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Transmission through seemingly opaque surfaces, so-called extraordinary transmission, provides an exciting plat-
form for strong light—matter interaction, spectroscopy, optical trapping, and color filtering. Much of the effort has
been devoted to understanding and exploiting TM extraordinary transmission, while TE anomalous extraordinary
transmission has been largely omitted in the literature. This is regrettable from a practical point of view since the
stronger dependence of the TE anomalous extraordinary transmission on the array’s substrate provides additional
design parameters for exploitation. To provide high-performance and cost-effective applications based on TE
anomalous extraordinary transmission, a complete physical insight about the underlying mechanisms of the phe-
nomenon must be first laid down. To this end, resorting to a combined methodology including quasi-optical
terahertz (THz) time-domain measurements, full-wave simulations, and method of moments analysis, subwave-
length slit arrays under s-polarized illumination are studied here, filling the void in the current literature.
We believe this work unequivocally reveals the leaky-wave role of the grounded-dielectric slab mode mediating
in TE anomalous extraordinary transmission and provides the necessary framework to design practical
high-performance THz components and systems.
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must maintain attribution to the author(s) and the published article’s title, journal citation, and DOI.
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1. INTRODUCTION

Diffraction gratings have been ubiquitous in science and tech-
nology for more than a century [1], but scientists still find new
physics in them. One of the most remarkable discoveries in this
field in the last few decades has been extraordinary optical
transmission [2,3]. In the optics community, it became widely
accepted that extraordinary transmission (ET) was linked to
p-polarized (transverse magnetic, TM) plasmon modes [4].

which was accidentally measured soon thereafter [14] and
explicitly reported for different configurations a few years after-
ward [15-17]. These TE modes are classical grounded-dielec-
tric slab modes [18] that can exist in any region of the
spectrum, unlike surface plasmon polaritons.

The activity in TE ET has recently taken off [19-23], driven
mainly by applications in quasi-optics [24,25] and sensing [26].
Unlocking the full potential of TE ET would be possible if the

Subsequent measurements in microwaves [5,6] and terahertz
(THz) frequencies [7,8], and theoretical works under perfect
electric conductor formalism [9] reinforced the relevance of
leaky-type TM modes [10]. However, a few theoretical works
largely unnoticed by the community [11-13] also indicated the
existence of ET for s-polarized (transverse electric, TE) modes,
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same level of understanding as with TM ET is gained in terms
of physics and practical considerations. To this end, the work
will be positioned within the leaky-wave formalism that pro-
vides physical insight as well as design guidelines for high-
performance devices, as demonstrated in bull’s eye antennas
[10,27] and quasi-optical filters [28].
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Fig. 1. Schematic of the metallic subwavelength slit array with di-
electric backing of thickness 4, illuminated by the focused Gaussian
beam with polarization parallel to the slits. The excited leaky waves
are depicted by the wavy blue arrows propagating away from the illu-
mination spot. Lattice period 4, = 0.6 mm, slit width s = 0.22 mm,
and dielectric thickness # = 102 and 188 pm. The scatter angle 6 is in
the xz-plane.

The array under study here will be an aluminum (Al)
truncated subwavelength slit array with lattice period
d, = 0.6 mm, slit width s =0.22 mm, and slit length of
70 mm (see Fig. 1). Such lattice period and slit width are
chosen for the ET to emerge in the frequency range where
the measurement instrument has its signal peak. The slit length
has no effect on the TE ET provided it is significantly longer
than the incident beam diameter 2w,. The influence of the
slit width and periodicity on the TE ET can be found in
Appendix A. We will consider » =1, 3, 7, 15, 30, and 107
slit samples patterned on polypropylene (PP) (e, = 2.25
[15,28,29]) with varying thicknesses (102 and 188 pm) to
characterize frustrated and fully developed TE ET (i.e., when
the TE, grounded-dielectric slab mode is below or above cutoff
[17,19]). Fabrication details can be found elsewhere [29]. The
fabricated samples, which will be measured with the TERA
K15 all fiber-coupled THz time-domain spectrometer from
Menlo Systems under three different experimental conditions
as described in Appendix B and in Ref. [30], will be referred to
as collimated, 100-focused, and 50-focused. To support the ex-
perimental findings and provide further physical insight, full-
wave simulations as well as method of moments analysis (which
we successfully used for TM ET through subwavelength hole
arrays [30]) will be shown (see Appendix B for technical
details).

