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Abstract: In this article, the lineshape of Fano-like resonance of graphene plasmonic oligomers
is investigated as a function of the parameters of the nanostructures, such as disk size, chemical
potential and electron momentum relaxation time in mid-infrared frequencies. Also, the mechanism
of the optimization is discussed. Furthermore, the environmental index sensing effect of the proposed
structure is revealed, and a figure of merit of 25.58 is achieved with the optimized graphene oligomer.
The proposed nanostructure could find applications in the fields of chemical or biochemical sensing.
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1. Introduction

Plasmonic molecules (PMs), one kind of artificial molecules, are combinations of plasmonic
oligomers in nanoscale that can support surface plasmons at specific resonant frequencies, anagously
to the process of atoms coupling in chemical molecules to constitute bonds in chemistry [1-3].
The sustaining strong charge oscillations result in the enhancement of electromagnetic (EM) fields
due to the interaction between the particles. A single nanoparticle in excited plasmonic modes is
similar to an isolated atom in electron states. When the nanoparticles are arranged into a cluster,
the plasmon modes of the individual nanoparticles interact drastically to constitute the new cluster
modes, corresponding to the process that orbitals of individual atomic establish molecular orbitals
by linear combination [4]. The analysis of PMs is based on group theory, a math theory widely and
deeply applied in molecular chemistry, allowing for a comprehensive description of the structure of
PMs [5]. Similar to molecular orbitals, the plasmonic modes are divided into bonding and anti-bonding
modes, which depends mainly upon the energy configuration of induced charge and excited field
distribution [3]. The exploration for PMs is a study of intense current interest and a good few studies
have been conducted recently on the characters of plasmonic dimers [6], plasmonic trimers [7], and
more complex structures [8,9] both in theory and applications.

Metallic and dielectric nanostructures can sustain surface plasmon polaritons (SPPs), which
provide a wide range of coherent phenomena underlying coupled-oscillator physics, like Fano
resonance [10-12] and electromagnetically induced transparency [13,14]. Fano resonance first
appeared in quantum systems, and has recently become particularly intriguing in the plasmonic
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field [15-17]. The Fano resonance stems from the interaction between strong electromagnetic
responses of nanoparticles. Fano resonance or Fano-like resonance is characterized by obvious
minima and narrow lineshape in extinction or scattering spectra arising from the coupling and
energy translation between the wideband superradiant bright mode and the narrowband subradiant
dark mode [18-20]. These resonances, caused by the destructive interference, can be explained by
plasmon hybridization. However, Fano or Fano-like resonance has another new route to describe
that the destructive interference between two neighboring eigenmodes of the subgroups gives rise
to the Fano or Fano-like resonance dip [17,21]. Decomposition analysis enables one to modulate and
control the overall lineshape by varying the two subgroup modes respectively. Fano resonance is
modulated by geometrical arrangement of plasmonic oligomers and nanoparticle parameters such as
material, size and shape of the nanoparticles. Owing to the ultranarrow resonance, the Fano resonance
possesses potential application in sensing [22]. Various configurations, such as heptamers [11,19,23]
and octamers [24,25], have been reported recently. However, on account of the high ohmic dissipation
of metal, the traditional plasmonic oligomers based on noble metals are unable to offer Fano or
Fano-like resonance with high quality and sensitivity. On the other hand, once the nanostructure of
metal oligomers is set up, it is hard to further tune the characteristics of SPPs [26].

Graphene, which is made up of sp? hybridization of carbon atoms, has attracted much attention
in recent years due to its unique and prominent behaviors in electronic applications associated with
photonics [27-33]. A monolayer of graphene has two-dimensional carbon atoms arranged in a
honeycomb lattice structure. So graphene is usually used for one ultrathin metallic layer, which
supports SPPs in terahertz [34-36] and mid-infrared frequencies [37,38]. Compared to its counterpart
in traditional plasmonic metals, monolayer graphene-supported plasmon possesses the advantages
of higher confinement and lower damping loss of the EM field [39]. Moreover, the most attractive
property of graphene is the frequency tunability of the plasmons through the change of chemical
potential (Fermi energy) [40-43], whereas the chemical potential is further controllable by chemical
doping or external electric field locally [37]. Before the maturation of the fabrication techniques of
graphene-based devices, theoretical prediction and numerical simulation are significant [44,45].

In this article, the modulation of Fano-like resonance based on graphene hexamer in mid-infrared
frequencies has been adequately discussed and studied by numerical simulations. As a novel material,
graphene can support Fano resonances, and possesses prominent frequency tenability [46]. An intuitive
method for analyzing Fano-like resonance used in this article is the description of dominant peaks in
extinction spectra by separate resonances given by several subgroup modes. The lineshape of Fano-like
resonance dominated by subgroup modes in graphene hexamer is optimized as a function of various
parameters, such as the size of nanodisk, the chemical potential and the electron momentum relaxation
time of graphene. What’s more, compared with PMs consisting of noble metal materials, the higher
index sensing effect of the Fano-like resonances in the optimized graphene hexamer is revealed.

