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Abstract. Hybridization of fundamental and higher plasmonic modes of a graphene
square screened by a metal back gate with the Fabry—Pérot resonances in barrier layer
is predicted. We show that the absorption cross-section of higher plasmon modes in a
screened graphene square is greater than that in the unscreened structure by an order of
magnitude.
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Annoramus. ITpeackazaHa rubpuamnsalisi OCHOBHOM M BBICIIMX TIJIAa3MOHHBIX MO/ Ipa-
¢eHOBOTO KBajapaTa, 3KpaHUPOBAHHOTO HMXXHUM METaJUIMYECKUM 3aTBOPOM, C PE30OHAH-
camu ®adpu—Ilepo B 6apbepHOM cioe. [lokazaHO, YTO ceuyeHUE IMOTIOIICHMST BBICIITUX
IUIa3MOHHBIX MOJ B 3KpaHUPOBAaHHOM rpadeHe Bo3pacTaeT Ha MOPSAOK BEIUUYMHBI IO
CPaBHEHHUIO C COOTBETCTBYIOIIMMU 3HAUEHUSIMU B HEIKPAHUPOBAHHOMW CTPYKTYpe.
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Introduction

Unique properties of graphene, such as a gapless linear energy spectrum [1] and high electron
mobility at room temperature [2], become particularly evident when exciting terahertz (THz)
plasmons [3] in graphene nanostructures. Plasmons in graphene exhibit strong electric field lo-
calization and open up a range of new nonlinear effects [3]. It is possible to create THz-emitting
devices based on plasmons in active graphene [4] using charge carrier inversion in graphene [5]
and the emergence of drift instabilities [6].

All of this makes the study of THz plasmons in graphene promising for development of detec-
tors, sensors and amplifiers of THz waves [3].

Only a few plasmonic effects have been discovered in spatially confined two-dimensional (2D)
electron systems. In particular, the electromagnetic retardation leads to a decrease in the resonant
frequencies of plasmonic excitations in 2D electron stripes [7]. It has also been proposed to use
edge plasmons in confined graphene structures to achieve stronger localization of the THz field
below the diffraction limit [8]. The lowest plasmonic modes in square 2D electron systems placed
in an external magnetic field were studied experimentally and theoretically in [9].

For the theoretical description of plasmonic effects in transistor graphene structures, the qua-
si-electrostatic approach is typically used [10, 11], making it possible to estimate both the fre-
quencies of plasmonic resonances and the possibility of their electrical tuning. However, within
the quasi-electrostatic approximation, it is impossible neither to describe the retardation effects of
electromagnetic fields, nor to solve problems of the excitation of 2D plasmons by electromagnetic
waves and the emission of electromagnetic waves by 2D plasmons.

A clear advantage of the finite-difference time-domain (FDTD) method is its applicability for
analyzing the plasmonic effects in complex structures containing the resonators of various ge-
ometric shapes [12, 13]. However, FDTD calculations were unable to explain experimental data
on 2D plasmon resonances in graphene nanoribbons [14]. The intrinsic problem of the FDTD
method arises from large differences in the scales of subwavelength plasmonic elements and of
the entire structure, the latter typically significantly exceeds the wavelength of the electromagnetic
wave.

In this paper, we study the hybridization of fundamental and higher plasmon modes of a
graphene square screened by a metal back gate with the Fabry—Pérot resonances in the barrier
layer by using a self-consistent electromagnetic approach.

Materials and Methods

The structure consists of a graphene square with a side w = 1 um separated from the metal
back gate by a barrier layer of boron nitride of thickness d with a dielectric constant & = 4.5
(Fig. 1, a). The metal gate is located on the surface of the dielectric medium with a dielectric
constant &, = 4.5. A plane monochromatic THz wave with the electric field polarized along one
side of the graphene square is normally incident onto graphene from free space (g, = 1). The
Fermi energy of charge carriers in graphene is 150 meV, its momentum scattering time is 2 ps
which corresponds to carrier mobility about 107 cm?/V-s at room temperature [15].