2. RESULTS AND DISCUSSION

A. Normal Transmission Spectra and ET Saturation

The signature of leaky waves in ET is revealed when transmis-
sion is monitored as a function of the number of periods
[8,28,30-34] for TM ET in subwavelength hole arrays and
[27,35-37] for TM ET inspired highly directive antennas.
In order to demonstrate experimentally the influence of the
number of slits on the TE ET (frustrated and fully developed),
time-domain measurements are taken for the collimated exper-
imental setup, as described in Appendix B. Figure 2 presents
the amplitude of normal transmission (i.e., emitter and detector
aligned with the axis between them perpendicular to the sam-
ple) as a function of frequency, obtained from the Fourier trans-
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Fig.2. Normal transmission spectrum in dB for each of the six sam-
ples of thickness (a) 102 £ 1 pm and (b) 188 & 1 pm, using the col-
limated (estimated beam diameter, 2w, = 7.8 mm) measurement
setup. The grey dashed lines indicate the emergence of the Wood’s
anomalies. Notice that the second Wood’s anomaly emerges at
different frequencies for thin and thick samples, in agreement
with the method of moments (see Figs. 7, 8, and 13). Spectra simu-
lated using CST Microwave Studio unit cell boundary conditions
and Floquet ports have been overlayed as black dashed lines for
comparison.

formation of the waveforms. By comparing Figs. 2(a) and 2(b),
one can grasp the critical role that the dielectric substrate thick-
ness plays in the TE ET. When the dielectric substrate is thin
(frustrated TE ET), the fundamental grounded-dielectric
slab TE mode, TE, is in cutoff (i.e., evanescent) and the mini-
mum  associated with the first Rayleigh—Wood’s anomaly
(~0.47 THz) is suppressed [11,12,17,19,21]. When the di-
electric is thick enough (fully developed TE ET), grounded-di-
electric slab space harmonics are supported due to the
periodicity. They yield an increase in ET compared to the frus-
trated ET. Additionally, the spectra of these 188 pm thick sub-
strate samples present the characteristic dip linked to the first
Wood’s anomaly, known within the leaky-wave formalism as
the open stopband [38].

For the cases where the patterned area is smaller than the
incident Gaussian beam (i.e., between 1 and 15 slits), transmis-
sion increases with the number of slits throughout the whole
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spectral window due to the growing clear area. This direct
transmission saturates when the patterned area is as large as
the incident Gaussian beam. However, the maximum transmis-
sion does not saturate at this point (also see blue line in Fig. 3).
An additional enhancement at the ET frequency is evident at
~0.4-0.5 THz, starting from three slits, especially for 188 pm
thick substrate samples. This extra increase can be attributed to
the m = -1 space harmonic of the TE, grounded-dielectric
slab mode, as demonstrated conclusively later. Notice that for
a large numbers of slits, the fully developed TE ET is above
0 dB. This is due to collimation at broadside, resulting from
the contribution of the leaky-wave associated with the m = -1
space harmonic of the TE, grounded-dielectric slab mode,
and it does not violate the law of conservation of energy; the
slit array simply redirects the energy more effectively toward
the detection area than the measurement without the sample
(i.e., calibration). This saturation effect [28,30] and transmis-
sion above 0 dB have been reported for TM ET through sub-
wavelength hole arrays [30], but not yet for TE ET.

