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Abstract:  Nanoantennas play a fundamental role in the nanotechnology
dueto their capabilities to confine and enhance the light through converting
the localized fields to propagating ones, and vice versa. Here, we theo-
retically propose a novel nanoantenna with the metal-insulator-graphene
configuration where a graphene sheet dynamically controls the charac-
teristics of a metallic dipole antenna in terms of near-field distribution,
resonance frequency, bandwidth, radiation pattern, etc. Our results show
that by modifying dispersion relation of the graphene sheet attached to the
insulator through tuning chemical potentials, we can achieve strong mode
couplings between the graphene sheet and the metallic nanoantenna on the
top of the insulator. Interestingly, the in-phase and out-of-phase couplings
between metallic plasmonics and graphene plasmonics not only split the
single resonance frequency of the conventional metallic dipole antenna but
also modify the near-field and far-field responses of the metal-graphene
nanoantenna. This work is of a great help to design high-performance
electrically-tunable nanoantennas applicable both in nano-optics and
nano-electronics fields.
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1. Introduction

Nanoantennas are, to some extent, analogue and evolving technology of the radiowave and
microwave antenna. But nanoantennas have lots of unique and novel characteristics mainly
owing to the existence of electron gas oscillations in metals. The behavior of strongly coupled
plasmas and the capability of manipulating light on the nanometer scale make nanoantennas
particularly useful in microscopy and spectroscopy [1], heat transfer [2] and photovoltaics[3,4],
etc. The above applications rely on the characteristics of nanoantennas involving the resonance
frequency, bandwidth, directivity, far-field radiation pattern, near-field distribution, and local
density of states. For instance, the existence of strong hot-spots in the feed gap would occur at
the resonant frequencies of dipole nanoantennas [5—-7]. The characteristics of the nanoantenna
can be modified with geometrical size and shape as well as material composites. However, the
features cannot be dynamically tunable once the nanoantenna has been already fabricated.

Graphene is a monoatomic carbon with a honeycomb lattice which has attracted much re-
search interest in recent years [8—10]. Graphene has been used as a transparent electrode due
to the properties of high optical transmittance and conductivity [11]. Due to the forbidden in-
terband transitions by the Pauli blocking, the chemically or electrostatically doped graphene
supports strong plasmonic effects typically at the far-infrared or terahertz regime [12, 13]. The
capability of dynamically modifying chemical potentials through tuning the gate voltage of the
graphene-metal nanoantenna as shown in the left side of Fig. 1 enables to fabricate controllable
devices by introducing the graphene sheet [14]. Applying this specific and unique property of
graphene to design nanoantennas could tune the characteristics and enhance the performances
of nanoantennas.

2. Structure and formulations

Here, we design a novel metal-graphene nanoantenna. One unit cell of the antenna is shown
in the right side of Fig. 1. The proposed architecture involves a conventional gold (Au) dipole
antenna comprising two Au arms separated by a feed gap, the graphene sheet, and aluminum
oxide (Al,0O3) as an insulator inserted between the dipole antenna and graphene. The reso-
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Fig. 1. A schematic pattern of metal-graphene nanoantennas. The chemical potential of
graphene can be el ectrostatically tunable by changing the back gate voltage. Theright figure
shows a unit cell of the metal-graphene nanoantenna. The graphene sheet is deposited at
the bottom of Al,O3. The geometric parametersare as| = 720 nm, w = 40 nm, h = 40 nm,
and Gap = 20 nm.

nant dipole antenna induces a strong confined field in the narrow feed gap, which is caused by
the couplings between two metal arms [5, 15]. The arm lengths of the metallic dipole antenna
should be carefully engineered so that the strong interaction between metallic plasmonics and
graphene plasmonics occurs at the infrared regime. The geometric parameters of the Au dipole
antenna are given in the caption of Fig. 1 for guaranteeing the resonant wavelength (3200 nm)
to be in the infrared regime [16, 17]. The effective thickness of graphene in our numerical
model, for simplicity and manipulation, is taken as dp = 0.5 nm, which is sufficiently guaran-
teed the convergence of our calculation. The electrical permittivities of the insulator and Au
are ¢ = 3.065 and given by Johnson and Chrity [18], respectively. In addition, the insulator
(with thickness of 4 nm) is inserted to reduce the electrical (quantum) tunneling effect from
the graphene to metal. Consequently, the responses of the metal-graphene nanoantenna only
depend on its optical effects governed by Maxwell’s equations.

