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Abstract: In search of new technologies for optimizing the performance and space requirements
of electronic and optical micro-circuits, the concept of spoof surface plasmon polaritons (SSPPs)
has come to the fore of research in recent years. Due to the ability of SSPPs to confine and guide
the energy of electromagnetic waves in a subwavelength space below the diffraction limit, SSPPs
deliver all the tools to implement integrated circuits with a high integration rate. However, in order
to guide SSPPs in the terahertz frequency range, it is necessary to carefully design metasurfaces
that allow one to manipulate the spatio-temporal and spectral properties of the SSPPs at will.
Here, we propose a specifically designed cut-wire metasurface that sustains strongly confined
SSPP modes at terahertz frequencies. As we show by numerical simulations and also prove
in experimental measurements, the proposed metasurface can tightly guide SSPPs on straight
and curved pathways while maintaining their subwavelength field confinement perpendicular
to the surface. Furthermore, we investigate the dependence of the spatio-temporal and spectral
properties of the SSPP modes on the width of the metasurface lanes that can be composed of one,
two or three cut-wires in the transverse direction. Our investigations deliver new insights into
downsizing effects of guiding structures for SSPPs.
© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1.

Introduction

Modern electronic devices contain a variety of miniaturized sensors and signal processing units
that are based on integrated circuit technologies. The perpetual demand for downsizing such
microsystems and the integration of several applications in one small chip has garnered an
increasing interest into the field of plasmonics in recent years, especially into the topic of surface
plasmon polaritons (SPPs). SPPs are electromagnetic surface waves that can propagate along
metal surfaces provoked by the coupling of photons and free charges at the interface between
the metal and its surrounding media [1]. Due to their strong field confinement to metal surfaces
and their ability of breaking the diffraction limit, SPPs can be tightly guided on compact signal
pathways without significant attenuation [2–4] and are the signals of choice for use in highly
sensitive surface sensors [5–8]. While strongly confined SPPs on smooth metal surfaces only
exist at optical frequencies, artificially manufactured metasurfaces are required to mimic SPP
characteristics at microwave or terahertz (THz) frequencies [9]. These surface waves with
emulated SPP characteristics are called spoof surface plasmon polaritons (SSPPs) [10]. Various
metasurface structures that enable SSPP modes, such as planar metamaterials composed by
split-ring-resonators [11–13], H-shaped patches [14–16] or similar metallic patterns [17–25] as
well as corrugated metal surfaces with grooves and pillars [6,7,26–33], were proposed in recent
years. While metasurfaces composed of ultrathin metallic patterns can be directly processed on
printed circuit boards (PCBs) or can be manufactured by straight forward fabrication techniques,
corrugated metal surfaces with groove depths of up to several hundred micrometers cannot
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lean on easy technologies and require more sophisticated fabrication methods. Furthermore,
corrugated metal surfaces only provide limited means for manipulating the spatio-temporal and
spectral properties of SSPPs, for which reason we focus on the investigation and realization
of ultrathin metallic metasurfaces. While these metasurfaces provide favorable properties in a
manifold context, past reports in the literature only focused on the demonstration of very few
aspects as they mostly investigate the propagation of SSPPs along straight pathways. Frequently,
the SSPPs are well bound in the direction perpendicular to the surface, yet are completely
unconfined in the plane in which they propagate [11–13,16–18]. In highly integrated circuits
however, it is mandatory that the metasurface structures also confine the SSPPs within the plane
of propagation on a subwavelength scale and allow deliberate waveguiding and routing of the
SSPPs on pathways with subwavelength path width. In this context, latest research that covers
such flat and compact sized metasurface structures at terahertz frequencies lack experimental
evaluation [20–22]. They are either restricted to numerical simulation models [20,22] or they
only deliver simple proof-in-principle demonstrations in the microwave regime [21]. For this
reason, it was our goal to design and fabricate ultrathin metasurfaces with tailored dispersion
to gain full control over the in-plane propagation of terahertz SSPPs, while still maintaining a
subwavelength field confinement to the metasurface. Furthermore, we applied the electro-optic
sampling (EOS) measurement technique to examine the spatio-temporal properties of a terahertz
SSPP mode on fabricated metasurfaces. The proposed metasurfaces are composed of a periodic
arrangement of cut-wires on a dielectric, flexible thin-film substrate. As we show by numerical
simulations and experimentally prove by near-field mapping of the propagating SSPPs, the SSPPs
display a subwavelength out-of-plane confinement as well as a strong in-plane confinement with
respect to the plane of propagation. In addition to the out-of-plane and in-plane confinement,
the metasurface can control the in-plane propagation pathways of the SSPPs. To give specific
examples, we designed metasurfaces that guide the SSPPs on straight and curved routes with
a propagation length of several millimeters. Focusing on the maximization of the in-plane
confinement of the SSPPs, we investigated the impact of an increasing in-plane confinement
on the dispersion of the propagating SSPP mode. In our study, we limited the width of the
metasurface pathway to a small number of cut-wire unit cells and found that the number of unit
cells transverse to the propagation direction of the surface waves has a strong influence on the
spectral bandwidth of the supported SSPP mode.
2.