To highlight the leaky-wave mechanism, it is convenient
to monitor the ET amplitude as a function of the array size
(i.e., the number of slits multiplied by the periodicity, 4.)
to illumination-spot-size (2w,) ratio [28], since the leaky-wave
contribution depends inherently on the number of periods, but
is independent of the illumination beam spot. To this end,
both substrate-thin and substrate-thick samples are illuminated
with estimated beam diameters of ~7.8 mm, ~5.9 mm, and
~3.0 mm for the collimated, focused with 100 mm lens
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Fig. 3. Transmission amplitude as a function of the number of slits
normalized by the beam diameter for the three different setup configu-
rations, for sample thicknesses of (top) 102 £ 1 pm and (bottom)
188 & 1 pm, at frequencies 0.48 THz and 0.44 THz, respectively.

and focused with 50 mm lens configurations, respectively
(see Fig. 3). The results reveal the fundamental distinction
between the number of directly illuminated slits and the total
number of slits participating in the resonance process. Saturated
transmission is only achieved when the array length is larger
(~30 slits, corresponding to nd, /2w, of ~6, for the
50-focused setup) than the beam diameter. Figure 3 also dem-
onstrates that transmission through the thicker sample reaches a
higher saturation amplitude consistently for all three configu-
rations, indicating the need for the TE; mode to be propagat-
ing for a more efficient ET.

The dependency of sufficient number of slits and dielectric
thickness is supported through calculation of the absolute value
of the electric field on the xz-plane, simulated in the transient
solver of CST Microwave Studio with Gaussian beam illumi-
nation. Figure 4 presents the field for a substrate-thin sample
with 7 slits, and two substrate-thick samples, with 7 and 107
slits. The presence of an electric field within the dielectric slab
beyond the illumination area in Fig. 4(c) with respect
to Fig. 4(a), demonstrates the development of the m = -1
mode, as the substrate thickness is increased above a threshold.
For the thick-dielectric sample, a more efficient coupling of en-
ergy to the 72 = -1 leaky mode can be observed in the structure
with 107 slits [Fig. 4(c)] in comparison to seven slits [Fig. 4(b)],
supporting the results in Fig. 3. The increase in the number of
slits means the incident energy couples to the leaky m = -1
space harmonic of the TE; mode, rather than the slow, con-
fined TE, wave, which is observed travelling along the nonperi-
odic region of the seven-slit structure in Fig. 4(b). The energy
coupled to this slow mode remains in the structure, without
radiating to free space, unlike the leaky mode, which reradiates
energy, increasing ET.

The characteristic of the leaky 7 = -1 space harmonic of
the TE; mode, and thus, of the ET saturation condition
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Fig. 4. Simulated absolute value of the electric field along the struc-
tures, calculated in the transient solver of CST Microwave Studio,
(a) for sample thickness of 102 = 1 pm for 7 slits, at ET frequency
0.48 THz and (b), (c) for sample thickness of 188 £ 1 pm for 7 and
107 slits, respectively, at ET frequency 0.44 THz. One half of the array
is presented. The end of the seven-slit array is indicated by the white

dashed line.
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Fig. 5. Spectrograms of the detected waveforms for samples with (a) 7 and (b) 107 slits of thickness 102 & 1 pm and sample with (c) 107 slits of
thickness 188 £ 1 pm. Measurements were taken for the collimated configuration.

can be modulated via the slit width. Full-wave simulations of
the lossless case (i.e., using perfect electric conductor and a loss-
less PP) show how the leakage constant increases with the slit

width (see Appendix A).