The surface conductivity of infinitesimally thin graphene is calculated by the Kubo formula
as afunction of the frequency (w), chemical potentia (), carrier scattering rate Gamma (I)
and temperature (T) [19, 20]:

j€(w—j2r) 1
nh? [(w —jar)2
= (2%a(e) df4(—¢) - fa(—¢) — fa(e)

e )ee L (Gl s @
where fy(e) = {exp[(e — uc)/ksT] + 1}~ is the Fermi-Dirac distribution function and kg is
the Boltzmann constant. The carrier scattering rate Gamma is set asI' = 11 meV /h [20, 21].
It should be noted that: (i) The conductivity used in our simulation should be converted to the
volume conductivity 6 = 6 /dy where o, & are the surface and volume conductivities, respec-
tively; and dy is the effective thickness of the graphene sheet. (ii) This volume conductivity
is contributed to the in-plane permittivity (g), while the out-of-plane permittivity is chosen to
be the dielectric permittivity (e, =2.5) [13]. (iii) The 1% and 2" termsin the right side of Eq.
(1) relate to the electron intraband relaxation and interband transition, respectively. As seenin
Figs. 2(a) and 2(b), the real and imaginary part of the normalized surface conductivity of the
graphene sheet are highly tunable with different chemical potential (by changing the gate volt-
age). The imaginary part of the conductivity of graphene, corresponding to the real part of the
in-plane permittivity (g = & — jo/ wgp), becomes negative value near the visible regime with
an appropriately adjusted chemical potential. In detailed, theimaginary part startsto be negative

at the wavelengths of 1 =820, 740, 680 nm corresponding to the chemical potentials p; =0.9,
1.0, 1.1 eV, respectively. Noted that the chemical potential (from 0.9 eV to 1.1 eV) used here

o(o,u,,T)=
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can be achieved by a high doping which could be promisingly obtained in near future experi-
ments. Resembling noble metals, the highly doped graphene sheet with a negative permittivity
will start to support transverse magnetic (TM) surface plasmon polariton (SPP), which opens a
door for a strong light-matter interaction between the graphene and metallic nanostructures.
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Fig. 2. The optical properties of graphene at different chemical potentials (uc = 0.9, 1.0,
1.1 eV). Other physical quantitiesare set as T = 300 K and I" = 11 meV /h [20]. (a) The
real part, (b) The imaginary parts of the normalized surface conductivity (defined as o/ op
and oo = €2 /) of the graphene sheet. (c) The analytical dispersion relation of the graphene
sheet sandwiched by the semi-infiniteinsulator Al,O3 and SiO,. (d) The near field distribu-
tions of the doped graphene sheet (1 =1.1 €V) inserted by 4 nm Al,03 and 100 nm SiO»
(as shown in the inset) at the wavelength of 3000 nm.

The dispersion relation of the infinitely thin graphene sheet inserted between two dielectric
media has been theoretically determined in the literature [15]. In our case, the graphene is
sandwiched between Al,O3 and silicon oxide (SiO;). The dispersion relation of the sandwich
configuration for the TM mode is given by

. &1té&n 2jo
Blw)~ e 2 oo

@

where 3 (w) isthe propagation constant, &y isthe permittivity of air, and &1 and &, arethe elec-
trical permittivities of the two dielectric media and &1 = 3.065 and &, = 2.25 for Al,O3 and
SiOg, respectively. Moreover, o is the angular frequency and o () is the surface conductivity
of the graphene sheet. Figure 2(c) shows the dispersion relation of the Al,O3-graphene-SiO,
configuration for the TM SPP mode. It can be easily found that the plasmonic resonance is
blue-shifted when the chemical potential increases from 0.9 eV to 1.1 eV. In addition, the near
fieldisshown in Fig. 2 (d) for the thin graphene layer inserted by 4 nm Al,03 and 100 nm SiO;
(the configuration is shown in the inset) which is much more close to our proposed configura-
tion. The bounded plasmonic wave was found around the doped graphene sheet (1 =1.1€V) at
the wavelength of 3000 nm that is near the resonant wavelength of the Au dipole antenna. This
will enable the mode couplings or hybridizations between the highly doped graphene sheet and
the dipole nanoantenna.

