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Abstract: Terahertz (THz) waves laterally confined in a 1 mm-thick microstructured planar
waveguide are demonstrated on a free-standing metal rod array (MRA), and one apparent
rejection band of a transmission spectrum, resembling the bandgap of a photonic crystal, is
found in 0.1-0.6 THz. The visibility of the photonic bandgap in the spectral width and power
distinction can be manipulated by changing the MRA geometry parameters, including the rod
diameter, the interspace between adjacent rods, and the propagation length based on an
interactive MRA-layer number. THz transmission ratio enhanced by a large interactive length
is verified in 30 MRA layers due to the longitudinally resonant guidance of transverse-
magnetic-polarized waveguide modes along the MRA length, which is critical to the
interspace width of adjacent rods and the metal coating of the rod surface. For an MRA with
respective rod diameter and interspace dimensions of about 0.16 and 0.26 mm, the highest
transmission of the guided resonant THz waves are performed at 0.505-0.512 THz frequency
with strong confinement on the metal rod tips and a low scattering loss of 0.003 cm™".

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement
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1. Introduction

Photonic crystals (PCs) [1] and waveguide-integrated chips [2] are artificial media which
have been extensively developed in optical and terahertz (THz) regimes [3] to manipulate
photon transportation and control optical properties by tuning their structural parameters.
Various PCs with waveguide integration have been demonstrated for practical use in optical
communications [4] and sensing [5]. It is increasingly essential to use THz photons within
0.1-3 THz to probe various chemical compounds and communicate in optical systems for
infrared-ray spectroscopy because THz photon energy matches the vibrational or rotational
energy-level transitions, related to intermolecular force and molecular dipole moments [6].

In the THz regime, metals are approximated to perfect electric conductors (PECs) to
completely reflect THz waves without intrinsic absorption and are thus useful as the low loss
waveguide medium. For example, the THz Zenneck surface wave (THz surface plasmon)
propagating on a metal sheet performs low waveguide loss, but the guiding field extends
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several millimeters above the metal surface [7]. Some solutions are proposed to control the
confinement of THz surface plasmon on a metal surface. One involves fabricating the
subwavelength 1D or 2D periodic patterns, called THz spoof surface plasmon polaritons
(THz-SSPPs) [8], or coating dielectric layers on the metal surface to reduce the lateral field
extension of waveguide modes [9]. Another approach constructs parallel-plate waveguides
(PPWGs) with metal-tapered configurations to gradually concentrate the transverse THz field
into a subwavelength spatial resolution [10]. However, the SSPP-based periodic structure and
PPWG are necessary to integrate the metal plates, dielectric prisms [11] or metal blades [12]
to form bulk assemblies for high efficiency excitation of the confined THz waves. It is
disadvantageous to the evanescent wave sensing scheme, planar integration with other
sensing platforms, and for the development of miniaturized chip systems. When THz surface
plasmonic waves propagate without relying on any bulk assembly, the miniaturized
waveguide is flexibly compatible with other components on a substrate via the end-to-end or
in-line connection.

Recently, integrated THz waveguide sensors based on metal-rod-arrays (MRAs) have
been experimentally demonstrated for sensing nano-thin films [13] and liquid drops [14],
respectively based on transverse-magnetic (TM) and transverse-electric (TE) polarized wave
transmissions. The MRA-guided THz field is phase-sensitive to the analytes both in the TM-
and TE-waveguide modes, and the highly sensitive detection of nano-films or liquid drops
can be achieved while the waveguide modal field is spatially controlled to match the cross
sections of the analytes. This sensing scheme for the MRA waveguide demonstrates the
advantages in using the evanescent waveguide field on a miniature chip system. Literatures
show that MRA has obvious photonic bandgaps [15, 16] to reject THz waves [17, 18] or
microwaves [19], thereby working as artificial media to modulate those waves in PPWGs
[20-22]. However, investigation is still needed on THz wave transportation dependent on the
geometric parameters of MRA and metal surfaces of periodical rods to reveal the criteria of
lateral confinement and low-loss propagation.

