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We theoretically explore signatures of plasmonic Fano interferences in a subwavelength
plasmonic metamolecule consisting of closely packed asymmetric gold nanodimers, which
lead to the possibility of generating multiple Fano resonances in the scattering spectrum.
This spectral feature is attributed to the interference between bright and dark plasmonic
modes sustained by the constituent nanodimers. The excited Fano dips are highly sensitive in
both wavelength and amplitude to geometry and background dielectric medium. The
tunability of induced Fano resonances associated with enhanced electric fields from the
visible to infrared region provides promising applications, particularly in refractive index
sensing, light-trapping, and photon up-converting. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4905619]

I. INTRODUCTION

Plasmonic Fano resonances have recently received sig-
nificant research attention, because of their potential applica-
tions in chemical/biological sensing, lasing, switching,
optical filters, nonlinear and slow-light optical devices that
benefit from its ultra-sharp spectral features and extreme
field localization.'™"' These sharp resonances have been
observed in the optical response of various complex struc-
tures including nanoparticle clusters,>*'*'* dolmen-type
arranged slab structures,'*'> symmetry-broken core-shell,'®
composite cut-wire'” and heterogeneous dimer'® 2 struc-
tures, non-concentric ring-disk cavities,”’ > layered nano-
particles,”*2° and others.*’*” The generation of Fano
resonances depends on structural geometries, which is nor-
mally caused by either the coupling between a narrow dis-
crete resonance and a broad resonance in the optical
response of metallic arrays,* or the interference of bright and
dark plasmon modes of individual components of hybrid
structures.’ In general, it has been based on purely electric
effects in the absence of natural magnetism. Recently, a
novel mechanism to excite Fano resonance in the scattering
spectrum of a subwavelength plasmonic metamolecule was
introduced, arising from the coupling of a strong narrow
magnetic resonance and a broad electric resonance.”® The
metamolecule consists of four closely packed asymmetric-
arranged gold nanoparticles. The asymmetric arrangement of
nanoparticles with small inter-particle gaps was demon-
strated to support a strong magnetic resonance and a broad
electric resonance that can couple together due to the
magneto-electric coupling associated with the asymmetry.
At a certain angle of light incidence, significant interaction

YAuthor to whom correspondence should be addressed. Electronic mail:
khai.lequang@hoasen.edu.vn

0021-8979/2015/117(2)/023118/10/$30.00

117, 023118-1

between these spectral resonances results in a pronounced
dip in the total scattering spectrum, which has allowed to
demonstrate magnetic-based Fano scattering features at opti-
cal frequencies.

In this work, we further explore the consequences of
plasmon interference in a plasmonic metamolecule, which
may lead to multiple Fano scattering features. In contrast to
magnetic-based optical Fano-resonant metamolecule con-
sisting of asymmetric-arranged nanoparticles with small
inter-particle gaps, the proposed metamolecule is made of
the combination of nanoparticle dimers having different
dimer’s size and inter-particle gaps. Even at normal inci-
dence, various Fano-like dips are observed in the overall
scattering spectrum. This spectral feature arises from de-
structive interference between bright and dark plasmon
modes of the dimer components of the metamolecule.
These Fano resonances appear to be highly sensitive in both
wavelength and magnitude to geometry and local dielectric
environment. Related works have reported the formation of
multiple Fano resonances in different metallic nanostruc-
tures such as asymmetric split ring resonators, plasmonic
oligomer clusters,'”%3" and monolayer hexagonal metallic
shells.?? The generation of these Fano resonances is mainly
determined by symmetry breaking and bianisotropic cou-
pling. In contrast, by simply positioning individual constitu-
ent dimer within the proposed cluster geometry, we can
manipulate and control the Fano generation at the wave-
length of interest, owing to the fact that the dipolar plasmon
resonant mode can be easily tuned upon the size and inter-
particle gap.

Il. PLASMONIC METAMOLECULE

A number of computational techniques have been suc-
cessfully employed to investigate the optical properties of

© 2015 AIP Publishing LLC
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plasmonic nanostructures. These techniques include the
finite difference time domain method,33 the finite element
method,34 the boundary element method (BEM),SS’36 the
method-of-moment surface integral equation,’’ etc. In this
work, all simulations were carried out using the BEM
method as implemented in the MATLAB-based toolbox
MNPBEM* and adapted to solve the full-wave Maxwell’s
equations. The constituent nanoparticles of the proposed
cluster are assumed to be gold (Au) spheres. The number
of vertices used to describe the sphere is 400 for all
BEM simulations. The Au permittivity with realistic mate-
rial losses was interpolated from experimental data.*®
All scattering spectra were calculated for normal inci-
dence. Quantum effects**~** related to non-local screening
and tunneling of electrons between two neighboring nano-
particles with sub-nanometer gaps are neglected in this
work.

