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ABSTRACT

Surface plasmon polaritons (SPPs) are electromagnetic waves that have attracted significant interest owing to their subwavelength confine-
ment and the strong field enhancement that they provide. Yet in the terahertz (THz) frequency region of the spectrum, which is well below the
plasma frequency of metals, these surface waves are characterized by extremely weak confinement that has severely limited their exploitation
for information processing and sensing. One means to circumvent this limitation is through subwavelength structuring of a metallic surface,
which can thereby be engineered to support the propagation of spoof surface plasmon polaritons (SSPPs) that closely mimic the properties
of SPPs. In this work, we report the design and experimental characterization of an ultra-thin metamaterial planar waveguide that supports
SSPPs at THz frequencies. Finite-element method simulations are shown to predict the excitation of SSPPs on the surface of our devices under
free-space illumination at 3.45 THz. We investigate these structures experimentally using THz scattering-type scanning near-field microscopy
(THz-s-SNOM) to map directly the out-of-plane electric field associated with the propagation of SSPPs on the surface of the waveguides. Our
work paves the way for the future development of plasmonic integrated circuit technologies and components operating in the THz frequency
band.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/).
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I. INTRODUCTION

Surface plasmon polaritons (SPPs) are electromagnetic waves
that propagate at the interface between a metal and a dielectric
material through coupling between delocalized electrons and the
electromagnetic field. These surface waves have attracted significant
interest since they permit subwavelength confinement and, thus,
provide strong field enhancement.' In particular, there has been
growing interest in the development of plasmonic circuit technol-
ogy that offers a bridge between electronic and photonic devices
for information processing and sensing,” with potential applica-
tions including super-resolution imaging,” high-density optical data
storage,” and bio-sensing.” SPPs are typically exploited at optical
and UV frequencies, which are close to the plasma frequencies of
metals.” However, at lower frequencies, such as in the terahertz

APL Photon. 9, 031307 (2024); doi: 10.1063/5.0190488
© Author(s) 2024

(THz) region of the spectrum, metals resemble perfect electric con-
ductors (PECs), resulting in extremely poor confinement of SPPs
such that the electromagnetic field propagates as a weakly con-
fined Sommerfeld-Zenneck surface wave.” Nevertheless, the ability
to confine and control light at terahertz frequencies that offer unique
opportunities for sensing in areas as diverse as bio-medicine,

biological and chemical sensing, ~ and industrial inspection'” is
highly desirable. This has led to the investigation of new ways to
transfer the ability of SPPs to confine light tightly in deep subwave-
length dimensions to these lower frequencies. In this respect, it has
been shown that the addition of subwavelength corrugations to a
metal surface produces an enhanced surface impedance, which can
be exploited to support the propagation of surface-bound modes
even in the limit of perfect conductivity,'* thereby mimicking the
properties of SPPs. " These waves are known as spoof surface plas-
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mon polaritons (SSPPs), and their dispersion relationship closely
follows that of SPPs.

In the microwave and sub-millimeter frequency regimes, the
propagation of SSPPs has been demonstrated experimentally on
subwavelength-corrugated metallic structures, including helically
grooved wires,'” periodic chains of domino structures, 1519 and peri-
odic metallic cylinders.”’ Furthermore, nearly zero-thickness metal
strips printed on flexible, ultra-thin dielectric films have been shown
to support the propagation of planar surface plasmon (PSP) modes
that adapt to the curvature of the surface.”’ This allows the design
of flexible plasmonic circuits that can be bent, twisted, or folded.
Recent advances in PSP circuitry on ultra-thin metal films have
provided a wide range of planar waveguide devices operating in
the microwave and millimeter-wave regions,”” including multi-band
waveguides,l‘\“z " broadband converters from guided waves to PSPs,”
ultra-wideband beam splitters,”® frequency selective devices,”” ultra-
wideband and low-loss filters,” " on chip sub-terahertz SSPP
transmission lines in CMOS,’' and SSPP amplifiers.*”

