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Optically controlled narrowband terahertz
switcher based on graphene
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Abstract: This paper proposes an optically controlled terahertz switcher based on cross-shaped metal resona-
tors metasurface covered by monolayer graphene. The spectral characteristics of proposed composite structure
were calculated using the surface conductivity model of graphene and the finite element method. The modeling
demonstrated the appearance of a narrowband resonant dip in the transmission spectrum with a modulation
depth of 36. 8% and a Q-factor of 250 after the optical pump intensity achieving to 0.2 W/mm”. In addition,
the modulation depth of such a dip can be slightly tuned by varying value of the pump intensity. Thus, the de-
sign of the optically tunable terahertz switcher may contribute to the development of functional components for
terahertz communication applications.
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1 Introduction

Currently, devices that can generate, control
and receive the radiation in the terahertz( THz) fre-
quency range have been widely researched and ap-
plied since the first sources and receivers of such ra-
diation were created. THz radiation has nonionizing
nature and easily passes through the majority of die-
lectrics, however it is strongly absorbed by conduc-
tors and some dielectrics. Due to the development of
THz communications, the creation of devices to con-
trol THz radiation has huge importance'''. The
physical mechanisms allowing to modulate ampli-
tude, phase or polarization of such radiation are re-
searched. Controlling the properties of bulk materi-
als ( dielectric constant and conductivity ) does not
efficiently modulate the THz radiation.

Graphene is a two-dimensional allotropic modi-
fication of carbon with its atoms arranged in a hexa-
gonal lattice. Graphene has many exceptional elec-
trical, optical and mechanical properties such as the

2]

quantum Hall effect’”’ | the largest carrier mobili-

21 variable optical conductivity'*', controllable

[5]

ty
plasmonic properties
flexibility .

waves lies in the

, high-speed operation and
The frequency of graphene plasma
terahertz ( THz ) frequency
range ', making graphene appealing for controllable
terahertz devices, that can be tuned generally by an
external electric field or optical pumping. The em-
ploying in-plane metamaterials in combination with a
graphene allows controlling the properties of THz ra-
diation efficiently.

In recent works, various hybrid structures

based on graphene/metamaterial or graphene/

waveguide were proposed. The effective optical

[8-15]

properties are controlled by gate voltage , infra-

red optical pumping''®""’ or dual controlled ( via opti-
cal illumination and gate voltage)'"™'. The resonant

frequency of such devices depends on the geomet-

rical parameters of a unit cell and is close to the in-
trinsic metamaterial resonance. The main tunability
mechanism is determined by the dynamic control of
carrier concentration'®’ in graphene by external in-
fluence. The majority of previous studies on tunable
THz modulators are devoted to broadband modulation
of THz radiation*""*".

This work proposes and demonstrates for the
first time the optically tunable narrowband THz
switcher based on hybrid system consisting of gra-
phene and metasurface with a cross-shaped ele-
ments. Such a structure provides polarization invari-
ance. In this device, there is no need for gate elec-
trodes and connecting wires, creation of which is a
difficult technological problem. The geometrical pa-
rameters of the structure ( size of the unit cell and
cross-shaped elements) are selected according to the
desired central resonant frequency of the device. In
contrast to existing graphene-based relatively wide-
band modulators the switcher offered in this work has
a high-quality-factor transmission band. Moreover,
it is activated after achieving a certain infrared (IR )
pumping intensity and has high speed switching with
the order of picoseconds'™" that allows using this de-

vice in wireless terahertz communications systems.

2 Conductivity model of graphene

Surface conductivity o(w) is often used to de-
scribe the optical properties of graphene, because its
value can be measured over a wide frequency

"1t is known that surface conductivity of

range >
graphene is determined by two processes: interband
and intraband transitions of carriers ', The gapless
band structure of graphene leads to an unusual be-
havior of its conductivity. For visible and infrared
ranges interband transitions dominate. In that fre-
quency range surface conductivity is almost inde-

pendent of the optical frequency w and the chemical

potential u, ( Fermi level E;). For THz frequency
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'#) contribute greatly

range the intraband transitions
to the surface conductivity. In that frequency range
there is a strong dependence of the surface conduc-
tivity with the Fermi level. Therefore, by changing
the position of the Fermi level it is possible to control

effectively the conductivity of graphene. This effect

based on graphene.
The value of the surface conductivity of gra-

phene can be theoretically calculated by the Kubo

]

formula'®'. It gives the expression of the complex

conductivity of graphene monolayer, which takes in-

and interband o .

inter

to account both intraband o .

intra

forms the basis of all tunable optoelectronic devices transitions :
d- = a.-intm + a'-inter’ (1>
2’k Tr
r. = —|I1 My ] - , 2
T s (@) (1 - iwr){ n[ﬁ'Xp(kBT) ] 2kBT} (2)
. 11 hw —2u. . 1, ko +2u
Uinler(a)> - 4‘h[ 2 + Trdr(/tdn( 2kBT ) -1 Trln(ha) _ 2/1,)] ) (3>

where ¢ is an imaginary unit; k; is the Boltzmann
constant ; e is the charge of an electron; fi =h/2 is
the reduced Planck’s constant. As seen from the ex-
pressions (2) and (3) the surface conductivity is
related to the environmental temperature T'; the re-
laxation time 7 = 1 ps'®'; the optical frequency w
and the chemical potential y. .

