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Abstract: We designed and fabricated a terahertz (THz) frequency selective surface (FSS) based
on two distinct additive manufacturing technologies, namely, printable electronics (PE) and three-
dimensional (3D) printing. Silver nanoparticle ink was printed on a polyethylene terephthalate (PET)
substrate utilizing a large-scale roll-to-roll industrial PE technique with a flexographic printed unit,
while the 3D-printed THz FSS was fabricated based on a powder bed fusion-selective laser melting
system. The filtering characteristics of both types of FSS were verified through calculation, simulation,
and experiments. Furthermore, the rotational tuning approach was applied to two identical FSS
to form reconfigurable FSS which could be defined as Moiré FSS. Based on the numerical results
obtained, our proposed technique which used a PE-based Moiré FSS achieves a 58% modulation
depth at 0.25 THz, while experimental verification found a modulation depth of 41% at 0.22 THz,
confirming that its adoption is simple and cost-effective. To the best of our knowledge, this is the first
demonstration of a Moiré reconfigurable printed FSS operating in the THz region.
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Reconfigurable Terahertz Moiré Terahertz (THz) waves, with frequencies ranging from 0.1 to 10 THz and wavelengths

Frequency Selective Surface Basedon  from 0.03 to 3 mm, have potential applications in various domains, including communi-
Additive Manufacturing Technology.  cations, spectroscopy, imaging, security, and medical diagnostics [1-3]. For each of these
Appl. Sci. 2023, 13,3302. https:// applications, it is critical to control the wavefront, and this can be done through generation
doi.org/10.3390/app13053302 and detection processes, or by inserting a filter, modulator, an absorber, etc., inside the
THz path [4,5]. The frequency selective surface (FSS) is a two-dimensional frequency filter
with transmission and reflection characteristics that can be designed to have high-pass,

1. Introduction
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and absorbers [9], among other applications [10-12]. Notwithstanding this great variety
of the features characterizing them, the parameters of these FSSs remain passive, and

can consequently only be used for specific intended applications. A tunability technique
may also be used to control the peak transmission amplitude of an FSS, resulting in the
This article is an open access article ~ formation of a reconfigurable amplitude modulator at a certain frequency. The key materi-
distributed under the terms and  als that have been identified as potential candidates for developing THz reconfigurable
conditions of the Creative Commons ~ modulators include semiconductors [13,14], liquid crystal [15,16], graphene [17], vanadium
Attribution (CC BY) license (https://  dioxide films [18], etc. To date, multiple tunability approaches, such as photoinduced [18],
creativecommons.org/licenses /by / mechanical [19], electrical [20], electronical [21], and rotational [22] methods, have been
40/). used to produce modulators with active control. Impressively, over the last ten years, the
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performance of the THz modulator has improved dramatically, with modulation speeds
increasing from the kilohertz (kHz) to the gigahertz (GHz) [23] and modulation depths
have been recorded at up to 80% [18], 90% [24], and 93% [15].