In the presentation, the spectral properties and lateral confinement of THz waves guided
on the MRA structures are experimentally investigated using THz time-domain spectroscopy
(THz-TDS) and compared with theory. From THz transmission spectra, the spectral features
of MRA forbidden and transmission bands are demonstrated for tailorable characteristics.
Those spectral features can be adjusted from the MRA geometrical parameters in
experiments, including the structural periods, metal-rod diameters, interspaces of adjacent
metal rods, and propagation lengths for the interactive MRA layer numbers. Because MRA
forbidden bands dependent on the structural periods resemble the photonic bandgaps of PC in
THz frequency region, the MRA structures are validated as PC-slab waveguides for the
transmitted THz waves with lateral confinement in single- and high-order waveguide modes.
For the MRA-confined THz waves, the attenuation factors in waveguiding involve the
scattering and intrinsic absorption losses, respectively, resulted from the discrete air space
among metal rods and the finite metal-rod conductivity at THz frequencies. The propagation
loss of the MRA slab-waveguide is mainly contributed by the scattering loss when the metal
surface of MRA is ideal as a perfect conductor. Therefore, in theory, an MRA structure
constructed using perfect conductive metal rods with a diameter of 0.16 mm and interspace of
0.26 mm can sustain 0.505-0.512 THz waves over a 30 mm propagation length with
transmittance above 30%. When the modal fields stabilize after the waveguide propagation
above 30 periods of MRA, the single modal power peak is laterally confined on the rod-tips
and the propagation scattering loss is only about 0.006 cm™'. Such low waveguide loss and
high lateral confinement on the MRA-based PC slab waveguide are superior to the guidance
performance of SSPP-based waveguides [23] and the available solid or porous dielectric
waveguides [24]. Our results provide valuable information for understanding the relevance
between MRA-guided TM waves and waveguide confinement for THz radiation.
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2. Materials and measurement

2.1 Specification of MRA structures

#%0.16 mm

f7=1 mm

Reflected |
Beam
Fig. 1. (a) 3D and (b) top-view schematically drawings for a THz photonic crystal based on an

MRA. (Inset) Microscopic photograph of an MRA. (c¢) Phase-matching diagram of THz wave
reflection among metal rods.

As shown in Fig. 1(a), an MRA is composed of multiple rows of one-dimensional rod-array,
and each row of MRA lies in the X—Z plane, which is consisted of 13 uniform metal rods with
a uniform height of approximately 1 mm. The TM-polarized THz waves can be input at the
first row of the MRA with partial transmission and reflection as schematically expressed in
Fig. 1(a) for the edge-coupling configuration on a 3D structure of MRA. The 13 metal rods
periodically standing in a row are defined as one MRA layer to interact THz waves, which is
important to indicate the interactive position and length of MRA along the Y-axis.

In the experiment, different amounts of uniform MRA layer can be precisely fabricated
along the Y-axis by micro-stereolithography and sputter-coating methods [13, 14], in which
one fabricated MRA is presented in the inset of Fig. 1(a). To investigate geometry-dependent
spectral properties of MRA in 0.1-1 THz frequency, the rod diameters of D are controlled at
0.16 and 0.13 mm, and the required interspaces G among the rods are exactly arranged,
including 0.26, 0.36, and 0.46 mm. To discuss the interactive length of MRA in THz wave
transmission, 30 and 4 layers of MRA are fabricated and compared in the experiment.
Furthermore, the high accuracy of micro-stereolithography repeats the 3D structures of rod
array, thereby carrying out the comparison between two bare chips with and without metal
surface. The fabricated MRAs are measured for THz-wave transmission spectrum using
waveguide-based THz time-domain spectroscopy (THz—TDS) [25, 26]. The input spectral
range is 0.1-2 THz and the spectral peak is at 0.3 THz with a power signal-to-noise ratio of
approximately 10°.

2.2 Principle of THz photonic bandgap performed in an MRA

The broadband TM-polarized waves passing through a metal slit have been demonstrated and
the waveguide modal field exists in 0.1-2 THz that accumulates on and surrounds the metal
surface [27]. The TM-waveguide mode of single metal slit can be extended to periodic slits in
the MRA layer, thereby having the consistent modal field distribution around the metal
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surface for the large-area illumination of input THz waves [28]. Although the scattering
reflectance of broadband TM-waveguide modes is dependent on THz frequency, the waves
interfering via the multiple-layer reflection in or outside the metal-rod structure dominates the
overall MRA reflection or transmission spectrum. The total scattered THz waves, labeled
THz wave reflection in Fig. 1(a), are thus formed by constructively summing up the partially
reflected THz waves from several MRA layers along the Y-axis. The MRA interspace G
along X- and Y-axes are equidistant but have different contributions in the reflection
spectrum. That is, the frequency-dependent reflection of the TM-modal field at one MRA
layer is correlated to the X-axial interspace, and the Y-axial interspace can modulate the
guided THz waves to perform its characteristic feature in the interference spectrum. Such
modulation effect by the Y-axial interspace (or period) of MRA can be explained by the
geometries of THz-ray trace [Fig. 1(b)] and THz-wave propagation constant [Fig. 1(c)] as
follows.

For THz-ray trace in Fig. 1(b) the path difference of the two reflected THz rays from two
adjacent MRA layers is 24 cosf, where A and 8 are, respectively, the MRA period (4 = G +
D) and the incident angle. Constructive interference occurs when an integral number of THz
wavelengths A/n 5 in the MRA medium fits the path difference. Therefore, the MRA-reflected
THz wave follows the equation 24°-cos = m*(/n.), where ngy is the effective refractive
index and m is an integer. The equation is the so-called Bragg law and effectively predicts the
spectral positions of the MRA-reflected THz waves based on a simple geometric path
difference [29].