B. Temporal Dependence of Transmission

The coupling between the incident Gaussian beam and the
m = -1 space harmonic (of the TE; grounded-dielectric slab
mode) mediating in the ET is resonant in nature [11,12]. In
addition, because of the leaky-wave nature of the m = -1 space
harmonic, time-delayed energy contribution akin to that ob-
served in bull’s eye antennas [39] should be detected in the
time-resolved measurements. To observe such energy retention
within the system, we now carry out a temporal analysis not
reported before for TE ET. Figure 5 presents spectrograms
(i.e., ime-frequency maps) for two 102 pm samples with seven
and 107 slits and one 188 pm sample with 107 slits, measured
using the collimated setup. The results demonstrate the pro-
longed presence of energy in the system after illumination,
at the frequency of the ET peak. As elucidated above, this is
mainly attributed to the longer path (i.e., time delay)—
compared to the direct transmission—followed by the energy
that couples to the leaky wave that propagates along the array
before being re-emitted toward the detector. For a larger num-
ber of slits, the leaky waves can propagate for longer. Hence,
longer ringing is observed for 107 slits compared to seven slits
[Figs. 5(a) and 5(b)]. The fact that the TE; mode is in cutoff for
substrate-thin samples constrains ringing to ~20 ps. For the
substrate-thick sample, the TE; mode is above cutoff and its
m = -1 leaky wave can explore a large number of slits, resulting
in a significantly longer ringing of energy (~45 ps), as shown

in Fig. 5(c).

C. Angle-Resolved Transmission

Normal transmission measurements provide some physical in-
sight into the TE ET. Nevertheless, complete understanding of
the underlying mechanisms in TE ET requires the study of the
sample’s angular emission and the correlation of the measure-
ments with numerical simulations to isolate the physics from

instrument-induced artifacts [30]. Indeed, the presence of leaky
waves should have a strong effect on the radiating properties of
the array [27,28,30,33,36-38] for TM ET and [16,35] for TE
ET in a slit flanked by corrugations. Hence, the angle-resolved
transmission amplitude on the H-plane (xz-plane, as indicated
in Fig. 1) at the ET peak frequency for each sample is presented
in Fig. 6. As the number of slits increases, the beamwidth of the
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Fig. 6. Radiation diagrams for each of the five samples of thickness
102+ 1 pm (top) and 188+ 1 pm (bottom), at frequencies
0.48 THz and 0.44 THz, respectively, using the collimated measure-
ment setup.
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main lobe narrows down (notice that it saturates around the
same number of slits as in Fig. 3) while emission beyond
10 deg is drastically reduced. For large angles of emission,
interference fringes are visible. This signature stems from
the interference of the different illuminated slits. Hence, the
number of nodes and antinodes increases with the number
of slits.

For the substrate-thin samples [Fig. 6(a)], the maximum
appears at 0 deg (i.e., broadside). However, for the sub-
strate-thick samples with large number of slits [Fig. 6(b)],
the maximum emerges at 1 deg. This finding is consistent with
the leaky-wave formalism. In substrate-thick samples with a
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large number of slits, the leaky wave associated with the
TE, grounded-dielectric slab mode plays a major role in the
ET. Because of the open stopband, however, the contribution
of the m = -1 space harmonic (of the TE; grounded-dielectric
slab mode) must vanish at broadside [38].

To shed more light on the angular dependence and leaky-
wave mechanism of subwavelength hole arrays in addition to
the influence of the quasi-optics in the measurement,
Figs. 7(a) and 7(b) present angle-resolved transmission spectra
as radiation diagrams for thin- and thick-dielectric samples, re-
spectively, for each of the three setups: collimated, 100-focused,
and 50-focused.
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Fig. 7. Color maps presenting the transmission amplitude in dB as a function of frequency and angle of detection for the three setup configu-
rations, for samples with 107 slits of thicknesses (a) 102 = 1 pm and (b) 188 £ 1 pm. The scale is the same for all maps, as indicated by the scale
bar, to allow for direct comparison. The focused 50 mm lens setup results include an overlaid calculated emission for the diffraction or grating lobe,
indicated by the black dashed line, while the space harmonics calculated using method of moments are indicated by the white dashed lines in the
same plots, and labeled according to their respective orders. The first and second Wood’s anomalies are indicated by the arrows in the focused

100 mm lens setup results in (b).
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the imaginary part is indicated by the color bar on the right. The wave-
vectors are normalized to the free space wavevector. The orders of the
modes are labeled.