Dispersion characteristics of the cut-wire metasurface

In this section, we theoretically study the impact of transverse pathway boundaries on the spectral
dispersion of SSPPs on metasurfaces. For this purpose, we investigate cut-wire metasurfaces
with three different path widths. As can be seen in Fig. 1, the metasurfaces are either composed
of a single row (Fig. 1(a)), two rows (Fig. 1(b)) or three rows of cut-wires (Fig. 1(c)) in the
direction transverse to the propagation path of the SSPPs. The cut-wires build the unit cells
of the investigated metasurfaces and must be specifically designed and spatially arranged to
support SSPP modes. In addition to SSPP propagation along straight pathways, we study the
spatio-temporal and spectral properties of SSPPs that travel on a curved course. As depicted in
Fig. 1(d), the boundaries of the curve are set by the cut-wires that compose the metasurface. In
our case, the transverse width of the curved path is equivalent to 3 unit cells. In the following,
we refer to these four different types of metasurfaces as the straight 1-cut-wire, 2-cut-wire and
3-cut-wire metasurface as well as the curved 3-cut-wire metasurface.
In a first step, we numerically calculated the spectral dispersion of the SSPPs by use of the
eigenmode solver of CST Microwave Studio. Figure 2(a) shows the simulated metasurface unit
cell that consists of a metallic cut-wire on a dielectric substrate. In the eigenmode calculations,
the cut-wire is treated as a perfect electric conductor (PEC) and the substrate material is a
loss-free dielectric thin film with a relative permittivity of r = 2.3. In this context, the use of a
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Fig. 1. Schematic top view of the investigated cut-wire metasurfaces. (a) - (c) Cut-wire
metasurfaces with a straight pathway. The metasurface pathways are spatially limited in
transverse direction by (a) one ,(b) two and (c) three cut-wires. (d) Curved metasurface
pathway for in-plane surface wave routing.

thin-film dielectric, be it loss-free or lossy, restricts the number of unwanted substrate guided
modes that can occur in addition to the desired SSPP modes [13]. The calculation domain is
terminated by periodic boundaries in x -and y-direction as well as electric boundaries with added
free space in z-direction. For the simulation of metasurfaces with limited spatial extension in the
y-direction, sufficient space is allowed between the dielectric substrate and the boundaries in
y-direction to avoid coupling between the electromagnetic fields in the unit cell and their periodic
image fields, as illustrated in Fig. 2(b). We found by means of a parametric study that a distance
of 3000 µm between the cut-wires and the periodic boundaries in y-direction was sufficient to
avoid coupling between the actual metasurface and its images, which enabled us to simulate
metasurfaces of limited path width.
By sweeping the phase difference ∆θ of the electromagnetic fields at the opposite boundaries in
x-direction from 0◦ and 180◦ , the eigenmode solver calculates the eigenfrequencies of the SSPPs
on the metasurface within the first Brillouin zone. With the relation kx = (2π ∆θ)/(ws 360◦ ), we
determined the dependence of the SSPP eigenfrequencies on the x-component of the wavenumber
kx to obtain the dispersion relation of the metasurface. In Fig. 3(a), the spectral dispersion
curves of the fundamental mode of the SSPPs on the straight 1-cut-wire (1), 2-cut-wire (2) and
3-cut-wire metasurface (3) are shown in relation to the light lines of free space (black dashed) and
of the dielectric substrate (blue dashed). On all three metasurfaces, the spectral dispersion curve
of the considered SSPP mode converges asymptotically to a common high cut-off frequency of
0.68 THz for increasing wavenumber kx . For convergence studies, we also numerically calculated
the dispersion of the SSPPs on a metasurface path that consists of an infinite number of identical
cut-wire unit cells transverse to the propagation direction of the SSPPs. The calculated dispersion
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Fig. 2. (a) Metsasurface unit cell. The geometric parameters are lS = 170 µm, wS = 10
µm, dS = 50 µm, lM = 165 µm, wM = 5 µm and dM = 0.3 µm. (b) Periodic continuation of
the unit cell as a consequence of periodic boundaries in x- and y-direction. ∆θ is the phase
difference of the electromagnetic fields calculated from the phase of the fields at the location
of the opposing boundaries in x-direction.

