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Abstract— Nanoscale plasmonic switch based on graphene at far infrared frequencies are pro-
posed and designed. Mode-guiding switching/mode-cutoff analyses are given for the modulation
function. High modulation depth and bandwidth can be obtained. This plasmonic graphene-
based switch can be used to promote the performance of current switches in the integrated optical
field, providing another method for interconnect in ultrahighly integrated photonic circuits.

1. INTRODUCTION

Graphene, a single sheet of sp?-bonded carbon atoms, has attracted much attention due to its
outstanding and intriguing properties [1]. The electro-optical switches using graphene have been the
subject of much interest both theoretically and experimentally in the recent years [2,3]. However,
most of them are based on electro-absorption, which is relied on the modulation of the interband or
intraband transition. Less work has been done in the electro-refraction with different Fermi level,
which can also be employed in the modulation mechanism.

In this paper, we provide a different principle and method, the gate-voltage-controlled mode-
guiding switching/mode-cutoff mechanism, to achieve the modulation function. The proposed
structure has the advantages of large modulation depth and width bandwidth, which can be used
to promote the performance of current switches in the integrated optical field, providing another
method for interconnect in ultrahighly integrated photonic circuits.

2. MODELING AND NUMERICAL RESULTS

Electronic and optical characteristics of 2D graphene as a function of frequency, temperature,
and carrier density have been analytically and experimentally studied in many papers [4-6]. The
complex surface conductivity of graphene including intraband and interband transitions is estimated
within the random-phase approximation [7] as:
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Here £ is the reduced Planck’s constant, w is the angular frequency, 7 is the carrier relaxation
time, kp is the Boltzmann constant, T is the temperature. Surface plasmon polariton (SPP) waves
can be supported in a 1D slab waveguide constructed with an ideal graphene sheet sandwiched
between dielectric mediums above and below. Under the condition of space wave vector kg < ksp,
the effective index N.g of the 1D graphene waveguide can be approximately calculated as follows,
based on Eq. (4) in Ref. [4]:
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where ko and kg, are respectively vacuum and the plasmon wave vectors, and ¢, and &,2 are the
dielectric constants of the mediums above and below the graphene, respectively. By applying dif-
ferent voltage patterns to the graphene strip, guiding or cut-off modes with low or high attenuation
coefficient can be formed.
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As can be seen in Figure 1, a monolayer graphene sheet is sandwiched between two aluminum
oxide buffer layers forming a 1D field confinement in the y-direction. Three gold-plated silicon
gating pads and an end layer are on top and bottom of the structure, respectively, providing
another 1D field confinement along the z-direction and dividing the structure into the core and
cladding sections. By altering the voltages applied to the graphene to form different Fermi level
patterns, in the on state, the SPP waves will be confined within the core region due to higher
effective index of the core than the surrounding cladding layers. In the off state, by decreasing
the Fermi level in the cladding, the vast majority of energy will diffuse to the cladding, only small
fraction of energy remains in the core.

Figure 1: Schematic of the plasmonic switch configuration. The height of each layer is H; = Hy = 10nm,
Hy; = H3 = 50nm. The width of the gating pads are L; = L3 = 650nm, Ly = 200nm and the length of the
waveguide is L = 500nm. This switch is fabricated on silicon substrate, which is not shown in the figure.
The thickness of graphene is set to be t¢ = 0.6nm with the relaxation time of 7 = 0.25ps, the working
temperature is 7' = 300 K. Voltages will be applied to the silicon gating pads to adjust the Fermi level. Here
V1 stands for the voltage applied to the core and V5 stands for the voltage applied to the cladding.

The finite-difference time-domain (FDTD) method is used to evaluate the optical performance
with the working frequency f = 37 THz. Here the Fermi level in the core section is always kept at
0.6 eV while that in the cladding section are set to be 0.8eV and 0.2eV in the on and off states,
respectively. Figure 2 shows the normalized light intensity profiles in the x-z plane. As Ny is
inversely proportional to the square of Ey, in the on state, the SPP waves are mainly confined in the
core and the attenuation coefficient is a,, = 4.0dB/um (Fig. 2(a)). Inversely in the off state, the
effective index discontinuity “pull” the energy from the core to the cladding and providing higher
attenuation coefficient o = 25.4dB/um. As a result, up to 21.5dB/pum modulation depths can
be achieved. 3-dB modulation depth can be satisfied as short as 139.8 nm.
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Figure 2: Normalized light intensity propagation profiles of the structure under different Fermi level in the
cladding Ef ciadding: (8) Ef cladding = 0.8€V, (b) Ef ciadding = 0.2€V. The Fermi level in the core is always
kept at E¢ core = 0.6eV. The working frequency is fixed at f = 37 THz.

Figure 3 shows the attenuations of the structure in the on and off states, respectively. The
structure we propose was studied in the 35-50 THz range. It can be seen that the attenuation
stays low in the on state for Ef cjqdding = 0.8 eV while having large difference in the off state for
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E¢ cladding = 0.2eV. More than 15 THz can be achieved, showing good performance in term of the
bandwidth.
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Figure 3: Attenuations of the structure as the function of frequency for E¢ ciqdding = 0.2, 0.8 €V, respectively.
The Fermi level of the core is fixed at Ef core = 0.6€V.

3. CONCLUSION

We have proposed and designed the nanoscale plasmonic switch based on graphene at far infrared
frequencies. By altering the voltages applied to the graphene to form different Fermi level patterns,
guiding or cut-off modes with low or high attenuation can be formed. Our result shows that the
switch has the large modulation depth and can be operated in a wide bandwidth, showing great
potential in future integrated circuits.
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