2. Method
Graphene is a typical two-dimensional material, and is treated as a thin film with a single carbon
atom thickness A = 0.334 nm. The equivalent permittivity of the graphene monolayer is given
by [47] as
_ iogl
e=1+ kol 1

where oy is the complex surface conductivity of graphene, g = 377 Ohm stands for the impendence of
the free space, and kg = QT” is the wave number of the SPP in the air. According to Kubo’s formulation,
the complex surface conductivity og of the graphene monolayer consists of the contributions from
both intraband electron-photon scattering ojnt, and interband electron-electron transition Ojnter [42],

Og = Ointra T Ointer, )
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According to Equations (1)-(4), the complex surface conductivity of monolayer graphene depends
on the chemical potential p, radian frequency w and the momentum relaxation time of electron T.
The proposed graphene hexamer structure with Ds}, symmetry consists of the ring-like pentamer and
the central nanodisk as shown in Figure 1. The distance between the outer graphene nanodisks and the
central nanodisk is defined as L. Ry, R, indicate the radius of outer nanodisk and the central nanodisk,
respectively. The central graphene nanodisk with a chemical potential ., is surrounded by the five
outer graphene disks sharing the same chemical potential j1.;. For comparison, Ry, p.; and L are kept
as 60 nm, 0.5 eV, 10 nm respectively in all models. The lineshape of plasmonic resonances is optimized
by controlling Ry, pp or T, which are three crucial parameters for tuning the coupling behavior of SPPs
in graphene oligomers. The initial values of Ry, pi» and T are 50 nm, 0.5 eV and 0.5 ps respectively.
In reality, the graphene is usually prepared on the substrate like silicon or silica, the refractive index of
which is larger than that of air. As shown in Figure 1a, the refractive indices of the air environment 1
and silica substrate 7, are set as 1 and 1.5, respectively.

In our studies, we calculated the extinction cross-section oeyx¢ of graphene hexamer from
Oext = Osc + Oaps, Where ogc corresponds to the scattering cross-section

o = 1 J] (-5, ©)

and the absorption cross-section oy, is given by
1
Oabs = 1 ﬂ Pdv. 6)

- . Lo .
Here, I represents the incident intensity. n corresponds to the normal vector that points outwards

from the normal molecule, S;)C is the scattered intensity electromagnetic energy intensity. The integral
is taken over the closed surface of the scatter. P indicates the power loss density in the particle, and the
integral is taken over its volume.

Using the commercial finite element method (FEM) software, COMSOL Multi-Physics (COMSOL
Inc., Stockholm, Sweden), the electro-magnetic properties and spectral response of a symmetric
hexamer composed of graphene nanodisks were determined numerically. To provide a comprehensive
investigation, a perfect match layer (PML) was set around the model [48]. The proposed structures are
illuminated with y-polarized light with normal incident.
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Figure 1. The abridged general view of the graphene hexamer. (a) The graphene hexamer lies on the
silica substrate with np = 1.5 and is surrounded by air with n; = 1; (b) The specific parameters of the
graphene hexamer.

3. Results and Discussion

3.1. The Extinction Spectrum of the Graphene Hexamer as a Function of R

The interaction behavior of SPPs is sensitive to nanoparticle position, size and shape.
So these parameters of the nanostructure influence the lineshape of extinction spectra of plasmonic
oligomers [15,21,22,24,46,49]. The extinction spectra for graphene hexamers with different central
nanodisk radiuses of R; = 40 nm, 50 nm, 60 nm were calculated by the above methods, where the
distance L between ring nanodisks and the central disk is kept constant at ~10 nm, as shown in Figure 2.
For a relatively small radius, say, R, = 40 nm, a strong peak obviously appears at 60 THz, but no other
peaks show up in the spectrum. This is due to the fact that there is no reaction between the EM fields of
the outer ring and the central nanodisk due to long distance. For R, = 50 nm, a second peak appears at
61 THz and a Fano-like dip shows up between two resonant peaks. This suggests that the interaction
between the EM fields of the outer ring and the central nanodisk have become effective. However,
the Fano-like dip is too broad and shallow to be applicable in sensing. When R; = 60 nm, the two
resonant peaks get closer, which means that the Fano-like dip becomes narrower. For the purposes
of better comparison of Fano-like resonance quality, we define the Q factor to describe the quality
of Fano-like resonance [16]. The Q factor is given by Q = f(/8f, where f is the resonance frequency
and &f indicates the full width at half-maximum (FWHM) bandwidth of the Fano-like resonance.
Nevertheless, the asymmetric line shape of Fano-like resonances leads to an obstacle in defining
the FWHM of Fano-like resonances. We use the definition of FHWM of Fano-like resonances as the
frequency difference between the Fano-like minima and the peak of the high frequency side of the
anti-resonance [50]. The Q factors of the Fano-like resonances extracted from the extinction spectra for
the different values of the central nanodisk radius R, of 50 nm and 60 nm are 123 and 165, respectively.
The graphene hexamer with a larger size of the central nanodisk offers higher Q factors, which means
that the Fano-like resonance is sharper and more applicable for sensing applications. Since the gap
between the ring of peripheral disks and the central disk is kept constant, the perturbation of SPP
coupling behaviors caused by the distance between ring and central disks is negligible. Only the larger
size of the central disk significantly effects the plasmonic coupling between the ring and central disks,
therefore creating more new hybridization modes.
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Figure 2. The extinction spectra of graphene hexamer with different radiuses of central nanodisk R,.