curve is shown as case (4) in Fig. 3(a). As expected, the high cut-off frequency of the SSPPs
remains at 0.68 THz. We found that the high cut-off frequency strongly depends on the geometry
of the unit cells. To support this claim, we calculated the dispersion of SSPPs on a metasurface
path, whose width is defined by a single cut-wire with a length of lM = 505 µm. Hereby, the
cut-wire length is chosen to be equal to the path width of the 3-cut-wire metasurface in case (3).
As shown in case (5) of Fig. 3(a,) the dispersion of the SSPPs converges asymptotically to a high
cut-off frequency of 0.23 THz that significantly differs from the high cut-off frequency in cases
(1)-(4).
As the study of cases (1)-(4) reveals, the path width, that is governed by the number of unit
cells in the direction transverse to the propagation direction of the SSPPs, defines the slope of
the spectral dispersion curve. The latter property becomes even more obvious, when we zoom
into the spectral dispersion diagram, as shown in Fig. 3(b). The dispersion slope decreases
for increasing number of unit cells in the transverse direction of the metasurface path and
converges for an infinite number of unit cells, as in case (4). Figure 3(b) also evidences that
the slope of the spectral dispersion defines the frequency and the wavenumber at which the
dispersion curve intersects the light line of the substrate, which implies that this intersection
point is dependent on the metasurface path width. Since a SSPP mode is only confined to the
metasurface, when its phase velocity on the surface is slower than the phase velocity it would
have in the surrounding medium, in our case air or a dielectric, the frequencies at the intersection
points define the low cut-off frequency of the corresponding SSPP mode. For frequencies above
the low cut-off frequency, SSPPs are confined to the metasurface and for increasing frequency
their spatial confinement asymptotically approaches its maximum for the high cut-off frequency.
In other words, the SSPPs enter a subwavelength regime above the low cut-off frequency and
their electromagnetic energy is confined beyond the diffraction limit of freely propagating waves.
From the spectral dispersion diagram of Fig. 3(b), we determined a low cut-off frequency of 0.48
THz , 0.34 THz and 0.28 THz and 0.18 THz for the straight 1-, 2- and 3-cut-wire metasurface
and for the metasurface with an infinite number of identical cut-wires along the path width. This
implies that the low cut-off frequency of the considered SSPP mode increases for decreasing
path width, when the geometry of the unit cell is identical for all path widths. Since, under the
same conditions, the high cut-off frequency remains unaffected by the path width, we conclude
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Fig. 3. (a) Dispersion relation of the SSPPs on a straight (1) 1-cut-wire (2) 2-cut-wire,
(3) 3-cut-wire metasurface and (4) on a metasurface with an infinite number of identical
cut-wires in the direction transverse to the propagation direction of the SSPPs. (5) Dispersion
relation of a straight 1-cut-wire metasurface with a path width of lM = 505 µm that is
identical to the path width of the 3-cut-wire metasurface in (3). (b) Zoom of the dispersion
diagram of (a) for better distinction between the different dispersion curves. The light lines
of free space and of the dielectric substrate are plotted as dashed lines in black and blue.
The simulated metasurface structures and the corresponding legend for the two diagrams are
shown below.