At higher frequencies around ~1 THz, periodically patterned
planar structures supporting localized””* and propagating”*”
SSPPs have been proposed theoretically. Furthermore, the propa-
gation and guiding of SSPPs on metallic surfaces patterned with
a two-dimensional array of subwavelength apertures have been
demonstrated experimentally at frequencies up to ~1.5 THz.” In
this case, the propagation of SSPP modes along the metallic surfaces
was verified by transmission measurements accomplished using
THz time-domain spectroscopy, although this approach is sensi-
tive only to the macroscopic device properties and is insufficient
to reveal insights into the light-matter interactions on the micro-
scopic scale. To this end, there has been considerable interest in
the application of techniques for visualizing with subwavelength
resolution the THz field supported on the surface of microscopic
devices. In particular, one approach that provides a nanometer-
scale spatial resolution that is independent of the incident wave-
length is scattering-type scanning near-field optical microscopy
(s-SNOM).’® This technique has been successfully applied to the
visualization of plasmonic’ and photonic®® modes in individual
THz resonators, as well as the nano-imaging of THz SSPPs in doped
semiconductors® and THz Dirac plasmon polaritons in topological
insulators.""'

In this work, we report the design and experimental characteri-
zation of an ultra-thin metamaterial planar waveguide that supports
SSPPs at THz frequencies. Finite-element method (FEM) simula-
tions are shown to predict the excitation of SSPPs on the surface
of our devices under free-space illumination by a narrowband beam
at 3.45 THz. We further investigate the use of grating couplers inte-
grated into the waveguides to enhance the excitation of SSPPs. We
investigate these structures experimentally through the use of THz-
s-SNOM to map directly the out-of-plane electric field associated
with the propagation of SSPPs on the surface of the waveguides, with
deeply subwavelength resolution. The experimental measurements
under both s— and p—polarized excitation show good agreement
with simulations. Our work represents the first direct observation of
propagating THz-frequency SSPPs on a planar waveguide and paves
the way for the future development of plasmonic integrated circuit
technology operating in this technologically important frequency
range.

APL Photon. 9, 031307 (2024); doi: 10.1063/5.0190488
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Il. DESIGN OF PSP WAVEGUIDES

Our waveguide structure supporting SSPPs at THz frequencies
is based on a plasmonic metamaterial consisting of an ultra-thin
metallic comb structure supported by a rigid substrate, as depicted in
Fig. 1 (inset). This design is adapted from Ref. 21, where experimen-
tal results were reported at microwave frequencies (f = 10 GHz).
To support SSPPs at the target frequency >3 THz, our structure
is designed with a period d = 7.5 ym, which is treated as the unit
length, and a duty-cycle a/d = 0.733, total width w =8 um, stub
length & = 6 ym, and film thickness ¢ = 100 nm. The metallization
used to form the plasmonic waveguide is gold, and it is supported
on a float-zone silicon substrate of thickness 500 ym with a dielec-
tric constant & = 11.65 at frequency f = 3.45 THz, as determined
experimentally from THz time-domain spectroscopy measurements
(see the supplementary material, Fig. S1). The dispersion relation
for the fundamental mode of the TM-polarized waves supported by
the structure was calculated using the eigenmode solver in ANSYS
HESS, in which a unit cell of the waveguide was considered with
periodic boundaries in the x-direction and PEC boundaries in the
y-direction. As shown in Fig. 1, the dispersion relation deviates sig-
nificantly from the light line, indicating that the waveguide supports
the propagation of confined modes. The SSPP wavelength is related
to the SSPP wave-vector according to the relation Asp = 271/k,, which
yields a value of Asp = 18.5 ym at the target frequency of 3.45 THz.