A. Optical properties of individual constituent dimer of
a metamolecule

Several important aspects of optical nanodimers have
been investigated in the literature. Physical and unphysical
modes of nanoparticle dimers were reported in Ref. 44.
Electromagnetic interactions between two coupled nanopar-
ticles were investigated in Refs. 45 and 46. Alu er al.*’ stud-
ied the input impedance, radiation resistivity, and impedance
matching of plasmonic dimers. Theoretical and experimental
investigations have shown the polarization dependence of
gold nanoring/nanotoroid dimers.***° Distance dependent
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quenching effects in nanoparticle dimers have been explored
in Ref. 50. In this work, we are particularly interested in the
tunability of the dominant dipolar plasmon resonances
(DDPR) of nanoparticle dimers. Fig. 1 shows the polariza-
tion dependence of Au dimers’ scattering cross-section
(SCS). The parameters needed for SCS calculations are
depicted in the figure. For s-polarization, for which the inci-
dent electric field is parallel to the dimer axis, the inter-
particle gap g has significant effects on the dimer’s DDPR.
As the nanoparticles approach each other, the resonance
peak tends to redshift from the visible to infrared (IR) range
accompanying the gradual increase of SCS’s magnitude, as
shown in Fig. 1(a). When the nanoparticles are far away
from each other, the resonance is close to the localized sur-
face plasmon resonance (LSPR) of a single particle, which is
the case of an isolated nanoparticle. This is consistent with
previous theoretical predictions by means of various approxi-
mate models.”'>* This is caused by the strong coupling of
LSPR supported by two neighboring nanoparticles when
they are in close proximity. The hot spot inside the gap
between the nanoparticles as illustrated in Fig. 2(a) is an evi-
dence for this strong interaction. With a small inter-particle
gap, the field intensity is strongly enhanced. In contrast, for
p-polarization where the incident electric field is perpendicu-
lar to the dimer axis, the SCS’s magnitude decreases as the
inter-particle gap increases, whereas the dimer’s DDPR is
unchanged and remains at the LSPR of the single nanopar-
ticle, as shown in Fig. 1(b). In this case, no interaction
between the nanoparticles’ LSPR is observed even if the par-
ticles nearly touch, which corresponds to the dark spot in the
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FIG. 1. Scattering cross-section of Au dimers for various inter-particle gaps g under s- and p-polarization, respectively.
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inter-particle gap in Fig. 2(b). Since the dimer’s DDPR is
tunable upon the inter-particle gap under s-polarized incident
light, it may be possible to generate and control Fano
resonances when various dimers are coupled into a single
metamolecule. We note that, if the inter-particle gap is down
to sub-nanometer g < 1 nm, the classical model assumed in
this work breaks down, and the resonance peak tends to blue-
shift, potentially broadening the bandwidth and weakening
the Fano signature predicted here.*’ At least qualitatively,
however, we predict that the interference effects described

J. Appl. Phys. 117, 023118 (2015)

FIG. 2. Logarithm scale of electric
field intensity (log (|E|*/|Eo|?)) around
Au dimers for various inter-particle
gaps g under s- and p-polarization,
respectively.

here should hold also after considering these quantum
effects.

B. A metamolecule consisting of asymmetric dimers

The symmetry breaking of the nanoparticle oligomer
cluster has so far been one of the most effective techniques
to excite Fano resonances. However, manipulating such
resonance at wavelengths of interest is a challenge; more-
over, searching for a comprehensive rule for the resonance
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FIG. 3. Scattering cross-section of symmetric and asymmetric Au metamolecules for various inter-particle gaps g under s-polarization. Fano resonances

excited by asymmetric metamolecules with small inter-particle gaps.

generation substantially adds to the design constraints. In
contrast, there is a direct way to manipulate the Fano reso-
nance generation through the proposed metamolecule con-
sisting of coupled dimers. Since the dominant plasmon
resonant (bright) and off-resonant (dark) modes of the
dimer are determined by the nanoparticle size and inter-
particle gap, we can control the interaction between these
modes in different dimers, especially if we properly posi-
tion them in close proximity, as destructive interference
of their plasmonic modes can result in a Fano dip. This
mechanism is verified, analyzed, and discussed in the
following.

