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We demonstrate a low-loss terahertz waveguide based on the InAs-graphene-SiC structure. By analyzing the terahertz
waveguide proposed in this paper, we can obtain that it is the characteristic of a low transmission loss coefficient (s ~
0.55 dB/m) for fundamental mode (LPy; ) when the incident frequency is larger than 3.0 THz. The critical radii of the inside
and outside cylinders have been found for the high-quality transmission. The large inside radius and the high transmission
frequency result in a flat transmission loss coefficient curve. As a strictly two-dimensional material, the double graphene
surface rings perform better to improve the quality of transmission mode. These results provide a new idea for the research

of the long-distance THz waveguide.
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1. Introduction

With the development of terahertz-wave (THz-wave) re-
search solutions and techniques, the related efficient waveg-
uide propagation of THz-wave essential has attracted consid-
erable interest for the construction of compact THz devices
and measurement systems. In order to transport THz wave
effectively, many researches have been reported such as bare
metal wire, parallel-plate metal waveguide, polymer waveg-
uide, plastic ribbon waveguide, sapphire fiber, and so on.[!=3]
However, the design and fabrication of low-loss and broad-
band waveguide to be used in the terahertz regime is still a
challenging research field due to the material absorption and
dispersion.

Since the experimental discovery of graphene in 2004,
the investigations of graphene-based electronics and opto-
electronics have quickly become one of the most impor-
tant research topics in condensed-matter physics, nanomate-
rial science, and nanoelectronics. As a two-dimensional lat-
tice of carbon atoms arranged in a honeycomb crystal struc-
ture, graphene is a unique material with near-zero band-gap
and linear energy—momentum dispersion related to both elec-
trons and holes.!*! The unique electronic and optical prop-
erties of grapheme, such as the high mobility of electrons
(> 1.5 x 10* cm?>-V~!.s71) and high electrical conductiv-
ity (103 S/m), make it a promising material for the devel-
opment of high-speed electron devices,!® and it has been
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widely applied in telecommunications and waveguide devices.
In 2013, He and Kim reported a new structure of Si-SiO;-
graphene-dielectrics-graphene-SiO,-Si  (SiSi0,GDGSi0,Si)
in the terahertz regime by using the finite element method
(FEM) and transfer matrix method (TMM). The loss of the
SiSi0,GDGSi0;Si structure is much smaller compared with
other kinds of waveguide structures.!”! In this paper, a low-loss
terahertz waveguide based on the InAs-graphene-SiC structure
is presented. We discuss the critical radii of the inside (R;) and
outside (R,) cylinders for the high-quality transmission in this
InAs-graphene-SiC structure waveguide. The analysis results
show that the InAs-graphene-SiC structure has the character-
istic of a low transmission loss coefficient (0.55 dB/m) for the
fundamental mode (LPy;) while @ > 3 THz, and the increase
of Ry results in a flat transmission loss coefficient curve. This
design provides a new idea for the research of long-distance
THz waveguides.

2. Design and theory of terahertz waveguide
with InAs-graphene-SiC structure

A graphene-based terahertz waveguide is presented in
Fig. 1. InAs is
used as the filling material in areas I and IIl. Area II is
filled with a semi-insulating 6H-SiC(0001) hollow cylinder.
The epitaxial graphene samples used in this work are grown

The waveguide structure has three parts.

on the inside and outside faces of the semi-insulating 6H-
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SiC(0001) hollow cylinder using techniques that have been
reported previously.l¥! A low-loss terahertz waveguide based
on the InAs-graphene-SiC structure is completed.

Fig. 1. The structure of graphene-based terahertz waveguide.

It should be noted that the dielectric constant &g of
graphene is 4.0 and the electrical conductivity is ¢ =
103 S/m.['%1 The theoretical thickness of a graphene layer is
0.335 nm, we set d = 1 nm considering the surface irregularity
and the generated oxide layer during the epitaxial growth,[!!]
and refractive index npas varies from 3.12 to 3.52 with the
incident wavelengths changing.!'?! The distribution of ng for
this InAs-graphene-SiC structure is shown in the following
equations:

Nnas, (R<R1)U(Ry+d <R<R3),

ng = 4 "SiC Ritd <R<R,,
ng, (Ri<R<Ri+d)U(Ry<R<Ry+d),
ng, R>Rj.

ey

Here, ng and ng are the refractive indices of air and graphene,
respectively, and R;, R», and R3 are the radii of areas I, II, and
III, respectively. The thickness of area Il (AR =R, —d — R))
is about 10 wm, and the simulation result indicates that the
varying value of d has little impact on the performance of this
waveguide structure in a certain range due to the exception-
ally high electrical conductivity of graphene. It can be consid-
ered that the double graphene surface rings can limit terahertz
waves in the core.