So far, the vast majority of reconfigurable THz modulators have required costly fa-
cilities such as clean rooms and multiple production steps, making them ill-suited for
large-scale production. Moreover, the size of the unit cell of the FSS with an operating
frequency in the lower part of the THz region (sub-millimeter /millimeter wavelength) is
a few hundreds of microns, and the fact is that it is usually not necessary to use such a
costly fabrication technique with sub-um resolution for prototyping THz FSSs [11]. As an
alternative, a new manufacturing method has emerged, named additive manufacturing,
which can be used to fabricate different THz FSS structures with unit cell sizes measuring
a few hundreds of microns. This technique is a low-cost and high-speed process and
allows printing on a very large scale. It is also environmentally beneficial as it produces
less raw material waste than conventional methods [25,26]. It is striking that the high
precision of additive manufacturing technique, i.e., printable electronics even allows their
own non-contact inline inspection by printing THz FSS [27,28]. There have already been
a few reports on THz devices made via additive manufacturing, including vortex phase
plates [27], diffractive THz lenses [29], gradient-refractive-index lenses [30], band-pass
filters [31,32], etc. Additionally, 3D printing has been used to create a holographic meta-
surface antenna that operates in the GHz range [33]. Furthermore, printed flexible THz
metamaterials and metasurfaces have been reported over the past few years. For instance,
a THz metamaterial based on electrohydrodynamic jet printing [34] and a printed metallic
checkerboard based on flexographic printing [11] have been reported. However, in these
demonstrations, it should be noted that none of these devices are reconfigurable or tunable.
To do so, mechanically tunable terahertz metamaterials based on a flexible PDMS sub-
strate have been demonstrated by J. Li et al. [35], but require a standard photolithography
fabrication method. To the best of our knowledge, no reports on the demonstration of a
reconfigurable printed THz FSS exist in the literature to date. To achieve this, the Moiré
pattern interference scheme represents an interesting and simple way to realize tunability
from printed structures. Recent examples of Moiré interference have been used for elec-
tromagnetic re-configuration at the atomic scale [36], in a tunable metasurface lens [37],
on a hyperbolic Moiré metasurface [38], and to control the transmission amplitude of
electromagnetic waves in the GHz frequency range [22].

In the present work, we demonstrate the design, fabrication, and analysis of the filter-
ing properties of THz FSSs produced by two different additive manufacturing approaches,
i.e., printable electronics (PE) and 3D printing. The PE-based FSS was made from a silver
nanoparticle ink and printed on a PET substrate, while the 3D-printed FSS was fabricated
using aluminum foil. In the next step, FSSs are used to develop a reconfigurable THz FSS.
To that end, the Moiré FSS was implemented using two identical FSSs based on a triangular
air hole array. The proposed THz Moiré-printed FSS can be controlled by simply adjusting
the rotation angle between two identical structures. In agreement with our simulations, the
experimental results show a decrease in transmission from 90% to 53% at a center frequency
of 0.22 THz in the case of the PE-based Moiré FSS, covering a spectral width of ~250 GHz
at full width at half maximum (FWHM).

2. Modeling, Fabrication, and Experimental Characterization of THz FSSs

The FSS pattern designed in this work is similar to that reported recently in the GHz
frequency range [39], but with dimensions of the air hole diameter and the distance be-
tween two holes much smaller to be suitable for THz applications. Real and microscopic
images of the FSS based on PE and 3D printing are shown in Figure 1a,b, respectively. For
the PE sample, they were printed on a flexible substrate using silver (Ag) nanoparticle ink
(PFI-600, NovaCentrix, Austin, TX, USA) using an industrial roll-to-roll (R2R) continuous
press with flexography printing units (OMET Varyflex, Lecco, Italy). With the R2R printer,
a variety of plastic substrates are available, including polyethylene terephthalate (PET),
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polyethylene naphthalate (PEN), and polyimide (PI). The processing temperatures for PET,
PEN, and PI are 150 °C (heat stabilized), 200 °C, and 360-400 °C, respectively [40]. PEN and
PI can be more expensive when compared to the PET substrate. Since the printed FSSs were
dried inline with hot air at a maximum temperature of 100 °C, this allows us to choose PET
as the printing substrate, which is the cheapest available and most widely used substrate.
The thicknesses of the FSS pattern and PET substrate were 352 nm and 125 um respectively,
while the conductivity of the printed sample was 4.40 x 10° S/m. The diameter of the
sample’s air hole was ~600 pm with a distance between the centers of the two air holes
(the pitch) of ~800 um, all covering an area of 40 x 40 mm?. A second FSS structure with
the same air hole diameter and pitch size was fabricated using the 3D printing technique
(printer model: MPL-1 from Nanogrande company). The main difference between the two
types of fabrication is the presence of the PET substrate in the PE method while the 3D
printing sample has no substrate. This one has simply a thickness of 100 um obtained by the
selective fusion by laser on metal powder bed obtaining a conductivity of approximately
2.50 x 107 S/m.
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Figure 1. THz FSS (a) based on printable electronics using silver (Ag) ink and PET as a substrate;

(b) based on 3D printing made from aluminum foil. (c¢) Experimental setup of CW THz spectroscopy.
Here Tx, Rx, and OAP stand for transmitter, receiver, and off-axis parabolic mirror, respectively.