To further understand the effect of the size of the central nanodisk on plasmonic resonances of
graphene hexamer, we calculate the electric field distribution |E| in graphene oligomers at particular
spectral positions, as presented in Figure 3. The extinction spectrum of graphene pentamer without a
central nanodisk is plotted as a red dashed line in Figure 3a for comparison. In the graphene pentamer,
only one plasmonic resonance peak appears at 60.1 THz, and the electric field intensity distribution in
the pentamer at peaks (I) is shown in Figure 3b. At position (I), the five disks are efficiently excited,
which induces a strong field enhancement around the edge of each disk. We concentrate on the origin of
the two plasmonic resonance peaks in the extinction spectra of the graphene hexamer with R, = 60 nm.
Based on the electric-field intensity distributions in the hexamer at the two peak positions (II) and
(III) (shown in Figure 3b), we propose that the two dominant peaks could manifest as a result of two
separate resonances arising from two subgroup modes. At position (III), the five peripheral disks show
strong electric field intensity around each particle, while the electric field is rarely concentrated on the
central nanodisk surrounding. Meanwhile, the central nanodisk is relatively dark. This is a higher
energy resonance referred as “ring mode”. The plasmonic coupling behavior of this peak is similar
to the peak in graphene pentamer without a central nanodisk. In this mode, the plasmonic coupling
mainly occurs on the ring disks and the effect of the central nanodisk is negligible. At position (II),
the strongest electric field distribution intensity is concentrated on the gaps between the central disk
and the ring disks, and is a lower energy resonance referred to as “central mode”. In this mode, the
central disk is no longer isolated, and couples intensively with peripheral disks. The introduction
of the central disk presents a route to generate new types of plasmonic resonance. The destructive
interaction between the ring modes and central mode is the origin of the formation of the Fano-like
resonance. The lineshape of the extinction spectra of graphene hexamer is determined by the ring
mode and the central mode. The effect of the subgroup modes illustrates the possibility of modulating
the lineshape of Fano-like resonance in graphene hexamer by controlling the two subgroup mode
intensities separately. Note that for Ry = 40 nm, the size of the central graphene nanodisk is not large
enough to support central mode, which leads to the absence of Fano-like resonance in the extinction
spectrum. This explanation by subgroup decomposition is consistent with the traditional viewpoint
that the small size of the central disk gives rise to unmatched cancellation of the whole dipole moment
of the peripheral disks and the center disk [22,24]. The reason for there being no alleged Fano-like
minimum in the extinction spectrum with a relatively small central disk is that the dipole moment of
the ring disks is far greater than that of the central disk in the traditional perspective. Consequently,
the geometrical tunability presents the feasibility of modulating the resonance lineshape by subgroup
decomposition analyses of Fano-like resonance in graphene hexamer.
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Figure 3. (a) Extinction spectra of graphene pentamer and graphene hexamer; (b) | E| distribution at
the spectral peaks in Figure 3a. The Fano-like resonance is decomposed into two subgroups: the center
and the ring.

3.2. The Effect of the Chemical Potential of the Central Disk

We change the chemical potential of central nanodisk 1, and keep the nanodisk size, the distance
L and the chemical potential of outer ring disk p constant. The central disk radius R; is set as
60 nm to obtain a high-quality Fano-like resonance. The spectra of variant p, are shown in Figure 4.
The variation of the curve is revealed by a systematic change in the relative height of the two peaks,
which determine the resonance lineshape of the spectral dip. When ., increases from 0.4 eV to 0.6 eV,
the lower energy peak value caused by a central resonance around 59.73 THz becomes lower, which
means that the central subgroup becomes darker. The higher energy peak value caused by a ring
resonance around 60.59 THz becomes higher, which means that the ring subgroup becomes brighter.
The results show an obvious mode competition between central and ring modes by varying .. With a
relatively small u,, the outer ring energies of SPPs are more inclined to move toward the center,
resulting in the enhancement of the central mode; therefore, the ring mode is weak and can even
disappear. In contrast, with a larger |, the outer ring energies of SPPs are harder to transmit to the
center and concentrate upon the outer ring, resulting in an increase of ring mode and a decrease of
central mode. The dramatic competition between two subgroup modes gives rise to a pronounced
transformation of extinction dip due to metabolic destructive interference between the two types
of resonances Note that the promotion of the total chemical potential of graphene hexamer with an
increase in the chemical potential 1, of the central disk leads to a shift from low energy to high energy
in the extinction spectra. Obviously, the position of a Fano-like dip has little disturbance with variation
of pe, (vertical dashed line in Figure 4). This lineshape property reveals that graphene oligomers
are able to be used in stable Fano resonance sensing applications by tuning the chemical potential
of graphene.
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Figure 4. Extinction spectra of graphene with different chemical potentials of the central nanodisk pic,.
The mode competition between central mode and ring mode is clearly visible with varying .

To shed light more light on the effect of the chemical potential of local graphene on whole
graphene oligomers, we calculate the real part and the imaginary part of the effective refractive index
nege with different chemical potentials (shown in Figure 5) according to the equation [42]

ZiﬁeffEOC
Neff = :

> )

€qff Tepresents the effective permittivity of the environment media. It is remarkable that both the
real part and the imaginary part of n. are inversely proportional to the chemical potential. With an
increase in chemical potential, the effects of graphene on confinement and absorption of light become
weaker. For graphene hexamer, when adding (i.,, the central graphene disk gradually becomes
transparent, which clarifies the reason why ring mode is strengthened by an increase in p,. In contrast,
when p, decreases, the interaction between the central graphene disk and light becomes more intense,
which results in an enhancement of central mode. To ensure a clear observation of Fano-like resonance,
we select e, = 0.55 eV, where the two peak values are relatively close and high, to further study the
effect on nanosensing.
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Figure 5. Variation of the graphene effective refractive index in relation to the frequency at various
chemical potentials. The top part is the real part of effective index and the bottom part is the imaginary

part of effective refractive index.
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3.3. The Effect of the Momentum Relaxation Time

