a dimer based on mismatched gold nanocones,
which are highly polarization-dependent nanostructures [12,
13]. In the asymmetric plasmonic nanodimer, the interac-
tions between the modes having a distinct angular momenta
or line shape are stronger. Unlike to homodimer, these
symmetry-reduced nanostructures avoid crossings of the
plasmon modes, provide a very sharp Fano resonance in
the optical spectrum [8], and exhibit better sensitivities than
the symmetric counterparts [14]. The Fano resonance ob-
served in the mismatched conical nanodimer can be tuned
and enhanced by modifying the size of one of the nanopar-
ticle or the distance between the two nanocones. Here, we
illustrate the results for the dimer separations only down to
1 nm because for smaller separations, the quantum mechan-
ical effects, such as electron tunneling across the dimer
junction and screening, alter the classical response [15].

Polarization control at nanoscale is an upcoming direction
in the research of metamaterials. Due to the polarization
sensitivity of the proposed nanodimer, we have different
response for transverse and longitudinal polarizations, there-
fore the nanodimer can be used as polarization beam filter
[16]. Furthermore, we have spectral line shapes with strong
Fano resonances, which is an essential feature for having
highly dispersive metamaterials. The dispersion engineering
in metamaterials is typically done through asymmetric spec-
tral line shape with steep variations. In this paper, we inves-
tigate several configurations of cone-based dimers with spe-
cial emphasis on the spectral line shape. We found some
configurations that seem very useful for Fano spectral line
shape and near-field enhancement. Polarization control and
strong asymmetric spectral line shape make the proposed
nanodimer an ideal candidate to be used in the applications
like plasmon-induced transparency (PIT), switching, and
SERS.

The optical properties of the dimer nanostructures are
carried out by COMSOL with RF module. Johnson and
Christy data have been used for the dielectric constant of
the gold [17]. The embedding medium is considered air.

Optical Properties of the Nanocone Dimer

In this paper, we analyze different configurations of the
dimer nanostructure, see Table 1.

Type I Nanodimer
Figure 1 shows the schematic diagram of a type I heterodimer.

The dimensions of the nanodimer are R;, H;/R,, and H,,
where'R;” and ‘H;’ are the radius and height of the large

@ Springer

Table 1 Several configurations of a conical nanodimer

Type Geometry 1
—_—X

- | @e

Type Il

Type 11T

Type IV

nanocone, and ‘R,” and ‘H,’ are the radius and height
of the small nanocone, respectively. The gap size between
the two nanocones is denoted with ‘G’. The illuminating
electromagnetic wave is linearly polarized, the electric
field is directed along x-direction, and the wave propa-
gates in the y-direction.

We analyze first the extinction spectra of the dimer com-
posed of two nanocones with dimensions; R;, H;=90, 110
and R,, H,=50, 70 nm, respectively. Figure 2a shows the
extinction spectra of the single nanocones, when they do not
interact. The large nanocone exhibits a sharp extinction peak
near 638 nm while the small one at 552 nm. Both the peaks
are relevant to the fundamental dipole mode. Now, when the
two nanocones are brought close enough to form a dimer
(type 1), the plasmon modes of the first nanocone couple
primarily with the plasmon modes of the second one due to
which a low-energy bonding mode, and a high-energy anti-
bonding mode are formed according to the plasmon hybrid-
ization model [18]. The antibonding mode cannot be visual-
ized in the spectrum due to its extremely small dipole moment,
so only the bonding mode emerges in the spectrum due to its
large dipole moment [18, 19]. Since the dimer is mismatched,
the dipole mode of the small nanocone interacts with the dipole
and higher order modes of the large nanocone forming hybrid-
ized dipole—dipole (DDB), dipole—quadrupole (DQB), and
dipole—multipolar bonding modes [7, 8]. Figure 2b shows the
extinction spectra of the dimer with a gap of G=1 nm. It shows
a mixture of the hybridized bright DDB mode near 770 nm and
the dark DQB mode near 630 nm. The higher energy peak is
much weaker than the lower energy one. The two modes
overlap in energy and induce a sharp Fano resonance in the
visible range near 682 nm, which is characterized by a dip in
the spectrum. From the blue and red curves corresponding to
the two arrangements shown in the inset of Fig. 2b, swapping
the nanocones does not affect significantly the extinction



