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ABSTRACT

In this work, we introduce a plasmonic platform based on UT-shaped graphene antenna arrays. The
proposed multi-resonant platform shows three different resonances, which can be independently tuned.
The physical origin of these modes is shown with FDTD near-field distribution analyses, which are used to
statically tune each resonance wavelength via the geometrical parameters, corresponding to different near-
field localization. We achieve statistical tuning of multiple resonances also by changing the number of
graphene layers. Another static tuning of the optical response of the UT-shaped graphene antenna is

achieved via the chemical potential and the relaxation time.
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INTRODUCTION

Surface plasmons (SPs) are the collective electron oscillations, propagating at an interface between a metal
and a dielectric. The confinement of light through these surface waves with large near-field intensity
enhancements [1-3] enables various applications, i.e., surface-enhanced vibrational spectroscopy [4-6],

label-free biosensing [7—8] and high-efficiency photovoltaics [9]. Recently, graphene has been utilized in
1



plasmonics due to its metallic behavior at mid- to far-IR spectral range such that it can control, confine, and
manipulate light through SP excitation [10-13]. In that sense, collective oscillations of the electrons (or hole)
gas in two-dimensional graphene sheets can produce guided electromagnetic waves with strong sub-
wavelength confinement. Plasmonic resonances occur at mid-infrared and terahertz frequencies for typical
carrier densities (several 10" cm™) of graphene as opposed to visible or near-infrared excitations of
traditional metallic plasmonic structures. As a result of these favorable properties, graphene plasmons
covering mid- to far-IR frequency ranges have been extensively used in theoretical and experimental
studies [13-24]. In addition, several device applications have been reported, including optoelectronic
devices [14], ultrafast transistor based photodetectors [25-27], optical modulators [28,29], light emitters
[30,31] transparent solar cells [32], and biosensors [33, 34].

In this work, we introduce a plasmonic platform based on multi-resonant UT-shaped graphene
plasmonic antenna arrays as shown in Figure 1. The platform supports 3 distinct plasmonic resonances in
the THz frequency range. The resonance frequencies depend on the geometrical device parameters,
chemical potential, relaxation time, number of graphene layers, which are extensively investigated by
finite-difference time-domain (FDTD) simulations. The paper is organized as follows: In Methods section,
we explain the conductivity relation in graphene and express its plasmonic behavior in terms of
conductivity. In Results section, we introduce the UT-shaped graphene antenna system on a thin SiN film.
The effect of geometrical parameters on the spectral position of each plasmonic resonance is investigated
in detail. The physical origin of each plasmonic mode is shown in nearfield analyses with FDTD simulations.
The effect of chemical potential, relaxation time and the number of the graphene layers on the multi-band
response is investigated. Such graphene geometry can be experimentally achieved by Electron Beam
Lithography (EBL) based nano-fabrication techniques. In this paper, we theoretically investigate the multi-
band behavior and experimental characterization of the system will be demonstrated later. Commercial
graphene grown by chemical vapor deposition (CVD) on copper foil can be used to have a large continuous
sheet of graphene. First, poly(methyl methacrylate) (PMMA) is covered onto graphene on copper foil in
order to prepare a supporting layer film. Then, the copper foil is etched away with copper etchant to have a
free-standing graphene layer, which is floating on the surface of copper etchant. By using a SiN substrate,
this floating sheet of graphene is fished out on top of the substrate with a following acetone bath to
remove PMMA and a dry annealing process. After obtaining a large continuous sheet of graphene layer, EBL
is implemented in order to pattern the UT-shaped antennas, which followed by plasma ashing to etch away
the graphene outside of the UT-shape. Finally, the acetone bath and another annealing process is applied

to clean out any undesired residue.



Figure 1. Schematic view of the UT-shaped graphene antenna. The geometrical device parameters are H
(height), L (length), w (rod width), s (distance between U- and T-antennas) and P is the period of the
antenna array. The graphene structure stands on a SiN (silicon nitride) substrate (denoted with blue).