To investigate the features of the fabricated FSSs, we employed a commercial continu-
ous wave (CW) THz spectroscopy system (TERASCAN 1550 from TOPTICA photonics).
The experimental setup is illustrated in Figure 1c. The terahertz emitter and receiver are
based on an InGaAs photodiode and InGaAs photomixer, respectively. The radiated THz
waves were collimated and refocused onto the detector by a pair of 2-inch diameter and
3-inch focal length off-axis parabolic mirrors. Note that in our experiment, we used a
resolution of 50 MHz to resolve the characteristics of our analyzed BPE. To extract the
normalized transmission characteristics of the PE-based and 3D-printed THz BPF, the
following equation was applied:

Tsample (w)

NT(W) B Tref(w)

)

where Ty (w) and Tp(w) are the transmission of the sample and reference, respectively.
The experimental results of PE-based and 3D-printed FSS, accordingly, are shown with
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a solid blue line in Figure 2a,b. It was observed from experimental measurements that
PE-based filters offered a larger bandwidth covering from 130 to 380 GHz, as compared to
the 3D-printed filter, which came in at 250 to 430 GHz (i.e., at FWHM).
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Figure 2. Normalized transmission as a function of frequency in the case of a single layer of THz FSS,
(a) printable electronics-based; (b) 3D printed.

To confirm our experimental observation, we performed finite difference time domain
(FDTD) simulations on both FSSs using Ansys Lumerical software to characterize the
properties of the investigated FSSs. During the simulations, we designed and analyzed
a 6 mm length by 6 mm width sample, which was positioned between the THz source
and the detector section. Figure 2a,b illustrates the transmission characteristics obtained
with the simulation (green line). To validate our simulation and experimental results and
evaluate the filter response of both types of THz FSSs, we used the well-known numerical
modeling reported by [41]. It was demonstrated that the model can accurately predict the
transmission characteristics of FSS, consisting of circular apertures with triangular lattices.
The transmission coefficients T can be obtained as [41]:

1 1

T=3 —j[A+ Btanh(Bl)] 1— j|A + Bcoth(Bl)] @

where f is the phase constant and [ is thickness of the sample. To calculate the param-
eters A and B as functions of hole spacing and hole size, respectively, the following
Equations (3) and (4) can be applied [39,41]:

1 2 i
b)) [ e )
1- (1.8471-[5501) (‘31(3) _ 1) V3d

B= 0.33(‘;)2((0'223)‘)2 ~ 1) : (4)

The circular holes’ centers are separated by a distance of d, the radius of the circular
hole is denoted by a, and A stands for the wavelength. J; and J;’ are the first kind of Bessel
function and the derivative, respectively. The phase constant can be obtained as follows:

