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Waveguided spoof surface plasmons with
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We present a new type of waveguide scheme for terahertz circuitry based on the concept of spoof surface plasmons.
This structure is composed of a one-dimensional array of L-shaped metallic elements horizontally attached to a
metal surface. The dispersion relation of the surface electromagnetic modes supported by this system presents
a very weak dependence with the lateral dimension and the modes are very deep-subwavelength confined with
a long-enough propagation length. © 2011 Optical Society of America

OCIS codes:

The terahertz (THz) electromagnetic (EM) spectrum
covers one of the most interesting and multidisciplinary
research fields in science nowadays [1,2] due to its po-
tential applications in astronomy [3], medicine [4], ima-
ging [5], and information processing [6]. An important
goal within the THz research is the development and in-
tegration of photonic circuits that must be efficiently
coupled to THz sources and detectors [7]. Within this en-
deavor, several approaches for THz waveguides (TWGs)
have been proposed recently, mainly divided in dielectric
[8] and metallic TWGs [9,10]. In general, the miniaturiza-
tion of dielectric waveguides is diffraction-limited and
they are not monolithic, which make their integration
more difficult for circuitry purposes. Within the metallic
approach, the concept of spoof surface plasmons [11,12]
when applied to the design of TWGs has proven to be a
very promising route [13-19].

In this Letter we present a new design for a TWG,
based on the concept of spoof surface plasmons. The
structure consists of a periodic chain of 3D L-shaped
metallic particles attached to a metallic substrate. The
surface EM modes supported by this system possess a
very deep-subwavelength confinement around the wave-
guide and propagation lengths that are much larger than
the wavelength. Importantly, the effective mode index of
these spoof surface plasmons is very insensitive to the
lateral dimension, which allows the design of energy con-
centration strategies in which the EM field transported
by a broad TWG is focused into a very narrow one.

A sketch of the structure analyzed in this work is
shown in the inset of Fig. 1. This illustration also displays
the geometrical parameters of the TWG: the periodicity d,
particle base-width g, interparticle spacing a, lateral
width L, and the short and long sides of the letter L, k
and &/, respectively. Two-dimensional arrays of mush-
room-shaped metal particles (similar to L-shaped) have
been studied before [20,21], mainly in the context of plas-
monic metamaterial surfaces. Here we propose to reduce
the dimensionality, aiming for one-dimensional (1D) THz
waveguiding.

The dispersion relations displayed in Fig. 1 are ob-
tained from a numerical solution of Maxwell’s equations
using a finite element method (COMSOL multiphysics).
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240.6680, 230.7370, 230.7390, 240.6690, 170.4520, 050.6624.

These complex bands are solutions of the corresponding
eigenvalue problem for a single unit cell, where Bloch
boundary conditions are imposed in the propagation di-
rection. In order to take into account the inherent ohmic
losses in the metal, we use surface impedance boundary
conditions [22] with the dielectric permittivity of alumi-
num taken from [23]. This approximation is justified in
the THz regime due to the nanometer sized skin depths
in real metals [24]. Figure 1 displays the bands of the fun-
damental surface EM modes for different lateral sizes
(L=05d, 1d, 2d, 4d, ) with h=0.2d, k' = 0.6d,
g = 0.06d, and a = 0.4d. All the geometrical parameters
are referred to the period of the array, d, that is chosen to
be d = 400 um, in order to have an operative wavelength
within the THz regime. We would like to emphasize that
this set of parameters has been chosen for proof-of-
principle purposes and that other sets of parameters
would yield similar results.
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Fig. 1. (Color online) Inset: sketch of the structure under
study with a description of the geometrical parameters (the
arrow defines the mode propagation direction). Main panel:
the bands associated with the fundamental EM modes sup-
ported by the system for d=400um, h = 0.2d, ' = 0.6d,
g = 0.06d, and several lateral widths L: L = 0.5d (red), L =
1d (green), L =2d (blue), L =4d (cyan), L = « (orange).
The band for the fundamental EM mode in which 2 =d and
h' = 0.6d and L = « is also shown (dashed orange line).
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As observed in Fig. 1, the surface EM modes supported
by the array of L-shaped metallic particles display disper-
sion relations resembling those of surface plasmon polar-
itons (SPPs) in the optical EM regime [25]. The bands lie
outside the light cone, thus corresponding to confined
propagating light modes, and reach an asymptote in a
way very much similar to SPPs. The most remarkable
property shown in Fig. 1 is the weak dependence of
the bands with the lateral size L. It can be seen that re-
latively large lateral changes do not severely modify the
bands. This small variation of the bands with lateral size
has been previously predicted [16] and observed [18,19]
for the so-called domino structure. In the case of the
domino SPPs, the asymptote frequency is mainly dictated
by the height of the dominos [16]. Here, the sum of the
two sides of the letter L, h + I/, is playing a similar role.
The empty space between consecutive metal particles
seems to create an effective groove whose depth is de-
fined by h + k' [26]. The resonance wavelength of this
groove, 4(kh + I'), determines approximately the asymp-
tote of the bands. From that estimation, we would obtain
a normalized asymptotic wavelength, d/A, of 0.31, very
close to that observed in Fig. 1, around 0.28d. Note that
other geometrical factors like g and a and the particular
values of  and I/ also play a minor role in defining the
asymptote frequency. Following that simple estimation,
an increase by a factor of two on &k + k' results in a re-
duction by half of the asymptote frequency, as observed
in Fig. 1 (orange dashed line). The fact that the asymptote
in the L-shaped TWG can be tuned by two geometrical
parameters (k and k') adds more flexibility to this TWG
with respect to the domino one. Moreover, this TWG can
also present a very high planar aspect ratio by making
h < I/, which could have important implications for fab-
rication purposes.