that confining the path width of the metasurface automatically limits the spectral bandwidth of
the considered SSPP mode.
For studies of the spatial distribution of the electric field of the propagating SSPP mode, we
numerically simulated the propagation of the SSPP on a straight 1-cut-wire, 2-cut-wire and
3-cut-wire metasurface with each a length of 4 mm. In the simulation model, we excited the SSPP
mode via diffraction on a metal edge in the vicinity of the metasurface structure, as depicted in
Fig. 4(a). Note that we applied open boundaries for the full wave simulation. Since the eigenmode
solutions indicated TE-polarized SSPPs, the edge coupling requires an excitation beam with
polarization in y-direction. As an example, Fig. 4(b) depicts the y-component of the electric
field Ey for a propagating SSPP mode at a frequency of 0.28 THz in a cross-sectional plane of
the 3-cut-wire metasurface. The existence of SSPP propagation is evidenced by the strong field
enhancement and field confinement near the metasurface. Beside the strongly confined fields of
the SSPP mode, we also observe scattered fields that can be attributed to the residual fraction of
the excitation waves that are not coupled into the SSPP mode. These fractions are either scattered
into free space or diffracted into the substrate. We also noticed significant reflection of the
SSPPs at the path end, which indicates that the propagation length of the SSPP mode exceeds the
simulated path length of 4 mm. Furthermore, the SSPP mode displays specific spatial properties
in the z-component of the electric field Ez . This is emphasized in Fig. 5, where the real part
of Ez is plotted on the xy-cross-sectional plane 50µm above the straight 1-cut-wire (Fig. 5(a)),
2-cut-wire (Fig. 5(b)) and 3-cut-wire metasurface (Fig. 5(c)) at the low cut-off frequency of 0.48
THz, 0.34 THz, 0.28 THz, respectively. Additionally, the corresponding close-ups of the field
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plots clarify the geometric relation between the electric field distribution of the SSPPs and the
subjacent metasurface structure. From the spatial distribution of Ez , we conclude that the SSPP
propagates in an odd transverse mode as the phase of the two field maxima in the transverse
direction is 180◦ out of phase. We can easily distinguish the odd SSPP mode for the Ez -field
from the residual scattering fields of the excitation wave and from undesirable guided modes in
the substrate, since those modes only occur as even modes. We also observe that the electric field
distribution is spatially spread, when the path width is increased from one to three unit cells,
while the odd phase characteristics of the SSPP mode is conserved. The spatial spreading of
the electric field distribution becomes even more obvious, when we plot the absolute value of
Ez along an intersection line in y-direction at x = 1000 µm. According to Fig. 5(d), the spatial
distance between the two field maxima of the odd mode increases for increasing number of
metasurface unit-cells from one cut-wire (1) to three cut-wires (3). Furthermore, the electric
field exponentially decays at the boundaries of the metasurface , thus indicating a strong in-plane
field confinement of the SSPP mode within the path width of the metasurface.

Fig. 4. (a) Simulation model of a 4mm long 3-cut-wire metasurface with straight pathway.
The terahertz wave, that is incident from the direction of the substrate, is coupled to the
SSPP mode by edge diffraction from a metal edge. (b) Real part of the the y-component of
the scattered electric field Ey from the metal edge in the coupling region together with the
real part of the y-component of the propagating SSPP electric field in the propagation region
at a frequency of 0.28 THz.
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Fig. 5. Field maps of the z-component of the SSPP electric field Ez in the x-y-plane at z =
50µm away from the metasurface. The close-ups indicate the geometric relation between the
SSPP electric field distribution and the subjacent metasurface structure. The SSPP electric
field is monitored at frequencies of (a) 0.48 THz for the straight 1-cut-wire metasurface, (b)
0.34 THz for the 2-cut-wire metasurface and (c) 0.28 THz for the 3-cut-wire metasurface.
(d) Absolute value of Ez along an intersection line in y-direction at x = 1000 µm transverse
to the propagation direction of the SSPPs for (1) the 1-cut-wire, (2) the 2-cut-wire and (3)
the 3-cut-wire metasurface.

3.