METHODS

The linear response theory investigates the dynamic behavior of a condensed-matter system at thermal
equilibrium in the presence of a small external field. The response of the system is expressed by Kubo
formula [34-38]. If an external electric field is applied, the response of the system and the linear response
coefficient are represented by current and conductivity, respectively. The optical response of graphene is
determined by its conductivity where the relaxation time (t = ppu/evg?, p. = hvpmn, vp = 10°m/s,
U is the chemical potential, e is the elementary charge, uis the carrier mobility of the electrons in
graphene which is less than the frequency applied (7! « Aw, w is the frequency, # is the reduced Planck
constant) and n is the carrier density [39]. From these relations, carrier density can be calculated as
n = (e*vp?t?)/(mu2h?). For a given chemical potential of g, = 0.4 and t = 0.5 ps, the carrier density
is m = 1.47x10" cm™, where mobility of the graphene is chosen as 10000cm?/Vs from the [40]. According to
graphene’s semiconducting characteristics, conductivity of graphene that consists of inter- and intra-band
transitions (0 = Ojntra + Ointer) [38] is mainly controlled by the electron-hole excitations. The
corresponding conductivity of graphene is written as:

(Equation-1)
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where, T is finite temperature and fo(g) = 1/(e®#/T 4+ 1) is the Fermi-Dirac distribution and & is the
energy. Equation 1 can be evaluated in the local limit of the random phase approximation (RPA) with finite
T and finite relaxation time 7 [41-43].

(Equation-2)
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where H(g) = sinh(h&e/kgT) /(cosh(u./kg T) + cosh( he/kg T)) and kg is the Boltzmann constant.
The first term in Equation 2 is known as intra-band, and the second term corresponds to inter-and
scattering process. At low frequencies, Drude response for intra-band transitions dominates when

1/T = 0[35].

(Equation-3)
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At high frequencies, inter-band transitions dominates with § = 0 and in terms of step function
Hw/2) =0(w—2u,) for u, > kgT .
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Inter-band transitions occur when Aiw = 2pu, at short wavelengths. In order to analyze graphene plasmons,
intra-band transitions are considered, Aiw < 2u., in mid- and far-IR frequency ranges. The dispersion
relation for surface plasmons can be derived from Dyadic Green’s functions for a surface model of
graphene by considering incoming TE and TM plane waves under boundary conditions [36]. In the presence
of high doping, TM mode (related with intra-band transitions of conductivity) dominates such that the

dispersion relation is described by kgp =~ iw(€ + 1) /4mo [43].

Q

The Drude formula is inserted to the surface plasmon dispersion relation, which yields kgp
(h?/4e*u.)(e + w(w + it™1), i.e., the corresponding resonance wavelength is (Agp/Ag) =
(u./hw)(4a/(€ + 1)), where a = (1/41e€,)(e?/hc) is the fine structure constant, €, is the permittivity

of the free space, and c is the speed of light in vacuum.

RESULTS

We investigate the dependence of the optical behavior of UT-shaped graphene antennas on geometrical
and other material parameters by FDTD simulations (Lumerical Solutions Inc.) [44]. The antenna system
supports multi-band spectral response similarly to its plasmonic nanoparticle meta-material analog [45].
The geometrical parameters play an important role in the spectral position of the plasmonic resonances

(observed as transmission minima) and provide a fine-tuning mechanism of spectral responses. The



schematics of UT-shaped graphene is presented in Figure 1, where the geometrical device parameters are
H (height), L (length), w (rod width), s (distance between U- and T- antennas) and P is the period of the
antenna array. The graphene structure stands on a (silicon nitride) SiN substrate. Normally incident light
source impinges on the graphene substrate, polarized along the long edge of the antennas as depicted in
the figure. In our numerical analyses, the intra-band conductivity of graphene at low frequencies is
modeled with Drude approximation at T = 300 K and scattering length I' = 1/27, where the total
conductivity is studied at the entire far-IR frequency range.

Along x- and y-axes, periodic boundary condition is used and along the direction of the incident light
(z), perfectly matched layer is used. As shown in Figure 2A, the graphene antenna arrays supports 3 distinct
transmission resonances at A; = 24 um, A, = 37 um, A3z = 53 um. In Figure 2B-2D, total electric field
intensities (|E|?) at air-graphene interface are presented for the resonances. The first (at 1;) and second (at
A;) modes are originated from the constituting U-shaped graphene antenna, while the third one (at A3) is
associated with the T-shaped structure. The electromagnetic field intensity enhancement calculated on the
top surface of the graphene is due to the excitation of localized surface plasmons, which show a dipolar
character and induces strong nearfield enhancements particularly on the edge of the constituting U- and T-

shaped antennas.
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Figure 2. (a) Transmission spectrum of UT-shaped graphene antenna arrays, where u, =0.4eV, N=1
and 7= 0.5ps. Corresponding device parameters are H=0.2um, L=0.4um, s = 0.05um,
w=0.1um and d = 0.07 um. The total electric field intensities, |E|%, are shown for the 3 distinct
transmission resonances at (b) 4; = 24 um, (c) A, = 37 um, and (d) A3 = 53 um.