3. Resultsand discussions

The proposed metal -graphene nanoantenna is theoretically studied through rigorously solving
Maxwell’s equations by finite-difference time-domain (FDTD) method [22, 23]. Within the
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wavelength range of interest, the normalized extinction cross section (ECS) [24] is calculated
and illustrated in Fig. 3(a). The single resonant peak due to the fundamental dipole mode of
the dipole antenna without the graphene sheet is located at the wavelength of 3200 nm. After
introducing the graphene layer, this resonant peak is blue-shifted [13], more importantly, the
single resonant peak splits into two individual resonant peaks at the wavelengths of 2900 nm
and 3050 nm for the metal-graphene hybrid antenna. According to the coupled mode theory
[24, 25], the low resonant peak at the short wavelength of 2900 nm is attributed to the out-
of-phase coupling between the surface wave of graphene and dipolar mode of nanoantennas,
while in-phase coupling is contributed to the high resonant peak at the longer wavelength of
3050 nm. Besides, Fig. 4 shows the near-field E-field distribution of the hybrid nanoantenna
with respect to the four wavelengths denoted by the arrows of Fig. 3(a). Asindicated in Fig. 4,
avery strong E-field is expected in the feed gap and the edges of the two Au arms when the
incoming plane wave is polarized along the metal arms. The constructive interferences between
two SPPs of the metallic arms not only produce a strong field enhancement at the gap but also
introduce evanescent waves going down to the graphene sheet. The evanescent waves also offer
additional momentums to excite the graphene plasmonics. Furthermore, compared to those in
the insulator and metal, the near-field distributions corresponding to the dip between the two
resonant peaks (denoted by the arrow 3 in Fig. 3(a)) is concentrated around the graphene sheet
where light drives the coherent electron oscillations in the ultra-thin graphene sheet with ahigh
mobility. This oscillation also plays an important role in forming the strong field confinement
in the graphene sheet.
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Fig. 3. The characteristics of the metallic dipole nanoantennawith and without the graphene
sheet. Both the extinction cross section and radar cross section are normalized with the geo-
metrical cross section area of the metallic dipole antenna (2w x 1). (a) Extinction cross sec-
tion. (b) The polar plot of the far-field radiation pattern. (c) Extinction Cross Section at dif-
ferent chemical potentials.(d) Extinction Cross Section at different scattering rate Gamma
(with uc =1.0€V).

With the graphene, the full width at half maximum (FWHM) of the extinction cross section
(normalized to unity) is decreased by 18% for the hybrid nanoantenna. Another characteristic of
the nanoantenna called normalized radar cross section (RCS) [24] or far-field radiation pattern
from the reciprocal theorem, is also calculated and drawn in Fig. 3(b). The far-field radiation
intensity has been drastically reduced by 70% due to the optical absorption induced by the
graphene plasmonics. The most important property of the metal-graphene hybrid nanoantenna
liesat itstunable or switch on/off feature which isaso shown in Fig. 3(c). It is apparently seen
that the high resonant peak at the longer wavelength is dynamically tunable through increas-
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Fig. 4. The near-field distributions (in log scale) of the metal-graphene nanoantenna corre-
sponding to the four wavelengths denoted by the arrows of Fig. 3(a). (a) 2500 nm; (b) 2900
nm; (c) 3000 nm; (d) 3050 nm.

ing the chemical potential from 0.9 eV to 1.0 eV by increasing the gate voltage. Especialy,
the hybrid nanoantenna can be restored to the conventional metallic dipole antenna by simply
employing an intrinsic graphene (uc=0 €V) or electrostatically tuning the chemical potential
of graphene less than 0.6 €V. This provides a new opportunity to control the optical nanoan-
tenna through nanoelectronics devices. In addition, we also investigate the carrier scattering
rate Gamma (I') that could influence mode coupling of the proposed nanoantenna in terms of
the normalized ECS. As shown in Fig. 3(d), the coherent mode coupling between the ultra-thin
graphene and Au dipole antenna can be supported either by adopting asmaller carrier scattering
rate I'/2 or alarger carrier scattering rate 2I". A smaller carrier scattering induces significant
resonance splitting. Contrarily, an increasing carrier scattering rate or Ohmic loss of graphene
reduces the difference between the peak and valley of the normalized ECS and further dlightly
increases the bandwidth of the antenna.

4. Conclusion

In summary, we have analyzed and designed a tunable metal -graphene hybrid nanoantenna. By
dynamically tuning the chemical potentia of graphene, the mode couplings between the doped
graphene sheet and metallic nanoatenna can be obtained. The splitting resonance peaks of the
hybrid nanoantenna confirm the strong interaction between the graphene plasmonics and metal
plasmonics. The simulation results also revea a strong field enhancement and confinement in
the graphene sheet. Particularly, the near-field distribution, resonance frequency, bandwidth,
and radiation pattern of the convectional metalic dipole antenna are strongly modified
and highly tunable after the introduction of graphene. This work is helpful to design new
electrically-tunable optical nanoantennas.
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