Under optical pumping of graphene with the
light of visible and infrared range, photogeneration
of electron-hole pairs occurs with an efficiency of
2.3% . lImmediately after the optical pumping the
electron-hole pairs tend to move into a state with
lower energy. The optical generation of electron-hole
pairs in graphene is described by the chemical po-
tential u,, where unexcited graphene is located at
the intersection of the valence and conduction
bands, and its energy is equal to zero. The value of
the chemical potential under optical pumping is de-

termined by **’ ;

2margl,,.,
ump 4
TR (@)

where v, is the Fermi velocity ( ~10° m/s); a =

p = hy

1/137 is the fine-structure constant>”’

; T =1 ns is
the characteristic recombination time'®’; (2 is the
frequency of pumping source corresponding to the

wavelength of A =1 550 nm and /

oump 18 the intensity
of a photo-doping pump source. The pumping source
wavelength was chosen according to its prevalence in

the communications.

The frequency dependent normalized conductiv-
ity of graphene depending on some selected values of
the pumping intensity is shown in Fig. 1 (a) and
1(b). Fig.1(c¢) and 1(d) show the real and imag-
inary part of normalized surface conductivity of gra-
phene as a function of the pump intensity and opera-
tion frequency.

The variation of the real and imaginary parts of
the graphene surface conductivity causes changes of
the amplitude and phase correspondingly of the elec-
tromagnetic(EM) wave propagating through the gra-
phene monolayer. According to this fact, Fig. 1(c)
and 1(d) reveal that at low frequency there are sig-
nificant losses and large possibilities of phase control
of the EM wave, whereas at higher frequencies the
reverse situation is observed. At this point high effi-
ciency of graphene properties tuning can be achieved
only by a compromise between low losses and suffi-
ciently high phase changing. As seen from Fig. 1,
the largest difference between the imaginary parts of
surface conductivity with and without pumping is ob-
served at the frequency of 0.18 THz, but at the
same frequency the significant value of the real part
of surface conductivity is present. For this reason,
the resonant frequency of the switcher developed was
chosen in the higher frequency region of the spec-
trum where the losses are minimum and the differ-
ence between the value of Im( o) is still significant
with or without optical pumping. The frequencies

near 0.4 THz satisfy this condition. In addition,
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there is a sufficient number of radiation sources, op-

erating at frequencies close to 0. 4 THz'*! | that can
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be useful for the experimental verification of the
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Fig. 1 Spectrum of real(a) and imaginary(b) parts of normalized conductivity for single layer graphene at various pumping

intensities. Real(c) and imaginary(d) parts of normalized conductivity as function of pumping intensity at various

frequencies

3 Structural design and numerical

modeling of switcher

The structure under consideration is shown in
Fig. 2. The unit cell of such a structure consists of
graphene monolayer on the top of passive frequency
selective surface ( FSS) , which is structured in the
form of aluminum crosses with thickness of 0. 5 pm.
Graphene does not cover the walls of metal crosser.
It is periodic in two directions (x) and (y) with pe-
riodicity G. The size of the crosses is in length L and
in width K, respectively. FSS with graphene is loca-
ted on a dielectric polyethylene terephthalate (PET)
substrate with the permittivity of & =3 and thickness
of 20 wm. PET is almost completely transparent in
IR range, so a cooling system is unnecessary. The
geometrical parameters of unit cell are set after per-

formance optimization through EM simulation. The

width K and length L of each metal/graphene cross
are 55.5 pm and 191.5 pum, respectively. The pe-
riod G of unit cell is 1 176 pm.

PET substrate Graphene B
Aluminium

Fig.2  Schematic of the unit cell geometry under con-
sideration ; the periodic cross-shaped aluminum/
graphene arrays with width K, length L and pe-
riod G. The arrays are located on a PET sub-
strate with thickness d. The incident EM wave
is TE polarized with the electric fields along the
y axis. The plane wave normally (along z) im-

pinges on the switcher

The graphene was numerically modeled as a

boundary condition characterized by a complex sur-
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face impedance Z =1/¢, which is calculated based
on Egs. (1) —(4).

The use of analytical methods to describe all the
effects occurring in such composite structure is diffi-
cult. Therefore, to solve the problem the numerical
approach was applied. For all the simulations, the
frequency domain solver of CST Microwave Studio,
which solves Maxwell’s equations by means of the fi-
nite element method ( FEM) was used. The frequen-
cy domain solver adopts with the unit-cell boundary
conditions in the x and y directions and open Floquet
ports in the z direction. As a result of the simulation
the S-parameters can be obtained. By using S-pa-
rameters obtained through the transmission T(w) = |
S, 17, the reflection R(w) =1S,, 17 and the absor-
bance A(w) =1 = T(w) — R(w) can be calculat-
ed.