Figure 3 illustrates the SCS spectra of a metamole-
cule consisting of two dimers with respect to the inter-
particle gaps illustrated in the panel. A metamolecule
consisting of two symmetrically arranged dimers is
shown in Fig. 3(a). The DDPR of the entire molecule is
located exactly at the individual DDPR of the constituent
dimers. Except for the increased SCS’s magnitude of the
metamolecule, its optical properties have the same dis-
persion as the individual constituent dimers. As the inter-
particle gap g increases, the DDPR has a redshift toward
the LSPR of a single particle and the SCS’s magnitude
decreases, which can be seen from Fig. 3(b). In this case,
the entire molecule acts as a single isolated dimer. It is
obvious that the symmetric arrangement of dimers does
not result in any surprising phenomenon since the over-
lap of dimers’ DDPR bright modes simply causes the

amplification of the scattering magnitude. Nevertheless,
what happens if we combine various dimers with differ-
ent size and gap, introducing some inherent asymmetry
into the problem? Figure 3(c) shows the metamolecule
consisting of two dimers with different particle sizes. For
inter-particle gaps g>10nm, the metamolecule has the
same optical properties as an isolated nanoparticle and
the DDPR locates at the single nanoparticle’s LSPR. In
such case as well as that of the metamolecule consisting
of symmetric dimers, there is a weak interaction between
two constituent dimers. The dark spots in the gap
between vertical particles in Figs. 4(a)-4(d) and 4(h)
prove these weak interactions. In contrast, for inter-
particle gaps 1 nm <g<5nm signatures for strong cou-
pling between nanodimers are observed. Within these
values for the gap size, the resonant coupling can be still
described using classical electromagnetic models, as
done in this work, neglecting the quantum tunneling
effects.*>*! However, they may become more relevant as
the inter-particle gap is reduced below 1nm. In this case,
a quantum-corrected model, which describes the junction
between two neighboring nanoparticles by a nonlocal
dielectric response, can be employed to describe these
effects.*” Although the optical properties of coupled
nanoparticles may be varied in this regime, the basic
physics behind strong coupling between these resonant
modes should be preserved. It results in a Fano-like dip
in the SCS spectra that can be clearly seen in Fig. 3(d).
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FIG. 4. Logarithm scale of relative electric field intensity (log (|E|*/|Eo|?)
around (left) symmetric and (right) asymmetric Au metamolecules for vari-
ous inter-particle gaps g under s-polarization. Strong coupling between indi-
vidual dimer components with small inter-particle gaps is observed in
asymmetric metamolecules, which results in Fano resonances.

The hot spots in the gap between vertical spheres are
shown in Figs. 4(e)-4(g) as an evidence for this interac-
tion. The physics behind the Fano generation is analyzed
in Fig. 5. Fig. 5(a) depicts the metamolecule consisting
of two asymmetric dimers with size and gap shown in
the panel. While the DDPR of the top dimer shifts to the
single sphere’s LSPR, that of the bottom dimer shifts to
the IR. As the highest bright mode of the bottom dimer
couples into the low dark mode of the top dimer, the
destructive interference between these modes results in a
Fano dip in the SCS spectrum as seen in Figs. 5(b)-5(d).
The sharpness (or Q-factor) of the Fano resonance
depends on the contrast between the bright and dark
modes of two dimers. For g <5nm, the higher Q-factor
of the Fano dip is associated with the higher contrast
between the bright and dark modes; on the other hand,
for g>10nm no Fano dip is observed in Fig. 5(e) since
the bright modes of two dimers are almost overlapped in
this case. This is consistent with the analytical predic-
tions in Ref. 55.

To further justify the interference signature, another
arrangement of two different dimers is investigated, with
results presented in Fig. 6. The proposed metamolecule is
depicted in Fig. 6(a). Two dimers have the same size but
different inter-particle gap g. While the inter-particle gap of
the top dimer is fixed at 1 nm, that of the bottom dimer is

J. Appl. Phys. 117, 023118 (2015)

gradually changed to shift its DDPR. Interestingly, two
Fano dips occur in the SCS spectra in the 400-900 nm
wavelength range as seen in Fig. 6(c). These properties
reflect the fact that the Fano dips are tunable upon the gap
g. The first Fano dip is generated by the destructive interfer-
ence between the brightest mode of the bottom dimer and
the dark mode of the top dimer. The second Fano dip is in
contrast excited by the destructive interference between the
dark mode of the bottom dimer and the brightest mode of
the top dimer. For example, with the metamolecule consist-
ing of the top dimer (d =100 nm, g =1 nm) and the bottom
dimer (d =100nm, g=20nm) the first Fano dip at 584 nm
and the second Fano dip at 660 nm are generated. It can be
found that the first and second dips locate exactly at the bot-
tom and top dimers’ DDPR. Fig. 7 shows the electric inten-
sity of the metamolecule at the two Fano dips. We can see
hot spots inside the gap between vertical dimers, demon-
strating the existence of strong interaction between the two
constituent dimers.

