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Surface plasmon polaritons (SPPs) are electromagnetic waves that have attracted significant interest owing to their
subwavelength confinement 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 characterised 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 characterisation of an ultra-thin metamaterial planar waveg-
uide 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 exper-
imentally 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
future development of plasmonic integrated circuit technologies and components operating in the THz frequency band.

I. INTRODUCTION

Surface plasmon polaritons (SPPs) are electromagnetic
waves that propagate at the interface between a metal and a
dielectric material through coupling between delocalised elec-
trons 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 develop-
ment of plasmonic circuit technology that offers a bridge be-
tween electronic and photonic devices for information pro-
cessing and sensing”, with potential applications 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 tera-
hertz (THz) region of the spectrum, metals resemble perfect
electric conductors (PEC), resulting in extremely poor con-
finement of SPPs such that the electromagnetic field prop-
agates as a weakly confined Sommerfeld-Zenneck surface
wave’. Nevertheless, the ability to confine and control light at
terahertz frequencies that offer unique opportunities for sens-
ing in areas as diverse as bio-medicine?®, biological and chem-
ical sensing®'?, and industrial inspection'? is highly desir-
able. This has led to the investigation of new ways to trans-
fer the ability of SPPs to confine light tightly in deep sub-
wavelength dimensions to these lower frequencies. In this re-
spect, it has been shown that the addition of subwavelength
corrugations to a metal surface produces an enhanced sur-
face impedance, which can be exploited to support the prop-
agation of surface-bound modes even in the limit of perfect
conductivity'#, thereby mimicking properties of SPPs!>16.
These waves are known as spoof surface plasmon polaritons

(SSPPs) and their dispersion relation closely follows those of
SPPs.

In the microwave and sub-millimetre frequency regimes
the propagation of SSPPs have been demonstrated experi-
mentally on subwavelength-corrugated metallic structures in-
cluding helically grooved wires!”, periodic chains of domino
structures'®!, and periodic metallic cylinders?®. Further-
more, 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 oper-
ating in the microwave and millimetre-wave regions>2, includ-
ing multi-band waveguides®>?*, broadband converters from
guided waves to PSPs?, ultra-wideband beam splitters®,
frequency selective devices?’, ultra-wideband and low-loss
filters2830, on chip sub-terahertz SSPP transmission lines in
CMOS?!, and SSPP ampliﬁers32.

At higher frequencies around ~ 1 THz, periodically
patterned planar structures supporting localised®*>* and
propagating??2?® SSPPs have been proposed theoretically.
Furthermore, the propagation and guiding of SSPPs on metal-
lic surfaces patterned with a two-dimensional array of sub-
wavelength apertures has been demonstrated experimentally
at frequencies up to ~ 1.5 THz*. In this case the propa-
gation of SSPP modes along the metallic surfaces was veri-
fied by transmission measurements accomplished using THz
time-domain spectroscopy, although this approach is sensi-
tive only to the macroscopic device properties and is insuf-
ficient to reveal insights into the light-matter interactions on
the microscopic scale. To this end, there has been consider-



able interest in the application of techniques for visualising
with sub-wavelength resolution the THz field supported on
the surface of microscopic devices. Particularly, one approach
that provides a nanometer-scale spatial resolution which is in-
dependent of the incident wavelength is scattering-type scan-
ning near-field optical microscopy (s-SNOM)*. This tech-
nique has been successfully applied to the visualisation of
plasmonic®’ and photonic®® modes in individual THz res-
onators, as well as the nano-imaging of THz SSPPs in doped
semiconductors® and THz Dirac plasmon polaritons in topo-
logical insulators*%-41,

In this work, we report the design and experimental charac-
terisation of an ultra-thin metamaterial planar waveguide that
supports SSPPs at THz frequencies. Finite-element method
(FEM) simulations are shown to predict the excitation of
SSPPs on the surface of our devices under free-space illumi-
nation by a narrowband beam at 3.45 THz. We furthermore in-
vestigate the use of grating couplers integrated on the waveg-
uides 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 measure-
ments under both s— and p—polarised excitation show good
agreement with simulations. Our work represents this first di-
rect observation of propagating THz-frequency SSPPs on a
planar waveguide and paves the way for the future develop-
ment of plasmonic integrated circuit technology operating in
this technologically important frequency range.