Plasmonics (2014) 9:35-45

37

Fig. 1 Sketch of the dimer nanostructure. The incident field is linearly polarized along the x-direction and propagates along the y-direction

spectra of the nanodimer. The surface charge distributions (top
view) corresponding to each peak and Fano dip are shown in
the inset of Fig. 2b. The surface charges near 770 nm shows a
dipole distribution on both the nanoparticles, which clearly
represents a DDB mode. The surface charges near 630 nm
shows a quadrupolar-like distribution on both the nanoparticles,
depicting a DQB mode, while the surface charges at the dip
shows a mixture of dipole and quadrupole modes.
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The polarization state of the incident light also has a
great effect on the extinction spectra of the dimer. Figure 3
shows the extinction spectra of the dimer with both the
longitudinal (blue line) and transverse (red line) excitations
at fixed G=1 nm. For a transverse polarized incident light,
the electrostatic coupling between the nanoparticles is pre-
dicted to be of less significance. Here, the field enhance-
ment and plasmon coupling are very weak compared to the
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Fig. 2 Extinction spectra of a single large and small nanocones b type I nanodimer. Inset shows surface charge distributions
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Fig. 3 Extinction spectra of a type I nanodimer with longitudinal (blue)
and transverse (red) polarizations

longitudinal excitation because the hybridization effects are
limited [8, 19]. So, for the transverse polarization, the Fano
dip disappears, and we observed only a single dipole peak
near 650 nm. The higher order hybridized modes remain
absent in this case, and the dimer acts as a monomer. Thus,
by changing the polarization of incident field, the Fano
resonance can be switched on and off.

Figure 4 demonstrates the extinction spectra of a type I
nanodimer with different values of G. When the gap is small,
then the plasmon interactions between the two nanocones
increases, which results in the red shifting of the plasmonic
peaks. For instance, by decreasing the value of G from 7 to
1 nm, an obvious red shift of both the DDB and DQB modes
occur. It is further to be noted that by increasing the value of

Extinction Cross Section (a.u.)

20 600 800 1000 1200
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Fig. 4 Extinction spectra of a nanodimer for different values of G
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G, the DQB mode gets weaker, while the DDB mode be-
comes stronger, which results in the weakening of Fano
resonance. For a very large value of G, the plasmon hybrid-
ization between the two nanocones are reduced due to which
the dimer which acts as an isolated monomer because only a
single resonance dominates the extinction spectrum, and no
Fano resonance can be perceived.

Figure 5a shows the extinction spectra of a type I dimer by
modifying the dimensions of the first nanocone at fix
G=1 nm, in which the intensity and the spectral position of
both resonances vary. It appears that as R; and H; get smaller,
the DDB mode becomes narrow band because of the decrease
in the polarizability of the first nanocone. Also, the Fano
resonance is comparatively weak for smaller values of R
and H,. Figure 5b gives the resonant wavelengths of the
DDB and DQB modes as the dimensions of the first nanocone
varies (keeping same aspect ratio) at fix G=1 nm. Both the
DDB and DQB modes gradually red shift as R; and H;
increases, but the red shift of the DQB mode is very weak
compared to DDB mode. So by summarizing, the spectral
location and modulation depth of the Fano resonance can be
controlled by modifying G or the size of the nanoparticle.

We named the dimer with dimensions 30,50/50,70 nm as
type IA and the dimer with dimensions 90,110/50,70 nm as
type IB nanodimer. Figure 6 shows the distribution of the
real part of the electric field of type IB nanodimer at differ-
ent wavelengths. The maximum value of the enhancement
is observed in the gap region between the two
nanoparticles. The field distributions are relevant to the
DDB and DQB modes as well as a Fano resonance [20,
21]. For the type IB nanodimer, the maximum value of the
field enhancement for the DDB mode is found to be 245
and that for the DQB mode is 330. For the type IA
nanodimer, the maximum value of the enhancement for
the DDB mode is 400 and that for the DQB mode is 260,
which are reasonably higher than the type IB nanodimer.
So, in this configuration of a nanodimer, the type IB exhibit
strong Fano resonance, which may be useful for PIT [22],
whereas the type IA provides large field enhancement,
which is an important feature of SERS [23, 24].