4  Results and discussion

First, the spectral characteristics of the gra-
phene based metamaterial switcher without optical
pumping have been investigated. Fig. 3 illustrates
calculated transmission, reflection and absorption
spectra of such a structure with the intensity of opti-

=0 W/mm’.

pump

cal pumping of The results show

that in the transmission curve of switcher a resonant
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Fig. 3 Transmission, reflection and absorption spectra
of graphene based metamaterial switcher without
optical pumping. The polarization of the inci-

dent light is along the y direction

dip is observed at 0. 377 THz. At the same frequen-
cy there are maximum values of reflection and ab-
sorption. The dips in transmission spectra outcome
mainly from the absorption.

Fig. 4 plots calculate the transmission, reflec-
tion and absorption spectra of the graphene based
metamaterial switcher under optical pumping with

=0.2 W/mm®.

minimum threshold intensity of 7,
Moreover, broad resonant dip(Q =60) in transmis-
sion at high frequency (0. 377 THz), there is also
high-Q ( Q = 250 ) resonant dip at low frequency
(0.271 THz) , which emerges at a certain value of
optical pump intensity and does not shift with the in-
crease of pump intensity up to 2 W/mm’ | in contrast
to the resonant dip at high frequency, which shifts to

lower frequency. The modulation depth of transmis-

sion at 0. 277 THz is 36. 8% .
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<
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Fig. 4 Transmission, reflection and absorption spectra
of graphene based metamaterial switcher under
optical pumping with intensity of [, ==

0.2 W/mm*. The polarization of the incident

light is along the y direction

Such a behavior of dips is determined by their

397 The broad one stems from fun-

different nature
damental response of the frequency selective sur-
face, and the resonance frequency depends on the
size of crosses and effective index of surface plasmon

YB3 At the same time the narrow

polaritons ( SPPs
one is associated with guided-mode resonances in the
dielectric substrate and depends on the period and
polarization angle' ™. Under optical pumping the ef-

fective index of SPPs is changed and causes a dis-
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placement of the resonant frequency of broad dip.
Moreover, the optical pumping causes changes of
electric field polarization, which determines the ap-
pearance of narrow dip in transmission spectrum. In
addition, an increase of the pump intensity up to
2 W/mm’ that enhances slightly the modulation
depth in the transmission spectrum at frequency of e-
merged resonance dip is observed (see Fig.5). After
2 W/mm’, changes in the transmission level do not
occur. The saturation in the absorption level of 32%
is observed. The observed absorption level is lower
than the one achieved earlier, but it is much higher

in terms of Q-factor *?**/,

0.64 - - '

0.63F 1

0.62

0.61

Amplitude/r.u.

0.60

0.58 . L :
0.5 1.0 1.5 2.0

Intensity/(W - mm™2)

Fig.5 Transmission at 0. 271 THz for different optical

pumping intensity after turning on the switcher

In order to understand the mechanisms of reso-
nance dip appearing in transmission spectrum, the
electric field distribution of the graphene based
metamaterial switcher at 0.271 THz, which corre-
sponds with the resonant peaks shown in Fig. 4 is
calculated. The results for the case with and without
optical pumping are shown in Fig. 6.

The optical pumping of graphene causes the
changes of polarization angle and excitation of
guided-mode resonance, which is associated with the
phased-matched first-order diffracted waves. Such a
case is well illustrated in Fig. 6. Moreover, after
turning on the switcher the change of electric field
polarization type is observed. Without the optical
pumping in the area of a cross-shaped resonator
there is an elliptical polarization. After switching by

optical pumping the electric field polarization is

V/m Max 1.5¢+06 (@ (b)

i =

Y

i

S Min0

Fig. 6 Electric field distributions from the metal surface

of structure at the reflection and absorption peak
(0.271 THz) without(a) and with(b) optical
pumping (0.2 W/mm”)

changed to a linear type (see Fig. 7). The size of
arrows in Fig. 7 displays the relative value of the
electric energy density. This effect may be associat-
ed with the change of the diagonal elements of the
effective permittivity tensor of the proposed compos-

ite structure.
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Fig.7  Distributions of electric field polarization from

the metal surface at the reflection and absorp-
tion peak (0. 271 THz) without (a) and with
(b) optical pumping (0.2 W/mm’). The po-
larization of the incident light is along the y

direction

5 Conclusion

In this paper, the design of optically controlled
narrowband switcher based on graphene has been
proposed and theoretically investigated by using the
FEM. As a result of the investigation the spectral
characteristics of THz switcher have been obtained.
The composite structure proposed provides an ultra-

fast narrowband ( Q =250) modulation switching at a
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certain threshold optical pumping intensity. The pos- Furthermore, the changing of electric field polariza-
sibility to we amplitude to control THz wave passing tion type after turning on the switcher has been dem-

through the switcher by changing the optical pump onstrated.

intensity without frequency shifting has been shown.
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