To analyze the propagation of SSPPs along the structure, sim-
ulations were performed for a finite waveguide consisting of 27
repetitions of the unit cell, corresponding to a total length of L = 208
um, which was excited using a waveport positioned at x = 0 and
polarized along the z—direction. Figure 2(a) shows the out-of-plane
field E; obtained in the x—y plane on the waveguide surface for an
excitation frequency of 3.45 THz. The field can be seen to oscillate
periodically and also decay along the waveguide axis, which is a char-
acteristic of SSPP propagating in the x—direction. To quantify this
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FIG. 1. Dispersion relation of the fundamental SSPP mode of the waveguide struc-
ture (red) and light line (blue). The dashed lines indicate the incident wavevector
ko = 1/Xo (cm~") and SSPP wavevector ky, for the case f, = 3.45 THz. (inset)
Geometric parameters of the designed structure, for which w = 1.07d, a = 0.733d,
and h = 0.8d, where d = 7.5 um.
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FIG. 2. (a) Simulated real part of the out-of-plane field E, on the surface of the
waveguide when excited by an excitation part at x = 0. (b) Spatially averaged
value of the field plotted as a function of distance along the waveguide axis (blue
circles) along with numerical fitting to Eq. (1) (red line). The values of the fitting
parameters are Eq = 11 (a.u.), ky = 3400 cm~", 8 = 1.2 rad, and L,, = 75 um.

behavior further, the field amplitude was spatially averaged within
each stub (of length 4 = 6 ym and width d — a = 2 ym) and plotted
as a function of distance along the waveguide, as shown in Fig. 2(b).
To a good approximation, the propagating SSPPs can be modeled
as a wave bound to the surface of the metallic waveguide with an
out-of-plane field given by the complex amplitude,

E, = Ey exp |:—i(kxx—6)— zc:|, (1)
P

in which Ej is the amplitude, which is dependent on the excitation
field; k. is the wave-vector; 0 is the phase relative to the excita-
tion field; and L, is the finite propagation length, which depends
on the finite conductivity of the metal. A numerical fitting of the
simulated field values to Eq. (1) is shown in Fig. 2(b), from which
the wave-vector k, = 3400 cm™" is obtained, in agreement with the
value obtained from the dispersion relation shown in Fig. 1. In addi-
tion, a propagation length L, = 75 ym is determined from the fit, in
agreement with the S-parameters calculated for this finite waveguide
(see the supplementary material, Fig. S2). The small discrepancy
between the values of L, obtained from the two approaches can
be explained by the electric field within each stub not being uni-
formly distributed. As such, the data points in Fig. 2(b) do not
fully capture the same level of detail as the S;; parameter cal-
culation, but, nevertheless, serve as a reliable means of reducing
the two-dimensional simulations to a one-dimensional analytical
model.

In the case of free-space excitation of SSPPs on the wave-
guide, the momentum mismatch between the incident beam and
the subwavelength SSPPs should be considered. Simulations have
confirmed this momentum mismatch can be addressed by exploit-
ing diffraction of the free-space beam at the edge of our wave-
guide structure, whereby components of the diffracted light whose
wave-vector coincides with the SSPP wave-vector can couple to sur-
face polaritons (see the , Figs. S3 and S4).

APL Photon. 9, 031307 (2024); doi: 10.1063/5.0190488
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Nevertheless, to improve the coupling of an obliquely incident beam
to SSPPs further, we have employed an integrated grating structure
as shown in Fig. 3(a). The coupling efficiency of light to SSPPs on
the waveguide depends primarily on the grating period, a, but also
on the grating duty-cycle, 3, the width w; of the grating apertures,
and the total length of the grating structure, L. Through variation of
these parameters in FEM simulations, we have determined, for the
illumination geometry corresponding to our experimental system,
an optimum grating period of & = 23 ym in the case when 8 = 50%,
ws =25 um, and Lg ~ Ao = 87 ym (see the supplementary material,
Figs. S5 and S6).