Just like all electromagnetic phenomena, the distribution
of an optical field in this structure is governed by Maxwell’s
equations. For an electromagnetic field with the frequency @
traveling in a nonconducting medium, these equations can be

described by the Helmholtz wave equation as!®!

V2 (1, @) + Ky (r, @) =0, )

where k = ,uosoeRa)2 is the wave number and &g = n]% is
the relative dielectric constant, Ly = 47 X 10~7 N/A? and

£ = 8.85 x 107!2 F/m are the vacuum magnetic permeabil-
ity and vacuum dielectric constant, respectively. The root of
Eq. (2) can be described as y(r,¢) = R(r)exp(+£jl¢), where
1=0,1,2,... This term satisfies the Bessel equation as

d’R(r) N 19R(r)
or? r dr

He-p-L)ro=o @

From the Bessel differential equation, a canonical solution us-
ing a Bessel function of the first kind J, () and a Bessel func-
tion of the second kind Y (r) can be obtained as

R(r) = ciJa(r) +¢2Ya(r). @)

Moreover, the Bessel function includes a modified Bessel
function of the first kind I (r) and a modified Bessel function
of the second kind Ky(r).
fied Bessel function and a general Bessel function is that the

The difference between a modi-

general Bessel function is oscillating with the real variable
changing, while the modified Bessel function is the exponen-
tial growth or exponential damping, I (7) is the same as J (7).
In the area I (R < R;), combining with the convergence of the
Bessel function, we can obtain

R(r) =Ji(kyr). )
In the areas II and III, we can obtain

R(r) = AJi(kar) 4+ B2 Y (kar), (6)
R(r) :A3J1(k3r) —|—B3Y[(k3r). 7)

The root of the Bessel function in graphene is given by

R(r) = Cily(kar) + D1 K (kgr), ®)
R(r) = Gl(kgr) + D2K (kgr). )

Here, ki, k>, k3, kg are the wave numbers, which are corre-
sponding to different refractive indices and k; = k3 as well.
Without an electromagnetic wave revealing outside the waveg-
uide, we take into account R(r) = 0.

From electric field continuum boundary, we can obtain

Ji(kiRy) = C11;(kGR1) + D1K; (kGR1),
Cilj(k(R1 +d)) +DiK;(kG(Ri +4d))
:Ale(kz(R1 +d)) +BzYl(k2(R1 er)),
A2J[(k2R2) -‘rBzY/(szz)
= G2l (kGR2) + D2K; (kGR>),
Gli(kG (R +d)) + D2K (kG (Rz +d))
=A3)j(k3(Ry+d)) +B3Y(ks(Ry 4+ d)),
Azl; (k3R3) +B3Y[(k3R3) =0.

(10)

In addition, the continuity of the first-order derivative

from the above equations can be known as

054210-2



Chin. Phys. B Vol. 23, No. 5 (2014) 054210

J;(klRl) = Cllg(kgRl) —I—DlK;(kgRl),
CiIj(kg(R1 +d)) + DK (kg(R1 +d))
=AoJ)(ka(R1 +d)) + B2 Y| (ko (R1 + d)),
ArJ)(k2R2) + B2 Y (kaRs) (11
= CoI)(kgR2) + D:2K) (kGR»),
Col) (kG (Ry +d)) + DoK (kg (R2 +d))
= A3J;(k3 (R2 —i—d)) —I—B3Y;(k3 (R2 + d))

3. Simulation of terahertz waveguide with InAs-
graphene-SiC structure

Here, we use the finite element method to develop this
structural model according to the above waveguide theory.
Since the refractive index values of SiC and InAs meet the
weakly-guiding approximation, the low order modes will de-
generate into LP mode. The two HE;; modes degenerate into
LPg; mode, and TEy;, TMo;, and HE,; degenerate into LPy;
mode. Figures 2(a) and 2(b) illustrate the intensity distribution
of LPy; and LP; modes, respectively.
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Fig. 2. (color online) The intensity distribution of two different trans-
mission modes: (a) LPg; and (b) LPy;.