Furthermore, the propagations of the MRA-scattered and incident THz beams obey
momentum conservation when the area size of MRA layer is sufficiently larger than that of
the input THz beam. The wave vector geometry of the phase-matching condition is described

in Fig. 1(c) and represented as K+ Kx =K,. Kin and K, are, individually, the propagation
constants of input and reflected/scattered waves, which both equal 2zn.m/cy. The symbols of
neg; v, and ¢y denote the effective refractive index, THz wave frequency, and speed of light in

a vacuum, respectively. K. is an MRA grating wave vector and defined as 2zm/A, where A
and m are the grating period and an integer. The MRA-reflected THz waves satisfy the
momentum conservation, thereby resulting in serious loss of transmission. Subsequently,
serious loss causes spectral dips in a transmission spectrum, namely the photonic bandgaps of
an MRA structure to reject THz wave transmission. The center frequency of MRA photonic
bandgaps, vpc, can be thus derived and shown as aves

m-c,
=— 90
2-n,-A-cosf

Q)

Vrc

which corresponds to the phase-matching condition and equals the Bragg frequency as
depicted in Fig. 1(b).

3. Results and discussion
3.1 Period- and interspace-dependent THz photonic bandgaps

With the normal incident condition [i.e., 8 = 0 in Fig. 1(a)], the transmission spectra of 0.62,
0.52, and 0.42 mm-4 MRAs are measured and calculated for the interactive length of 30
layered-MRA and displayed in Figs. 2(a)-2(c). To compare the spectral performances of
MRA, we normalize the spectral power peaks individually in measurement and calculation to
observe the power ratios at certain frequencies related to the maximum transmission power.
The three MRAs indicate different interspaces, namely, 0.46, 0.36 and 0.26 mm, but the same
rod diameter of 0.16 mm, individually, for the 0.62, 0.52, and 0.42 mm-4 MRAs. One
obvious rejection band with very low THz transmittance exists in the MRA transmission
spectrum, thereby corresponding to the photonic bandgap as explained in section 2.2. The
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measured center frequencies of the photonic bandgaps are 0.258, 0.296 and 0.357 THz,
respectively, for the 0.62, 0.52, and 0.42 mm-4 MRAs, and agree with the first order of Bragg
law [m =1 in Eq. (1)]. The FDTD calculation in a 3D framework reveals that the other high-
order Bragg frequencies (m>1) of MRA cannot be found in 0.1-1 THz. The spectral position
and bandwidth of MRA photonic bandgap can also be effectively simulated by this numerical
calculation to match the measured results, including the blue shift and spectral extension for
G reducing from 0.46 to 0.26 mm, as shown in Figs. 2(a)-2(c).

There are two possible factors to hinder high-order Bragg reflection in Figs. 2(a)-2(c).
One is the high-order periodical modulation of refractive index along the MRA Y-axis is not
realized by the THz beam size, > 1 mm. The other one is the periodical modulation of
refractive index along the MRA Y-axis approximates a sinusoidal function because of the X-
axial diffraction among the rods, consequently vanishing the high-order Fourier components.
In fundamental [29], the periodic index function n(z) in a Fourier series is expressed as, n(y)
=ny + [n;2a,, Exp(-i2my/A)], where n, is the spatially averaged refraction index of MRA, n;
is a constant representing the amplitude of the periodic index modulation and a,, is the m™
Fourier component of the periodic index variation. The m™ Fourier component along MRA Y-
axis has a wavenumber of m(2n/A4). Each of the Fourier components, i.e., m, can be
considered as an infinite set of partial reflectors with a spacing A/m, responsible for a Bragg
reflection of order m [Eq. (1)]. To perform the high-order Bragg reflection, the index
variation amplitude (a,,) should exist due to suitable modulation geometry and coupling beam
size.
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. . A=0.62 mmG ~0.46 mm A=0.52 mm G=0.36 mm
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Fig. 2. Theoretical and experimental transmission spectra for the MRAs with different
interspaces, (a) 0.46 mm (b) 0.36 mm and (c) 0.26 mm. (d) Theoretical and measured results
for the relation between the MRA period and the central frequencies of the photonic bandgaps.

The calculated Bragg frequency based on Eq. (1) with the parameters, D = 0.16 mm, 7., =
1.0, sin(z/2) = 1, and m = 1, shows the inverse proportional relation versus A as a red line in
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Fig. 2(d). The center frequencies of spectral dips, simulated by FDTD and shown as blue-
square dots in Fig. 2(d), indicate the same trend between vpc and A, but the FDTD-vpc is
slightly higher than Bragg frequency for a certain 4. The deviation of photonic bandgap
frequency between the FDTD simulation and Bragg law is resulted from the input THz beam
size approximating to the rod length about 1 mm. In Bragg law [29, 30], the rod length is
infinite and the MRA across-section area is much larger than that of THz input beam. FDTD-
vpc therefore approximates to the measured value that is expressed as the black-square dots in
Fig. 2(d). The vpcA relation indicates that the MRA structure via the edge-coupling
configuration can perform as one THz PC with apparent and /-dependent photonic bandgaps,
whose spectral property follows the first-order Bragg reflection and FDTD simulation of the
3D framework.