Similar scenarios for Fano generation can arise in
another metamolecule geometry consisting of two dimers
having different nanoparticle size as considered in Fig. 8.
The sketch of the metamolecule is shown in Fig. 8(a). The
top dimer has particle size d=130nm and inter-particle
gap g = 1 nm, able to blueshift the DDPR far away from the
LSPR of the constituent particle. The particle size of the
bottom dimer is fixed at 100nm. Variation of the inter-
particle gaps of the bottom dimer gradually redshifts the
DDPRs toward the LSPR of the constituent particle. The
DDPR tunability in the SCS spectra is shown in Fig. 8(b).
As expected, the combination of the two dimers results in
Fano dips in the SCS spectra as seen in Fig. 8(c).
Considering the bottom dimer with inter-particle g =1nm,
the magnitude of the SCS at the highest DDPR mode is
about equal to the magnitude of the dark mode of the top
dimer at the same wavelength. Therefore, the overlap of
these modes does not give rise to Fano dips due to a low Q-
factor. The same scenario arises when the interaction of the
bright DDPR of the top dimer and the dark mode of the bot-
tom dimer at 786 nm results in a low Q-factor Fano dip. In
contrast, a pronounced Fano dip is generated when the high
contrast of the bright DDPR of the top dimer and the dark
mode of the bottom dimer interfere. Indeed, as the inter-
particle gap g of the bottom dimer increases, the DDPRs are
redshifted far away from the highest DDPR of the top
dimer. The longer shift and higher contrast of the bright
mode of the top dimer and the dark mode of the bottom
dimer result in a deeper Fano dip. The hot spots of the field
intensity in the gap between vertical spheres at the chosen
Fano dip in the inset demonstrate strong coupling of these
modes.

Up to now, we have been able to demonstrate that
the interference between the bright DDPR mode and
the dark mode of the two constituent dimers of the meta-
molecule results in a Fano resonance. The contrast of
these modes in term of magnitude and wavelength
shift in the SCS spectra determines the sharpness (or
Q-factor) of the Fano dip. The combination of the two
dimers may result in dual Fano resonances. It implies
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FIG. 5. Scattering cross-section of
symmetric (red) and asymmetric (blue)
dimer, and asymmetric metamolecules
(black) for various inter-particle gaps g
under s-polarization. Fano dips are
excited due to the interference of
bright and dark modes of individual
dimer components.
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that a metamolecule consisting of three dimers may pos-
sibly generate multiple Fano resonances, as presented in
Fig. 9. The metamolecule consists of three dimers
with different sizes as shown in Fig. 9(a). Three Fano-
like dips in the SCS spectrum associated with the inter-
ference of the bright DDPR and dark modes of the
constituent dimers are observed as shown in Fig. 9(b).
This again verifies our vision related to Fano generation
in metamolecules by properly manipulating the composi-
tion and geometry of their constituent dimers.

lll. POTENTIAL APPLICATIONS OF FANO-RESONANT
METAMOLECULES

Plasmonic interferences such as surface plasmon inter-
ference,”® plasmon-plasmon interaction induced Fano

400 500 600
Wavelength (nm)

700 800 900

resonance are strongly influenced by the electrostatic
screening introduced from the surrounding environment.*'
The proposed structures may find promising applications
especially in refractive index sensing,’’ light-trapping,”®
photon up-converting,” and others.®® This is attributed to
(i) the generation of the Fano resonance with narrow shape,
(i) the ability to tune the scattering resonances from the
visible into IR region, (iii) the large enhancement of electric
field in the gap between coupled particles. It can be seen
from Fig. 10 that, with the chosen metamolecule geometry,
the excited Fano resonance is highly sensitive to the refrac-
tive index of the local dielectric environment. The resulting
sensitivity (S) at the Fano dip is about 640 nm/RIU. Apart
from sensitivity, another factor determining the sensing per-
formance is the selectivity, which refers to the figure-of-
merit (FOM) defined as the ratio between sensitivity and
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FIG. 6. Scattering cross-section of asymmetric Au metamolecules and individual constituent dimer components for various inter-particle gaps g under s-
polarization. Dual Fano dips generated by the interference of bright and dark modes of individual dimers in asymmetric metamolecules.
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pling of dimers.

full width at half maximum (FWHM) centered at the con-
sidered resonant wavelength (FOM = S/FWHM).'? Table I
shows the optical properties of the proposed optical sensor.
The resonant wavelength at the SCS’s peaks and dip
increases when the refractive index of the surrounding envi-
ronment increases. There is a trade-off between sensitivity
and selectivity in choosing the optimal sensor. In sensing
applications, a sensor with high FOM is desirable.
Therefore, based on the Fano dip, a sensor having FOM of
4.7 appears ideal.