The ET peak occurs for a frequency range 0.4-0.5 THz
for small angles, consistent with the m = -1 leaky mode.
Additional space harmonics are evident in the focused 50 mm
lens setup, while their angular dependencies are consistent with
method of moments (see technical details in Appendix B) cal-
culations, presented as dispersion diagrams in Fig. 8. At large
angles of detection, transmission resulting from the diffraction
lobe of scattered fields of the incident beam (i.e., space har-
monic 7 = -1 related to the incident field and the periodicity,
but not to the grounded-dielectric slab mode) is detected, in-
dicated by the black dashed line. The far field transmission for
an infinite array was also simulated using the commercial soft-
ware CST Microwave Studio and the results obtained (not
shown) are in agreement with Fig. 7.

The two high-transmission branches stemming from
0.46 THz at 0 deg are the m = -1 leaky mode. They exhibit
a higher angular dependence for the configuration with the
50 mm lens since the focused field is incident on the sam-
ple at larger angles to the surface normal, and the collection
lens increases the numerical aperture of the detector. This
behavior is consistent with the simulation results, which are
presented as a surface plot in Appendix D. An additional nar-
row resonance emerged between the aforementioned bands
with negligible angular dispersion. This is thought to be a
result of the m = -1 asymmetric mode [15,40], known as
the odd mode in the circuit model formalism, which only
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appears in relative thick screens with very low ohmic
losses [41].

For thin-dielectric samples, the 72 = -1 mode is a pseudo-
mode up to ~0.66 THz since the TE; grounded-dielectric slab
mode is in cutoff below such a frequency. Hence, the determi-
nant of the method of moments does not have a zero, but a
minimum instead, up to ~0.66 THz (see Appendix C). It is
also worth noticing that such 7 = -1 pseudomode vanishes
for k, — 0 [see Figs. 7(a) and Appendix D]. As a result,
the ET peak is always below 0 dB under normal incidence il-
lumination (see Fig. 2). For thick-dielectric samples, the cutoff
frequency for a TE; grounded-dielectric slab mode is
~0.36 THz. The corresponding 7 = -1 space harmonic does
not vanish as k£, — 0 and crosses the £, = 0 axis with a large
Im(k,,) below the Rayleigh-Wood’s anomaly [Fig. 8(b)],
which is the signature of ET.

3. CONCLUSION

In short, we believe this paper has shed more light on the largely
unnoticed TE extraordinary transmission, both in the fully de-
veloped and frustrated versions. We believe we have unequivo-
cally revealed the leaky-wave role governing the fully developed
TE extraordinary transmission—like TM extraordinary trans-
mission. The leaky-wave mechanism has two main implications
from a practical point of view. On the one hand, a larger num-
ber of slits than those directly illuminated are needed to achieve
saturation of transmission above 0 dB; the frustrated TE
extraordinary transmission also saturates with the number of
slits, but does not reach 0 dB since the associated mode van-
ishes for normal incidence below the first Rayleigh—Wood’s
anomaly. On the other hand, quasi-optical setups with different
angular distributions upon illumination and collection (i.e., us-
ing different numerical aperture lenses/mirrors) provide differ-
ent angle-frequency transmission maps because of the different
excitations of the variety of leaky modes sustained by the sub-
wavelength slit array. The measurements reported here high-
light the challenges regarding the calibration of quasi-optical
THz systems for structures that have underlying leaky-wave
mechanisms.

APPENDIX A: SLIT DIMENSION INFLUENCE ON
TE ET

CST Microwave Studio was used to simulate the array with
varying slit width s and periodicity .. (See technical details
of the simulations in Appendix B.) Here, ohmic and dielectric
losses have been neglected to remove their contributions to the
decay of the leaky waves.