Near-field spectroscope and metasurface fabrication

In order to verify the existence of SSPPs with tight surface binding and strong confinement
transverse to the propagation direction on the designed straight and curved 1-, 2- and 3-cut-wiremetasurfaces, we imaged the temporal dynamics of the electric near-field amplitude and phase of
the SSPPs via electro-optical sampling (EOS) in reflection geometry, as depicted in Fig. 6. With
an EOS-crystal mounted on a three-dimensional positioning stage, we raster scanned the time
trace of the electric near-field at an approximate distance of 50 µm to the metasurface. As an
example for the spatio-temporal dynamics of the SSPP near-field, two measured terahertz pulse
time traces are illustrated in the right graph of Fig. 6. The time signals were extracted from the
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spatio-temporal measurement of the SSPP near-field at a distance of 50 µm from the straight
3-cut-wire-metasurface. The red line corresponds to the terahertz pulse that was measured at
the excitation point of the SSPP, i.e. close to the incoupling metal edge. Likewise, the blue
line refers to the measured terahertz pulse after propagation over a distance of 1.5 mm from
the excitation point. The dispersion of the terahertz pulse indicates a propagating mode, whose
spectral properties can be derived by Fourier transform. By measurement of the terahertz time
traces for each scanning point, we obtain full information over the spatio-temporal dynamics of
the SSPPs on the metasurface. For the EOS measurement, we used a (100)-cut GaP crystal with
a thickness of of 250 µm and an aperture of 4mm x 4mm. Due to its (100)-cut, the EOS crystal
was only sensitive to the out-of-plane component Ez of the electric terahertz field, which allowed
us to study the spatio-temporal and spectral characteristics of the SSPP mode under the same
conditions as were presumed in the theoretical considerations of the previous section. For further
information on the terahertz near-field time-domain spectrometer, the reader is referred to [34].

Fig. 6. Schematic view of the EOS near-field sampling. The EOS crystal, which is a
GaP-crystal with a (100)-cut, is mounted on a three-dimensional (3D) positioning stage. The
(100)-cut GaP is only sensitive to the out-of-plane component Ez of the THz electric field.
The EOS-crystal raster scans the terahertz near-field at an approximate distance of 50 µm
from the metasurface, while the sample is illuminated by the THz signal on the unstructured
side. A linearly polarized optical probe beam is focused onto the EOS crystal facet that
faces the metasurface. Via the electro-optic effect, the polarization of the probe beam is
rotated by the influence of the SSPP electric near-field. Based on the polarization rotation,
the electric field amplitude and phase of the SSPPs can be determined. The graph on the
right shows two terahertz pulse time traces of the detected THz signal, one recorded at the
excitation point of the SSPP (red) and the other after SSPP propagation over a distance of
1,5 mm away from the excitation point (blue).

We fabricated the metasurfaces with the straight and curved pathways by means of standard
photolithography in the cleanroom facilities of the Nano Structuring Center (NSC) at the
Technische University Kaiserslautern. An example of a microscope picture of a 3-wire metasurface
along a curved pathway is shown in Fig. 7(a). We used a ZeonorFilm ZF-16 Series thinfilm polymer with a thickness of 50µm as a substrate for all fabricated metasurfaces, as
shown in Fig. 7(b). The dielectric properties of Zeonor were also taken into account in the
preceding numerical calculations, which ensures a direct comparability between the experimental
investigation and the theoretical studies. We metalized the surface of the thin film substrate via
electron beam evaporation with a layer sequence of 0.01µm of Cr and 0,3µm of Au, as depicted
in Fig. 7(c). After lift-off, we obtained metasurfaces along straight and curved pathways that
were composed of cut-wires with a length of about 164 µm and a separation distance of about
4.5 µm (see Fig. 7(d)). For edge coupling of free terahertz waves into SSPP surface modes, we
processed a metal patch on top of the metasurfaces according to Fig. 7(e).
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Fig. 7. (a) Microscope image of a 3-cut-wire metasurface along a curved pathway. (b)
ZeonorFilm as dielectric substrate, (c) The metasurfaces are composed of 0.01µm of Cr and
0,3µm of Au. (d) Microscope image of an excerpt of a cut-wire metasurface with a cut-wire
length of 164µm and a cut-wire separation of 4.5 µm. (e) Metal edge for coupling of free
terahertz waves into SSPP modes. The ruler visualizes the size of the metasurface pathways
and the size of the metal edge.