Recently, we have demonstrated that with a metasurface
induced Fano resonance it may be possible to enhance solar
absorption in thin-film organic solar cells at the 600—800 nm
wavelength range, where the polymer absorption efficiency
is itself small in the absence of external effects.®' A metasur-
face consisting of asymmetric-arranged nanopillars was
therefore proposed to be integrated into the active layer. The
induced Fano resonance plays a dominant role when com-
bined with LSPRs around nanopillars to boost absorption
efficiency. In this operation, a strong field enhancement in
the gap between neighboring nanoparticle is responsible for
the absorption enhancement. Since the Fano resonance is
responsible for this effect, the ability to generate multiple
Fano resonances in the proposed metamolecules undoubtedly
makes them ideal candidates to enhance thin-film solar cell
absorption. In addition, the metamolecule may inspire the
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FIG. 8. Scattering cross-section of
asymmetric Au metamolecules and
individual dimer components for vari-
ous inter-particle gaps g under s-
polarization. Dual Fano dips generated
by the interference of bright and dark
modes of individual dimers in asym-
metric  metamolecules.  Logarithm
scale of relative electric field intensity
(log ([E[*/[Eo|*) at the indicated Fano
dip demonstrates the plasmonic cou-
pling of dimers.
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design of metamaterial-based absorbers for thermophotovol-
taic applications.®® In the past, a great deal of research has
been presented to realize these absorbers based on the cou-
pling of a single metallic nanoparticle to a metallic thin-
film.®® At a single nanoparticle’s LSPR, a strong field con-
finement in the area between the nanoparticle and film results
in an exceptional near-unity absorption. However, the large
absorption was limited to a narrow bandwidth. This may be
potentially overcome by coupling the proposed metamole-
cule with metallic thin-films, since the induced multiple
Fano resonances will provide several absorbing peaks lead-
ing to the realization of broadband metamaterial-based solar
absorbers.

The other potential application of the proposed metamo-
lecule may reside in enhanced photon up-conversion (UC).
Failure to absorb photons below the bandgap of active
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materials (i.e., GaAs or Si) in single-junction solar cells lim-
its the power conversion efficiency below the Shockley-
Queisser limit at about 32%.°* UC of these low-energy pho-
tons provides the possibility to surpass this thermodynamic
efficiency limit. However, UC materials have very limited
impact in photovoltaic cells due to their extremely weak and
narrow near-IR absorption band.®> Therefore, it is necessary
to explore solar cell architectures delivering ultrahigh light
intensities in the IR to the UC material and to broaden the
UC spectrum. With the ability to generate and shift multiple
Fano resonances into the IR in addition to the associated
strong electric field enhancement at these resonances, it is
suggested that it may be possible to significantly enhance
UC efficiency by properly positioning the metamolecules
into the UC materials, and thus improve the power conver-
sion efficiency of photovoltaic devices.

(b)

FIG. 9. Scattering cross-section of
asymmetric Au metamolecule and
individual dimer components under
s-polarization. Multiple Fano dips gen-
erated by the interference of bright and
dark modes of individual dimers in the
metamolecule.
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FIG. 10. Refractive index sensitivity of scattering cross-section of asymmet-
ric Au metamolecules under s-polarization.

TABLE 1. Optical properties of metamolecule-based refractive index
Sensor.

Refractive index, n 1.0 1.1 1.2 1.3
Peak 1 Resonant wavelength (nm) 675 725 779 834
Q-factor 5.7 4.7 44 4.1
Sensitivity (nm/RIU) S=530
FOM FOM=3.3
Peak 2 Resonant wavelength (nm) 794 865 935 1008
Q-factor 6.0 5.9 5.6 5.5
Sensitivity (nm/RIU) S=713
FOM FOM =4.5
Dip Fano dip (nm) 744 805 865 936
Q-factor 7.5 6.1 5.7 5.2
Sensitivity (nm/RIU) S =640
FOM FOM =4.7

IV. CONCLUSION

In this paper, we have demonstrated the interference of
bright and dark modes of constituent dimers of the metamo-
lecule to generate and control single and multiple Fano
resonances. The sharpness of the resulting Fano dip depends
on the contrast of these interacting modes. Proper positioning
of the constituent dimers in the metamolecules results in
multiple Fano resonances that can be tuned by varying the
size and gap of the dimers, providing flexibility for their
potential applications in refractive index sensing, energy-
harvesting, and photon up-conversion.
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