The bandwidth of photonic bandgap can be critically controlled by different metal rod
diameters for one MRA period. Experimentally, we prepare two MRAs with D values of 0.16
and 0.13 mm within the 0.42 mm A to observe THz transmission under the conditions of
normal incidence and 30 MRA layers. The measured transmission spectrum of 0.13 mm-D
MRA is compared with that of 0.16 mm-D MRA, respectively, as shown by the red-dot and
black-dashed lines in Fig. 3(a). The transmitted powers are normalized at the individual
spectral peaks to observe the variation of power ratio and bandwidth at photonic bandgaps, in
which the normalized transmission spectrum of 0.16 mm-D MRA is applied from Fig. 2(c) as
the reference.

-=-D=0.16 s waler v =
=503 gy 'm“%:pfm A ,0'4% 02 " . ; . . .
,:_.!f.-l v (b) = FDTD simulation
b5} | Tincar Fit results ]
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Fig. 3. (a) Transmission spectra of the two MRAs with the same period, 0.42 mm, but different
rod diameters. (b) Calculated results for the relation between the metal rod diameter and the
bandgap bandwidth based on the same MRA period.

The two MRAs have the coincided center frequency (vpc) of photonic bandgap at 0.357
THz because of the same MRA period, but the bandwidth (4v) obviously changes when the
rod diameter reduces from 0.16 to 0.13 mm. The full width at half maximum of rejection
bandwidths for the 0.16 mm- and 0.13 mm-D MRAs are, respectively, 0.202 and 0.04 THz.
The result of Fig. 3(a) reveals that the bandgap bandwidth of MRA at a designed PC
frequency can be engineered via fine tuning metal-rod diameter. Figure 3(b) summarizes the
FDTD simulation result of A4v for various MRA-D values in the same 0.42 mm A. The
bandwidth proportionally increases with the extension of metal-rod diameter within the 0.42
mm 4 when THz waves normally input and interact with the 30 MRA layers. The
proportional relation between D and Av is linearly fit with the high R-squared value (i.e., the
coefficient of determination in statistics) up to 0.98. The bandwidth responsibility of an MRA
photonic bandgap represents that the increase of effective metal cross-section for an MRA PC
facilitates THz wave reflection and raises the rejection bandwidth in the transmission spectra.

The power-distinction-ratio, defined as the power contrast between the peak and dip of
transmission spectra, obviously reduces as the rod diameter shrinks in a 0.42 mm A. Figure
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3(a) presents the spectral dip of 0.42 mm-4 MRA apparently rises from 5.05 x 107 to 0.03
when the metal-rod diameter reduces from 0.16 to 0.13 mm. For shrinking this metal-rod
diameter, the corresponding decrement percentage of power-distinction-ratio is around 98%.
The reduced metal-rod diameter within a 0.42 mm A enlarges the air interspace to decrease
THz reflectivity at an MRA layer. Based on the interference theory, the highest visibility of
the interference term occurs when the powers of two interference waves are equal [31]. In this
case, increasing the D value from 0.13 to 0.16 mm in a 0.42 mm A makes the reflected THz
wave power via a series of MRA layers approximate to that of the input waves, thereby
leading to the increased distinction-ratio or interference visibility at the phase-matching
reflection.

3.2 Interactive-length dependent THz wave transmission

In addition to THz reflectivity on each MRA layer, the interactive length between MRA and
THz waves also affect the power-distinction-ratio of MRA-PC. Experimentally, we prepare a
four-layered MRA to compare with the 30-layered MRA for the power variation of photonic
bandgaps in their normalized transmission spectra, in which the geometric parameters of D, G
and A are respectively 0.16, 0.26 and 0.42 mm. In Fig. 4(a), the measured transmission
spectra are illustrated and normalized with the power peaks of approximately 0.25 THz to
observe the relative variations of transmission power ratio, where the black-dashed line
represents the spectrum of 30-layered MRA and is applied from Fig. 2(c). As expressed in the
inset of Fig. 4(a), the relative power level of the spectral dip apparently rises from 5.05 x 107
to 2.76 x 107> when the MRA interactive length decreases from 30 to 4 layers. The power-
distinction-ratio also becomes lower by approximately 98%, near the decreased percentage
for reducing metal-rod diameter from 0.16 to 0.13 mm [Fig. 3(a)]. The experiment shows a
THz reflection of MRA-rejected waves from the four-layered MRA is certainly less than that
from the 30-layered MRA, thus resulting more leaky transmission power in the rejection band
of the four-layered MRA. In addition to the photonic bandgaps, the power transmission ratios
related to the
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Fig. 4. Normalized power transmission spectra for 4- and 30-MRA layers at different
interspaces, (a) G = 0.26 mm and (b) G = 0.46 mm. (Inset) The power levels contrast to the
normalized power peak in the rejection bands for G = 0.26 mm.