o ((ozmy )
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The above mathematical model is useful to accurately anticipate the transmission
characteristics of a THz FSS without substrate, which is the case of the THz FSS made
using 3D printing. On the other hand, for an effective prediction of the PE-based THz
FSS’s transmission characteristics, we ought to take into consideration the effect of the
PET substrate. To this end, we replaced the A with A; in Equations (3) and (5) and defined
as Ap = A x (n/ny), where n and n, are the refractive indices of air (1.00) and PET (1.74
at 0.5 THz) [42], respectively. As such, the calculated transmission characteristics for the
two types of FSSs were evaluated using Equation (2). Figure 2a,b illustrates the transmis-
sion characteristics obtained with the mathematical model (black dotted line) and shows
the calculated peak transmission frequencies for the PE and 3D-printed FSSs at 247 and
370 GHz, respectively. From the calculation, it is clear that both FSSs behave like band-pass
filters (BPF). The experimental measurements and simulation results demonstrated that
the peak transmission frequency of the PE-based THz BPF is at a lower frequency region
as compared to the 3D-printed THz BPF due to the PET substrate. The peak transmission
frequency for a single PE-based THz filter was determined to be 228, 247, and 235 GHz
from simulation, calculation, and measurement, respectively. Similarly, the peak trans-
mission frequency of a single 3D-printed THz filter obtained by simulation, calculation,
and measurement are 360, 370, and 365 GHz, respectively. In Figure 2, we can see from
experiments that the 3D-printed THz BPF provides a sharper transmission with a higher
quality factor than the PE-based THz BPF. In addition, the stopband is exactly the same
as the calculated value and more pronounced than that obtained with the PE filter. This
difference in stopband performance can be explained by the larger amount of conductive
material in the case of the 3D-printed sample as compared to the PE sample. In terms
of peak frequency transmission, predicted filter responses for both types of filters were
fairly comparable to those obtained from simulations and experiments. However, there are
some apparent differences among simulated, calculated, and measured results in terms of
bandwidth (BW). Particularly in the case of PE-based THz filters, a significant difference
in BW was found. One reason for this discrepancy could be related to the absorption
characteristics of THz waves in the PET substrate, which were not taken into account in the
numerical modeling. The comparison between the PE-based and 3D-printed THz FSS in
terms of several design and output parameters is presented in Table 1.

Table 1. Comparison between PE-based and 3D-printed THz FSS.

Parameters PE-Based THz FSS 3D-Printed THz FSS
Lattice type Triangular Triangular
- Powder bed fusion-selective
Fabrication method R2R flexography .
laser melting system
. Ink: Ag . .
Material Substrate: PET Aluminum foil
. Ink: 352 nm
Thickness Substrate: 125 um 100 pm
Conductivity 4.40 x 10°S/m 2.50 x 107 S/m
Peak resonance frequency 0.235 THz 0.365 THz
(experimental)
Bandwidth (experimental) 250 GHz 180 GHz

3. Analysis of Moiré THz Printed FSS

To study the Moiré interference effect, the simulation was performed while stacking
two identical BPFs made from printed FSSs, with the orientation of the second one being
changed relative to the first, with a rotation angle ranging from 0° to 90°, with a 10° step. It
can clearly be seen that as the superposition angle increases, the number of smaller groups
with new periodic patterns also increases because of the geometric design of the hexagonal
air-hole array. Thus, two identical THz FSS are being used to form reconfigurable THz FSS.
From Figure 3, it is obvious that the patterns for the 40°, 50°, and 60° rotations look like
those for the 20°, 10°, and 0° rotations, respectively. Similarly, the Moiré patterns for the
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(a)

0° rotation

()

50° rotation

70°,80°, and 90° rotations are symmetrical with the 10°, 20°, and 30° rotations, respectively.
Clearly, beyond the 30° rotation angle, the Moiré patterns repeat symmetrically, which
is why we evaluated the azimuthal response of the THz transmission from a 0° to a 30°
rotation angle, with a 10° step. PET was taken into consideration as a substrate of the
analyzed FSS.

(b) (c) (d) (e)
10° rotation 20" rotation 30" rotation 40" rotation

(2) (h) (i) ()
60° rotation 70° rotation 80" rotation 90" rotation

Figure 3. Simulated Moiré pattern images for the rotation angle of (a) 0°; (b) 10°; (c) 20°; (d) 30°;
(e) 40°; (f) 50°; (g) 60°; (h) 70°; (i) 80°; (j) 90°.

Figure 4a—d shows the corresponding electric field distribution in the near-field for
different rotation angles. The 2D simulated electric field distribution was obtained by
placing the frequency domain field and power monitor in the near-field for different rotation
angles. It is noteworthy that as the rotation angle was changed from 0° to 30°, unique
Moiré patterns were observed with distinct field distributions, i.e., the spatiotemporal
electromagnetic responses. Additionally, to evaluate the performances of the proposed THz
amplitude modulator, the modulation depth needed to be calculated for various rotation
angles at one fixed frequency, which was determined as the operating frequency where
the maximum transmissions occur when the two samples are rotated with a 0° angle. The
modulation depth (MD) is defined as follows:

o) — To(w) — Tx(w) 0

MD(%) = To(@) x 100% 6)
where Ty(w) and Tx(w) are the normalized transmission of the 0° and x° rotation, re-
spectively, at the operating frequency (w). Figure 5a shows the simulated normalized
transmission at various rotation angles. As can be seen in the figure, the peak normalized
transmission gradually decreases when the second sample is rotated from 0° to 20°, and for
a 30° rotation angle, the normalized transmission is again increased with respect to the 20°
rotation. It is also worth noting that the maximum expected transmission peak for the 0°,
10°, 20°, and 30° rotation angles are 97%, 70%, 48%, and 58%, respectively. The maximum
transmission peak was obtained for a 0° rotation at 0.25 THz, which is hereafter called
the operating frequency to calculate the modulation depth for different rotation angles.
Accordingly, the normalized transmission decreased from 93% to 39% at 0.25 THz when
the rotation angle was adjusted from 0° to 20°, resulting in a modulation depth of 58% (see
Figure 5b-left axis). Likewise, the modulation depth was calculated as 28% and 46% for the
10° and 30° rotation angles, respectively (see Figure 5b-right axis). Changes in bandpass
filtering bandwidth could also be seen when the second sample was rotated from 0° to 30°.
At FWHM,, the filtering bandwidth became 238, 175, 230, and 160 GHz for 0°, 10°, 20°, and
30° rotation angles, respectively. It can also be seen that the peak resonance frequency is
also shifted towards the higher frequency range due to the geometry of the Moiré pattern
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for different rotation angles. The corresponding peak resonance frequency becomes 0.241,
0.254, 0.275, and 0.280 THz for the 0°, 10°, 20°, and 30° rotation angles, respectively. From
both the FWHM bandwidth and peak resonance frequency for different rotation angles, it
is evident that the rotation angle of 30° exhibits the highest Q factor among all the rotation
angles, with the FWHM bandwidth dropping to its lowest value (160 GHz). As mentioned
earlier, the Moiré patterns repeat symmetrically after a 30° rotation. To validate this, we
studied the modulation depths over an azimuthal range up to 120°, as shown in Figure 5c.
From this figure, it can easily be estimated that a total of five “zero” modulation depths
with 60° intervals will be obtained for a full 360° rotation, in agreement with the hexagonal
array of the designed filters. Finally, the simulation clearly showed that the transmission of
the incident THz wave could thus be controlled at the operating frequency by employing
only the rotational tuning approach.

@ L

l 1.0 l 0.97
0.66 0.64
0.33 I 0.32
0 0
40 -20 00 20 40 2.0 0.0 2.0
X (mm) X (mm)

(d)

! 0.81

0.54

I 0.27
0

Figure 4. Numerically obtained electric field distribution in near-field in the case of: (a) 0° rotation;
(b) 10° rotation; (c) 20° rotation; (d) 30° rotation.
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In order to validate our simulation results, we studied the visual effect of Moiré
interference patterns using a 633 nm diode mounted on a 2f imaging system and coupled
to a CMOS camera (model: DCC3260M). To form a Moiré FSS, we employed two identical
PE-based FSSs positioned as close as possible to each other. It should be recalled that two
PE-based samples were arranged such that the conductive ink parts touched one another,
and on the two exterior surfaces are PET substrates. The alignment of the two printed
samples was also performed using a 2f imaging system, with one held fixed in one sample
holder and the other with a rotatable mount to rotate at some fixed angles. The respective
Moiré patterns obtained for 10°, 20°, and 30° angle rotations with the printed samples are
shown in Figure 6a—c, respectively. It can be seen that the simulated and experimental
images are consistent and quite similar (e.g., see between Figures 4a—d and 6a—c).