4.

Measurement of the electric near-field of the SSPPs

For the measurement of the electric near-field of the terahertz SSPPs, we raster scanned the
fields with an EOS crystal at a distance of about 50 µm parallel to the metasurface. With this
method, we were able to obtain a 2-D map of the amplitude and phase of the electric field of the
terahertz SSPPs in the scan plane with a spatial resolution of 50µm x 50µm. Since we measure
the time trace of the electric field amplitude and phase for each scan point, we obtain spectral
information about the electric field of the SSPP for frequencies between 0.1 THz and 1 THz in a
single scan. In consequence, this enables us to draw direct comparisons between the electric
field of the SSPPs at different frequencies. For the visualization of the SSPP near-field, we
plotted the real part of the measured electric field at the considered frequency as a 2-D color
map. Note that we applied a low-cut filter in the spatial frequency regime to eliminate residues
of the terahertz waves that were not edge-coupled into the investigated SSPP modes and thus
were directly transmitted through the metasurface into the EOS crystal. Furthermore, we cut off
high frequency noise in the measurement data.
The measured spatial distribution of the electric SSPP fields on a straight 1-, 2-, and 3-cut-wire
metasurface is shown in Fig. 8(a), Fig. 8(b) and Fig. 8(c), respectively. Each figure contains a
microscope image of the investigated metasurface in the top row and the 2-D color maps of the
measured SSPP near-field at two different frequencies in the two mid rows. The plots at the
bottom depict a comparison between the experimentally measured absolute electric field along
an intersection line in y-direction at constant x-location and the numerically simulated profile
of the field distribution, which we have already shown in Fig. 5(d). We first discuss the spatial
distribution of the measured SSPP mode on the straight 1-cut-wire metasurface in Fig. 8(a),
measured at frequencies of 0.48 THz and 0.54 THz. At a frequency of 0.48 THz, we observe
a strong electric field enhancement in the area around y = 1000µm, which corresponds to the
location of the 1-cut-wire metasurface. The SSPP propagates in x-direction in an anti-symmetric,
odd-phase mode, as can be identified by the 180◦ phase difference between the electric near-field
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above and below the axis through y = 1000µm parallel to the x-axis. Furthermore, the SSPP
mode is spatially confined within the boundaries of the 1-cut-wire metasurface transverse to the
propagation direction of the SSPP, as the mode profile in the bottom row of Fig. 8(a) confirms.
The slight deviation between the measured and simulated mode profile can be explained by the
limited 50 µm x 50 µm spatial resolution of the near-field measurement. For the same reason, the
agreement between the measured and simulated mode profile improves, when the SSPP mode
distribution spatially widens for an increasing number of cut wires (see bottom row of Figs. 8(b)
and 8(c)). Below a frequency of 0.48 THz, no SSPP propagation is observed, in accordance
with the eigenmode solutions that predict a low SSPP cut-off frequency of 0.48 THz. According
to the calculated dispersion relation, the SSPPs propagate with subwavelength confinement to
the surface at frequencies above 0.48 THz. For confirmation, we analyzed the measured SSPP
near-field at 0.54 THz. Compared to the SSPP propagation at the low cut-off-frequency, we
recognized a decrease in the propagation length of the SSPPs that goes along with a stronger
attenuation of the SSPP near-field along the propagation path. This is expected, since a stronger
confinement of the SSPPs to the surface implies an increased loss in the metal and in the dielectric
of the metasurface. Furthermore, the measured electric field amplitude decreases, when the
SSPP frequency increases and approaches the high cut-off-frequency of the considered SSPP
mode. This behavior can also be attributed to an increased confinement of the SSPP mode in the
area close to the metasurface.
The same qualitative behavior can be confirmed for the propagation of SSPP modes on a
straight 2- and 3-cut-wire metasurface, as shown in Figs. 8(b) and 8(c). From the 2-D near field
scans, we determined low cut-off frequencies of 0.32 THz for the 2-cut-wire metasurface and 0.29
THz for the 3-cut-wire metasurface. As for the 1-cut-wire metasurface, the measured electric
field amplitude decreases for monotone increase of the SSPP frequency towards the high-cut-off
frequency. At the same time, the attenuation of the SSPP along the propagation path increases
due to increasing loss in the metal and dielectric of the metasurface, which implies a drop in the
propagation length. Again, both observations point at a growing confinement of the SSPPs in the
direction normal to the surface, when the SSPP frequency increases towards the high cut-off
frequency. In comparison to the narrow 1-cut-wire metasurface, the electric field distribution of
the SSPP mode spreads transverse to its propagation direction for increasing path width. Yet, the
SSPP mode remains tightly confined within the transverse path boundaries. As for the 1-cut-wire
metasurface, the SSPP mode on the 2- and 3-cut-wire metasurface is anti-symmetric with respect
to an axis through y = 1000µm parallel to the x-axis. In agreement with the numerical simulation
of the electric near-field distribution of the SSPPs, the minimum of the Ez -field in the transverse
center of the anti-symmetric SSPP mode becomes more pronounced and wider for increasing
path width, since the SSPP near-field is strongly enhanced at the outer transverse boundaries.
This behavior can be clearly observed, when we compare the SSPP electric fields on a 2-cut-wire
metasurface at 0.42 THz (Fig. 8(b)) and on a 3-cut-wire metasurface at 0.36 THz (Fig. 8(c)).
In this comparison, the frequencies were selected to be well located in the frequency range, for
which we expect subwavelength confinement of the SSPPs to the metasurfaces. It should be
noted that the unbalanced field amplitude distribution and the slight horizontal deviation of the
propagation direction of the anti-symmetric SSPP mode in Fig. 8(c) is an artifact that was caused
by an undesired tilt of the flexible substrate of the metasurface.
For experimental evaluation of the dispersion relation of the SSPPs on the fabricated metasurfaces, we determined the wavelength of the propagating SSPP mode as a function of the frequency.
For this purpose, we evaluated snapshots of the spatial electric field distribution of the SSPPs for
different frequencies. By determination of the spatial locations of the maxima and minima of the
real part of the measured electric SSPP field on a line in the direction of the SSPP propagation,
we determined the wavelength λ of the SSPP mode at three different frequencies for each
metasurface. For the straight 1-, 2- and 3-cut-wire metasurface, the upper three rows of Figs. 9(a)