First, we investigate the dependence of the transmission spectrum of the UT-shaped graphene antenna
on the geometrical device parameters. In Figure 3A, H (height) is varied while the other parameters are
kept constant. The modes at A; = 24 um and 4, = 37 um shift to longer wavelengths with H (Figure 3B).
This is due to the fact that, for these modes, the local electromagnetic fields concentrate along the arms of
the constituting U-shaped antenna, i.e., varying H strongly affects the position of these modes. On the
other hand, the mode at 43 = 53 um shows unpredictable spectral variations as the local electromagnetic
fields associated with this mode concentrate at antenna elements which are not characterized by H

variations, i.e., we observe blue and red shifts for H = 0.3 um and H = 0. 25 um, respectively.
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Figure 3. (a) Transmission spectrum of UT-shaped graphene antenna arrays with H = 0.15um, H =
0.2um, H = 0.25 um, where u, =04eV, N=1, t=0.5ps, L =04um, s =0.05um, w = 0.1 um,
d = 0.07 um. (b) Spectral position vs. H for 3 distinct resonances at 4;, 4, and 15.

In Figure 4A, we show the dependence of the transmission resonances on L (length). Analog to Fabry-
Perot resonator for nano-antenna configurations, dipolar resonances appear at integer multiples of
resonant wavelength which is linearly proportional to the length, along the polarization direction [46-48].
Similarly for the UT-shaped graphene antenna, the increase in the length shifts the resonances wavelength
of all 3 modes to longer wavelengths as L variation alters the lengths of rod which belong to the
constituting U- and T-shaped antennas along the polarization direction (Figure 4A). Figure 4B, showing the
spectral position of each transmission resonance for different L values, clearly demonstrates this linear
relation. More importantly, the field localization at the edge of the rods for the mode at 45 is stronger than
those of the modes at 44, 4, such that the shift in the transmission resonance corresponding this mode is

larger compared to the later ones.
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Figure 4. (a) Transmission spectrum of UT-shaped graphene antenna arrays with L = 0.35 um, L = 0.4 um,
L=045um, where u.=04eV, N=1, t=05ps, H=02um, s=005um, w=0.1um, d=
0.07 um. (b) Spectral position vs. L for 3 distinct resonances at A;, A, and 4;.

In Figure 5, we investigate the effect of the distance between constituting U- and T-shaped graphene
antennas (s) on the transmission resonances supported by the UT-shaped antenna. We observe that the
spectral position of the mode at 4; remains unchanged for different values of s = 0.03um, 0. 05um and
0.07um, while its amplitude varies. On the other hand, the one at 4, experiences a slight red-shift, while
its amplitude does not vary. Unlike the other modes, the mode at 43 shows both blue- and red-shifts for
different s values, suggesting a critical distance between the constituting antennas in the composite
structure, which plays the dominant role for the interference between these elements. Here, the mode at
A3 experiences a large spectral shift compared to the others as the field localization for this mode is much

stronger at the antenna edges of the constituting T-shaped antenna, where s variation mainly alters.
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Figure 5. (a) Transmission spectrum of UT-shaped graphene antenna arrays with s =0.03 um, s =
0.05 um, s =0.07 um, where u., =04eV, N=1, t=05ps, H=02um, L =04 um, w = 0.1 um,
d = 0.07 um. (b) Spectral position vs. s for 3 distinct resonances at 1;, 1, and A5.

In Figure 6A, we investigate the dependence of the transmission resonances supported by the UT-

shaped graphene antenna array on the width of the antenna (w). All three resonant modes show similar



spectral behavior for larger width, i.e., they shift to shorter wavelengths and their transmission amplitude

increases.
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Figure 6. (a) Transmission spectrum of UT-shaped graphene antenna arrays with w = 0.075 um,
w=0.1um, w=0.125um, where u.=04eV, N=1, t=05ps, H=02um, L=04um, s =
0.05 um, d = 0.07 um. (b) Spectral position vs. w for 3 distinct resonances at 44, 4, and A3.