Further study focuses on the impact of the momentum relaxation time of the graphene nanodisks
on the lineshape of Fano-like resonance. The momentum relaxation time of graphene is reduced by
dopants, which can increase the scattering of electrons and SPP wave propagation [30]. Additionally,
the great impact of momentum relaxation time on graphene is reflected in the transmission performance
enhancements of graphene with large values of momentum relaxation time [45]. We select Ry = 60 nm
in order to obtain high-quality Fano-like resonance, and set relaxation times of 0.5, 0.6, 0.7, and 0.8 ps,
with the other parameters remaining at their initial values. As shown in Figure 6, a prominent change
of the curve shape of extinction spectra is clearly visible. The peaks caused by central mode or ring
mode become obviously higher with an increase of T. The promotion of resonance peaks indicates that
the coupling behaviors of both central and ring modes are reinforced. Meanwhile, the dip between the
two resonance peaks becomes lower, because the destructive interaction between the ring mode and
central mode is also being strengthened. When T reaches 0.8 ps, there is a considerable enhancement
of the extinction spectrum, and the robustness of Fano-like resonance is intensified. Remarkably, the
amplitudes of peaks and dip change significantly, whereas their frequencies maintain constant values
with an increase of 1. On the basis of this observation, there is a feasible route to optimizing the quality
of Fano resonance by promoting the relaxation time of graphene. We believe that a relaxation time
higher than 0.8 ps would result in a better lineshape of the Fano-like resonance. However, a higher
relaxation time strongly relies on the development of the techniques of the material growth and device
process. Therefore, we choose a relaxation time of 0.8 ps for further discussion.

2000
1=0.5ps
----- =0.6ps
ink s donis =0.7ps
— 1500 i ".‘; ””””””” 1=0.8ps
£ \
X
=
S
= 1000
Q
g
=
m
500+
59

Frequency (THz)

Figure 6. The extinction spectra of graphene hexamer with different momentum relaxation time .
The two peaks become higher and Fano-like dip becomes deeper with increasing .

3.4. Sensing Effect of the Optimized Graphene Plasmonic Oligomer

The optimized Fano-like resonance is narrow and robust, allowing for potential applications such
as in refractive index sensors. We investigate the effect of refractive index of an environment 77 on
extinction spectra with the radius of central disk, the chemical potential of central disk graphene, and
the momentum relaxation time of overall graphene kept at 60 nm, 0.55 eV and 0.8 ps, respectively,
to ensure the best quality of Fano-like resonance. The results are shown in Figure 7a. The Figure of
Merit (FoM) is defined to quantificationally describe the sensing ability of the proposed structure,
calculated as the ratio of the plasmon energy shift per environment refractive index 77 unit change
divided by the width of the spectral peak [51]. To guarantee the rationality of the analysis, we use the
definition for the energy of the Fano-like resonance as the midpoint between the energy of the higher
frequency peak and the energy of the minimum [22]. To overcome the obstacle of the asymmetric
lineshape associated with Fano-like resonances leading to an indefinable FWHM,, it is necessary to
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replace FWHM with a clearer parameter: the width of the spectra. We use the definition of spectral
width as the difference of the energies between two adjacent peaks, which has been used to calculate
the FoM in previous studies [22,52]. It is calculated as 3.14 x 1073 eV by the average value of spectra
with different n,. Figure 7b demonstrates the plasmon energy shift as a function of n1, and the
calculated FoM is 25.58, the value of which is higher than oligomers based on gold and silver, which
range from 0.9 to 10.6 [18,22,50,53]. Note that, for available sensing application, we repeat the above
simulations with x-polarization direction of incident light, and the results are almost unchanged due
to the high symmetry of graphene hexamer, meaning that the graphene hexamer possesses a great
deal of flexibility in Fano-like resonance engineering. When it comes to manufacturing a real graphene
nanosensor, the optimized graphene hexamer prepared on the SiO; surface of a cleaved fiber with the
Focus Ion Beam (FIB) technique is able to realize the nanosensing application.
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Figure 7. The refractive sensing effect in graphene hexamer. (a) The Fano-like resonance has high
sensitivity to the variation of environment. It red shifts dramatically with changing the index of
refraction ny; (b) Linear plot of the Fano minimum energy shifts vs refractive index of the surrounding
environment. The calculated figure of merit is 25.58.

4. Conclusions

In this work, we have shown how the Fano-like resonance in graphene hexamer is modulated by
the size of the central disk, the chemical potential of the central nanodisk graphene, and the momentum
relaxation time of graphene. The interaction between central and ring modes controls the lineshape of
Fano-like resonance. An appropriate increase in the size of the central nanodisk is a practical method
to enhance the Q factor of Fano-like resonance. More pronounced modulation of the spectral profile is
obtained by varying the chemical potential of the central nanodisk in the graphene hexamer. With an
increase in chemical potential, the ring resonance becomes more intense, but the central mode exhibits
the opposite trend. The increase of momentum relaxation time effectively modifies the robustness of
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Fano-like resonance in graphene hexamer. On the basis of these optimizations, the FoM of Fano-like
resonance in graphene hexamer can reach an extremely high value with unparalleled sensitivity,
thereby offering potential applications in chemical or biochemical sensing.