Ill. RESULTS AND DISCUSSION

In order to confirm the excitation of SSPPs on our struc-
tures and to investigate their properties experimentally, we have
employed THz-s-SNOM to map the spatial distribution of the
out-of-plane field on the surface of the waveguides. The s-SNOM
system employs a 3.45-THz quantum cascade laser (QCL) as both
an excitation source and a coherent receiver by exploiting the laser
self-mixing effect, as described elsewhere.”” The QCL was cooled
using a continuous-flow liquid-He cryostat and maintained at a
heat sink temperature of 20 + 0.01 K. A current source was used
to drive the laser with a dc of 420 mA, and emission from the
QCL was focused on the ~20 nm apex of a vertically aligned near-
field microscope probe positioned in the near-field of the sample
surface at an incident angle of ~54° to the surface normal. Radia-
tion scattered to the far-field by the probe was coupled back to the
QCL along the same optical path as the incident beam and rein-
jected into the laser cavity. To isolate the signal component arising
from the near-field interaction between the probe and the sam-
ple, the microscope probe was operated in tapping mode, and the
QCL terminal voltage was amplified using an ac-coupled low-noise
voltage amplifier and then demodulated at the harmonics of the
probe tip’s tapping frequency (Q ~ 80 kHz) using a lock-in ampli-
fier. The tapping amplitude was A, ~ 200 nm, and the time constant
used was 7, = 50 ms. Under these experimental conditions, the feed-
back parameter has been measured to be C~ 0.1, and the noise
equivalent power of the self-mixing detection scheme is estimated
to be ~3 pW.

Our FEM simulations have shown that SSPPs may be excited
on our structures using an obliquely incident free-space beam with
either p— or s-polarization (see the supplementary material). We
initially studied the excitation of SSPPs using a p—polarized beam
obliquely incident on the waveguide, as shown in Fig. 3(b). In this
case, a grating structure with period & = 20 ym was integrated on the
end of the waveguide, with the other end left unmodified. Samples
were fabricated on a float zone silicon substrate of thickness 500 ym
with 5 nm/100 nm metallic layers of Ti/Au defined by optical lithog-
raphy and thermal evaporation. The topography of a section of the
fabricated sample obtained by AFM is shown in Fig. 3(c). Figure 3(d)
shows the spatial distribution of the n =2 harmonic of the self-
mixing voltage, V sy, measured using THz-s-SNOM with a pixel size
of 250 x 250 nm?. It has been shown previously’’ that the image
contrast in THz-s-SNOM comprises contributions from two distinct
components. The first of these, with magnitude s; and phase ¢_, is
principally excited by p—polarized components of the incident THz
field and arises from the near-field dipole interaction between the

9,031307-3
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FIG. 3. (a) Schematic diagram showing the geometry of the grating structure. (b) Schematic diagram illustrating the integration of the grating on a waveguide of length
L =208 um, as well as the beam propagation direction and field polarization of the obliquely incident THz beam used in the experiments. The incident beam propagates in
the y-z plane and is also p—polarized in this plane. (c) AFM image of a section of the fabricated waveguide. (d) Terahertz image of the sample obtained by s-SNOM, in which
the signal is derived from the n = 2 harmonic of the self-mixing voltage. (e) Spatially averaged value of the field plotted as a function of distance along the waveguide axis in
the range x = 0-104 ym and (f) x = 104-208 um (blue circles) along with the numerical fits Eq. (1) (red lines). The fitted values of 6 here depend on the phase of the SSPP
wave relative to the excitation field, as well as the path length between the QCL facet and the s-SNOM tip in the experimental system.

illuminated tip and sample surface, thereby capturing information
about the local permittivity of the sample. In contrast, the second
term, with magnitude s, and phase ¢,, is mostly insensitive to the
bulk material properties but captures the spatial distribution of the
out-of-plane field E; supported by the sample under excitation by
the incident field. The SM signal can then be expressed in terms of
the individual signal contributions corresponding to the respective
scattering terms, according to

Vsm = se + sze_i¢’. 2)

Here, the approximation ¢, ~ 0 has been applied, as is expected
for radiation frequencies far away from any phonon or bulk plas-
monic material resonances.”””> Furthermore, the magnitude s, is
expected to be spatially constant along the waveguide structure
and can be readily estimated from the spatial average of the signal
recorded across all metallic regions of the sample. Using Eq. (2), this
term can thereby be subtracted from the measured signal to iso-
late the signal s,e™™% in each image pixel. It is important to note
that the out-of-plane field E, quantified by this signal may itself