individual spectral peaks can be modified via the MRA interactive length. In Fig. 4(a), the
high-frequency transmission band in 0.42-0.55 THz for the 30 layers of 0.42 mm-4 MRA
possesses a relatively higher power ratio than does the four-layered one. Thus, the 5th up to
30th MRA layers of the 0.42 mm-4 MRA perform constructive interference to enhance THz
transmission at 0.42—0.55 THz. Such constructive interference at high-frequency transmission
band is the result of the longitudinal resonance of THz waves among the multiple MRA
layers behind the 4™ layer.
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When the interspace of an MRA extends larger than 0.26 mm with the same metal rod
diameter of 0.16 mm, the rejected waves becomes deliverable along the four-layered MRA
and the power-ratio enhancement induced by a 30 layered-interactive length at the high-
frequency transmission band is not found. As shown in Fig. 4(b), the spectral power dip of
photonic bandgap at 0.258 THz apparently increases from 0.009 to 0.362 when the interactive
length reduces from 30 to 4 layers of MRA. For the large interspace, G = 0.46 mm, the
enhanced power ratio disappears at the high-frequency transmission band, 0.27-0.40 THz,
opposite to the 0.42—-0.55 THz waves in the 0.26 mm-G MRA [Fig. 4(a)]. Thus, the leaky
THz power through the large gap size, 0.46 mm, is greater than that caused by the
constructive interference effect via THz longitudinal resonance among the multiple layers of
MRA. By contrast, the enhanced power transmission ratio for the large interspace shifts to the
low-frequency band, 0.12—-0.24 THz, when the MRA interactive length is increased from 4 to
30 layers.

3.3 Metal-surface dependent THz transmission bands

In addition to the longitudinal resonance inducing the enhanced power transmission ratio, the
high-frequency transmission band of 0.26 mm-G (i.e., 0.42 mm-4) MRA at 0.42-0.55 THz
strongly correlates the metal surface of rod array. Figure 5(a) shows that the polymer-rod-
array structure without metal coating (i.e., a bare chip) only passes THz waves in 0.15-0.30
THz, which belongs to the low-frequency transmission band of the 0.42 mm-4 MRA. The
high-frequency transmission band at 0.42—0.55 THz is strongly absorbed by the polymer rods
of the bare chip. The reference spectrum of 0.42 mm-4 MRA, in contrast to the bare-chip
spectrum in Fig. 5(a), is applied from Fig. 2(c) and displayed as a black dashed curve.

However, such internal absorption from polymer rods is not so obvious for more extended
interspace because more air-space occupation within the THz-wave propagation path benefits
THz transmission. The bare chip with polymer rods of 0.16 mm diameter and 0.36 mm
interspace is used as an example to compare the transmission spectrum with that of 0.36 mm-
G (i.e., 0.52 mm-4) MRA in Fig. 5(b). The relative transmission ratios at the high-
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Fig. 5. Transmission spectra of 30-layered MRAs and polymer-rod arrays with the same rod
diameter of 0.16 mm and different interspaces of (a) 0.26 mm and (b) 0.36 mm.

and low-frequency transmission bands of the bare chip are similar to those of the 0.36 mm-G
MRA, which is depicted as a black dashed curve in Fig. 5(b) and applied from Fig. 2(b).
Thus, the high-frequency transmission band of a 0.36 mm-G bare chip is preserved with low
THz absorption, opposite to the high transmission loss of 0.26 mm-G bare chip at 0.42—0.55
THz in Fig. 5(a).

Figures 4 and 5 reveal that the enhanced THz transmission based on longitudinal
interaction and metal surface along a 30-layered MRA structure is critical to the sufficiently
small interspace, consistent with the plasmonic enhancement effect of TM-polarized waves
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inside the metal slits [27]. Experimentally, the MRA geometric parameters for D, G, A and
MRA-layer plan number, individually, of 0.16, 0.26, 0.42 mm and 30 not only apply to the
high power-distinct-ratio on the photonic bandgap at 0.10-0.60 THz, but also as THz
plasmonic waveguides with a power ratio enhancement at 0.42—0.55 THz. In the following
sections, we further discuss the lateral power confinement and scattering loss for the waves at

0.42-0.55 THz to evaluate the waveguiding ability of MRA.

