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Abstract: In this paper, we present a switch based on coupling and resonance in the
graphene plate and rings operating at 10 THz. This structure consists of several layers of
Hexagonal Boron Nitride (hBN), SiO2 and P*Si, such that graphene plates and rings are
inside the hBN layer. The terahertz wave is incident from the upper part of the switch
and Surface Plasmons (SPs) are excited by the grating in the structure on the graphene
plate beneath the nano-aperture and moves towards the ports available on the left and
right of the switch. At first, at the certain applied voltage, the SPs cross the left port and
this port is ON. With the increase in voltage and the change in the chemical potential,
switching occurs and the SPs exit from the right and this port is ON while the left port
turns OFF. The extinction ratio in this structure is 18dB and the size of the structure is
1um. Aforementioned benefits make this switch the best choice for using in integrated
optical circuits.
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1. INTRODUCTION

Terahertz technology has been used for its unique potential in a variety of
applications, including high-speed communication. Corresponding to the
development of resources in the terahertz frequency domain [1-5] as well as
terahertz detectors [6-9], devices operating in this frequency range, including
modulators [10-12], filters [13-15] and switches [16-18], have been widely
considered and developed. On the other hand, plasmonics, as a bridge between
electronics and photonics, reduce the dimensions below the wavelength. In
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terahertz frequency, metal acts as a perfect electric conductor and this is one of
the crucial problems since it causes an increase in loss. By using graphene we
can overcome such problems. Graphene, as a two-dimensional material with a
hexagonal structure, has special electrical, mechanical and thermal properties
[19-21]. One thing that can increase the graphene's special properties is to place
it on a similar structure as hBN [22]. Various structures have been proposed for
optical switches up to now. However, the design of a bidirectional switch in the
terahertz frequency with small size and high extinction ratio is considered in
this articlee. COMSOL software has been used in this paper in order to
simulation and analysis of transmittance in the proposed structure.

2. EFFECTIVE REFRACTIVE INDEX

The electrical conductivity of graphene can be restored using the Kubo
formula [23-25]
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where e is the electron charge, ks is the Boltzman constant, 7 is the reduced
Plank constant, s is the chemical potential, I'=1.67THz is the scattering rate.
Besides, by applying external voltage to the graphene, its chemical potential can
be changed as follows [26].
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where, the Vpirae= 0.8 V is the offset voltage, vi= 9x10°, Fermi velocity and ao=
9x10* m?2Vv?! constant for the parallel plate capacitance. Accordingly, by
having graphene thickness A and graphene electrical conductivity, graphene
permittivity can be calculated as the following equation [27-28]
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On the other hand, the dispersion relation in the waveguide is calculated by [29]

i
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where, d is the distance between the metal and the graphene plate, y. and y, are
the attenuation coefficients, in which ko is the free space wave number, and
ne==p/ko and S are the SPs effective mode index and propagation constant.
Considering the relation given for the graphene electrical conductivity, the real
and imaginary part of the graphene surface conductivity versus frequency and in
different chemical potentials is shown in Fig. 1 (a) and (b). Surface conductivity

in this figure is normalized with co=e%/(n 7).
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Fig. 1 Real and imaginary parts of the normalized optical conductivity of graphene
versus frequency for different chemical potential.
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Fig. 2 The real part and (b) the imaginary part of the effective refractive index for the
structure
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Using the dispersion relation and having the graphene electrical conductivity,
the real and imaginary part of the effective refractive index of the structure is
shown in Fig. 2 (a) and (b). As can be seen in this figure, the real and imaginary
part decreases with increasing the chemical potential.

3. TRANSMITTANCE IN SIMPLE WAVEGUIDE

To investigate the resonance and to see how it changes with various parameters
including the width of the graphene plates, the chemical potential and the
distance between the graphene plates and ring we consider a simple waveguide
shown in Fig. 3.
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Fig. 3 a simple waveguide including graphene plates and ring in order to investigate the
effect of overlap and resonance on transmittance

In this figure, a 600 nmx400 nm hBN waveguide is considered. In the middle of
this structure, there is a graphene ring with the radius of R and two graphene
plates with the width of Xp .= Xpr=330 nm which the distance between the ring
and plates is 8. For this structure, the input port is on the left and the output port
is on the right side. In this structure, the radius of the graphene ring is a
determinant factor in resonance and by changing the radius of the graphene ring,
the transmittance from the device is determined in the certain chemical
potential. In Figure 4, the transmittance versus the radius of the graphene ring at
10 THz and for puc=0.3 eV is shown.
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Fig. 4 The transmittance for the proposed structure at 10THz, u=0.3 eV and
XpL=Xpr=330 nm.

As can be seen in this figure, for u=0.3 eV and at 10THz the resonance
occurred in R=40, 70, 120 nm. Now, with R=70 nm obtained from Fig. 4, the
frequency spectrum of the transmittance for several chemical potentials is
shown in Fig. 5.
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Fig. 5 Frequency spectrum of transmittance for proposed structure at different chemical
potential and with R=70 nm and Xp=Xpr=330 nm.