APL Photon. 9, 031307 (2024); doi: 10.1063/5.0190488
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contain contributions from not only the SSPP mode supported by
the waveguide but also the charge distribution induced directly by
the obliquely incident THz field, whereby the stubs of our waveguide
structure behave as electrically short dipoles. This charge distribu-
tion is dependent on the polarization of the incident field (see the
supplementary material, Figs. S3 and S4), and its affect can be treated
to a reasonable approximation as causing a constant offset to the
out-of-plane field when spatially averaged within each stub of the
waveguide.

Figures 3(e) and 3(f) show the values of Re(sze_i¢z) obtained in
this way following spatial averaging over 192 pixels within each stub
of the waveguide and subtraction of the constant offset described
above. Since the waveguide length L = 208 pym is greater than the
expected propagation length of SSPPs in this structure, we assume
negligible interaction between SSPPs launched from opposite ends
and, therefore, analyze SSPPs on each half of the waveguide inde-
pendently. Figures 3(e) and 3(f) show the resulting fits of the data
to Eq. (1), from which the estimates ky = 4180 + 360 cm™! and
Ly =51 +30 pum are obtained. The large relative uncertainties in
these values arise from the low sampling resolution along the

9,031307-4
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x—direction. Notably, this fitted value of the wave-vector is greater
than that obtained from the eigenmode simulations (k. = 3400
cmfl), which itself is congruous with values obtained from FEM
simulations under plane wave illumination (see the supplementary
material). One possible explanation for this is the influence of the
probe tip in the near-field of the sample, which is not accounted
for in our simulations. Indeed, it is well known that the process
of measurement in s-SNOM can result in the modification of pho-
tonic modes supported by nanophotonic systems,"** owing to the
near-field interaction between the tip and the sample. In addition,
the charge distribution induced directly on the surface of the wave-
guide by the obliquely incident THz field may cause departures from
the simple model for the out-of-plane field described by Eq. (1).
Another possible explanation for the observed discrepancy is that
there are slight differences between the dimensions of the experi-
mental samples and the ideal designs used in the simulations, which
can occur owing to edge-roughness/blurring in the optical lithog-
raphy process used. Nevertheless, we note reasonable agreement
between the values of L, obtained experimentally and from simula-
tions. Finally, from the data in Fig. 3, we can compare the amplitude
of SSPPs launched from the grating structure [shown in Fig. 3(e)]
with those launched from the unmodified end of the waveguide
[shown in Fig. 3(f)]. We find the former, for which the fitted value
Ep =5.1+3.2 a.u. is obtained, to be slightly larger than the latter,
for which the value Eg = 3.1 + 1.7 a.u. is obtained from the fitting

0 20 40 60 80 100
X (um)

procedure. The ratio of these values, y ~ 1.6, indicates our inte-
grated grating structure is effective at improving the coupling of the
obliquely incident beam to SSPPs on the waveguide, in agreement
with predictions from simulation, which yield y » 1.5. However, we
note that the large uncertainties in these experimental values, which
arise from the reduced sampling resolution along the x-direction,
make an accurate quantitative comparison difficult.

When the incident beam is p-—polarized as above,
z—components of the radiation field will interact strongly with
the vertically aligned s-SNOM tip. Due to the strong confinement
effect at the tip apex, a non-negligible component of the photon
momentum is thereby generated at the SSPP wave-vector, which
can launch SSPPs in the near-field of the tip.** In order to circum-
vent this possibility, we also investigate the direct excitation of
SSPPs on our waveguide structures using an s—polarized incident
beam, as shown in Fig. 4(a). To this end, we have employed a
quartz zero-order half-wave plate (HWP), positioned in the beam
path between the QCL and the near-field probe, to control the
incident polarization state in our system. As shown elsewhere,’” the
p-polarized field scattered from the tip may still generate a small but
measurable SM voltage signal owing to a small but non-negligible
component of circularly polarized light in the QCL radiation field.
Figure 4(b) shows the spatial distribution of this signal obtained by
THz-s-SNOM from a waveguide incorporating a grating structure
of period « =23 um. The corresponding values of Re(s.e %)