Type II Nanodimer

Next, we investigate the optical properties of type II
nanodimer. Here, the tips of both the nanocones are in the
same direction as shown in Fig. 7a. Figure 7b shows the
extinction spectra of type II nanodimer for different values
of R, and H; at fixed G=1 nm. The results obtained for this
type is quite different from the type I configuration. Here, by
decreasing the value of R; and H;, the spectral width and
position of the DDB and DQB modes changes, and also the
separation between them starts to decrease. When the first
nanocone size reaches to R;=30 nm and H;=50 nm, the DDB
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Fig. 5 Extinction spectra of type 45!
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mode loses its strength and becomes narrow, while on the
other hand the DQB mode gained enough strength and be-
came broad due to which a Fano resonance with sharp mod-
ulation depth is observed in the spectrum. This Fano reso-
nance was weak in the type IA nanodimer. We named the
nanodimer with such dimensions as type ITIA and the dimer
with dimensions 90,110/50,70 nm as type IIB. The surface
charge distribution corresponding to the two extinction peaks
for type IIA nanodimer is shown in the inset. The peak near
655 nm corresponds to DDB mode, while the peak near
550 nm shows a quadrupolar-like pattern. Here, at the narrow
gap between the two nanocones, the transfer of the charges
occurs. For instance, the negative charges of the large
nanocone migrate to small nanocone, and the positive charges
of the small nanocone migrate to large nanocone, where the
nature of this mode appears as quadrupolar. Figure 7c shows
the wavelength shift of both the DDB and DQB modes as a
function of R at fixed G=1 nm. The DDB mode (blue line)
shows a stronger shift towards the red compared to DQB
mode. This shows that by reducing the size of the first
nanocone, the DDB mode strongly blueshift, while the DQB
mode has essentially retained its spectral location.

Figure 8a, b shows the extinction spectra of type IIB and
ITA nanodimers for different values of G. It appears that by
increasing the value of G, the DDB mode blueshifted, and
the strength of the Fano resonance decreases. For high value
of G, the double peak spectral feature vanishes, and no Fano
resonance is observed in both the types. This situation is
different from the type I nanodimer, where for high values of
G, the Fano resonance still exist. So the type [ nanodimer has
the potential to exhibit strong Fano resonances in the extinc-
tion spectrum even for high value of G. However, the type
IIA nanodimer has shown striking feature due to the appear-
ance of intense Fano resonance for G=1 nm.

Figure 9 shows the distribution of the real part of the
electric field of type IIB nanodimer for the DDB and DQB
modes and Fano resonance at fixed G=1 nm. The field
distributions reveal high values of the enhancement at the
narrow gap between the two nanocones. For the type IIA
nanodimer, the maximum value of the enhancement for the
DDB mode is 255, while that of the DQB mode is 100. For
the type IIB nanodimer, the maximum value for the DDB
mode is observed to be 86, while that for the DQB mode is
46. So in this configuration, the type IIA nanodimer can be a

628 nm

769 nm
Fig. 6 Distributions of the real part of the electric field in the x—y-plane (z=0) of type IB nanodimer for the DDB and DQB modes and Fano resonance

682 nm
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Fig. 7 a Sketch of type 11 E
nanodimer. b Extinction cross- k

section of type II nanodimer.
a

Insets show surface charge
distributions. ¢ Wavelength shift
as a function of R for constant
aspect ratio of the nanocone
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better choice for both the PIT and SERS applications [22,  Type III Nanodimer
24]. From the field distributions, it also becomes clear that,

whatever the arrangement of the nanoparticles, the maxi-  In this section, we investigate the optical properties of type 111
mum near-field enhancement always takes place at the junc-  nanodimer, where we place the tips of both the nanocones in
tion between the two nanoparticles by forming a so-called  front of each other as shown in Fig. 10a. Figure 10b shows the
“hot spot.” extinction spectra of the type III nanodimer. In this
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Fig. 8 Extinction spectra of a 90,110/50,70 30’5'0 [50,?0n;11
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configuration, by decreasing the size of the first nanocone, an
extremely small movement of the DDB mode occurs, and also
the Fano resonance obtained in this case is very weak com-
pared to the previous two cases. So the type III configuration
is producing only weak Fano resonances. Figure 10c
shows the wavelength shift as a function of R;. It appears
that by increasing the value of Ry, the DDB mode slightly
red shift, while the DQB mode remains almost at the
same position. This suggests that in the type III configu-
ration, the Fano resonance and the hybridized modes are
not very sensitive to the size of the nanoparticle unlike the
previous two types.