Research Article

Vol. 28, No. 5 / 2 March 2020 / Optics Express

6776

Fig. 8. For each column (a) to (c), the rows contain from top to bottom: a microscope image
of the investigated metasurface together with two snapshots of the spatial distribution of the
SSPP electric field, one measured at the low SSPP cut-off frequency and the other measured
for a frequency above the SSPP cut-off frequency, The graphs in the bottom row show a
comparison between the measured and numerically simulated electric field distribution of
the SSPPs along an intersection line in y-direction.

to 9(c) show the snapshots of the real part of the SSPP electric field at the three evaluation
frequencies. Additionally, the bottom row of Figs. 9(a) to 9(c) display a plot of the numerically
calculated dispersion relation together with the experimentally determined dispersion points at
the three evaluation frequencies. With the relation kx = 2π/λ, we converted the measured SSPP
wavelength into the wavenumber in order to plot these points in the corresponding dispersion
diagram in the bottom rows of Figs. 9(a) to 9(c). The experimentally determined dispersion at
the three different evaluation frequencies and the snapshot graphs, from which we derived the
dispersion points, are related by their colors. In the dispersion diagram, we also plotted the light
line of free space and the light line of the dielectric substrate. As can be seen, the measured
dispersion at the three evaluation frequencies lies on the numerically calculated dispersion
curve for all three metasurfaces. This is a further confirmation that the measured behavior of
the experimentally investigated SSPP modes is in good agreement with the predictions of the
numerical calculations.
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Fig. 9. The graphs in columns (a) to (c) show the results of the measured electric field
distribution and the measured dispersion for SSPPs that travel on (a) a 1-cut-wire, (b) a
2-cut-wire, and (c) a 3-cut-wire metasurface along a straight pathway in x-direction. In more
detail, the upper three rows of each column ((a)–(c)) depict graphs of the real part of the
measured electric SSPP field as a function of the position x in the propagation direction of
the SSPP. In the bottom row of each column, the numerically calculated dispersion of the
SSPP is plotted as a gray curve together with the light line of free space (black dashed) and
the light line of the dielectric substrate (blue dashed). For comparison, the experimentally
measured dispersion points of the SSPPs are plotted for three different frequencies. The
wavelength and the wavenumber of the SSPP mode was determined from the measured
electric SSPP field distributions in the corresponding three top rows.