Acknowledgments: The authors are grateful for the support of the Natural Science Fund of China under grant
No. 61378058, Fujian Province Science Fund for Distinguished Young Scholars (No. 2015J06015), the Promotion
Program for Young and Middle-Aged Teachers in Science and Technology Research of Huaqgiao University
(No. ZON-YX203) and Project for Cultivating Postgraduates’ Innovative Ability in Scientific Research of Huaqiao
University (1611301026).

Author Contributions: Weibin Qiu supervised this project, Junbo Ren and Weibin Qiu provided the original
idea, Junbo Ren, Houbo Chen and Pingping Qiu created the models and run the simulations, Junbo Ren,
Guangqing Wang, Weibin Qiu, Pingping Qiu, Zhiili Lin, Jia-Xian Wang, Qiang Kan and Jiao-Qing Pan discussed
and analyzed the results, Junbo Ren and Weibin Qiu wrote the paper.

Conflicts of Interest: The authors claim no interest conflict of the paper.

References

1. Lal, S;; Link, S.; Halas, N.J. Nano-optics from sensing to waveguiding. Nat. Photonics 2007, 1, 641-648.
[CrossRef]

2. Schuller, J.A.; Barnard, E.S.; Cai, W.; Jun, Y.C.; White, ].S.; Brongersma, M.L. Plasmonics for extreme light
concentration and manipulation. Nat. Mater. 2010, 9, 193-204. [CrossRef] [PubMed]

3. Zohar, N.; Chuntonov, L.; Haran, G. The simplest plasmonic molecules: Metal nanoparticle dimers and
trimers. J. Photochem. Photobiol. C Photochem. Rev. 2014, 21, 26-39. [CrossRef]

4. Prodan, E.; Nordlander, P. Plasmon hybridization in spherical nanoparticles. |. Chem. Phys. 2004, 120,
5444-5454. [CrossRef] [PubMed]

5. Brandl, D.W.; Mirin, N.A.; Nordlander, P. Plasmon modes of nanosphere trimers and quadrumers. J. Phys.
Chem. B 2006, 110, 12302-12310. [CrossRef] [PubMed]

6. Brown, L.V,; Sobhani, H.; Lassiter, ].B.; Nordlander, P.; Halas, N.J. Heterodimers: Plasmonic properties of
mismatched nanoparticle pairs. ACS Nano 2010, 4, 819-832. [CrossRef] [PubMed]

7. Shegai, T.; Li, Z.P; Dadosh, T.; Zhang, Z.Y,; Xu, H.X,; Haran, G. Managing light polarization via
plasmon-molecule interactions within an asymmetric metal nanoparticle trimer. Proc. Natl. Acad. Sci. USA
2008, 105, 16448-16453. [CrossRef] [PubMed]

8.  Zhang, ].; Cao, C.; Xu, X.L.; Liow, C.; Li, S.Z.; Tan, PH.; Xiong, Q.H. Tailoring alphabetical metamaterials in
optical frequency: Plasmonic coupling, dispersion, and sensing. ACS Nano 2014, 8, 3796-3806. [CrossRef]
[PubMed]

9.  Gambhir, K,; Ray, B.; Mehrotra, R.; Sharma, P. Morphology dependent two photon absorption in plasmonic
structures and plasmonic-organic hybrids. Opt. Laser Technol. 2017, 90, 201-210. [CrossRef]

10. Fedotov, V.A.; Papasimakis, N.; Plum, E.; Bitzer, A.; Walther, M.; Kuo, P; Tsai, D.P.; Zheludev, N.I.
Spectral collapse in ensembles of metamolecules. Phys. Rev. Lett. 2010, 104, 223901. [CrossRef] [PubMed]

11.  Hentschel, M.; Saliba, M.; Vogelgesang, R.; Giessen, H.; Alivisatos, A.P,; Liu, N. Transition from isolated to
collective modes in plasmonic oligomers. Nano Lett. 2010, 10, 2721-2726. [CrossRef] [PubMed]

12.  Luk’yanchuk, B.; Zheludev, N.I.; Maier, S.A.; Halas, N.J.; Nordlander, P.; Giessen, H.; Chong, C.T. The fano
resonance in plasmonic nanostructures and metamaterials. Nat. Mater. 2010, 9, 707-715. [CrossRef] [PubMed]

13. Strelniker, Y.M.; Bergman, D.]. Transmittance and transparency of subwavelength-perforated conducting
films in the presence of a magnetic field. Phys. Rev. B 2008, 77, 5. [CrossRef]

14. Zhang, S.; Genov, D.A.; Wang, Y.; Liu, M.; Zhang, X. Plasmon-induced transparency in metamaterials.
Phys. Rev. Lett. 2008, 101, 047401. [CrossRef] [PubMed]

15. Zhao, W,; Leng, X.; Jiang, Y. Fano resonance in all-dielectric binary nanodisk array realizing optical filter
with efficient linewidth tuning. Opt. Express 2015, 23, 6858-6866. [CrossRef] [PubMed]

16. Dayal, G.; Chin, X.Y.; Soci, C.; Singh, R. High-qwhispering-gallery-mode-based plasmonic fano resonances in
coupled metallic metasurfaces at near infrared frequencies. Adv. Opt. Mater. 2016, 4, 1295-1301. [CrossRef]