Il. DESIGN OF PSP WAVEGUIDES

Our waveguide structure supporting SSPPs at THz frequen-
cies is based on a plasmonic metamaterial consisting of an
ultra-thin metallic comb structure supported by a rigid sub-
strate, as depicted in Fig. 1 (inset). This design is adapted
from Ref.?! where experimental results were reported at mi-
crowave frequencies (f = 10 GHz). To support SSPPs at the
target frequency > 3 THz, our structure is designed with a
period d = 7.5 m which is treated as the unit length, and a
duty-cycle a/d = 0.733, total width w = 8 m, stub length
h = 6 m, and film thickness ¢+ = 100 nm. The metalisation
used to form the plasmonic waveguide is gold and it is sup-
ported on a float-zone silicon substrate of thickness 500 m
and with dielectric constant &, = 11.65 at frequency f = 3.45
THz, as determined experimentally from THz time-domain
spectroscopy measurements (see Supplementary Information
Fig. S1). The dispersion relation for the fundamental mode
of the TM-polarised waves supported by the structure was
calculated using the eigenmode solver in ANSYS HFSS, in
which a unit cell of the waveguide was considered with pe-
riodic boundaries in the x—direction and PEC boundaries in
the y—direction. As can be seen in Fig. 1, the dispersion re-
lation deviates significantly from the light line, indicating that
the waveguide supports the propagation of confined modes.
The SSPP wavelength is related to the SSPP wave-vector ac-
cording to the relation Asp = 27 /ky, which yields a value of

Asp = 18.5 m at the target frequency 3.45 THz.
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FIG. 1. Dispersion relation of the of the fundamental SSPP mode
of the waveguide structure (red) and light line (blue). The dashed
lines indicate the incident wavevector kg = 1/ (cm’!) and SSPP
wavevector, ky, for the case fo = 3.45 THz. (inset) Geometric pa-
rameters of the designed structure, for which w =1.07d, a = 0.733d,
and h = 0.8d, where d = 7.5 m.

To analyse the propagation of SSPPs along the structure,
simulations were performed for a finite waveguide, consist-
ing of 27 repetitions of the unit cell, corresponding to a total
length, L = 208 m, which was excited using a waveport po-
sitioned at x = 0 and polarised along the z—direction. Fig-
ure 2 (a) shows the out-of-plane field E, obtained in the x —y
plane on the waveguide surface for an excitation frequency
3.45 THz. The field can be seen to oscillate periodically and
also decay along the waveguide axis, which is a characteristic
of a SSPP propagating in the x—direction. To quantify this
behaviour further, the field amplitude was spatially averaged
within each stub (of length 2 = 6 m and width d —a =2 m)
and plotted as a function of distance along the waveguide, as
shown in Fig. 2 (b). To a good approximation the propagat-
ing SSPPs can be modelled as a wave bound to the surface of
the metallic waveguide with an out-of-plane field given by the
complex amplitude

E. = Eyexp {—i(kxx—e)—x} (1)
Ly

in which, Ey is the amplitude, which is dependent on the
excitation field, k, is the wave-vector, 0 is the phase relative
to the excitation field, and L,, is the finite propagation length
which depends on the finite conductivity of the metal. A nu-
merical 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 dis-
persion relation shown in Fig. 1. In addition, a propagation
length L, = 75 m is determined from the fit, in agreement with
the S-parameters calculated for this finite waveguide (see Sup-
plementary Information Fig. S2). The small discrepancy be-
tween the values of L, obtained from the two approaches can



be explained by the electric field within each stub not being
uniformly distributed. As such, the data points in Fig. 2 (b) do
not fully capture the same level of detail as the S, parameter
calculation, but nevertheless serve as a reliable means of re-
ducing the two-dimensional simulations to a one-dimensional
analytical model.
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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 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: Ey = 11
(au.), ky =3400cm’!, 6 = 1.2 rad, and L, = 75 m.