3.4 Lateral power confinement on metal rod arrays

0.439 THz 0.483 THz
—— (0424 THz —=— 0.431 THz (&) —— 0.453 Tz —— 0461 THz (D) —— 0,468 THz —s—0.475 THz (©)
1.0——= T g MEN 1.0 T T T T T 1. 0 0 T T T
1 MRA MRA
Bogh 1 Sosf 1 50s
- g ! Ex
& N\ 2 | 2 :
80.& < 06f 506 L
| 3 =
=04 =04 = S04
£ g E
> 2 0.2 ! < 0.2
0.2 . i 2t
Zoa | 2 202}
== R A == L Air| Bl
00 02 04_ 06 08 1.0 12 00 02 04 06 08 10 12 00 02 04 06 08 10 12
Z axis (mm) Z axis (mm) Z axis (mm)
——0.519 THz 0.534 THz
——0505THz ——0.512THz  (¢) ——0527THz _ ——0541THe (D
10 1.0 ) L : : . 1.0 ; - i -
5 MRA | MRA Air
H =
5o sl Sosk = 208 1
g 0.8 g g
o ~ ok
506 So0s =06
=04 =04 T 04f
g £ £
=] =3 =}
Z 0.2 Z 0.2 Z02
0.0 0.0 5 0.0 : ===
0.0 406, : 0.0 0.2 06 00 02 04 _06 08 10 12
7. axis (mm) 7. axis (mm) 7 axis (mm)

Fig. 6. Measured results for the lateral field distribution along Z-axis at different THz
frequency ranges, (a) 0.424-0.439 THz, (b) 0.453-0.461 THz, (c) 0.468-0.483 THz, (d)
0.490-0.497 THz, (e) 0.505-0.512 THz, and (f) 0.519-0.541 THz.

To verify the waves with MRA-enhanced transmission in 0.42—0.55 THz and inside the 0.42
mm-4 MRA structure (G = 0.26 mm, D = (.16 mm) as waveguide modes, their lateral power
distributions along the Z-axis (i.e., rod axis) should be observed. Experimentally, the integral
waveguide powers from Z = 0 to 1.3 mm at the 30th layer of MRA (i.e., output end) are
measured by the knife-edge method and differentiated to observe modal power distributions
at different Z-axial positions, which are normalized at individual maximum powers and
illustrated in Figs. 6(a)—6(f). The knife-edge position at Z = 1.3 mm is sufficiently large to
pass all THz wave power in 0.42—0.55 THz, and all the power is contrarily blocked for Z = 0
mm. The metal thickness of knife-edge is less than 0.1 mm, much smaller than the
wavelengths of THz waves in 0.42-0.55 THz, and a blade attached on the output-end rod
surface is workable for the open frame structure of an MRA. Therefore, the wave interference
between the interfaces of knife-edge and MRA layer does not occur [32]. Furthermore, the
measurement deviation, presented as the error bars in Fig. 6, were obtained from three rounds
of THz-waveform measurement at different Z-axial positions, 0—1.3 mm. For the same THz
waveform measurement, the power fluctuation at 0.424-0.453 and 0.534-0.541 THz
frequencies is about +/—=30% but reduces to +/—10% at 0.461-0.527 THz with relatively high
amplitude. The spectral powers at these three frequency ranges are derived from the same
THz waveform without manual deviation to tune THz frequency. Although the power
fluctuation at the spectral edge is higher than that of the spectral center for a measured THz-
waveform, the frequency-dependent power response at any position of Z-axis is distinct to
discuss due to the statistical analysis on three THz waveforms at each Z-axis position.

In Fig. 6(a), 0.424 THz wave at the spectral edge of high-frequency transmission band
[Fig. 2(c)] performs multiple power peaks along the Z-axis at 0.4, 0.9 and 1.1 mm, thereby
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corresponding to a high-order waveguide mode in the Z-axis. However, the waves with 0.431
and 0.439 THz frequencies have single power peaks in Z-axis because their related power
ratios for the knife-edge positions at Z = 0.4, 0.9 and 1.1 mm are lower than that of 0.424 THz
wave. Thereby, the two waves perform the single Z-axial waveguide modes and spread in the
air cladding apart from the rod-tip surface at approximately 0.2 mm (i.e., Z = 1.2 mm). Here,
the rod-tip surface is the X-Y plane at Z = 1.0 mm and called as MRA-tip surface. When THz
frequency rises to 0.453-0.483 THz as shown in Figs. 6(b) and 6(c), the Z-axial modal power
peaks are closer to the MRA-tip surface, compared with those of 0.431 and 0.439 THz waves.
The 0.490 and 0.497 THz waves near the high-frequency transmission peaks have relatively
high fractions of power inside the MRA structure, as illustrated in Fig. 6(d) and are compared
with those low-frequency waves in Figs. 6(a)-6(c). However, the modal power peaks of 0.490
and 0.497 THz waves remain outside the MRA, Z = 1.1 mm. For the waves at 0.505 and
0.512 THz frequencies, the lateral power confinement as shown in Fig. 6(e) is better than that
of 0.490 or 0.497 THz wave [Fig. 6(d)] because their Z-axial power peaks are approximately
located at the MRA-tip surface. Such MRA-guided THz waves on the metal-rod tips are
equivalent to
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Fig. 7. (a) Measured power fractions inside the MRA for the single and high-order modes
along the metal rod axis. Simulated electric field distributions in the X-Y plane at Z = 1.0 mm
for different THz frequencies: (b) 0.453 THz, (c) 0.505 THz, and (d) 0.519 THz.