Figure 11 shows the extinction spectrum of the type III
nanodimer with different dimensions for various values
of G. The dimer with dimensions 30,50/50,70 and
90,110/50,70 nm are named as type IIIA and type IIIB,
respectively. In both the type IIIA and IIIB nanodimers,
the blueshifting of the DDB mode is similar to the
previous discussed cases, but no pronounced Fano reso-
nance is observed. So, for the type III nanodimer, chang-
ing the gap G or the parameters of the nanoparticle do
not yield strong Fano resonance.
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The type III configuration of a conical nanodimer when
the two nanoparticles are equal is also known under the name
“bowtie nanoantenna,” whose extinction spectra are shown
by the green line in Fig. 10b. The extinction peaks of the
bowtie nanoantenna can be tuned by varying the gap spacing
and b-semi axis of the two nanocones (Fig. 12a). Figure 12b
shows the case of varying b due to the DDB mode which red
shifts from around 720 to 925 nm. Figure 12¢ shows the red
shifting of the resonant modes as a function of G, where a
large red shift is observed for the DDB mode. So the resonant
peaks of the antenna can be tuned over a wide range, which
can be used for highly sensitive biosensors [25, 26].

Figure 13 shows the distribution of the real part of the
electric field for type IIIB nanodimer relevant to the DDB
and DQB modes and Fano resonance. The highest value of
the enhancement for type IIIA nanodimer is observed to be
180 for the DDB mode while that for the DQB mode is 60.
On the other hand, for the type IIIB nanodimer, the maxi-
mum value of the enhancement for the DDB mode is 150
while that for the DQB mode is 87. These values of the
enhancement are less than the previous two nanodimer types.
Therefore, we can say that the type III nanodimer is not so

566 nm
Fig. 9 Distributions of the real part of the electric field in the x—y-plane (z=0) of type IIB nanodimer for the DDB and DQB modes and Fano resonance

640 nm
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Fig. 10 a Sketch of type 111
nanodimer. b Extinction cross-
section of type III nanodimer. ¢
Wavelength shift as a function of
Ry

Fig. 11 Extinction spectra of a
type IIIB and b type IIIA
nanodimers for different values
of G
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Fig. 12 Nanocones with elliptical cross-section (a). Wavelength shift as function of b » and ¢ G

proficient for high performance SERS. The near-field en-
hancement distributions of type I, II, and III nanodimers
show that the lower-energy DDB mode will always exhibit
large value of the enhancement like in the previous reported
studies [3, 7, 27]. However, the type IB nanodimer shows a
maximum value of the enhancement for the DQB mode,
which is different from the other cases.

Type IV Nanodimer

Finally, we studied the optical properties of type IV
nanodimer, where we placed the tips of both the nanocones
in the opposite direction as shown in Fig. 14a. Figure 14b
shows the extinction spectra of the type IV nanodimer,
which is entirely different from the previously discussed

cases. Here, for all the values of R; and H,, the extinction
spectrum is dominated by the DDB mode, and only a slight
peak at the lower energy level is observed. This peak is far
ahead from the DDB mode where no coupling between the
two modes will takes place. By reducing the size of the first
nanocone, no distinct Fano profile is observed in the ex-
tinction spectrum because the two peaks are not close
spectrally. However, by changing the interparticle gap, it
is surprising to see that the two peaks come closer, overlap
in energy, and induces a Fano resonance with a weak
modulation depth. This situation is quite apparent for the
type IVB (90,110/50,70 nm) nanodimer at G=6 nm, whose
extinction cross-section is shown in Fig. 14c. This implies
that the type IV nanodimer exhibits a remarkable sensitivity
to the gap region.

746 nm

555 nm

636 nm

Fig. 13 Distributions of the real part of the electric field in the x—y-plane (z=0) for type IIIB nanodimer relevant to the DDB and DQB modes and

Fano resonance
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Fig. 14 a Sketch of type IV
nanodimer. b Extinction spectra
of type IV nanodimer. Extinction
spectra of ¢ type IVB and d type
IVA nanodimers for different
values of G

Extinction Cross Section (a.u.)

Conclusion

We studied theoretically the plasmonic Fano resonance in a
dimer based on gold nanocones. By adjusting the geometry
parameters, a Fano line shape is observed in the extinction
spectrum, which is induced by the interference of bright and
dark plasmon modes. Several geometrical configurations
have been used to attain Fano resonances. The maximum
enhancement for all the types of nanodimer is observed to
occur in the gap region between the two nanoparticles.
Among all the types, type I arrangement is discovered to
provide maximum field enhancement and sharp Fano reso-
nance with greater tunability. However, type IIB nanodimer
exhibits a Fano resonance with large modulation depth,
typically more capable for PIT application. The plasmonic
responses of type IV nanodimer are found to be highly
sensitive to the interparticle distance and less affected by
the size of the nanoparticle. The results obtained in this work
open up the advantageous possibility of using the Fano
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resonance band for plasmon sensing, PIT, switching, and
SERS applications.
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