In the case of free-space excitation of SSPPs on the waveg-
uide, the momentum mismatch between the incident beam and
the subwavelength SSPPs should be considered. Simulations
have confirmed this momentum mismatch can be addressed by
exploiting diffraction of the free-space beam at the edge of our
waveguide structure, whereby components of the diffracted
light whose wave-vector coincides with the SSPP wave-vector
can couple to surface polaritons (see Supplementary Informa-
tion Fig. S3 and S4). Nevertheless, to improve the coupling
of an obliquely-incident beam to SSPPs further, we have em-
ployed 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, ¢, but also on the
grating duty-cycle B, the width wy of the grating apertures,
and the total length of the grating structure, L,. Through vari-
ation of these parameters in FEM simulations we have de-
termined, for the illumination geometry corresponding to our
experimental system, an optimum grating period of o =23 m
in the case when 8 = 50%, wy, =25 m, and Ly = 49 = 87 m
(see Supplementary Information Fig. S5 and S6).

I1l.  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 excitation source and coherent receiver by ex-
ploiting the laser self-mixing effect, as described elsewhere’”.
The QCL was cooled using a continuous-flow liquid—He cryo-
stat and maintained at a heat sink temperature of 20 0.01 K.
A current source was used to drive the laser with a dc current
of 420 mA and emission from the QCL was focused to 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. Radiation
scattered to the far-field by the probe was coupled back to the
QCL along the same optical path as the incident beam and
reinjected to the laser cavity. To isolate the signal compo-
nent arising from the near-field interaction between the probe
and the sample, 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 harmonics of the probe tip’s tapping frequency (€ ~ 80
kHz) using a lock-in amplifier. The tapping amplitude was
Ayip ~ 200 nm, and the time constant used was T, = 50 ms.
Under these experimental conditions the feedback 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 ex-
cited on our structures using an obliquely incident free-space
beam with either p— or s—polarisation (see Supplementary
Information). We initially study the excitation of SSPPs using
a p—polarised beam obliquely incident on the waveguide as
shown in Fig. 3 (b). In this case, a grating structure with
period o = 20 m was integrated on the end of the waveg-
uide with the other end left unmodified. Samples were fabri-
cated on a float zone silicon substrate of thickness 500 m with
5 nm/100 nm metallic layers of Ti/Au defined by optical
lithography 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, Vs measured
using THz-s-SNOM with a pixel size 250 nm x 250 nm. It
has been shown previously3” that the image contrast in THz-
s-SNOM comprises contributions from two distinct compo-
nents. The first of these, with magnitude s and phase ¢,
is principally excited by p—polarised components of the inci-
dent THz field and arises from the near-field dipole interaction
between illuminated tip and sample surface, thereby captur-
ing 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

Vo = se + szefmjZ . 2)

Here, the approximation ¢¢ =~ 0 has been applied, as is ex-
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FIG. 3. (a) Schematic diagram showing the geometry of the grating structure. (b) Schematic diagram illustrating integration of the grating on
a waveguide of length L = 208 m, as well as the beam propagation direction and field polarisation of the obliquely-incident THz beam used
in the experiments. The incident beam propagates in the y — z plane and is also p—polarised in this plane. (c) AFM image of a section 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 field plotted as a function of distance along the waveguide axis in the range x = 0— 104 m
and (f) x = 104 — 208 m (blue circles) along with the numerical fits to Eq. 1 (red lines). The fitted values of 0 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.

pected for radiation frequencies far away from any phonon
or bulk plasmonic 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 re-
gions of the sample. Using Eq. 2 this term can thereby
be subtracted from the measured signal to isolate the signal
5.~ in each image pixel. It is important to note that the
out-of-plane field E, quantified by this signal may itself con-
tain 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 distribution is dependent on the polarisation of the in-
cident field (see Supplementary Information 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‘i’l) ob-
tained in this way following spatial averaging over 192 pix-
els within each stub of the waveguide and subtraction of the
constant offset described above. Since the waveguide length