surface-confined fields at the air-MRA interface, thereby resembling the plasmonic
waveguide schemes [33]. When THz wave frequency rises to 0.519—0.541 THz, the surface-
confined power peaks split partial power inside the MRA structure. As shown in Fig. 6(f), the
0.519-0.541 THz waves have two Z-axial power peaks, respectively, at Z = 1.0 and 0.4-0.5
mm, thereby corresponding to the high-order waveguide modes in the Z-axis, and are
considerably confined, as opposed to the loosely confined high-order modes at 0.424 and
0.490 THz [Figs. 6(a) and 6(d)].

Based on the measured results in Fig. 6, the fractional power of waveguide mode inside
the MRA is further estimated in Fig. 7(a) for the Z-axial single and high-order modes,
respectively, denoted as the black- and red-square dots. The related error bars are estimated
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from the power fluctuation at Z-axial position of 1 mm for the repeated measurement of THz
waveforms. The high-order modes occur at 0.424, 0.490, and 0.519-0.541 THz. The single
modes lie at 0.431-0.483 and 0.497-0.512 THz. Obviously, the high-order modes indicate a
power fraction range of 53—-81%, which is considerably higher than that of the single modes
at 24-44%. For frequency increased from 0.42 to 0.55 THz as shown in Fig. 7(a), the power
fraction value inside the MRA slightly increases with THz frequency both for single and
high-order modes, thereby approximating the frequency-dependent confinement of a
dielectric slab waveguide [34].

Three waves at 0.453, 0.505, and 0.519 THz frequencies are then used as examples in
FDTD calculation to observe the modal field distributions on the MRA-tip surface, which are
individually shown in Figs. 7(b)-7(d). The 0.453 THz field as shown in Fig. 7(b) is seriously
decayed with propagation length and not confined overall at the MRA-tip surface because the
Z-axial power peak is outside the surface, as shown in Fig. 6(b). Figures 7(c) and 7(d),
respectively, show 0.505 and 0.519 THz waves cover all the 30 layers of MRA, thereby
representing that their lateral fields are well confined at the tip surface and consistent with the
lateral power peaks measured at the rod tips of the output end [Figs. 6(¢) and 6(f)]. The
simulated electric field distributions on the MRA-tip surface along the wave propagation
direction show the loosely confined THz waves, such as the 0.453 THz wave, with Z-axial
power peaks above the rod tips, cannot propagate for a long length of MRA. However, the
waves of 0.505-0.541 THz with modal power peaks at the rod tips, including the single- and
high-order modes, are effectively confined to propagate for relatively long propagation
lengths. It represents that the TM-waveguide modes within the X-axial interspace of 0.26 mm
and at 0.505-0.541 THz frequency can be experimentally confined inside the 1 mm-thick
MRA for the 30-layer propagation, which is dependent on the critical factors of MRA-layer
number, interspace, or reflectivity as shown in Figs. 4 and 5.

3.5 Scattering loss of MRA waveguide

To observe THz scattering loss of the MRA-enhanced waves in 0.42—0.55 THz and along the
0.42 mm-4 MRA (G = 0.26 mm, D = 0.16 mm), the transmittance after different layers of
MRA are calculated based on the perfect-conductive rods (i.e., PEC) and shown in Fig. 8(a).
The transmittance of 40-85 layered MRA is apparently lower than that of the 20 or 30 layered
MRA because some percentages of MRA-guided power radiate or scatter out of the rod-array
structure without being confined by the MRA interspace. For 0.42-0.55 THz waves, their
modal power distributions in the X—Z plane are almost fixed when waveguide length is longer
than 30 layers but the transmittance performs an exponential decay between the 30™ and 85™
layers of MRA. The trend of transmittance decay with the structural length is consistent to the
waveguiding performance in the dielectric or metal plasmonic media.