When evaluating the waveguiding capabilities of differ-
ent surface EM modes propagating in metallic structures,
a detailed study of the corresponding propagation
lengths is mandatory. Figure 2(a) depicts the propagation
length versus wavelength for the lateral sizes L consid-
ered above. The propagation length (defined as the dis-
tance in which the incoming modal power has decreased
to 1/e of its initial value) is the inverse of the imaginary
part of the complex wavevector, I = 1/(2 Imk), which can
be extracted from an eigenvalue problem [25]. In general,
it can be observed how the propagation length decreases
at smaller wavelengths for all the lateral sizes. This is a
consequence of the deeper confinement at higher fre-
quencies due to the larger modal wavevectors (see Fig. 1).
Nevertheless, there is a broad wavelength bandwidth
presenting long-enough propagation lengths. For an op-
erating wavelength of 1.45mm, the propagation length
ranges from 84 (for L = «) to 244 (for L = 0.5d). The pro-
pagation length diminishes for larger lateral sizes at
a fixed wavelength, which is also a consequence of its
deeper confinement (see below).

Another important ingredient for the design of a com-
pact THz circuitry is to evaluate the confinement of the
surface EM modes. As can be seen in the upper and lower
insets of Fig. 2(a), the electric and magnetic fields of the
fundamental surface EM mode are very strongly confined
to the waveguide. In order to evaluate this localization
more quantitatively, we make use of the modal size 6,
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Fig. 2. (Color online) (a) Normalized propagation length of the
TWG under study for different Ls as a function of 1. Upper
(lower) inset: the electric (magnetic) field contour cut along
a xy-plane that shows a single unit cell for L = «~ and evaluated
at A = 1.45mm. (b) Normalized modal size § (see definition in
the main text) for different Ls as a function of 1. Inset: Poynting
vector field (modulus) distribution in a transverse xy-plane
placed between the particles also evaluated at A = 1.45mm
for L = 0.5d. The magenta line shows the area that carries
70% of the total modal power. In both panels, the geometrical
parameters are the same as those used in Fig. 1.

defined as the transverse size corresponding to the circu-
lar area that carries 70% of the modal power (see the inset
of Fig. 2(b) for an illustration). Figure 2(b) shows the
evolution of § as a function of the wavelength for the lat-
eral sizes considered above. As expected, the modal size
diminishes at higher frequencies until the asymptote fre-
quency is reached. Notice the very deep-subwavelength
confinement associated with the surface EM modes: at
the operating wavelength A = 1.45mm, the modal size
ranges from 0.191 (for L = «) to 0.364 (for L = 0.5d).
As it occurs for SPPs in the optical regime [17], there
is an operational trade-off between confinement and pro-
pagation losses, i.e., longer propagation lengths imply
larger modal sizes and vice versa.

The two main characteristics of the surface EM modes
supported by a periodic array of L-shaped metallic
particles, namely, insensitivity to L and long-enough pro-
pagation length, can be exploited to concentrate THz
energy along the waveguide, by using, for instance, a ta-
pered configuration (such as in Fig. 3). In this structure,
the lateral width of the waveguide is reduced in the direc-
tion of propagation. As the effective mode propagation
constant presents a weak dependence with lateral width,
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Fig. 3. (Color online) Poynting vector field (modulus) distribu-
tion in a yz-horizontal plane above (x = 0.5d) the tapered TWG.
The lateral width is changed gradually from L;, = 8d to L, =
0.5d with an angle 8 = 30°. The rest of the parameters are as in
previous figures. The vector field is evaluated at 1 = 1.45 mm
and is in arbitrary units.

it is expected that the change in L does not increase the
scattering and reflection losses of the surface EM mode
when it propagates along the tapered waveguide. As
shown in Fig. 3, this is indeed the case in our structure.
The device performance is analyzed at an operating
wavelength of 1.45 mm, where the lateral width of the in-
put waveguide is L = 8d and that of the output one is
L = 0.5d, resulting in an aperture angle of 0 = 30°. By
analyzing the Poynting vector both at the input and out-
put sides of the device and on the boundaries of the 3D
simulation region, the reflection loss is calculated to be
less than 7% whereas the scattering loss is 3%. Therefore,
if we ignore ohmic losses, more than 90% of the input
power is channeled through the narrow TWG.

In summary, we have presented a new type of terra-
hertz waveguides based on the concept of spoof surface
plasmons. These waveguides possess large insensitivity
to the lateral size and their propagation lengths are
long-enough to think of building-up photonic devices
made of them. We have illustrated the potentiality of
these waveguides by presenting a tapered waveguide
in which the energy carried out by a very wide waveguide
is efficiently transferred to a narrow one at a very deep-
subwavelength scale.
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