In Figure 7 at all three resonant modes at 4; = 24 um, A, = 37 um, A3 = 53um, for larger periods,
transmission resonances shifts to shorter wavelengths. This is due to the decrease in the coupling between
each UT-shaped antenna in the array as the separation between them increases [6]. We also observe a
reduction in the transmission for larger periodicity. One reason behind this again the reduction is in the
weakening of the coupling strength between each UT-shaped antennas. The second reason that as the
period increases, the ratio between the number of photon impinges on the UT-shaped antenna and the

that of the incident photon increases.
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Figure 7. (a) Transmission spectrum of UT-shaped graphene antenna arrays with P = 0.45um, P =
0.5um, P=0.55um, P=0.6 um, where u. =04¢eV, N=1, t=05ps, H=0.2um, L=0.4um,
w=0.1um s = 0.05um, d = 0.07 um. (b) Spectral position vs. P for 3 distinct resonances at 4,, 4, and
A3.



The chemical potential, y, for electrons refers to a Fermi level (u, ~ Er ~ hvgks, where kg is the
diameter of Fermi sphere) and Drude model at low frequencies is o(w) = (e?u./mh?)(i/w + it™1)
with u, > kgT. From the definition of the Drude model, larger p. induces an increase in the conductivity.
Inserting o(w) to the definition of the plasmonic wavelength, A5, = 2nwRe[k,/ky], we can obtain the
resonant wavelength as a function of Fermi energy [49-51]:

(Equation-5)

B Znhc\/neo(erl + &)W
sp —

e Er

where 7 is dimensionless constant (function of Ef), which represents the electrodynamic response of the
graphene plasmonic structure. Knowing the fact stated above p. = E, transmission resonances shift
toward shorter wavelength (Figure 8). Furthermore as plasmonic oscillations increase with the number of

carriers, transmission corresponding to these resonances increases.
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Figure 8. (a) Transmission spectrum of UT-shaped graphene antenna arrays with u, = 0.2 eV, u. = 0.4 eV,
U =0.6eV, u. =0.8eV, where N=1,7=05ps, H=02um, L=04um,P =05um, w=0.1um
s = 0.05um, d = 0.07 um. (b) Spectral position vs. u. for 3 distinct resonances at 4;, A, and 45. For a
constant T = 0.5 ps, the carrier densities are 7.35x1012, 1.47x1013, 2.2x1013, and 3x10® c¢m? for Ue =
0.2,0.4,0.6,and 0.8 eV, respectively.

In Figure 9, we investigate the effect of the number of graphene layer (N) on the transmission spectra of
the antenna system. The total optical conductivity can be evaluated by considering the individual layers as
Nor(w) [52], where ar(w) is the total dynamical conductivity. For larger number of layers, number of
electrons that contributes to the plasmonic oscillations increases. Thus, the corresponding transmission
spectra shifts to shorter wavelengths from N = 1 to N = 4. After N = 4, for the spectral window of interest,

multi-band behavior is no longer observed.
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Figure 9. Transmission spectrum of UT-shaped graphene antenna arrays with N =1, N = 2, N = 4, where
U =04eV,t=05ps,H=02um,L=04pum,P=05um,w=0.1ums = 0.05um,d = 0.07 um.

The carrier mobility and chemical potential are strongly related to the relaxation time of electrons in
graphene, e.g., T = U, u/evfz, where u can be tuned by changing carrier concentration through doping with
another molecule. In Figure 10A, transmission spectrum of the UT-shaped graphene antenna array is
presented for different T values, while other parameters are kept constant. The resonance peak remains
constant with = for all transmission resonances. On the other hand, the amplitude of the transmission peak

increases with larger number of carriers that contributes to the plasmonic oscillations.
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Figure 10. (a) Transmission spectrum of UT-shaped graphene antenna arrays with t = 0.25 ps, 7 = 0.5 ps,
T = 1ps, where u. =04eV, N=1, H=02um, L=04um,P =05um, w = 0.1 um s = 0.05 um,
d = 0.07 um. (b) Spectral position vs. T for 3 distinct resonances at A;, 4, and A3. For a given chemical
potential of . = 0.4 and T = 0.25,05,and 1ps, the carrier densities are 7.35x10"%, 1.47 x10"3, and 3 x10"*
cm?, respectively.

CONCLUSION
In conclusion, we introduce a multi-band UT-shaped graphene antenna arrays. The antenna platform supports
three resonances, where their peak wavelength depends on the geometry of the structure, suggesting a fine-
tuning mechanism of optical responses. The physical origin of this dependence is investigated by nearfield
calculations. We also investigate the effect of chemical potential, number of graphene layers and relaxation
time on the transmission spectrum of the UT-shaped graphene antenna.
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