We take the three waves at 0.453, 0.505, and 0.519 THz as the examples to analyze their
FDTD transmittances versus MRA-waveguide lengths in Figs. 8(b)-8(d). The X-Z modal
field distributions at the 30™ MRA layer are also calculated and shown at the insets of Figs.
8(b)-8(d). These three waves following the comparison in Figs. 6 and 7 indicate different Z-
axial modal power distributions at the output end (Fig. 6) and the corresponding confinement
abilities on the MRA-tip surface (Fig. 7). The modal fields shown in the insets of Figs. 8(b)—
8(d) are the TM-polarized waveguide modes inside the periodic interspaces because the
fields, accumulating on the metal rod surface and extending to the interspace between
adjacent metal rods, are almost consistent with those observed in the single metal slits [27].
The transmittance variations of 0.453, 0.505 and 0.519 THz-waves along the length longer
than 20 MRA layers are apparently different and strictly relate to the lateral confinement
capability of the MRA waveguide modes in Z-axis. That is, 0.453 THz wave has the modal
power peak outside the MRA-tip surface, and the transmittance is considerably low with
obvious variation between 40 and 85 layers of MRA. In the same propagation range, 0.505
and 0.519 THz waves have higher transmittance, > 30%, and smaller variation range of
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transmittance because of the higher lateral confinement, which is compared with that of 0.453
THz wave in Figs. 6 and 7 and the insets of Fig. 8.
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Fig. 8. (a) Calculated transmittance spectra for THz waves propagating after different lengths
of MRA. Calculated THz transmittances of (b) 0.453 THz, (¢) 0.505 THz, and (d) 0.519 THz
waves for different waveguide lengths, where the insets show the electric field distributions in
the X—Z plane at the 30th layers of MRA.

Based on the transmittance spectra in Fig. 8(a), the scattering loss in 0.42—0.55 THz at
different waveguide intervals are consequently summarized in Fig. 9. We define that the
output power of a certain length of MRA, P, ,, equals Pyt; , where P, and 7; , are
respectively the input power and the transmittance through an MRA length, L, ,. The length
L, is shorter than L, and the corresponding transmittance z; is larger than 7,. Therefore, the
output power of L,-MRA length is, P, = Py 1, = Pyexp[-a-(L,- L;)] = Pytexp[-a-(L,- L;)],
and the equation can be summarized as, In(7;/r;) = a-L, where L = (L- L;) and a are
respectively the MRA interval and scattering loss coefficient. The scattering loss of Fig. 9 is
consequently obtained from the equation, a = In(z;/t5)/L, when we consider the 10 layers of
MRA, 0.395 cm, as the interval L. Figure 9 shows the highest scattering loss occurs in the
interval of 3040 MRA layers. However, the TM waveguide modal field along the Z-axis are
not fixed to exist on the metal rods between the 20™ and 30™ layers of MRA; so that, the
scattering loss of certain waves in 0.42-0.46 THz cannot be reasonably obtained at the
interval of 20-30 layers, which is presented as the dashed line in Fig. 9. When the waveguide
length of MRA is longer than 50 layers, the scattering loss values are stabilized, and the
lowest values occur at 0.505 and 0.519 THz, respectively, around 0.006 and 0.003 cm™'.
These two values are, respectively, the single- and high-order waveguide modes in the Z-axis
[Figs. 6(e) and 6(f)]. Although the propagation length of MRA should be sufficiently long to
perform the stable waveguide loss, the longitudinal resonance along the Y-axis still occurs,
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thereby resulting in the obvious fluctuation of scattering loss for certain frequency ranges at
each interval [Fig. 9].
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Fig. 9. Calculated THz scattering loss of MRA at different waveguide intervals.
4. Conclusion

Laterally confined THz wave guidance is experimentally demonstrated on a 1 mm-thick
planar waveguide composed of MRA, and the spectral properties of the MRA-based
waveguide are comprehensively investigated by using THz transmission spectroscopy and
compared with theory. An MRA structure is characterized as one THz-PC waveguide,
spatially modulating and strongly reflecting THz waves to form one photonic bandgap at
0.10-0.60 THz. The photonic bandgap of an MRA-PC waveguide can be manipulated by
changing the MRA geometry parameters and is effectively consistent between experiment
and FDTD simulation. Increasing the rod diameter and layer number of an MRA structure or
decreasing the interspace between adjacent rods obviously increases the spectral width and
power distinction (i.e., visibility) of the stop band because the reflectivity of each MRA layer
rises to facilitate constructive interference of THz reflection. The power ratio enhancement
relating to a spectral peak value for the measured transmission band of 30-layered MRA PC
waveguide is verified because of longitudinally resonant guidance of TM-polarized
waveguide modes along the MRA length, which is critical to the interspace width of adjacent
rods and the metal coating of rod surface. An MRA slab waveguide is further validated to
guide both single- and high-order modes along the rod axis (or Z-axis) with different
propagation losses. Single waveguide modes of an MRA structure can propagate for long
distances with low scattering loss and indicate lateral confinement with power peak at MRA-
tip surface because the fractions of modal power inside the MRA slab waveguide are
relatively lower than those of the high-order modes. For example, the highest transmission
power of a 30-layered MRA waveguide with a 0.26 mm G and a 0.16 mm D occurs at around
0.505-0.512 THz. Such MRA-guided THz waves in this frequency range (0.505-0.512 THz)
are experimentally and theoretically demonstrated as single-mode guidance with modal power
peaks laterally confined on the metal rod tips and the corresponding fractional power inside
MRA is approximately 40%. Based on the ideal PEC assumption, 0.505-0.512 THz waves
indicate extremely low scattering loss, 0.003 cm™', and propagate for a long distance over 30
mm with the transmittance above 30%.
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