100 120 140 160 180 200
X (pm)

FIG. 4. (a) Schematic diagram showing the beam propagation direction and field polarization of the obliquely incident THz beam. The incident beam propagates in the y-z
plane and is s—polarized along the x—direction. (b) Terahertz image of the sample obtained by s-SNOM, in which the signal is derived from the n = 2 harmonic of the
self-mixing voltage. (c) Spatially averaged value of the field plotted as a function of distance along the waveguide axis in the range x = 0-104 ym and (d) x = 104-208 ym

(blue circles) along with the numerical fits Eq. (1) (red lines).
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obtained from the signal spatially averaged within each stub of the
waveguide, following subtraction of the dipole interaction term in
Eq. (2), are shown in Figs. 4(c) and 4(d). As before, SSPPs are seen
to be launched from each end of the waveguide, which is charac-
terized by an oscillatory out-of-plane field that decays as the SSPPs
propagate along the waveguide axis. To quantify the amplitudes of
the SSPPs launched from each end of the waveguide, we again fit
the experimental values to Eq. (1), using the previously determined
parameters ky = 4180 cm™" and L, = 51 ym. These fits, shown in
Figs. 4(c) and 4(d), yield the values Ep = 0.4 + 0.3 a.u. for the end
of the waveguide incorporating the grating and Ep = 0.3 +0.1 a.u.
for the unmodified waveguide. From the ratio of these values,
y ~ 1.3, which also agrees with the value y ~ 1.5 obtained from
simulations, it can again be concluded that the grating structure
is effective at improving the coupling of the s—polarized beam to
SSPPs on the waveguide. It should also be noted that these values
being considerably smaller than those obtained under p—polarized
excitation do not indicate a weaker out-of-plane field associated
with SSPPs under s—polarized excitation; rather, this is due to much
weaker mixing between the orthogonal polarization states of the
incident and scattered fields in this case.

IV. CONCLUSION

To conclude, we have presented the design, simulation, and
experimental demonstration of an ultra-thin metamaterial planar
waveguide that supports spoof surface plasmon polaritons at THz
frequencies. We have also successfully mapped, with deep sub-
wavelength resolution, the spatial distribution of the electric field
associated with SSPPs propagating on such waveguides for the first
time. Our results confirm the excitation of SSPPs on these structures
under both p-polarized and s—polarized excitation by a free-space
beam at 3.45 THz. We have also shown that grating structures
integrated into the waveguide can be used to enhance the cou-
pling of light to SSPPs on the waveguides. Our work paves the
way for future development of plasmonic integrated circuit tech-
nologies and components operating in the THz frequency band,
including, for example, transmission lines, beam-splitters, frequency
selective devices, multiplexers, ultra-wideband, and low-loss filters.
Future possible research directions include the development of con-
formal THz waveguides printed on flexible films that can be bent or
twisted,”! or active devices whereby the transmission of SSPPs along
the waveguide can be controlled electronically.

SUPPLEMENTARY MATERIAL

The supplementary material shows the dielectric constant of
silicon as a function of frequency measured using THz-TDS. The
S21 parameter of the waveguide structure is shown, calculated using
ANSYS HFSS for a waveguide with a total length of L =73 ym.
The simulation of the waveguides under illumination by a free-
space beam and the optimization of grating parameters are also
shown for the cases of p—polarized and s—polarized excitations,
according to the geometries shown in Fig. 3(b) and Fig. 4(a), respec-
tively. Approach curves obtained from the n = 1-5 harmonics of the

APL Photon. 9, 031307 (2024); doi: 10.1063/5.0190488
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demodulated self-mixing voltage signal in THz-s-SNOM are also
shown.
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