The study was conducted within the framework of the self-consistent electromagnetic ap-
proach based on the integral equation method [16, 17]. This approach includes several steps.
First, Maxwell's equations and electromagnetic boundary conditions are Fourier transformed.
In the next step, the integral equations for the components of oscillating current densities in x-
and y-directions in graphene are formulated. Third, these integral equations are solved using the
Galerkin method, which transforms the system of two integral equations into an infinite system of
linear algebraic equations for the coefficients of the current density expansion over the Legendre
polynomials. Finally, the infinite system of linear algebraic equations is truncated to achieve the
desired level of the solution convergence and numerically solved. The calculated coefficients of
the current density expansion make it possible to calculate the absorption cross-section of the
structure, determine the electromagnetic fields in any point of the structure, and find the spatial
distribution of charge density oscillations in graphene. To evaluate the efficiency of plasmon
excitation in graphene, the absorption cross-section (as the ratio of the average absorbed power
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Fig. 1. Studied structure (a); absorption cross-section (normalized to the geometric area of graphene

square) spectra as a function of barrier layer thickness (b); normalized absorption cross-section of

unscreened graphene (red dotted line) and screened graphene with barrier layer thickness d = 75 pm
(black solid line; the third resonance amplification mode at a frequency of 9.5 THz) (c)

to the average energy flux density of the incident wave), normalized to the area of graphene, is
used in the work.

Results and Discussion

The dependence of calculated normalized absorption cross-section spectra on barrier layer
thickness demonstrates the fundamental plasmon resonance with large dipole moment (at a
frequency of about 3 THz) and the series of higher plasmon resonances with smaller dipole
moment (at frequencies of about 7 THz and 9.5 THz) (Fig. 1, ) [18]. Due to the smaller dipole
moment of higher plasmon modes, they are much more weakly coupled to the external THz wave.
Using a structure with a thick dielectric barrier whose thickness is comparable to the wavelength
of THz wave, it is possible to observe Fabry—Pérot resonances in the barrier layer at frequencies
o=71(2m-1)/(2¢g,n,e,d), here m is an integer. Fig. 1, b shows the Fabry—Pérot resonances in
the dielectric barrier layer due to their interaction with plasmon resonances. The frequencies of
plasmon resonances do not depend on d for such distances between the graphene and the metal
screen, since the plasmon wavelength is significantly shorter than d. The cross-section of the
absorption spectrum of Fig. 1, b at d = 75 um is shown in Fig. 1, ¢ (black solid line). Fig. 1, ¢
(black solid line) also shows the main plasmon resonance (3 THz) and two higher resonances at
frequencies at 7 and 9.5 THz, as well as a set of Fabry—Pérot resonances. Hybridization of plasmon
resonances and Fabry—Pérot resonances occurs if the barrier layer thickness is comparable with
the wavelength of incident THz wave in medium 2. In the constructive interference regime, more
power of incident THz wave is converted into plasmons in the graphene, increasing the plasmon
absorption cross-section. This plasmon ‘pumping’ effect significantly increases the efficiency of
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interaction of THz radiation not only with the fundamental but also with higher plasmon modes
(Fig. 1, ¢ (black solid line)). The interference of plasmon modes in the graphene layer and
Fabry—Pérot modes in the barrier layer allows selective enhancement of higher plasmon modes
and, thus, a significant increase in the localization of the plasmon electric field. The absorption
cross-section of high plasmon modes in screened graphene square is increased by an order of
magnitude compared to that in the unscreened structure (Fig. 1, ¢ (red dotted line)).

The Fabry—Pérot resonances of electromagnetic wave in the barrier layer can be used not only
to enhance but also to weaken parasitic plasmonic resonances, for example, to create narrow-
band radiation sources.

Conclusion

In this work, we predict hybridization between the fundamental and higher plasmonic modes
of a graphene square screened by a metal back gate and the Fabry—Pérot resonances in the barrier
layer. The anticrossing effect of plasmon and Fabry—Pérot resonances makes it possible to create
structures which may enhance or weaken any plasmon resonance, especially the higher ones.
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