Figure 9 illustrates the spectral dependence on the slit width,
while Fig. 10 presents the decay of a normalized electric field
along the x-axis, as shown in Fig. 1. Figure 10 demonstrates
that the larger the slit width, the larger the leakage per period
is, resulting in the leaky wave propagating for a shorter period
before completely decaying. These results are consistent with
|Im(kyo)|/ ko calculated with the method of moments at the
corresponding ET frequency: |Iml[k, (s = 0.18)]|/4, = 236,
[Im[4.o(s = 0.22)]|/ky = 307, and |Im[k, (s = 0.26)]|/
ky = 333.
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Fig. 9. Colour map illustrating the dependence of transmission on
the slit width s, for samples with &, = 0.6 mm and dielectric thick-
nesses (a) 102 pm and (b) 188 pm, simulated using CST Microwave
Studio unit cell boundary conditions and Floquet ports. Note the dif-
ferent scales.
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Fig. 10. Decay of electric field along one half of the 188 pm diclec-
tric thick array for varying slit width s, simulated in CST Microwave
Studio. The field has been normalized to the maximum field for each
measurement. The dashed line illustrates the end of the periodic region
of the structure.

Figure 11 presents the simulated spectra for varying perio-
dicity d,. There is an observable shift of the ET peak toward
lower frequencies with increasing periodicity for samples with
both dielectric thicknesses.
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simulated using CST Microwave Studio unit cell boundary conditions
and Floquet ports. Note the different scales.

APPENDIX B: METHODS

Experimental Setup: The samples were characterized using an all
fiber-coupled THz time-domain spectrometer TERA K15 with
lock-in detection (Menlo Systems). The time-constant was set
to 300 ms. The temporal length of the waveforms was 261 ps,
providing a spectral resolution of 4.8 GHz.

The detector was installed on a rotating mount to allow for
measurements in a range of angles with respect to the source-
sample axis (i.e., scatterometer) [30]. The distance between
the detector and sample was approximately 110 mm. Three
different optical configurations were used to characterize the
samples. Setup 1 used collimated illumination, providing an
estimated frequency dependent beam diameter along the x-axis
(indicated in Fig. 12) of 7.8 mm at 0.5 THz at the sample
position (see Fig. 12). Setups 2 and 3 used focused illumination
through the installation of a lens before the sample. TPX100
and TPX50 planoconvex lenses, of effective focal lengths
100 mm and 50 mm, were used to provide estimated beam
diameters along the x-axis of 5.9 and 3.0 mm at the sample
position, for setups 2 and 3, respectively. It should be noted
that a truly collimated field cannot be achieved with photocon-
ductive antennas. Hence, the incident field is slightly diverging
in these measurements.

The photoconductive antennas used in the spectrometer
produced a vertically linearly polarized field, aligned along
the slit direction. The different lenses of the quasi-optical
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Fig. 12. Schematic diagram of the (a) collimated and (b) focused configurations of the TDS setup. The open grey boxes illustrate the photo-

conductive antenna casings.

system may induce some degradation of the polarization purity
that was not considered in the measurements or numerical
analysis. To enhance the polarization purity at the sample po-
sition, it would be advisable to position a linear polarizer along
the beam path.

Scans were recorded at varying angles on the H-plane (xz-
plane) in increments of 1 deg up to 20 deg, 2.5 deg between
20 deg and 40 deg (50 deg for setup 2), and then 5 deg up
to 55 deg.

Data Processing: Prior to performing a Fourier transform on
the time-domain data, the data was subject to time-windowing
using a Hanning-type window. Measurements were calibrated
through comparison to a measurement taken without the sam-
ple with the source and detector on-axis, on the day of the ex-
periment. The calibration data was removed from the signal
data in the frequency domain. The results in Fig. 2 were filtered
using a lowpass filter, with a cutoff frequency 0.2 THz, while
the spectrograms in Fig. 5 were obtained using an overlap of
98% of the zero-padding length and a number of DFT points
of 512.