17.  Li, MJ,; Fang, H.; Li, XM.; Yuan, X.C. Subgroup decomposition analyses of d-3h and d-4h plasmonic
metamolecule fano resonance spectrum. Acta Phys. Sin. 2016, 65, 8. [CrossRef]


http://dx.doi.org/10.1038/nphoton.2007.223
http://dx.doi.org/10.1038/nmat2630
http://www.ncbi.nlm.nih.gov/pubmed/20168343
http://dx.doi.org/10.1016/j.jphotochemrev.2014.10.002
http://dx.doi.org/10.1063/1.1647518
http://www.ncbi.nlm.nih.gov/pubmed/15267418
http://dx.doi.org/10.1021/jp0613485
http://www.ncbi.nlm.nih.gov/pubmed/16800552
http://dx.doi.org/10.1021/nn9017312
http://www.ncbi.nlm.nih.gov/pubmed/20092361
http://dx.doi.org/10.1073/pnas.0808365105
http://www.ncbi.nlm.nih.gov/pubmed/18927232
http://dx.doi.org/10.1021/nn500527f
http://www.ncbi.nlm.nih.gov/pubmed/24670107
http://dx.doi.org/10.1016/j.optlastec.2016.12.003
http://dx.doi.org/10.1103/PhysRevLett.104.223901
http://www.ncbi.nlm.nih.gov/pubmed/20867169
http://dx.doi.org/10.1021/nl101938p
http://www.ncbi.nlm.nih.gov/pubmed/20586409
http://dx.doi.org/10.1038/nmat2810
http://www.ncbi.nlm.nih.gov/pubmed/20733610
http://dx.doi.org/10.1103/PhysRevB.77.205113
http://dx.doi.org/10.1103/PhysRevLett.101.047401
http://www.ncbi.nlm.nih.gov/pubmed/18764363
http://dx.doi.org/10.1364/OE.23.006858
http://www.ncbi.nlm.nih.gov/pubmed/25836905
http://dx.doi.org/10.1002/adom.201600356
http://dx.doi.org/10.7498/aps.65.057302

Nanomaterials 2017, 7, 238 11 of 12

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

40.

Fan, ]J.A.; Bao, K.; Wu, C.; Bao, J.; Bardhan, R.; Halas, N.].; Manoharan, V.N.; Shvets, G.; Nordlander, P.;
Capasso, F. Fano-like interference in self-assembled plasmonic quadrumer clusters. Nano Lett. 2010, 10,
4680-4685. [CrossRef] [PubMed]

Fan, J.A.; Wu, C.; Bao, K.; Bao, J.; Bardhan, R.; Halas, N.J.; Manoharan, V.N.; Nordlander, P.; Shvets, G.;
Capasso, F. Self-assembled plasmonic nanoparticle clusters. Science 2010, 328, 1135-1138. [CrossRef]
[PubMed]

Giannini, V.; Francescato, Y.; Amrania, H.; Phillips, C.C.; Maier, S.A. Fano resonances in nanoscale plasmonic
systems: A parameter-free modeling approach. Nano Lett. 2011, 11, 2835-2840. [CrossRef] [PubMed]
Rahmani, M.; Lei, D.Y.; Giannini, V.; Lukiyanchuk, B.; Ranjbar, M.; Liew, T.Y.; Hong, M.; Maier, S.A. Subgroup
decomposition of plasmonic resonances in hybrid oligomers: Modeling the resonance lineshape. Nano Lett.
2012, 12, 2101-2106. [CrossRef] [PubMed]

Lassiter, J.B.; Sobhani, H.; Fan, J.A.; Kundu, J.; Capasso, F; Nordlander, P.; Halas, N.J. Fano resonances in
plasmonic nanoclusters: Geometrical and chemical tunability. Nano Lett. 2010, 10, 3184-3189. [CrossRef]
Miroshnichenko, A.E.; Kivshar, Y.S. Fano resonances in all-dielectric oligomers. Nano Lett. 2012, 12, 6459-6463.
[CrossRef] [PubMed]

Lassiter, J.B.; Sobhani, H.; Knight, M.W.; Mielczarek, W.S.; Nordlander, P.; Halas, N.J. Designing and
deconstructing the fano lineshape in plasmonic nanoclusters. Nano Lett. 2012, 12, 1058-1062. [CrossRef]
[PubMed]

Hentschel, M.; Dregely, D.; Vogelgesang, R.; Giessen, H.; Liu, N. Plasmonic oligomers: The role of individual
particles in collective behavior. ACS Nano 2011, 5, 2042-2050. [CrossRef] [PubMed]

Zhao, J.; Qiu, W.; Huang, Y.; Wang, ].X.; Kan, Q.; Pan, J.Q. Investigation of plasmonic whispering-gallery
mode characteristics for graphene monolayer coated dielectric nanodisks. Opt. Lett. 2014, 39, 5527-5530.
[CrossRef] [PubMed]

Novoselov, K.S.; Geim, A K.; Morozov, S.V,; Jiang, D.; Katsnelson, M.I.; Grigorieva, I.V.; Dubonos, S.V.;
Firsov, A.A. Two-dimensional gas of massless dirac fermions in graphene. Nature 2005, 438, 197-200.
[CrossRef] [PubMed]

Li, Z.Q.; Henriksen, E.A ; Jiang, Z.; Hao, Z.; Martin, M.C.; Kim, P.; Stormer, H.L.; Basov, D.N. Dirac charge
dynamics in graphene by infrared spectroscopy. Nat. Phys. 2008, 4, 532-535. [CrossRef]