As can be observed from this figure, with increasing the chemical potential, the
frequency spectrum of transmittance is shifted to the higher frequencies. In Fig.
6, the effect of distance between graphene plates and ring on the transmittance
is shown for puc=0.3 eV, R=70nm and Xp = Xpr=330 nm. As can be seen in this
figure, the best distance between the graphene ring and plates is 6=20 nm which
this amount will be used in designing the proposed switch structure.
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Fig. 6 Transmittance versus the distance of the graphene ring and plates for pn.=0.3 eV,
R=70 nm and Xp =Xpr=330 hm.

4. BIDIRECTIONAL TERAHERTZ SWITCH

Now, by specifying the effect of different parameters in the transmittance, the
main structure of the switch is presented. The proposed bidirectional terahertz
switch structure is shown in Fig. 7.

Incident Wave

Fig 7. Bidirectional Terahertz Switch Structure

As shown in Fig. 7, in this structure, a SiO; layer with thickness Zsio;=50 nm is
first placed on P*Si. Then an hBN layer with thickness Z,=450 nm is grown on
it so that, graphene plates and rings are placed inside the hBN. Then Ag film
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with Zag=50 nm is placed on the top of hBN and 40nm nano-aperture is created
in the middle of this layer and this nano-aperture plays the role of grating and
excites SPs in the graphene layer beneath the gap. Finally, the hBN layer with
Z,=100 nm is placed on the top of the structure. This layer is placed to prevent
reflection from the upper surface. For the thinner hBN layer the input
impedance and reflection from the top of the device are increased and hence the
transmittance is decreased. Given that the switching wavelength is 30um and
this wavelength is much larger in comparison with the dimensions of the
structure, the excessive increase in the thickness of the top hBN layer does not
affect the amount of output. Graphene rings on the left and right side of nano-
aperture are asymmetric. As can be observed in Fig. 8 (a) and (b), in order to
determine the best radius for Rg and Ry, these values have been changed
simultaneously. Accordingly, the best performance of this switch occurred for
Rr=115 nmand R =75 nm.
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Fig. 8 Transmittance versus Rg and R before switching at 10THz, XpL.=Xpr=330 nm,
Xu=690 nm and 6=20 nm.

The width of the upper graphene plate is Xy= 690 nm and the width of the left
and right graphene plates under the rings are the same and Xp =Xpr=330 nm.
Also according to Fig. 6 the distance between the graphene ring and plates is
8=20 nm. In this structure, the terahertz wave is incident from the top of the
structure and due to the grating, the SPs are excited on the graphene plate
beneath the nano-aperture and by making coupling and resonance in the
graphene plates and rings they can be transferred to the ports on the left and
right side of the nano-aperture. According to the (4), the distance between upper
graphene plate and metal film d plays a significant role in the effective
refractive index of the structure. If this distance is very small, the imaginary part
of the effective refractive index of the structure will be very high and the loss
increases, whereby the wave is not transmitted effectively. By increasing this
distance more than a certain value, the effect of the field under the gap on the
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bottom graphene plate is reduced and the SPs cannot be excited on this plate
and thus, the transmittance is reduced. The width of the nano-aperture in the Ag
film plays a crucial role in grating in the structure. If the width of the aperture is
too small, the wave cannot enter the structure and with the excessive increase in
the aperture width, this aperture cannot act as an efficient grating. Finally, the
frequency spectrum transmitted from the switch before and after switching is
shown in Fig. 9 (a) and (b), respectively. As can be seen from this figure, before
switching and for applied voltage V=2.038 V which is equivalent to p.=0.45 eV
wave travels from the left port and in fact, this port is ON, while the
transmittance from the right port is negligible and this port is OFF. By
increasing the applied voltage to V= 4.253 V which is equivalent to u.=0.65 eV,
switching has occurred and the wave travels from the right and this port turns
ON while the transmittance from the left port is negligible and this port is OFF.
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Fig. 9 Transmittance from the left and right ports for Xp =Xpr=330 nm, Xy=690 nm,
6=20 nm and (a) before switching for p=0.45 eV (b) after switching for p.=0.65 eV
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Eventually, the profiles of the electric field at 10 THz before and after switching
are shown in Fig. 10 (a) and (b), respectively.

(b)
Fig. 10 Electric field profile at 10 THz for (a) before switching for u.=0.45 eV and (b)
after switching for p.=0.65 eV

5. CONCLUSION

In this paper, a bidirectional terahertz switch structure based on coupling and
resonance in graphene plates and rings is presented. Initially, a simple structure
is presented to examine the effect of different parameters including graphene
plate width, chemical potential and the space between the graphene plates and
ring on the transmittance and resonance of a simple structure. In the final
structure, the wave is incident from the top of the switch, and grating in this
structure causes the SPs to excite on the graphene plate under the nano-aperture
and the SPs can move toward the ports on the left and right sides of the
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structure. Considering the input voltage of VV=2.038 V which is equivalent to the
chemical potential of uc=0.45 eV the left port is ON while the right port is OFF.
By increasing Voltage to V=4.253 V which is equivalent to the chemical
potential of u.=0.65 eV, switching occurs and the left port is OFF while the
right port is ON. The amount of extinction ratio in this structure is 18dB. This
extinction ratio, as well as ultra-compact dimensions, makes this structure a
good choice for integrated optical circuits.
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