Simulations: The transient and frequency solvers of CST
Microwave Studio were used to simulate the response of the
semi-infinite and infinite array under a normal incidence
two-dimensional (2D) Gaussian beam, and a normal as well
as oblique incidence (i.e., the subwavelength slit array is rotated
along y-axis) plane wave excitation, respectively. For the
Gaussian beam setup, top and bottom electric walls were
defined while the solver-defined open add space boundary
conditions were set in x. For the plane wave excitation, the
solver-defined unit cell and periodic boundary conditions
were employed to generate Figs. 9, 11, and 14, and results
related to Fig. 7 that are not shown, respectively. Metal was
modeled with conductivity ¢ = 3.56 x 107 S/m, except for
Appendix A (Figs. 9—11) where the perfect electric conductor

is considered. The PP was modeled as €, = 2.25 and loss
tangent tan 6 = 1073, except for Appendix A, where it was
considered as a perfect lossless dielectric.

Method of moments: This numerical technique is employed
for the solution of the integral equation satisfied by the electric
field on the surface of the slits in zero-thickness perfect elec-
tric conductor (PEC) plates supported by a grounded dielectric
slab. Because we are interested in the self-supported surface
waves, no excitation is considered and the integral equation
is given by

/5/00 Gper(x_ X’,)/—)”) . Et(x',y')dx'dy' =0 (B1)

for -5 < x < 3§ and -0 < y < oo, where E,(x,y) stands for
the unknown tangential electric field distribution on the sur-
face of the mth slit and the kernel of the integral equation
corresponds to the 1D periodic dyadic Green’s function re-
lating the electric current and the tangential electric field on
the surface of the screen. This periodic Green’s function can be
related to the nonperiodic Green’s function through Bloch’s
theorem as

GPer(x,y) = Z G(x - md,, y)etomds, (B2)

m=-o0

where the phasing 4, 4. is imposed between two adjacent unit
cells. Following the work in Ref. [42], this integral equation can
be solved in the spectral domain [i.e., using the Fourier trans-
form of Eq. (B1)] by providing a limited set of basis functions
that can accurately render the behavior of the electric field dis-
tribution in the slot and that have an analytical Fourier trans-
form. By using the same basis functions as weighting functions
(Galerkin’s version of method of moments) and integrating the
result over the unit cell slit, one achieves a system of linear
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equations for the coefficients of such basis functions. The
eigenmode solutions are then retrieved by looking for the
zeroes of the determinant of such a system for each frequency
and for each phasing between adjacent unit cells, as explained
in Ref. [43].

As shown in Refs. [30,42,43] for slits and slots, a very lim-
ited set of basis functions is required to achieve convergence
when one resorts to the use of Chebyshev polynomials
weighted by the right edge behavior for the polarization of
interest. In the case of polarization parallel or perpendicular
to the slit, the edge behavior is given by a square root zero
or square root singularity, respectively, as one approaches the
thin metal edge.

APPENDIX C: DISPERSION DIAGRAMS
COMPUTED WITH THE METHOD OF MOMENTS
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Fig. 13. Dispersion diagrams calculated from the method of
moments for /= 102 pm (top) and » = 188 pm (bottom). The
color represents the value of the determinant of the method of
moments system in logarithm scale and the dashed lines indicate
the modes, which are labeled according to their respective orders.
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APPENDIX D: TRANSMISSION SPECTRA AS A
FUNCTION OF ARRAY ROTATION ALONG THE
Y-AXIS
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Fig. 14. Simulation of transmission through infinite periodic arrays
with 4 =102 pm (top) and 4 = 188 pm (bottom) using CST
Microwave Studio unit cell boundary conditions and Floquet ports.
The space harmonics calculated using method of moments are indi-
cated by the white dashed lines. The inset presents a sketch of the
simulation demonstrating the off-axis illumination and detection
scheme. The blue and grey regions indicate the dielectric material
and metal, respectively, while the red arrows indicate the direction
of incident and transmitted radiation.
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