Figure 3 shows the simulating results which illustrate the
critical radii of the inside and outside cylinders. In Fig. 3(a),
area A represents the transmission mode LPg;, and LP{; mode
would appear when R; was chosen in area B. Therefore, we
can design the size of R to control a single mode transmission
in this waveguide structure. As to the outside radius, the value
of Rz influences the transmission quality directly. The curve in
Fig. 3(b) indicates a critical condition. When the value of R3
is chosen in area C, the polarization orientation of LPy; mode
is accordant, but the linear polarization would be destroyed
while Rj is chosen in area D.
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Fig. 3. The critical radii of the inside and outside cylinders. (a) The R;
as a function of the incident frequency w, (b) R3 as a function of the
core radius R;.

In Figs. 4(a)-4(d), the conversion process between two
modes is demonstrated under @ = 1 THz. It can be clearly
seen that the central intensity drifts to the opposite direction
with the decrease of R from 70 um to 40 um. The values of
70 pum, 60 um, 50 um, and 40 um for R; are chosen as the
parameters. The mode has a better polarization state with the
increase of R;. Figure 4(d) illustrates a transition state, so we
can control the incident frequency @ and R; to obtain LPy;
mode transmission. An obvious separation trend appears in
the mode center. That is to say, the LPy; mode would be split
into two parts to convert into LP;; mode with R; decreasing.

As for the mode transmission loss, it is easy to prove that
o = 2koIm(neg), and @ is proportional to Im(refr). When THz
wave transmits along with the waveguide, the attenuation of

transmission power can be described as follows:
P(z) = Pye™*. (12)

Actually, the transmission loss coefficient ¢ is defined as

10, [ R
Oloss = ?14‘5 |:P(Z):| . (13)

Here, Z represents the transmission distance along the z axis,
Py and P(z) are the powers at z = 0 and z = Z, respectively.
Figure 5 shows the transmission loss coefficient 0goss Of the
waveguide with the variation of Ry and w. The minimum
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Fig. 4. (color online) One of the linear polarization modes LPy; under different inside radii: (a) R; = 70 pm, (b) R} = 60 um, (c) R} = 50 um, and (d)
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Fig. 5. (color online) The transmission loss coefficient o5 Of the
waveguide with the variation of (a) Ry and (b) .

of Qoss 18 0.55 dB/m and it keeps a relatively steady value
for w > 3 THz as illustrated in Fig. 5(a). The transmission
loss coefficient 0goss = 0.55 dB/m is an order of magnitude
lower than that of the hollow silver waveguide (7-8 dB/m) re-
ported by Ito et al. in 2007.!'3] Namely, the proposed struc-

ture in this paper can be applied for the transmission of THz
waves in a long distance. This is mainly because the excep-
tionally high electrical conductivity of the double graphene
surface rings can limit THz waves in the core. Figure 5(b)
shows that the larger R| leads to a smaller value of 0y, but
it has little impact on (s in the range of higher incident fre-
quencies. That is to say, a relatively large R; and high trans-
mission frequency result in a flat transmission loss coefficient
curve. Meanwhile, the refractive index of SiC and InAs meet
the weakly-guiding approximation.!'¥] Therefore, this struc-
ture can work as a broadband THz waveguide with low trans-
mission loss through rational design of the inside radius.

4. Conclusion

We presented a low-loss terahertz waveguide based on the
semiconductor-graphene structure. SiC is chosen as the filler
material in area II because of the mature technology for the
epitaxial grapheme, and double graphene surface rings per-
form better in improving the waveguide transmission quality.
Critical radii of the inside and outside cylinders have been
found and we can obtain the high-quality transmission by con-
trolling the sizes of Ry and R3. Analysis results illustrate that
the InAs-graphene-SiC structure has the characteristic of a low
transmission loss coefficient (0.55 dB/m) for the fundamental
mode (LPy;) while ®> 3 THz. The increasing R, results in a
flat transmission loss coefficient curve. This provides methods
for the broadband terahertz transmission.
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