Zhang, H.; Virally, S.; Bao, Q.; Ping, L.; Massar, S.; Godbout, N.; Kockaert, P. Z-scan measurement of the
nonlinear refractive. Opt. Lett. 2012, 37, 1856-1858. [CrossRef] [PubMed]

Qiu, W,; Liu, X; Zhao, J.; He, S.; Ma, Y.; Wang, ].-X,; Pan, J. Nanofocusing of mid-infrared electromagnetic
waves on graphene monolayer. Appl. Phys. Lett. 2014, 104, 041109. [CrossRef]

Geim, A K.; Novoselov, K.S. The rise of graphene. Nat. Mater. 2007, 6, 183-191. [CrossRef] [PubMed]
Nikitin, A.Y.; Garcia-Vidal, EJ.; Martin-Moreno, L. Analytical expressions for the electromagnetic dyadic
green’s function in graphene and thin layers. IEEE ]. Sel. Top. Quantum Electron. 2013, 19, 11. [CrossRef]
Gusynin, V.P; Sharapov, S.G.; Carbotte, J.P. Magneto-optical conductivity in graphene. ]. Phys.
Condens. Matter 2007, 19, 026222. [CrossRef]

Llatser, I.; Kremers, C.; Cabellos-Aparicio, A.; Jornet, ] M.; Alarcén, E.; Chigrin, D.N. Graphene-based
nano-patch antenna for terahertz radiation. Photonics Nanostruct. Fundam. Appl. 2012, 10, 353-358. [CrossRef]
Amanatiadis, S.A.; Kantartzis, N.V.; Tsiboukis, T.D. A loss-controllable absorbing boundary condition for
surface plasmon polaritons propagating onto graphene. IEEE Trans. Magn. 2015, 51, 4. [CrossRef]
Tamagnone, M.; Gémez-Diaz, ].S.; Mosig, ].R.; Perruisseau-Carrier, J. Reconfigurable terahertz plasmonic
antenna concept using a graphene stack. Appl. Phys. Lett. 2012, 101, 214102. [CrossRef]

Vakil, A.; Engheta, N. Transformation optics using graphene. Science 2011, 332, 1291-1294. [CrossRef]
[PubMed]

Qiu, W,; Huang, Y.; Chen, H.; Qiu, P; Tang, Y.; Wang, ].-X.; Kan, Q.; Pan, J.-Q. Coupling of whispering-gallery
modes in the graphene nanodisk plasmonic dimers. Plasmonics 2016, 12, 39—-45. [CrossRef]

Zhao, J.; Liu, X,; Qiu, W.; Ma, Y.; Huang, Y.; Wang, J.X,; Qiang, K.; Pan, J.Q. Surface-plasmon-polariton
whispering-gallery mode analysis of the graphene monolayer coated ingaas nanowire cavity. Opt. Express
2014, 22, 5754-5761. [CrossRef] [PubMed]

Ju, L,; Geng, B.; Horng, J.; Girit, C.; Martin, M.; Hao, Z.; Bechtel, H.A; Liang, X.; Zettl, A.; Shen, Y.R,; et al.
Graphene plasmonics for tunable terahertz metamaterials. Nat. Nanotechnol. 2011, 6, 630—-634. [CrossRef]
[PubMed]


http://dx.doi.org/10.1021/nl1029732
http://www.ncbi.nlm.nih.gov/pubmed/20923179
http://dx.doi.org/10.1126/science.1187949
http://www.ncbi.nlm.nih.gov/pubmed/20508125
http://dx.doi.org/10.1021/nl201207n
http://www.ncbi.nlm.nih.gov/pubmed/21635012
http://dx.doi.org/10.1021/nl3003683
http://www.ncbi.nlm.nih.gov/pubmed/22448815
http://dx.doi.org/10.1021/nl102108u
http://dx.doi.org/10.1021/nl303927q
http://www.ncbi.nlm.nih.gov/pubmed/23170879
http://dx.doi.org/10.1021/nl204303d
http://www.ncbi.nlm.nih.gov/pubmed/22208801
http://dx.doi.org/10.1021/nn103172t
http://www.ncbi.nlm.nih.gov/pubmed/21344858
http://dx.doi.org/10.1364/OL.39.005527
http://www.ncbi.nlm.nih.gov/pubmed/25360919
http://dx.doi.org/10.1038/nature04233
http://www.ncbi.nlm.nih.gov/pubmed/16281030
http://dx.doi.org/10.1038/nphys989
http://dx.doi.org/10.1364/OL.37.001856
http://www.ncbi.nlm.nih.gov/pubmed/22660052
http://dx.doi.org/10.1063/1.4863926
http://dx.doi.org/10.1038/nmat1849
http://www.ncbi.nlm.nih.gov/pubmed/17330084
http://dx.doi.org/10.1109/JSTQE.2012.2226147
http://dx.doi.org/10.1088/0953-8984/19/2/026222
http://dx.doi.org/10.1016/j.photonics.2012.05.011
http://dx.doi.org/10.1109/TMAG.2014.2363109
http://dx.doi.org/10.1063/1.4767338
http://dx.doi.org/10.1126/science.1202691
http://www.ncbi.nlm.nih.gov/pubmed/21659598
http://dx.doi.org/10.1007/s11468-016-0226-1
http://dx.doi.org/10.1364/OE.22.005754
http://www.ncbi.nlm.nih.gov/pubmed/24663913
http://dx.doi.org/10.1038/nnano.2011.146
http://www.ncbi.nlm.nih.gov/pubmed/21892164