In an additional experiment, we investigated the possibility to route SSPPs along a given
path on the metasurface. As explained earlier, we designed and fabricated a metasurface that
is composed of 3 cut-wires in the direction transverse to the propagation direction and whose
outline of the outer boundaries describes a 90◦ curve. In order to prove proper routing of the
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confined SSPPs within the propagation plane, we imaged the electric near-field of the SSPPs
under the same experimental conditions as for the the metasurfaces with straight pathways.
Figure 10(a) shows a microscope picture of the curved 3-wire-metasurface path. A color map
of the measured spatial distribution of the real part of the electric near-field of the SSPPs is
plotted in Fig. 10(b) in comparison to the corresponding numerically calculated field distribution
in Fig. 10(c). For visualiation of the geometric relation between the SSPP field distribution
and the metasurface, the corresponding metasurface structure is outlined underneath the E-field
plot in Fig. 10(c). As expected from the numerical simulations in Fig. 10(c), the measurements
in Fig. 10(b) confirm a subwavelength confinement of the SSPPs within the boundaries of the
pathway during propagation. Since the metasurface concurrently supports a subwavelength
field confinement of the SSPPs in the direction normal to the surface, the use of metasurface
pathways provides us with proper means to guide terahertz waves along pre-defined routes, while
a subwavelength confinement within the in-plane boundaries is maintained.

Fig. 10. (a) Microscope image of a 3-cut-wire metasurface along a curved pathway. (b)
Color map of the real part of of the z-component of the measured electric SSPP field along
a curved pathway at a frequency of 0.3 THz. (c) Numerically calculated real part of the
z-component of the electric field. The field was monitored in the xy-plane at a distance
of 50µm from the metasurface at a frequency of 0.3 THz. The metasurface structure is
visualized underneath the field distribution together with the outline of the metal patch at the
right side of the view graph.

5.

Conclusion

We studied the propagation of strongly confined terahertz surface plasmon polaritons (SSPPs)
along straight and curved pathways of subwavelength width on specifically designed metasurfaces.
The metasurface paths were composed of cut-wire unit cells on a dielectric thin-film substrate.
We numerically calculated the dispersion of the SSPP mode and simulated the propagating
electromagnetic fields of the SSPPs on the metasurfaces. We observed that the designed
metasurface guides the SSPPs on pathways with subwavelength width. Over the full propagation
length, the SSPPs additionally display a subwavelength confinement in the direction normal to
the metasurface. These findings hold true for both, the propagation on straight routes and the
propagation on curved courses. We recognized that a narrowing of the path width results in
a reduced spectral bandwidth of the SSPP mode. For experimental verification, we fabricated
metasurfaces containing straight paths with a width of 1, 2 and 3 cute-wire unit cells as well as a
metasurface embodying a curved pathway with a width of 3 cut-wire unit cells. The SSPP mode
was excited by edge coupling of terahertz waves from a metal patch. The electric field of the
SSPPs was measured by use of a near-field imaging terahertz spectroscope. In the experiments,

Research Article

Vol. 28, No. 5 / 2 March 2020 / Optics Express

6779

we confirmed the propagation of SSPPs along straight and curved routes with propagation
lengths of several millimeters. The SSPPs were tightly confined to the surface and limited to
a subwavelength scale by the path width of the metasurface structures. We verified that the
experimentally observed SSPP mode displayed the same spectral dispersion as in the numerical
calculations. Furthermore, the experiment affirmed that a reduction of the path width decreases
the spectral bandwidth of the SSPP mode. This underscores that the path width is a crucial
quantity for proper routing of SSPPs on metasurfaces, and thus plays an important role for the
design and implementation of terahertz integrated circuits.
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