In the following step, the normalized transmissions for various rotation angles were
measured by using two PE-based THz FSSs (shown in Figure 6d). At 0.22 THz, we extracted
the normalized transmission for 0°, 10°, 20°, and 30° rotation angle and obtained 90%, 66%,
53%, and 58%, respectively. Their respective modulation depths were calculated using
Equation (6). Furthermore, from Figure 6d, it can be seen that as the rotation angle changed
from 0° up to 30°, significant variations in the transmission and modulation depths were
observed. The lowest transmission of an incident THz wave obtained at 0.22 THz for
the 20° rotation angle was 53%, corresponding to a maximum modulation depth of 41%.
Additionally, for the 10° and 30° rotation angles the modulation depth was calculated
as 26% and 35%, respectively. It can be seen that our experimental results show some
deviations from the simulation results. From our observations, three factors are critical
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in this experiment based on PE-based samples: (1) a presence of air gap spacing between
the two samples, (2) a hole-to-hole misalignment during the superposition of the two
samples, and (3) a reproducibility error of the identical fabricated samples (although in
the case of printable electronics-based samples, this error is insignificant). These three
factors could explain the difference between the experimental results and a perfect situation
(simulation). Despite the differences in values between the simulated and the experimental
transmission and modulation depths, the general behavior was the same in both cases, and
we obtained a maximum modulation depth for the 20° rotation (as shown in Figure 6e),
in agreement with the simulation. One of the major advantages of our analyzed printed
Moiré reconfigurable THz FSS is that no external stimulus, such as a bias voltage or
photoexcitation, needs to be applied in order to achieve the tunability of the transmitted
wave. To achieve reconfigurability, two samples could simply be superposed over one
another, with only one layer needing to be rotated relative to the other. Furthermore, this
rotation can be done and controlled remotely with a motorized translation stage to make
THz FSS become active.
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Figure 5. (a) Simulated normalized transmission for different rotation angles as 0°, 10°, 20°, and 30°;
(b) normalized transmission (blue line) and modulation depth (orange line) as a function of rotation
angles at operating frequency of 0.25 THz; (c) simulated modulation depth as a function of rotation
angles from 0° to 120° at 0.25 THz.

Additionally, we used two FSSs which were 3D printed, as shown in Figure 1b, to
characterize the Moiré interference effect by varying the rotation angle between the samples,
just as we did with samples made of PE. However, the high malleability and non-flat surface
of the 3D-printed samples made it difficult to superimpose them on each other, and this
surface variation resulted in a significant misalignment error, i.e., the holes did not form
the desired interference patterns. Because of their non-flat surface, the analyzed 3D printed
Moiré FSS was not performed effectively in terms of modulation depth (figure not shown
here) when compared to PE-based Moiré FSS. Moreover, the aforementioned problems
could be minimized by increasing the printing layers to make it flat surface in the case of
3D-printed FSSs in order to achieve the desired modulation depth.
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Figure 6. Moiré pattern image taken using 2f imaging system for (a) 10° rotation; (b) 20° rotation;
(c) 30° rotation. (d) Experimental normalized transmission as a function of frequency for different
rotation angles. (e) Obtained modulation depth in the case of simulation and measured findings as a
function of rotation angles.

4. Conclusions

In conclusion, we analyzed THz band-pass filters fabricated based on two different
additive manufacturing technologies. It can be noted that both technologies allow the
efficient manipulation of THz waves, i.e., band-pass filtering through the printing of FSSs.
It can be seen that 3D-printed THz BPF offers a narrow pass-band i.e., a higher quality
factor as compared to the PE-based analyzed THz BPE. Additionally, the implementation
of the Moiré interference technique based on the printed FSSs can potentially open up new
possibilities for the mass production of reconfigurable THz FSS at lower cost. Remarkably,
the maximum modulation depth obtained experimentally at 0.22 THz is 41% for a 20°
rotation, which is relatively adjacent to the expected value obtained by simulation, which
was 58% at 0.25 THz in the case of PE-based Moiré FSS. By improving the alignment and
limiting the air gap between the two samples, the discrepancy between the simulation and
the experimental results could be minimized and the modulation depth could be improved.
This validates the usefulness of the proposed printing technology and of the Moiré THz
reconfigurable FSS.
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