Nanomaterials 2017, 7, 238 12 of 12

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Chen, J.; Badioli, M.; Alonso-Gonzalez, P.; Thongrattanasiri, S.; Huth, F; Osmond, J.; Spasenovic, M.;
Centeno, A.; Pesquera, A.; Godignon, P; et al. Optical nano-imaging of gate-tunable graphene plasmons.
Nature 2012, 487, 77-81. [CrossRef] [PubMed]

Shi, B.; Cai, W.; Zhang, X.; Xiang, Y.; Zhan, Y,; Geng, J.; Ren, M.; Xu, J. Tunable band-stop filters for graphene
plasmons based on periodically modulated graphene. Sci. Rep. 2016, 6, 26796. [CrossRef] [PubMed]
Amanatiadis, S.; Kantartzis, N. Distortion of surface plasmon polariton propagation on graphene due to
chemical potential variation. Appl. Phys. A 2016, 122. [CrossRef]

Bouzianas, G.D.; Kantartzis, N.V.; Antonopoulos, C.S.; Tsiboukis, T.D. Optimal modeling of infinite graphene
sheets via a class of generalized fdtd schemes. IEEE Trans. Magn. 2012, 48, 379-382. [CrossRef]

Nayyeri, V.; Soleimani, M.; Ramahi, O.M. Modeling graphene in the finite-difference time-domain method
using a surface boundary condition. IEEE Trans. Antennas Propag. 2013, 61, 4176-4182. [CrossRef]

Ren, J.; Qiu, W.; Chen, H.; Qiu, P; Lin, Z.; Wang, ].X.; Kan, Q.; Pan, J.Q. Electromagnetic field coupling
characteristics in graphene plasmonic oligomers: From isolated to collective modes. Phys. Chem. Chem. Phys.
2017, 19, 14671-14679. [CrossRef] [PubMed]

Lu, W.B.; Zhu, W.; Xu, H.J.; Ni, Z.H.; Dong, Z.G.; Cui, T.]J. Flexible transformation plasmonics using graphene.
Opt. Express 2013, 21, 10475-10482. [CrossRef] [PubMed]

Yu, X,; Sarris, C.D. A perfectly matched layer for subcell fdtd and applications to the modeling of graphene
structures. IEEE Antennas Wirel. Propag. Lett. 2012, 11, 1080-1083. [CrossRef]

Shao, L.; Fang, C.; Chen, H.; Man, Y.C.; Wang, J.; Lin, H.Q. Distinct plasmonic manifestation on gold
nanorods induced by the spatial perturbation of small gold nanospheres. Nano Lett. 2012, 12, 1424-1430.
[CrossRef] [PubMed]

Mirin, N.A.; Bao, K.; Nordlander, P. Fano resonances in plasmonic nanoparticle aggregates. J. Phys. Chem. A
2009, 113, 4028-4034. [CrossRef] [PubMed]

Sherry, L.J.; Chang, S.-H.; Schatz, G.C.; Van Duyne, R.P.; Wiley, B.].; Xia, Y. Localized surface plasmon
resonance spectroscopy of single silver nanocubes. Nano Lett. 2005, 5, 2034-2038. [CrossRef] [PubMed]
Hao, F; Sonnefraud, Y.; Dorpe, P.V.; Maier, S.A.; Halas, N.J.; Nordlander, P. Symmetry breaking in plasmonic
nanocavities: Subradiant Ispr sensing and a tunable fano resonance. Nano Lett. 2008, 8, 3983-3988. [CrossRef]
[PubMed]

Liao, HW.; Nehl, C.L.; Hafner, ].H. Biomedical applications of plasmon resonant metal nanoparticles.
Nanomedicine 2006, 1, 201-208. [CrossRef] [PubMed]

@ © 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1038/nature11254
http://www.ncbi.nlm.nih.gov/pubmed/22722861
http://dx.doi.org/10.1038/srep26796
http://www.ncbi.nlm.nih.gov/pubmed/27228949
http://dx.doi.org/10.1007/s00339-016-9879-z
http://dx.doi.org/10.1109/TMAG.2011.2172778
http://dx.doi.org/10.1109/TAP.2013.2260517
http://dx.doi.org/10.1039/C7CP01734K
http://www.ncbi.nlm.nih.gov/pubmed/28537636
http://dx.doi.org/10.1364/OE.21.010475
http://www.ncbi.nlm.nih.gov/pubmed/23669904
http://dx.doi.org/10.1109/lawp.2012.2215834
http://dx.doi.org/10.1021/nl2041063
http://www.ncbi.nlm.nih.gov/pubmed/22268670
http://dx.doi.org/10.1021/jp810411q
http://www.ncbi.nlm.nih.gov/pubmed/19371111
http://dx.doi.org/10.1021/nl0515753
http://www.ncbi.nlm.nih.gov/pubmed/16218733
http://dx.doi.org/10.1021/nl802509r
http://www.ncbi.nlm.nih.gov/pubmed/18831572
http://dx.doi.org/10.2217/17435889.1.2.201
http://www.ncbi.nlm.nih.gov/pubmed/17716109
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Method 
	Results and Discussion 
	The Extinction Spectrum of the Graphene Hexamer as a Function of R2 
	The Effect of the Chemical Potential of the Central Disk 
	The Effect of the Momentum Relaxation Time 
	Sensing Effect of the Optimized Graphene Plasmonic Oligomer 

	Conclusions 