L =208 m is greater than the expected propagation length
of SSPPs on this structure we assume negligible interaction
between SSPPs launched from opposite ends, and therefore
analyse SSPPs on each half of the waveguide independently.
Figures 3(e) and 3(f) show the resulting fits of the data to
Eq. 1, from which the estimates k, = 4180+ 360 cm™! and
L, = 51430 m are obtained. The large relative uncertainties
in these values arise from the low sampling resolution along
the x—direction. Notably this fitted value of the wave-vector
is greater than that obtained from the eigen-mode simulations
(k, = 3400 cm™), which itself is congruous with values ob-
tained from FEM simulations under plane wave illumination
(see Supplementary Information). 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 modification of photonic modes supported by
nanophotonic systems*>**, owing to the near-field interaction
between the tip and the sample. Additionally, the charge dis-
tribution induced directly on the surface of the waveguide by
the obliquely incident THz field may cause departures from
the simple model for the out-of-plane field described by Eq.
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FIG. 4. (a) Schematic diagram showing the beam propagation direction and field polarisation of the obliquely-incident THz beam. The incident
beam propagates in the y — z plane and is s—polarised 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 field plotted as a function of distance
along the waveguide axis in the range x = 0 — 104 m and (d) x = 104 — 208 m (blue circles) along with the numerical fits to Eq. 1 (red lines).

1. Another possible explanation for the observed discrepancy
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 op-
tical lithography process used. Nevertheless we note reason-
able agreement between the value of L, obtained experimen-
tally and from simulations. Finally, from the data in Fig. 3 we
can compare the amplitude of SSPPs launched from the grat-
ing 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 £y = 5.1 +3.2 a.u.
is obtained, to be slightly larger than the latter, for which the
value Ey = 3.1 £ 1.7 a.u. is obtained from the fitting proce-
dure. The ratio of these values v~ 1.6 indicates our integrated
grating structure is effective at improving the coupling of the
obliquely-incident beam to SSPPs on the waveguide, in agree-
ment with predictions from simulation which yield y ~ 1.5.
However we note the large uncertainties on these experimen-
tal values, which arise from the reduced sampling resolution
along the x-direction, make an accurate quantitative compari-
son difficult.

When the incident beam is p—polarised as above,
z—components of the radiation field will interact strongly with
the vertically-aligned s-SNOM tip. Due to the strong confine-

ment 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 tip45.
In order to circumvent this possibility we also investigate the
direct excitation of SSPPs on our waveguide structures using
an s—polarised 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-polarised field
scattered from the tip may still generate a small but measur-
able 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 m. The corresponding val-
ues of Re(s.e~"%) 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 Fig. 4 (c)
and 4 (d). As before, SSPPs are seen to be launched from
each end of the waveguide, characterised 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 ex-



perimental values to Eq. 1, using the previously determined
parameters, k, = 4180 cm! and L, =51 m. These fits, shown
in Fig. 4 (c) and 4 (d), yield the values Ey = 0.4+0.3 a.u.
for the end of the waveguide incorporating the grating, and
Ey =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—polarised beam to SSPPs on the waveguide. It should
also be noted that these values being considerably smaller than
those obtained under p—polarised excitation does not indi-
cate a weaker out-of-plane field associated with SSPPs under
s—polarised excitation, but rather this is due to much weaker
mixing between the orthogonal polarisation states of the inci-
dent and scattered fields in this case.

IV. CONCLUSION

To conclude, we have presented the design, simulation, and
experimental demonstration of an ultra-thin metamaterial pla-
nar waveguide that supports spoof surface plasmon polari-
tons at THz frequencies. We have furthermore successfully
mapped with deeply subwavelength resolution the spatial dis-
tribution of the electric field associated with SSPPs propa-
gating on such waveguides for the first time. Our results
confirm excitation of SSPPs on these structures under both
p—polarised and s—polarised excitation by a free-space beam
at 3.45 THz. We have also shown that grating structures in-
tegrated on 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 cir-
cuit technologies and components operating in the THz fre-
quency band, including for example transmission lines, beam-
splitters, frequency selective devices, multiplexers, and ultra-
wideband and low-loss filters. Future possible research direc-
tions include the development of conformal THz waveguides
printed on flexible films which can be bent or twisted”!, or
active devices whereby the transmission of SSPPs along the
waveguide can be controlled electronically.
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